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ABSTRACT 
In this master thesis, several cooling systems for PV-systems have been looked into by doing a smaller 
literature review and then a cooling module for a BIPV-panel was built out from the knowledge 
gathered. The cooling module used a PCM material separated into 12 bags and then placed in a 3x4 
shaped pattern fastened to an aluminium plate that in turn was placed on the back of a PV-panel. This 
was tested in first a pilot test and then tested outdoors on panels with insulation on its back to simulate 
BIPV-panels. Temperature data from behind the panel was gathered with and without the cooling 
module and then compared with each other with added ambient temperature. It was found that the PCM 
cooled down the panels during similar weather conditions where the outside temperature and the amount 
of clouds where approximately the same, and it was also found that PCM technologies needs to be more 
optimised in terms of its material use, the amount of material, and its arrangement for it to be used in 
PV-panels. An economical calculation was made and it was found that it wasn't economically viable as 
it takes 14 years for the PV-panel with cooling to pay for itself while it takes 13 years for the PV-panel 
with cooling to pay for itself. These results are then discussed in comparison to other systems and earlier 
work done.  

Keywords: Phase changing material (PCM), optimal working temperature, PV, solar panel, cooling 
solar panel 
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SAMMANFATTNING 
I denna exjobbsrapport så har ett antal olika kylningssystem till PV-paneler setts igenom genom en 
mindre litteraturstudie. Därefter byggdes en kylningsmodul för en BIPV utifrån den kunskapen som 
samlats in. Kylningsmodulen använde sig utav ett PCM material som var uppdelat mellan 12 påsar som 
placerades i ett 3x4 mönster som fästs på baksidan av en aluminiumplåt som i sin tur placerades på 
baksidan utav PV-panelen. Denna testades först i ett pilottest och sedan utomhus på paneler som isoleras 
baktill för att simulera BIPV-paneler. Temperaturdata samlades in från panelens baksida, med och utan 
kylnings modul, som sedan jämfördes med varandra samt omgivningens temperatur. Slutsatsen är att 
PCM kyler panelen under liknande väderförhållanden där ute temperaturen och molnigheten var ungefär 
densamma, men att PCM behöver optimeras mer i form av användningen av materialet, mängden av 
material, och hur det sätts upp som kylning på PV-paneler. En ekonomisk kalkyl genomfördes som visar 
att det inte är ekonomiskt gångbart eftersom det tar 14 för PV-panelen med kylning att betala av sig 
själv medan det tar 13 år för PV-panelen utan kylning att göra det. Dessa resultat diskuteras sedan i 
jämförelse med andra system och tidigare arbeten som gjorts inom området. 

Keywords: Fas ändrande material, optimal arbetstemperatur, Solceller, Kylning av solceller. 
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1 INTRODUCTION 
In today’s society, the use of solar panel is a fast-growing trend [3] and this have led to solar panels with 
higher efficiency for commercial use [4] and more variants of solar panels. Due to growing interest 
amongst consumers and companies, as well as countries starting to look into alternative energy sources, 
the solar cell has been seen as a good choice for renewable energy source. More and more people around 
the world have thus started to buy and use solar cells and panels to produce electricity and/or heat for 
use in their own home. As the technology have become more and more mature, so has the interest which 
has spurred researchers even more. Many countries have already started giving grants for people who 
set up panels on their roofs. The government in Sweden, for example, gives 30 % of the price of the 
panels to house owners who set it up on their roofs [5]. This have made it more attractive for private 
consumers, and thanks to China overtaking the rest of the world in sheer production of cells thus pushing 
the price down in production costs, the cells are now cheaper than ever before. Numerous different types 
exist and according to a summary made by the International Energy Agency (IEA) [6], the crystalline 
silicon (c-Si) based solar panel dominates the market, with the single crystalline (sc-Si) and multi-
crystalline (mc-Si) modules standing for about 90 % of the market. The thin film (TF) solar panels exist 
in many forms today, but only stands for about 10 % of the market. The third biggest variant is 
concentrating photovoltaics (CPV) but even though it is a growing variant, it still stands for less than 1 
% of the market in 2014. Both TF and CPV can be crystalline silicon based though variants of them 
exist. All these different types of cells do share one common problem though: They heat up above their 
optimal working temperature and lose out on efficiency. This means that the market is in need for 
different cooling methods for different places on earth, an area that still needs to be explored further to 
find the most optimal way to cool them. If a way to cool the modules without economic loss then the 
panels would be more efficient and thus generate more renewable energy.  

This project has been focusing on creating a cooling module for integrated panels as this is the main 
focus for private consumers as well as companies. Integrated panels also need its cooling to be shaped 
in such a way to fit it under its structure and thus is different compared to most other cooling systems. 
An integrated solar panel is a panel that is part of the building and not mounted on top of it. This leads 
to that the air can’t ventilate in the same way on the panel’s backside as if the panel where freestanding 
or mounted on top of a roof (with a small opening between the panel and the roof). The work focuses 
on creating and testing such a module to find a way forward for future research options. 

This project was done in collaboration with Nyedal Solenergi in Halmstad, Sweden [7]. They are mainly 
an installation company for solar energy systems, but they also develop their own products to a smaller 
extent, both by themselves and together with other companies.   

1.1 BACKGROUND 
The energy usage in the world is growing for every year, this growth combined with the Paris agreement 
and other agreements against coal, oil, and nuclear power makes the world look at alternative sources 
for energy [8]. For example, 2017 in Germany, which is one of the leading countries when it comes to 
solar power, 7 % of their electricity was from solar energy systems [9] and also about 7 % in 2016 [10]. 
Their biggest source of electricity is brown coal with 24 % (134 TWh) of the market, but their second 
biggest is wind power with 19 % (104 TWh) [9]. This have led to that Germany now gets 38 % of their 
electricity from renewable sources and this part is growing for every year. Germany increased their PV 
capacity with 67 % between the years 2011 to 2016 [10], where PV capacity is how much power of solar 
energy a country has installed. Two other countries that focus on solar power is China and USA and by 
the year 2016 China got 1 % of their production from solar energy but they increased their PV capacity 
with 5059 % on the 5-year period. USA got 1.3 % of their electricity from solar energy and had a PV 
capacity increase of 889 %. More southern countries like Italy, Spain and Greece gets more of their 
energy from solar power and they have better potential as well: In 2016 Italy got 9 % (PV capacity 
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increase of 49 %), Spain got 3 % (PV capacity increase of 18 %) and Greece got 6 % (PV capacity 
increase of 318 %) of their electricity from PV-systems [10], all this is shown in table 1. In Sweden the 
electricity production is mainly divided into two sources: this is hydroelectric dams that produced 61.2 
TWh (about 36.9 % the year 2016) and nuclear power plants that produced 60.5 TWh (about 36.4 % the 
same year) [11,12], but in the future, this might have to be changed. The same year PV-power produce 
about 0.1 TWh (less than 0.1 %), wind power produced 15.4 TWh (9.2 %), 14.3 TWh was imported (8.6 
%) and 14.3 TWh was produced in other ways [12].  

Table 1. The PV capacity of some of the world’s countries, together with their expansion and how much of the 
electricity in the country that are covered by solar energy. 

 

Since there is a growing mistrust around the globe towards nuclear power, alternative energy systems 
are studied and one of these systems that might cover more of the electricity produced in the future is 
solar energy. But it is important to note that solar panels are not an alternative to nuclear power: it is just 
a complement. This is because solar panels energy production is weather based while nuclear power is 
not and the different electricity productions in Sweden is on very different levels when it comes to 
energy output today. The mistrust is founded on accidents at nuclear facilities and the more extreme one 
in Japan during 2011 [13] led to that many countries put plans in motion to dismantle their nuclear 
power. One of these countries are France that gets about 75 % of their power from nuclear power [14]. 
But in 2015 they decided to get that down to 50 % by 2025, at the moment they state that this goal would 
be hard to reach but they still have plans to dismantle their nuclear power more and more [15].  

Overall, PV-systems are one of the fastest growing energy systems around the globe today. Between the 
year 1990 and 2014 the annual growth rate for PV-systems was 46.2 %, while it was 24.3 % for wind 
power, 13.2 % for biogases and 11.7 % from solar thermal, see figure 1 for a visual presentation [3]. It 
is important to note here that this only analyses the growth rate of renewable energy systems and it is 
also easier to grow in percent when the numbers are low than when they are big. By the year 2014 
renewable energy sources stood for 13.8 % of the total energy production in the world while oil stood 
for 31.3 % and coal for 28.5 %. Of this 13.8 % was 2.4 % from Hydro systems, 10.1 % from Biofuel 
and waste and 1.3 % from the rest of the sources and this is including but are not limited to PV-system, 
solar thermal, geothermal and wind [3]. Some of the reasons why solar power is a popular solution is 
that it is a technology that does not affect animals or nature to any great extent, it can be built and used 
anywhere in the world, it is a renewable energy source, and it still have a good development potential 
for the future. 

 

 

Country PV capacity by end 
of 2011 (MWp)

PV capacity by end 
of 2016 (MWp)

Capacity increase during 
this 5 year period  (%)

Percentage of the countries 
electricity production (%)

Germany 24760 41270 67 7.3
Italy 12810 19140 49 8.6
Spain 4420 5210 18 3.2
Greece 624 2610 318 6.3
China 861 44420 5059 1.0
USA 4160 41140 889 1.3
Sweden 14 150 971 0.1
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Figure 1. Visual presentation for the global annual growth rate for different renewable energy sources between 
the years 1990- 2014. 

Ingenjörvetenskasakedemin (IVA) made an estimation that the maximum solar energy that can be 
produced in Sweden is 50 TWh per year and this is if all roofs on buildings are covered (it is possible to 
have free standing solar panels as well but they choose to draw the line at roofs) [12]. This value is not 
realistic, but it can be good to know what the top value is. IVA also have created four potential ways 
that Sweden can develop their electrical systems, the alternatives are based on how Sweden's electrical 
system can look between the years 2030 to 2050. The four alternatives are more solar and wind, more 
biofuel, new nuclear power and more hydroelectric power. Alternative one (more solar and wind) is the 
least prepared for in Sweden and least realistic, in their own words. This alternative state that 9 % (15 
TWh) should come from solar power. The other three alternative that are more likely to happen gives 
solar power 3 % (5 TWh) of the total energy production.  

The growing trend of solar power have led to a higher interested to develop the systems and this have 
led to solar panels with higher efficiency for commercial use [4] and more variants of solar panels. But 
while there is an increase of the panel’s efficiency there is also an increase in the solar cells temperature, 
which not always is good. In a test done in Dhahran, Saudi Arabia [16] where the top radiation for a day 
was 979 W/m2 and the maximum outside air temperature was 21 °C. The temperature of a freestanding 
solar panel without active cooling, but with an average wind speed of 1.5 m/s during the day, reach a 
temperature of 42.8 °C on the backside and 45 °C on the front. This was about the double from the 
outside temperature and it became a problem because the solar panels losses efficiency of about 0.2-0.5 
% for every °C above the optimal working temperature [17-19]. The optimal working temperature for 
solar panels varies from model to model but it lies between 25-45 °C [17, 20 and 21], during this 
temperature a panel produces the most power with an optimal efficiency. This temperature increase is 
from the solar radiation and heat created by the cell while producing power and it is a problem for most 
solar panels. In an article by Y. Du [22] it is stated that solar panels lose 20-25 % of their efficiency 
when they are in operation, which is much higher than the 0.2-0.5 % per °C that was stated in the other 
articles. This means that during the same ideal weather, different solar panels will drop in efficiency and 
power if it goes above the panels own optimal temperature. 
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1.2 PURPOSE AND GOALS 
1.2.1 RESTRICTIONS AND CONDITIONS 
A restriction for this project was that only one panel at the time was used to collect data from so the data 
that is compared was not recorded during the same hours only during similar weather conditions. The 
test and calculations are done in southern Sweden. Another restriction is that normally there is a standard 
that are followed when testing solar panels, this standard is not followed in this project due to lack of 
equipment. To read more about the standard, see 2.1: Solar cells.  

The conditions for this project was that the project started during the winter in January and ended in 
June and this year (2018) there where snow until the middle of Mars. The tests where therefore done 
later on in the project when weather conditions where more ideal and not done for longer periods of 
time. To prepare for the test outside, an initial test was set inside in preparation for the final test outdoors. 
The equipment that was used in the project was able to record the voltage output and temperature of the 
panel. 

1.2.2 RESEARCH QUESTION 
The research question for the project was:  

 How can integrated solar panels be cooled to make their efficiency higher? 

This question is divided into these four sub-questions: 

 How can the waste heat produced from integrated solar panels be used? 
 What kind of cooling material is optimal when designing a cooling module? 
 How can we keep solar panels at optimal temperature throughout the day? 
 How would a cooling module be designed so it can be implemented on today's panels? 

Two hypotheses are formulated: 

 You can keep solar panels at a certain temperature with passive methods of cooling. 
 A BIPV/T system can be made with a payback period of equal or less than a BIPV system. 

1.2.3 GOAL 
The goal with this project was to find a way to use or remove the waste heat that the solar panel produce 
which proves a hindrance to its efficiency. The success or fail of this was shown by studying the 
temperature of the solar panels backside both with and without cooling. The voltage of the panels was 
also studied in one of the tests and this was to get a view on when the panel was working (when the sun 
wasn’t covered by clouds). 
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2 RELATED WORK AND THEORY 
2.1 SOLAR CELL 
The power output of solar cells varies depending on its efficiency, but when studying the efficiency of 
a solar panel it is important to differentiate between the cells efficiency and the whole panel’s efficiency. 
The differences between the efficiencies is that a panel have more parts and therefore more energy losses 
in connectors and cables. The efficiencies mentioned in this report will be the panel’s efficiency if 
nothing else is stated. The best solar cells on that are in development are the multi-junction cell with an 
efficiency of 46 % [23], these are not in use at the moment. The best multi-crystalline cell is a cell that 
was finished and tested in 2017 and it had an efficiency of 22.3 % [23], the efficiency of the multi-
crystalline panels on the market today are about 15.4- 17.1 %, see figure 21 in appendix 1 for product 
specification. The best thin film is a c-Si based thin film with a efficiency of 21.2 % and the best sc-Si 
have an efficiency of 25.8 %, if the sc-Si that are used in CPV is excluded. Thin film solar panels on the 
market today have an efficiency of about 16 %, see figure 23 in appendix 1 for product specification. 
This while the single crystalline solar panels have an efficiency between 19.9- 21.1 %, see figure 25 and 
27 in appendix 1 for product specification. The panels referenced here are the most advanced that the 
companies are selling today but they also have cheaper options with a lower efficiency.  

There is a standard that usually is followed when testing solar panels and system (like cooling systems) 
for panels. The standard is called Standard Test Conditions (STC) and are used on crystalline silicon 
and thin film solar panels. The test is often done inside to fulfil the requirements but not always. These 
requirements are that the cells temperature shall start at 25 °C, the irradiation should be 1000 W/m2 and 
a specific value for the air mass is required [24]. Air mass in this case is a “value” for the radiation 
spectrum that hits the target (at sea level). It is measured in how far it is between the measuring points 
at sea level and where the sunlight enters earth's atmosphere [25]. Air mass 1 (AM1) means that there 
is 1 atmosphere thickness between the sunlight entering point and the target at sea level, i.e. the sun is 
straight above the target, this happens during zenith at the equator. In the standard the value should be 
AM1.5 which means that there is 1.5 atmospheres thickness between the sunlight entering earth and the 
target at sea level, which is that the sunlight enters earth with an angel of 48 °C. 

There are two panels used in this test, for the pilot test QCells: Q.Pluss BFR-G4.1 270 panel was used, 
see figure 29 in appendix 2 for product specifications. It is a polycrystalline (multi-crystalline) silicon 
based solar panel with an efficiency of 16.2 % and a maximum power output of 270 W. For the test at 
BTH Exioms: EX-235P was used, see figure 31 in appendix 2 for product specification. It is a 
monocrystalline (single crystalline) solar panel with an efficiency of 13.9 % and a maximum power 
output of 235 W.  

2.2 COOLING SYSTEMS 
To make sure solar panels can work during optimal temperatures, cooling systems can usually be 
applied. In this part, studies of existing or developing cooling systems has been made. Each system is 
explained as to how they work and (if information exists) how efficient they are in terms of the systems 
whole efficiency. 

2.2.1 EXISTING SOLUTIONS 
Today, the use of air and liquid is generally the most common forms of cooling panels, but the real 
distribution between the cooling methods are unknown. Furthermore, some of these systems use the heat 
generated from the solar panels as heat for housing or other applications, making the applied system a 
so-called PVT system. Air-cooling is usually divided into two parts: passive systems where wind and 
air circulation cools down the panels passively, and active cooling which uses moving parts. To make 
the passive cooling process more efficient there is a possibility to use heat-sinking plates. Placing them 
on the backside of the panels can further cool down the panels to its optimal temperature [21]. The use 
of heat sinking plates like this is as of yet experimental and by the time of writing, no physical tests has 
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been done or has not been found. Although Popovici et al.´s [21] sources are questionable, the models 
they simulated show significant efficiency increase for a low cost. They state that the power produced 
for the panel is increased up to 7.55 %, as well as that “The average reduction of efficiency is about 0.45 
%, for each °C over the 25 °C”. Their source for this now state it differently and the link to contact their 
source is non-functional at the time of writing, which makes their sources even more unreliable. 

As mentioned, the second type of air-cooling is the active air-cooling. Active air-cooling are systems 
that uses fans or other means to create airflow. These types of systems can be made so that the waste 
heat generated from the solar panels can be used. Today, one of the most common system being 
experimented on, particularly in China, are the BIPVT houses seen in Biyaki et al. [26]. These houses 
have air canals integrated inside their walls, carrying the heat with air from the solar panels on the 
outside to the inside of the house, thus the houses use the photovoltaic (PV) and the Thermal energy (T) 
from the panels to the house’s benefit. This requires the house to be built for the system rather than the 
system for the house, which makes it expensive and not desirable for house owners who do not wish to 
rebuild their whole house to fit one system. Active cooling by air is not used on PV systems as they 
usually stand in open air. Despite it being a costly solution, Biyaki et al. states that one of the tests had 
a thermal efficiency of 56.07 % while producing an annual output of 76.7 kWh. 

The liquid cooling systems (usually in form of hydronic cooling system, as in a liquid cooling system 
using water) uses liquids to cool down the solar panels in different ways. Tests on how to do it one way 
has been done in Portugal with one such system applied on an already existing PV-system [20]. This 
system used water pumps to move the cooling water from a water tank to sprinkles attached in the solar 
panels. This system is stated to drag the temperature down from 60 to 30 °C and give about 12 % more 
power production annually with peaks of 17 % (fluctuating between 7 and 17 %) more at times while 
having a water loss between 10 and 20 litre/hour on a 5 kW PV power plant. The water film created on 
the surface also makes the solar panel reflect less light as the refractive index between glass and water 
differs. A similar system was also tested and applied in Egypt where the water was applied with sprinkles 
as droplets on the panel’s surface [17]. In this test, it was concluded that the maximum allowable 
temperature was 45 °C and the decrease in efficiency is 0.5 %/°C. Both of these systems do have one 
flaw that is acknowledged: water is lost during the cooling process due to wind and evaporation. Even 
though gutters are used to counter this effect, some loss is inevitable. 

Water Cooling can also be applied with heat exchangers, which is a device that is used to transport heat 
from one thing to another, commonly between liquids [27]. Rahman et al. [19] developed such a system. 
The system Rahman et al. developed managed to maintain an efficiency of 1.18 % units more than when 
not using the cooling system. Do note that during the tests they had different irradiation on the panels 
as they tested the system (with or without cooling) on two separate days. 

Passive cooling systems using water, like the one developed by Wu and Xiong [28], also exists but are 
only concept tested in simulations. This system used an expansion chamber in order to move fluids 
instead of using a pump. Their tests show that the maximum decrease in temperature was 19 °C and the 
average electrical increase was 8.3 %. In this work, they were able to uphold the efficiency by about 2 
%. Wu and Xiong also try to make use of rainwater, which is another step towards having passive water-
cooling systems.  

Further improvements can be done on the existing PVT systems that uses copper pipes to transport the 
heat away as warm water, which is a common PVT system in Sweden. A. Almerbati et al. have studied 
the effects of different shapes on cooling pipes by simulating how the heat spreads out using different 
shapes [29]. From this study, it was found that the shape/pattern of the pipes had significant effect on 
cooling the plate, and it stands to reason that the same method could be applied to solar panels to find a 
more efficient way to cool while saving on materials. The result in this paper shows that a “star/clover” 
(see example in figure 2) shaped cooling structure would be the most efficient as it provides a more 
evenly distributed temperature while the pipe itself is shorter. The shape of these pipes is more advanced 
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than what is commonly used today, which may lead to difficulty in the manufacturing process of these 
pipes. This difficulty stems from the fact that the design would use frequently occurring sharp turns and 
to bend the pipes into this shape would require special tools. 

 
Figure 2. Clover shaped pipes used in “The evolutionary design of cooling a plate with one stream” [21]. Note 
that this picture is a likeness of the shapes used in that specific paper. 

Looking at how the active cooling systems works, all of them did manage to maintain the efficiency 
better than passive cooling techniques. The work done by Moharram et al. [17] in Egypt stated earlier 
that due to earlier work done in the area, it was already concluded that water was a more efficient way 
to cool down the cells to an optimal temperature. The systems presented do work on freestanding PV 
systems, but the size makes them hard to implement as BIPV systems and solar roof tiles do not always 
have enough room to place pipes, heat sinks, or fans on the back of them. The temperature is still a 
problem even for these panels and it is therefore a need to find a way to cool these types as well. 

2.2.2 SYSTEMS IN DEVELOPMENT 
Two systems that are in development where studied. These where thermoelectric cooling and cooling 
with phase changing material. Both this cooling methods where studied in the beginning to see which 
of the methods that had the best potential, as they both are new ways to cool PV-panels compared to 
hydronic and air cooling systems. A summary of the systems can be found in the following sections 
below.  

Thermoelectric 
Thermoelectricity is not a new technology in itself but have in recent years gained attention for use in 
new applications. One of these applications would be solar panels as thermoelectric components can 
either be used as coolers, heaters or even generators without moving parts. Thermoelectric generators 
use temperature difference between two mediums to generate electricity while heaters and coolers use 
electricity to either heat or cool respectively. For solar panels it would be interesting to further use the 
waste heat to produce electricity. One problem persists with them though: their efficiency is low [30] 
and thus too expensive for use in some areas. Despite this, there have been experiments to try to measure 
whether or not the technology is mature enough to apply for solar panels. One of these experiments 
where done by A. Rezania et al. [31] where they tested a system using TE-technology in three different 
cities in Europe. From Rezanias result it can be seen that the technology can be used but not to and 
extent that makes it economically viable to do so. The results show that while the efficiency is increased, 
the cost to set it up does not seem to outweigh the benefits as outfitting 1 m2 of solar module would cost 
7500 USD in TEG-modules. Regarding this, the future for TEG is still there but needs significant 
development to be affordable for commercial use. Such a development would need to focus mainly on 
the TEG’s efficiency but also on its cost. 
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Phase changing material (PCM) 
Phase change materials is a material that absorbs energy that would otherwise add to a temperature 
increase while it is changing phase. In recent years, the interest in using PCM as a cooling method has 
also grown but as of yet, only a few studies has been done with solar energy. The work that has been 
done have shown some different results however: A test done in 2017 by E. Klugmann-Radziemsk et al 
[32] compared three systems: one with PCM cooling, one with PCM combined with water cooling and 
one without any cooling. The tests were a success when it comes to the increase in efficiency. However, 
Klugmann-Radziemsk states that the cost for using a combined system is too high and suggests that only 
using PCM would be a better idea. In this test, they managed to hold the temperature 7 °C lower than 
the original panel. On the other hand, J. Hendricks made a study in 2010 and according to Hendricks, 
using PCM is unrealistic for applications for solar panels in the foreseeable future [33]. Hendricks made 
a model that used weather data to calculate the efficiency of PV panels with PCM cooling, and made an 
economical evaluation with the results. Hendricks results has been taken into account while studying 
the use of PCM since even fewer have done this economical calculation as it shows that it is not 
economically viable to use PCM, unless the cost of PCM goes down. The data that Hendricks presents 
was that Rubitherm RT42 (that he uses in his calculations) costs 2.5 euro/kg, but in the references for 
this there were only the price for Rubitherm RT21 which costs 2.9 euro/kg, so the source for the 2.5 
euro/kg price was not presented.  

While talking about PCM, it is important to note that PCM can be a variety of different materials. 
Klugmann-Radziemsk et al.’s tests where done using Paraffin as well as Ceresin while Hendricks chose 
another paraffin material for his calculations. Since there are so few studies in this area as of yet, most 
who work with it have chosen to use more commercially available materials for their tests, but with 
some exceptions. S. Sharma et al. looked at the differences between some different materials in their 
literature review [34]. In this review, one can see that different kinds of salt as well as acids where 
compared and it shows that the different kinds can all have a significant effect on the cooling of panels. 
The review gave an average of 7.9 % efficiency increase on panels that used PCM. Most work do state 
that it is important to choose the right material as they may react chemically with the container 
(depending on what it is made of), as well as the melting temperature of the PCM. Salt-based PCMs, for 
instance, may react with metal, causing corrosion while paraffin may react with plastics. As for the 
temperature, it is essential for the PCM to have a melting point above the ambient temperature in which 
it works: having a melting point lower than the ambient temperature would cause the PCM to melt before 
the panel is even heated, thus making it useless. In relation to this, most PCMs have a maximum working 
temperature that cannot be exceeded because it does then the materials chemical properties may change 
to unpredictable values. For instance, if a PCM with a melting point of 25 °C and a maximum working 
temperature of 50 °C then if the temperature exceeds this limit the materials melting temperature may 
be higher or lower. To make sure that the material has the desired properties, many materials requires 
to be initialized, an example of this is the material seen in figure 32 in appendix 3. The initialization 
works then as a reset for the material so that it has the properties stated from the manufacturer.  

Knowing the average temperature where the PCM will work is thus important, so as for the temperatures 
in Sweden, the highest measured temperatures during summer varies between 28-30 °C, but the country 
have a lower average temperature during July with a normal temperature of between 15-18 °C 
throughout the country [35]. Note that these temperatures are the average over 24 hours each day and 
that July is chosen due to it being the hottest period of the Swedish summer.  

For BIPV panels the temperature on the backside should be higher than the ambient temperature, further 
increasing the minimum required melting point for the PCM. This is known to be the case as there is a 
difference between the temperature on the front side and the backside of the panel as is shown by M. 
Rahman et al. [19], with the backside having a higher temperature. Therefore, since the panel’s backside 
has the roof against it (see figure 3), it stands to reason that the ambient temperature behind the panel is 
overall higher than the normal ambient temperature. As such, the PCM will have to be chosen in such a 
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way that it will melt early enough to keep excessive heat energy from heating the panel above the 
specific models optimal working temperature. 

 
Figure 3. Explanation to how heat accumulates behind an integrated panel 

Another key factor regarding cooling with PCM seems to be the arrangement of the material. In the 
previous stated tests, it seems to be the norm to have a material thickness of between 20-50 mm in E. 
Klugmann-Radziemsk et al.’s [32] tests and 38 mm in S. Sharma et al.’s [34] tests.  

M. Emam et al. used a thickness of 15 mm while testing CPV-panels [36]. CPV panels reach a much 
higher temperature than PV panels so a thicker layer may be needed. More interesting is the different 
ways they arranged the PCM that they used: by dividing up the PCM in segments the authors could 
demonstrate that just using a layer of PCM isn't as effective as dividing it into horizontal segments. This 
is due to the fact that if there is more metal that is in contact with the material, and the good thermal 
conductivity in the metal help the heat to spread out more, and as such the sections gives the metal the 
same function as that of a heatsink. This way of applying the PCM could also be possible in smaller 
scale and drag down costs of the panel if it works. In all the different PCM setups the material always 
started to melt in the upper left corner (on the side that is in contact with the panel) and expand from 
that area. In the setups that have horizontal sections the PCM starts to melt in the upper left corner of all 
the panels. In this test the material that was used as PCM was an n-octadecane paraffin based material. 
Note that more PCM naturally increases the time the panels are cooled but it also increases the weight 
significantly. As such, not only the amount of material but also the density must be taken into account 
when designing to optimize the weight and cost of the panel.  

Looking at where the components of the materials come from is also interesting in this work as well 
since the focus of the work lies on cooling panels. As such it is good to know if the materials that may 
be added does have a greater environmental impact than others. Described so far are materials that are 
either salt based, paraffin based, or acid material. Materials based on something else may also exist, but 
these are more commercially available and thus included in the work. Starting off with salt based 
materials, most of them are degradable and dissolves in water. They are often made out of several 
inorganic components but as this is often disclosed information, it is hard to tell what kind of materials 
the PCM is made out of. As it is salt based however, it may be a problem if it leaks out and damages 
local flora as too much salt might damage their potential to grow. In production, salt based materials 
uses (to us, unknown) additives to change the materials properties and one cannot determine whether or 



10 
 

not this poses a threat to the environment, instead the word of the company one contacts will have to be 
trusted.  

Paraffin can be made in several different ways: distilling from lignite tar and ozokerit, or distilled from 
petroleum oils [37]. Despite this, paraffin has many different uses but in this work the focus lies on vax, 
and it is stated by the same source that the vax can only partially be degraded in nature and also pollute 
where it ends up. The grade in which it pollutes is not stated in the source, however it is stated that 
paraffin has a low grade of being poisonous but can be stored in different organs in the body in which it 
can cause damage to them if not removed. 

Acids, or fatty acids, are PCMs made mostly out of vegetable and animal oils and are abundantly 
available [38]. These types of materials are generally biodegradable to 100 % and pose little to no threat 
to the environment if it leaks out and is left there. As for all these types, there might be pollution during 
the actual processing of the material but this is not taken into account in this work as the focus is more 
on if anything breaks and is left outside. As mentioned earlier, all materials might include additives 
unknown to the consumer as the blend might be disclosed information for the company. In general, these 
materials have similar lifetime. The lifetime of a PCM is often measured in the amounts of cycles they 
can undergo without their properties breaking down. One cycle is when the material has melted and then 
solidified again. The lifetime is thus important when choosing a PCM as well, as having to replace it 
too often increases the maintenance costs. Some more keywords that needs an explanation is specific 
heat capacity i.e. the amount of heat that needs to be added or removed to a medium of 1 kg to increase 
its temperature 1 degree kelvin [39] and melting enthalpy i.e. the energy needed to change the phase of 
1 kg of the material. With a high melting enthalpy, the material will absorb more of the energy (in the 
form of heat) before it is completely melted. The last keywords that needs an explanation are the 
expansion factor and the materials flash point. The expansion factor is a value for how much a material 
expands after it has melted [40]. By keeping this value low, the containers for PCM won't need extra 
space, for example if the expansion factor is 10 % than the container needs to have 10 % empty space 
to cover the expansion of the material. The materials flashpoint is at what temperature it will ignite on 
its own and can be relevant if the temperature around it reaches this point. This is an important thing to 
take into consideration when once talks about PCM as if it takes long for a material to heat up, it also 
takes long for it to cool. 

2.2.3 ENERGY CALCULATION 
To get an understanding of the energy calculation in this project some equations needs to be presented 
and explained. The first equation is used to calculate the energy needed to raise the temperature of the 
material with one degree and this equation uses the specific heat capacity (c) of the material. For SP31 
so are this value 2 kJ/kgK (see appendix 3 for product specifications) and this can be compared to water 
that have a Specific heat capacity of 4.2 kJ/kgK [41]. The Specific heat capacity for SP31 where then 
used in the equation. 

𝑄1 = 𝑐 × ∆𝑇 × 𝑚      (1) 

Where the energy needed was Q1, m was the mass of the material and ΔT was the temperature increase.  

The second equation are used to calculate the energy needed to melt the material. This equation uses the 
melting enthalpy (L) for SP31 which was 210 kJ/kg. Compared with ice which have a melting enthalpy 
of 333 kJ/kg [41], see equation (2).  

𝑄2 = 𝐿 × 𝑚       (2) 

Here Q2 is the needed energy to melt the material and m is the mass of the PCM.   
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2.2.4 ECONOMIC CALCULATION 
The economic calculation in this project is a comparison of the payback period between a panel with the 
cooling module and one without. The payback period is a method where the total investment cost for 
the installation is taken into account. For a whole year, one expense and two incomes are summed up: 
maintenance cost, profit from the product, and money saved (which is removed from the total cost), this 
was then done for every year the installation was in use. This gave the number of years it would take for 
the product to pay for itself [42].  

The calculation where based on the energy from irradiation in Karlskrona, which is about 1380 
kWh/m2/year [46] on a 40° angle in southern direction. The Swedish government grant for 30 % of the 
panels cost was used [5]. 

Two equations where created and used to calculate the cost of the panels. The first equation (see equation 
(3)) shows the price for the cooling module.  

𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑒 𝑐𝑜𝑠𝑡 = 𝑝𝑙𝑎𝑡𝑒 𝑎𝑛𝑑 𝑛𝑒𝑡 𝑐𝑜𝑠𝑡 + 𝑃𝐶𝑀 𝑐𝑜𝑠𝑡 × 𝑚   (3) 

Here “plate and net cost” where the cost for the aluminium plate and the steel net used in the cooling 
module. The “PCM cost” was the cost for the PCM per kilo and this value was converted to SEK/kg 
from euro/kg. The m was the mass of the PCM used on one set up. 

The next equation (see equation (4)) where the equation to calculate the total cost for the setup. 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 = (𝑛 × 𝑝𝑟𝑖𝑐𝑒 𝑓𝑜𝑟 𝑝𝑎𝑛𝑒𝑙 × 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑒 𝑐𝑜𝑠𝑡 + 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑐𝑜𝑠𝑡) × 0.7  (4) 

Here n was the number of panels, “price for panel” was the cost to buy one panel and “cooling module 
cost” was the result from equation (3). The 0.7 are the removed 30 % from the grant that Sweden gives 
[5]. Equation (5) shows a little variant to equation (4) that was used when calculating the price for the 
panel without PCM, the only difference was that “cooling module cost” was removed from the equation. 
The “inverter cost” is the cost to by an inverter and an inverter is a component that converts DC (direct 
current) to AC (alternative current).  

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 = (𝑛 × 𝑝𝑟𝑖𝑐𝑒 𝑓𝑜𝑟 𝑝𝑎𝑛𝑒𝑙 + 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑐𝑜𝑠𝑡) × 0.7  (5) 

To get a good estimate on the payback period so where a decrease in efficiency for the solar panels 
included in the calculations. The manufacturer for the solar panel used in this project (see figure 29 in 
appendix 2) gives an estimate that the panel will have 92 % efficiency after 10 years and an 83 % 
efficiency after 25 years, so the panels was given a decrease in efficiency with 0.6 % per year. 

The panel with PCM where a bit more expensive but produced a bit more electricity, in previous test it 
has been shown that a panel with PCM produces about 7 % more electricity, this was an estimate based 
on the result by S. Sharma [34].  

All the electricity produced by the panels where sold for the same price as if one would buy electricity 
from an energy company, which was 1.068 SEK/kWh (price for electricity in Karlskrona at the time of 
writing), see appendix 4. This is because in a real installation, most of the energy would be used by the 
owners (reduces the need to buy commensal electricity) and a smaller part would be sold. The price for 
buying electricity is a bit higher than the money you get for selling the produced electricity but there is 
only a slight variation in cost. 

Two equations where created and used to simplify the presentation of the payback period.  

Equation (6) gives the money saved for every year. 

𝑀𝑜𝑛𝑒𝑦 𝑠𝑎𝑣𝑒𝑑 = 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 × 𝑎𝑟𝑒𝑎 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙𝑠 × 𝜇 × 0.6𝑦𝑒𝑎𝑟 × 𝑛 × 𝑘 × 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑟𝑖𝑐𝑒  (6) 
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Here the “irradiation” was the irradiation in Karlskrona, “area solar cells” was the total area of solar 
cells that one panel have, µ was the panels efficiency and the “year” over 0.6 was what year the 
calculations was for. So, to get the efficiency decrease for year four it was 0.6^4. The n was the number 
of panels and “electricity price” where the price that the energy companies by the electricity for. k is a 
value for the efficiency increase for the setup.  

Equation (7) presents the equation used to create the payback period curve.  

𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑐𝑜𝑠𝑡1 = 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑐𝑜𝑠𝑡0 + maintenance 𝑐𝑜𝑠𝑡 − 𝑚𝑜𝑛𝑒𝑦 𝑠𝑎𝑣𝑒𝑑  (7) 

Here the “remaining cost” gives the cost that are remaining before the panels pay for themselves and it 
is based on the price that remains from the year before. The “maintenance cost” is an expected cost that 
can surface during the runtime of the set up and the money saved was the result given from equation 
(6). 
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3 METHOD 
3.1 LITERATURE REVIEW 
The literature review was done by reading articles and thesis within the area of: cooling of solar panels, 
cooling systems in general, building integrated systems, and heat transfer. The papers where downloaded 
from Summon, Diva, ScienceDirect and Scopus since these sites had relevant information and was 
recommended by Blekinge Institute of technology (BTH). To see how the trend looked in this area, a 
search string was created on Scopus and plotted by the number of published articles per year, see figure 
4. The search string was “solar energy” OR “sun power” OR PV OR Photovoltaic AND cooling OR 
climate OR "efficiency loss" OR temperature OR "energy loss" and the figure shows an increase in 
articles since 1965 but the curve takes up speed around 2000 [43]. The Y-axis is the number of published 
document on that year. 

 

 
Figure 4. The Scopus result shown by number of publications regarding cooling of solar cells/panels for every 
year, between 1965 and 2017 [43]. 

The majority of the article referenced is not written before 2014 and all references (with a few 
exceptions) are written after 2010. The articles that where published before 2010 often felt outdated and 
where therefore left out from this project. More than one source where checked before any data and 
information was used and this was to be sure that the first source did not make a mistake or tried to 
deceive the reader. When it came to simulations and physical tests more than one source was always 
studied and if the results contradicted each other a third source was studied or both the contradicting 
papers were taken into account.  

The articles where often published by a university ether on their own, or in collaboration with a 
company. The companies involved where googled to see if they would benefit from a specific result and 
therefore might have pushed the result in that direction and to take that into account when studying the 
result. The majority of the tests was done in countries closer to the equator than Sweden, some of the 
countries where Spain, Portugal, Saudi Arabia and southern USA.  

3.2 CHOOSE PCM 
When choosing the PCM, several factors were taken into account. The most important factor is that the 
material is non-toxic to handle and that it has a high melting enthalpy. Another important factor is that 
the material has a low expansion factor. This simplifies the calculations on the storage containers for the 
PCM. The materials lifespan, maximum working temperature and density were also studied. The 
lifespan is important because the PCM should not stop working (change properties) before the end of 
the PV-panels lifetime. The maximum working temperature is interesting to keep an eye on because if 
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the material goes over this line, then it will stop working until the temperature drops again. The density 
was less important to look at, but good to include so that the materials weight could be kept an eye on.  

The melting temperature is also important, but most of the companies had several different materials 
where the melting points differed while most other properties where the same or similar. This made this 
property less important to study. The goal of this project was to make a practical test of the PCM. As 
such the materials cost and shipping time had a big impact when deciding which material to use.    

Excel was used to compare the different materials by adding the properties given by the manufacturers 
of each candidate in a table. The different candidates were chosen by looking at different manufacturers 
PCM offers as well as looking at the materials used by previous work, and chosen from those who had 
a melting point of 27-43 °C. When all the candidates where in the table, the other factors where 
compared as well as it could be done due to that some data where missing from some of the candidates. 

3.3 DESIGNING THE COOLING MODULE 
The modules designed was decided by looking at the previous tests seen in the theory section. The design 
was drawn up to fit mainly two criteria: Fit the backside of the panels and the weight of the total module. 
By looking at how previous projects had built their modules when it came to spread out the heat, it was 
decided to use the same method: an aluminium plate on the backside of the panel. Designing the layout 
for the cooling material, however, was done by looking at how much area that could be covered, decided 
on a max weight that was about 15 kg, then distributed the material approximately evenly across the 
back plates backside. Inspiration from M. Emam et al.’s [36] tests with sections was taken when setting 
up the pattern, leaving some space in between each bag. As the PCM material was going to have the 
back plate between it and the panel it had to be encapsulated in such a way that the material still could 
draw heat from the back plate without hindrance. As such, it was decided to pack the material in small 
bags. These small bags then needed to be fastened to the back of the plate in a way that did not compress 
them too much as well as adding unnecessary weight. To fasten the bags, a metallic net was used and 
fastened with screws and nuts, so that the bags where held in place. Below follows the designing method 
of each part of the module. 

3.3.1 COOLING MODULE AS A WHOLE 
In earlier works it is common to use a layer of PCM on the back of the panel, a method that easily 
increases the weight of the panel to the double. E. Klugmann-Radziemsk et al.’s setups used a layer with 
a thickness of 20 mm, as earlier stated [32]. If the same method where to be applied here, it would easily 
increase the weight of the panel by at least 25 kg as more than double the amount of material was used. 
If the backplate that was used in this thesis would have been covered to the same extent, then the amount 
of material would be approximately 24,36 litres (roughly speaking the back panels area, 870x1400 mm 
times a 20-mm layer). This would weight a total of 24.36*1.35=32.886 kg. Note that this weight would 
occur if using the SP31 material with a density of 1.35 kg/l. As earlier stated M. Emam [36] and M. 
Ahmed made interesting arrangements of their material [36] and as such, the module built focused on 
two things: weight reduction and segments. Aluminium was chosen as the base material because it has 
one of the highest value on thermal conductivity [44] and has a lower price than copper.  

3.3.2 MAKING OF THE PCM-BAGS 
The PCM (SP31) was delivered in a 15 litre container in a solid state, filled with 13 kg PCM. This 
material was melted in an oven at 55 °C (it is not recommended to heat SP31 to more than 60 °C) and 
then the container was placed in a heated water bath to keep the material in a liquid state. The melted 
SP31 was then poured over into vacuum bags (these where not vacuumed sealed) which each contained 
between 600- 857 g of SP31, these bags where than sealed by using a soldering iron. A total number of 
12 bags where used but some more where created to have some extra in case of damage to the original 
once. Vacuum bags were chosen because they are stronger than ordinary freezer bags and can also 
withstand higher temperatures. The air in the bags where pressed out by hand before they were sealed 
so only a little bit of air remained, this to minimize the risk for condensation and air pockets that can 



15 
 

break the bag when it is mounted on the aluminium plate. Before the SP31 got solid again the filled bags 
where placed in a mould so that all the bags had around the same size, see figure 5. 

 
Figure 5. Shows the bags in their moulds where they are starting to become solid. The right one is starting to 
crystalize, while the left one has only started to freeze in the corners. 

The final part was to initialize the SP31 in accordance with the instructions given on the product 
specifications to give it the right properties. This was done after it becomes solid and done by storing 
the material in 0 °C or lower for 24 h, which was done by putting the bags in a freezer where the bags 
rested for more than 24 h, this to make sure the material was initialized, according to the instructions 
given by the company. In total, the bags weighted 9.28 kg with a median weight of 773 g. 
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3.3.3 MOUNTING THE PCM-BAGS 
As earlier stated, a net was used to press the bags against the aluminium plate. To further tighten each 
bag individually, screws with nuts and washers where used to tighten the net around them. The setup 
followed a pattern, which mean that each bag had one screw on each of the bags for sides as is shown 
in figure 6. Note that the washer at the bottom of the picture is slightly bent. This is so the net has some 
leeway when constricting the bag. This is the same for all the washers on the shorter ends of the plate. 
Each of the bags where fastened the same way until the net was covering all of them sufficiently. 

 
Figure 6. One of the bags fitted between 4 screws on the plate’s backside. 
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3.4 TESTING THE PCM 
3.4.1 PILOT TEST 
An initial pilot test was conducted where the change in temperature was investigated. This is done to 
see how a more in-depth test is more easily done later on so that complications can be seen early on and 
avoided.  

Equipment used in this test was:  

 Qcells: Q.Pluss BFR-G4.1 270, the solar panel 
 Regular house thermometer, to measure the temperature on the back of the panel and in the tent. 
 Insulation, to isolate the panel’s backside. 
 Wooden stand, to keep the panel at an angel. 
 The cooling module created in this project. 
 Thin plastic sheets, to create the tent. 
 5 kW heating fan, to create the heat. 
 One bigger ladder and one smaller, to direct the heater on the panel. 
 Small metal board, to keep the cooling module in place. 

The test was done in Halmstad at Nyedal Solenergi, this test had to be done inside because it was not 
hot enough outside and there was too much wind. This means that the amount of passive cooling was 
too high to an extent where testing outside wasn't possible. The test was done by mounting the panel on 
a structure that gave it an inclined angel and the back was covered with insulation to simulate an 
integrated solar panel (see figure 7). 

 
Figure 7. The panel mounted on the structure with isolation between the two parts to keep the heat in, photo taken 
at Nyedal Solenergi testing site. 

The test was done on two different setups, the first setup had the cooling module with SP31 in between 
the panel and the insulation (see figure 8), while the second setup was without the module. This was to 
see how much faster the setup without SP31 reached a specific temperature, this temperature was set 
because of time restrictions. It was also to see if the setup with SP31 behaved differently in temperature 
increase before and after the backside reached 31 °C. 
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Figure 8. The cooling module mounted on the solar panel. Held in place by metal beams. The red dot is 
the thermometer. 

The heat increase was achieved by placing the structure in a tent made out of plastic sheets that was held 
together with duct tape and a 5 kW heater to increase the temperature, see figure 9 and figure 10. The 
temperature in the tent and on the back of the panel was measured with a thermometer. On the first setup 
with SP31 the temperature sensor was mounted on the aluminium in the middle of the cooling module 
and on the second setup the temperature sensor was taped to the same spot, which means it was a bit 
below the centre of the panel. The red dot in figure 8 show the location of the thermometer. The red dot 
in figure 9 shows where the thermometer was located in the inside of the tent, the thermometers where 
located on the same location for both of the tests so the results can be compared with each other. The 
results and experience gained from this test is then used to plan and conduct a test at BTH in a better 
testing environment.  
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Figure 9. The setup of the heating system before the tent is added. The red dot shows the thermometers location. 

 
Figure 10. The setup of the heating system after the tent is added and sealed with duct tape. 
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3.4.2 TEST AT BTH 
The equipment used in this test: 

 Eximos: EX-235P solar panel 
 Temperature data logger, ST-171 
 Multimeter, to measure resistance and voltage 
 Insulation, to insulate the backside of the panel 
 Wooden boards, to keep the isolation and cooling module in place. 
 Plastic sheet, to protect the isolation from the weather. 
 Paper sheet, to keep the isolation in place. 
 Velleman PCS10 K8047, the component that logs the voltage from the panel. 
 Fuse box with 4 pcs 10 A fuses, to protect the PCS10. 
 6.9 Ω resistor, to give the panel a load. 
 Safety harness, to be safe on the roof. 
 Metal stands, to keep the panel at an angel.  
 The cooling module created in the project. 
 Following software was used PcLab2000SE V4.05, MATLAB, Excel, and data logger for ST-

171. 

This second test was done on the roof of BTH on an Exioms 235 W panel that have been used in previous 
projects. The panels are owned by Owe Makin and they were lent out to this project. There were four 
panels on the roof but they were all different so only one could be used, see figure 11. The panels are 
pointed to the south and have an inclination of about 40 °. 

 
Figure 11. The four panels at the roof of BTH 

The first part was to record temperature and voltage for a solar panel without cooling. The temperature 
was measured as the temperature is a measurable factor to see if the panels lose efficiency. The voltage 
is measured here to make sure that the panels are producing and are still functioning. If the panel does 
not produce anything one day then that would account for an error in the measurements since the panels 
also produce waste heat when generating electricity. The panel was taken down and stuffed with 
insulation on the backside to simulate a roof without ventilation. The insulation was held in place by 
boards, a paper sheet and a plastic sheet (to protect the paper from the weather), see figure 12. Between 
the insulation and the panel, a temperature logger was places to record the temperature of the panel’s 
backside every 30th second. The exact same method was put in place for the measurements for the test 
with cooling, the only difference was that the cooling module was placed on the backside of the panel. 
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Figure 12. The solar panel with isolation and boards. 

The panel was connected to a homemade resistor with a resistance of 6.9 Ω. This resistance cannot be 
used to calculate the power output of the panel, this is because the resistance in the resistor will change 
when it gets hot (thus in use) and the measurement for the voltage is only taken over one of the resistors. 
Connected to the resistor was a fuse for safety and a PCS10 logger to record the panels voltage, this data 
was send to a computer that saved the data every 10th second. This setup was already on the roof at 
BTH. Note that as this was already on the site of BTH, the authors of this thesis did not make these 
resistors, but where left over from a previous project.  

The data from the temperature logger and the voltage logger was then summarized in MATLAB together 
with weather data for the same days. The weather data was taken from SMHIs Webpage for public data 
[45]. This data was (and is) gathered from a weather station located on one of the islands in the 
Karlskrona archipelago. The data is logged every hour, 24 hours a day, and is quality controlled by 
SMHI. The data from all the three sources where plotted in graphs where one day was one graph, the 
data from the setup with cooling module and without cooling module where plotted. Then one plot from 
a graph without cooling module where put together with one plot from a graph with cooling module. 
The graphs that where put together where days that had similar air temperature and similar weather 
conditions.  

3.5 ENERGY CALCULATION 
The energy calculation on the cooling module are calculations to see how much energy the cooling 
module can absorb before all the PCM have melted completely as well as to see how many hours it will 
take.  

These calculations are only theoretical and was done in the following way: the radiation in Karlskrona 
(Sweden) during July on a 39 °C angel located in southern direction was 6310 Wh/m2/day [46]. This 
value divided by 24 to get an average hourly radiation. That value was then multiplied with the panel’s 
total area of 1.61 m2 to get the energy that the panel is exposed to, this energy was named Total energy. 
The cells of a panel do not cover the entire panel so to get the energy that hits the cells, this smaller area 
of 1.45 m2 was multiplied with the radiation. This energy was named Panel energy.  

To take into account that some of the radiation gets reflected on the glass both Total energy and Panel 
energy got 5 % of their power removed to cover the reflection by the glass. The remaining Panel energy 
got multiplied by 16 % (the efficiency of the solar panel), see figure 29 in appendix 2 for product 
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specification, to only get the energy that got turned into electricity by the PV-panel. The remaining Panel 
energy got removed from the remaining Total energy to see how much energy that turns into heat, this 
energy was named Heat energy. This heat is divided on the front and back of the solar panel, the 
aluminium plate, the isolation and the PCM. It is hard to know how the heat will be divided, so for this 
calculation so was Heat energy reduced by 50 %. This remaining energy is the energy absorbed by the 
cooling module and this is to see how many hours it would take to melt all the material. This energy 
output was then converted into kWh/hour.     

The energy storage capability of the cooling module was divided into two parts, the first part was to 
calculate how much energy that was needed to raise the PCM material to its melting point (Q1) by using 
equation (1) and the second part was to calculate how much energy it will take to completely melt the 
PCM (Q2) by using equation (2). 

𝑄1 = 𝑐 × ∆𝑇 × 𝑚      (1) 

𝑄2 = 𝐿 × 𝑚       (2) 

The Specific heat capacity for SP31 was 2 kJ/kgK and this value together with the temperature change 
of 26 K (from 5 to 31 °C) and the mass of the PCM (9.3 kg) where put into equation (1) to get the energy 
needed to raise its temperature. The temperature rarely drops below zero during the summer, and 
therefore the start point was set at 5 °C and not 0 °C. This energy was then converted into kWh to easier 
compare it to the energy from the irradiation.  

The melting enthalpy for SP31 (210 kJ/kg) was multiplied with the mass of 9.3 kg to get the energy 
needed to melt the material. This energy was also then converted into kWh. 

3.6 ECONOMIC CALCULATION 
Equation (3), (4) and (5) presented in the theory chapter where used to calculate the price for the setup 
with and without cooling module. The installation cost and the cable cost for the panels were 
not included in these calculations. 

𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑒 𝑐𝑜𝑠𝑡 = 𝑝𝑙𝑎𝑡𝑒 𝑎𝑛𝑑 𝑛𝑒𝑡 𝑐𝑜𝑠𝑡 + 𝑃𝐶𝑀 𝑐𝑜𝑠𝑡 × 𝑚   (3) 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 = (𝑛 × 𝑝𝑟𝑖𝑐𝑒 𝑓𝑜𝑟 𝑝𝑎𝑛𝑒𝑙 × 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑒 𝑐𝑜𝑠𝑡 + 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑐𝑜𝑠𝑡) × 0.7  (4) 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 = (𝑛 × 𝑝𝑟𝑖𝑐𝑒 𝑓𝑜𝑟 𝑝𝑎𝑛𝑒𝑙 + 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑐𝑜𝑠𝑡) × 0.7  (5) 

The 3 kW inverter used in the calculations cost 14,714 SEK, see appendix 4, and since it has a warranty 
of 7 years [47] it was estimated that they would break after 8 years in these calculations. The panel have 
a warranty of 10 years but they have a life expectancy of 20+ years. So, 25 years where analysed which 
means that three new inverters where invested in but no new solar panels.  

Eleven solar panels of the 270 W variant where used (this would cover about 18 m2) to maximize the 
usage of the inverter, one of these panels costs 2600 SEK. The PCM (SP31) costs 6.04 euro/kg and there 
were 9.3 kg mounted on the panel. 1 euro was worth about 10.6 SEK at the time of the calculations. The 
aluminium plate and steel net added up to a total cost of 200 SEK per solar panel, see appendix 4 for the 
source of all the numbers in this paragraph.  

Equation (6) and (7) where used to create the diagram for the payback period. In equation (6) there is a 
value k presented, this is the efficiency increase in the system. This value will be 1.07 for the panel with 
the cooling module and 1 for the setup without cooling module.  

𝑀𝑜𝑛𝑒𝑦 𝑠𝑎𝑣𝑒𝑑 = 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 × 𝑎𝑟𝑒𝑎 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙𝑠 × 𝜇 × 0.6𝑦𝑒𝑎𝑟 × 𝑛 × 𝑘 × 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑟𝑖𝑐𝑒  (6) 

𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑐𝑜𝑠𝑡1 = 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑐𝑜𝑠𝑡0 + maintenance 𝑐𝑜𝑠𝑡 − 𝑚𝑜𝑛𝑒𝑦 𝑠𝑎𝑣𝑒𝑑  (7) 
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4 RESULTS 
4.1 CHOSEN PCM 
It was decided that the most optimal material that could be tested in this project was PCM as very little 
work has been done in this area as of yet, it was a passive cooling methods so no big installation is 
needed and it had a zero electricity consumption. As such, ten potential materials where summarized 
and included in this project, these where from five different companies.  

All the material had a high melting enthalpy which is good for the purpose of this project and all 
materials are presented in table 2. Four materials where from Rubitherm and three of these where their 
paraffin based variant (RT31, RT35 and RT42) [48] with different melting points, the number after RT 
is the materials melting point. The downside with paraffin based material is that it is sometime made 
out of oil (the compositions of Rubitherm’s material is a bit of a company secret) and they have a high 
expansion factor of around 12 %, which could become problematic. The material will react with plastic, 
but this poses no problem as a metal container is more optimal for heat transfer purposes. The fourth 
material from Rubitherm where a salt based material (SP31), (see figure 31 in appendix 3 for product 
specification) and this material have a lower expansion factor (3- 4 %), but it will react with metal which 
can be a problem. The density of the paraffin based material is much lower than the salt variant. 

There were three biodegradable material analysed: two from PureTemp [49] and one from PLUSS [50]. 
PureTemp’s materials had a melting point of 29 and 37 °C, it will react with plastic and have a similar 
density to the paraffin based material. The expansion is lower than the paraffin based material but still 
high at 10 %. It has a long lifespan of about 10,000 cycles (about 27.5 years) but it was expensive to 
buy. The material from PLUSS has a melting point of 30 °C and a low expansion factor of 3 %. The 
material had a shorter lifespan than the other biodegradable material of 2000 cycles (5.5 years) which 
can be a bit on the low side.  

The last three materials is paraffin based material from Microtek [51] and Sasol [52]. The two materials 
from Microtek had a melting point of 28 and 32 °C and have a high maximum working temperature of 
250 °C but more information than that was not found. The material from Sasol had a melting point of 
32.5 °C and the same expansion factor and density as the paraffin based material from Rubitherm.  

Table 2. Show the 10 different PCM candidates for this project with some of the available data for each one. 

 

In the end, the Rubitherm SP31 was chosen because it has a low expansion factor, high melting enthalpy 
and had a lower price than many of the other materials, see figure 31 in appendix 3 for product 
specification. Some of the materials where going to be shipped from America which made them too 
costly for this project.  

4.2 COOLING MODULE DESIGN 
The finished cooling module was 12 PCM bags mounted on an aluminium plate and hold in place by a 
steel net and screws, it can be seen in figure 13. Note that the lines you see on the plate where only there 
to measure out the drilling points and that the washers on the outer right and left side are all bent the 
same way as mentioned in 5.3.3 Mounting the PCM bags. The designs focus is to drag down weight on 

Type of PCM Melting 
point (°C)

Melting Enthalpy 
(kJ/kg) React on contact with Maximum working

temperature (°C)
Expansion 

(%)
Flashpoint 

(°C)
Density in solied 

state (kg/l)
Salt 31 210 Metal and hydroscopic 50 3-4 No info 1.35
Paraffin 27-33 165 Plastic 50 12.5 157 0.88
Paraffin 29-36 160 Plastic 65 12 167 0.86
Paraffin 38-43 165 Plastic 72 12 186 0.88
Biodegradeble 37 210 Plastic and water No info 9 No info 0.92
Biodegradeble 29 202 Plastic and water No info 10 No info 0.85
Paraffin 32 180 Plastic 250 No info No info No info
Paraffin 28 180 Plastic 250 No info 166 No info
Biodegradeble (vax) 30 230 Plastic and water 120 3 No info No info
Paraffin 32.5 220 Plastic No info 12 176 0.73
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the cooling module while still using PCM. The cooling module had an aluminium plate as a base and 
had 12 bags arranged in a 3x4 pattern with the material Rubitherm SP31 in them, see figure 29 in 
appendix 3. The size of the plate was 870X1400X1.5, weighting about 5 kg (including net) and the entire 
cooling module (plate and PCM) had a weight of 14.28 kg in total. This means that the setups total 
weight was 33.08 kg (cooling module and panel). Due to a junction box on the upper part of the panel’s 
backside, the plate is shorter than the panel, and so to avoid construction complications in this project 
the plate ends at the underside of the junction box.  

 
Figure 13. The finished cooling module, with the PCM bags, net and aluminium plate. 

4.3 COOLING MODULE TEST RESULTS 
4.3.1 PILOT TEST 
The result of the pilot test was promising, the panel with cooling module had a much lower increase in 
temperature than the panel without cooling module even before the material starts to melt. The result 
for the panel without cooling had to get a fitted curve to make it easier to compare the temperature with 
the panel with cooling. The real test for this panel where only 130 min long while the test for the panel 
with cooling was 210 min long. In terms of actual temperature change, it took 85 min for the panel with 
cooling to go from 25.2 °C to 31 °C, while it only took 10 minutes for the panel without cooling for the 
same temperature interval. Figure 14 shows the recorded values in a plot. The purple line is the 
temperature of the air inside the tent for the alternative with cooling and the brown is the same 
temperature for the panel without cooling. The brown line had a dip at 45 min and this will be discussed 
in the discussion. The speed of the temperature increase for the panel with cooling decrease a bit after it 
passed 31 °C and some but not all of the SP31 had started to melt when it was removed after the test 
was done. When the panel with cooling had reached 31 °C the other panel had reached a temperature of 
38 °C. 
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Figure 14. The values plotted in a curve. The green line is a line at 31°C, which is the melting point for SP31. The 
temperature outside of the tent was about 13 °C. 

4.3.2 TEST AT BTH 
In the following pages four figures will be presented. These figures will present 3 different types of 
values: voltage, panel backside temperature, and ambient temperature. Voltage is the voltage produced 
by the panel and varies between 0 and 6 volts (This is present to see that the panels are producing), no 
higher is measured due to the equipment already set up before the project started. The ambient 
temperature is the outside temperature data taken from SMHI, and the backside panel temperature is the 
temperature measured on the panel’s backside. 

Figure 15 shows the temperature on the backside of the panel, as well as its voltage and the ambient 
temperature on 7-05-2018. Looking at the results of this figure, one can see that around the temperature 
that the PCM is supposed to start melting, the backside temperature increase slows down. This shows 
that the PCM can work as a coolant for solar panels even with lesser amounts of the material compared 
to earlier works.  
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Figure 15. Temperature increase on the backside of the panel with PCM. Voltage is present to see that the panel 
is actually producing. Graph shows how the temperature behaves throughout the day. 

In figure 16 and 17 one can find a comparison of the PV-system with and without cooling on days with 
similar weather conditions. In both of these figures it can be seen that with the cooling, it once again 
rises more slowly at around the PCMs melting temperature. Furthermore, it can also be seen that the 
temperature is lower on the cooling module setup. It can also be seen that the temperature drops slower 
as well on the cooling module as the material radiates heat rather than absorbing it. Note that in figure 
17 clouds covered the sun approximately at the same time during both the testing periods. This 
phenomenon occurs at times during all the days which can more easily be seen on the voltage drops on 
the graphs. The voltage can be seen in all three figures to be working approximately the same way as 
the temperature of the backside of the panels, with the exception of clouds affecting the voltage more 
easily than the temperature (as the panel cannot produce as much the moment the sun is covered). Further 
note that the data for the days without the cooling module are the days 18-04-2018 and 29-04-2018, and 
the days with cooling modules are 4-05-2018 and 5-05-2018. On the 28th and the 29th the temperature 
reached around 44 °C without cooling, while the 4th and 5th with cooling reached a maximum 
temperature of 38 and 36 °C respectively. 
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Figure 16. Panel backside temperature with (5-05-2018) and without (28-04-2018) PCM as well as ambient 
temperature. Data taken from days with similar weather conditions. 

 
Figure 17. Panel backside temperature with (4-05-2018) and without (29-04-2018) PCM. Data taken from days 
with similar weather conditions. 

In figure 18 the data from one of the hottest days can be found. It can be seen that on this day the 
temperature behind the panel reached a bit above 63 °C and it can also be seen that the PCM is defeated 
as the ambient temperature reached much higher than anticipated. Measurements for no cooling with 
these ambient temperatures was not conducted so whether or not the temperature would be higher 
without cooling module is difficult to say. The ambient temperature during the measurement period 
without cooling did not reach the same heights as the measurement period with cooling and as such no 
data to compare with exists. This test confirms earlier works findings in that it is possible to use the 
PCM as a cooling material for photovoltaic panels. Data from different days with other weather 
conditions can be found in appendix 5, they are shown there as the data from them could not be compared 
to each other or have weather conditions not worth seeing in the results.  
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Figure 18. Panel backside temperature on a day with very high ambient temperature. No data exists for the same 
ambient temperature without cooling module.
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4.4 ENERGY CALCULATION 
The result from the energy calculation shows that the panels backside would get an average of 0.16 kWh 
of energy in the form of heat every hour. In this value the irradiation that gets turned into electricity (55 
Wh/h) was removed together with the energy that gets reflected by the glass and the energy that won’t 
go to the back of the panel (the estimated 50 %). 

The temperature of the PCM needed to increase with 26 K (from 5- 31 °C) before it started to melt and 
this required 0.13 kWh of energy. The energy needed to melt the PCM was 0.54 kWh, this gave the 
result that the cooling module would be able to absorb 0.67 kWh before it was completely melted. This 
meant that it would take a bit over 4 hours before the PCM was completely melted. Table 3 shows a 
summary of the calculations made. A summary of the different values is shown below the table and the 
calculations are presented in appendix 4.  

Table 3. Shows a list of the values from the energy calculations made. 

 

The total energy that would hit the panel where 399 Wh/h but only 360 Wh/h would hit the cells of the 
panel. Some of this energy from both of these values got reflected by the glass of the panel. When that 
reflection and the efficiency of the panel was included in the 360 Wh/h that hits the cells then 55 Wh/h 
remained (this is the energy that got turned into electricity). When the energy that got reflected and the 
energy that gets turned into electricity gets removed from the 399 Wh/h (the energy that the panel was 
exposed to), this gave the result that the panel would be exposed to 325 Wh/h of energy in the form of 
heat. This meant that every hour the panel got hit by 325 Wh/h of energy in the form of heat and 50 % 
of this heat reached the cooling module. These equations are shown in more detail in appendix 4.  

4.5 ECONOMIC CALCULATION 
The results show that it would take 13 years for the panel without cooling module to pay for itself and 
14 years for the panel with cooling module. The investment for the setup without the cooling module 
was 30,320 SEK (43,314 SEK without the grant) and the money saved for year one was 3761 SEK. The 
investment cost for the panel with the cooling module was 36,445 SEK (52,064 SEK without the grant) 
and the money saved was 4025 SEK the first year. The diagram in figure 19 shows the payback period 
for two set ups that both includes 11 panels plus one inverter, the calculations for the first two years are 
presented in appendix 4 as an example. These setups would cover about 18 m2 each of a roof. The orange 
line where the cost for the panel with cooling module, so except for the parts mentioned before so where 
also 11 cooling modules included in the price. The blue line is the cost for the setup without cooling 
modules.  

The orange line has a steeper slope. This is because it produces 7 % more electricity every year, so it 
will always move closer to the blue line. The three places where the costs go up (at year 8, 16 and 24) 
is where the price for the new inverter was added to the total cost. When the x-axis is crossed, the setups 
will pay for themselves and this occurred after 13 and 14 years as earlier mentioned in this subchapter. 

 

 

Panels energy PCM (SP31)
Total energy (Wh/h) 399 Specific Heat Capacity (kJ/kgK) 2
Total energy without reflection (Wh/h) 379 Temperature increase (K) 26
Panel energy (Wh/h) 360 Enegy needed to increase the tempeture (kWh) 0.13
Panel energy without reflection (Wh/h) 342 Melting Enthalpy (kJ/kg) 210
Panel production (Wh/h) 54.8 Mass (kg) 9.3
Heat energy (Wh/h) 345 Energy needed to melt the material (kJ) 1948
Heat energy on back (Wh/h) 162 Energy needed to melt the material (kWh) 0.54
Heat energy on back (kWh/h) 0.16 Hours before melting (h) 4.2
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Figure 19. A diagram of the payback period for the two panels 

4.5.1 CALCULATIONS FOR THE PAYBACK PERIOD 
Here are the calculations for the payback period presented. In short it is a summary of how the price for 
the panels is estimated and how the money saved where calculated for year one. A deeper summary for 
how the values in figure 19 where made is shown in appendix 4. 

Without Cooling module 
The economic calculations for the setup without cooling module. 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 = (𝑛 × 𝑝𝑟𝑖𝑐𝑒 𝑓𝑜𝑟 𝑝𝑎𝑛𝑒𝑙 + 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑐𝑜𝑠𝑡) × 0.7  (5) 

(11 × 2600 + 14,714) × 0.7 = 30,320     (8) 

With Cooling module 
The economic calculations for the setup with cooling module. 

One panel costs 2600 SEK and one cooling module cost 795 SEK, this 795 SEK where the summation 
of the plate and net cost (200 SEK) and the PCM cost (64 SEK/kg) multiplied by the amount of PCM 
(m), see equation (3). 

𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑒 𝑐𝑜𝑠𝑡 = 𝑝𝑙𝑎𝑡𝑒 𝑎𝑛𝑑 𝑛𝑒𝑡 𝑐𝑜𝑠𝑡 + 𝑃𝐶𝑀 𝑐𝑜𝑠𝑡 × 𝑚   (3) 

200 + 64 × 9.275 ≈ 795 𝑆𝐸𝐾     (9) 

The total cost for 11 panels with the grant included can be seen in equation (4) 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 = (𝑛 × 𝑝𝑟𝑖𝑐𝑒 𝑓𝑜𝑟 𝑝𝑎𝑛𝑒𝑙 × 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑒 𝑐𝑜𝑠𝑡 + 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑐𝑜𝑠𝑡) × 0.7  (4) 

(11 × 2600 × 795 + 14,714) × 0.7 = 36,445 𝑆𝐸𝐾    (10) 

Here n was the number of panels. 
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5 DISCUSSION 
5.1 CHOOSE PCM 
PCM was chosen over the other cooling methods because there where least research done on PCM 
cooling and thermoelectric cooling systems. Water cooling and air cooling are well implemented on the 
market today, and to write one more article on these subjects would not contribute as much. When 
comparing PCM cooling and thermoelectric cooling, then the thermoelectric cooling was less developed 
and most articles on the subject stated that it was too expensive and too inefficient. On the other hand, 
so where many articles about PCM positive towards this cooling method, but the best material and if the 
idea was right in time was still being debated.  

The ten different materials studied all have good and bad properties and therefore it can be argued for 
and against most of them. If the paraffin based materials are from oil than it might be good to skip them 
because PV-systems are often put against the oil industry even though it does not have to be that way. 
What this means is that energy from oil often is seen as bad while renewable sources are often seen as 
good. The higher maximum working temperature and lower density of the paraffin based PCM makes 
it optimal but it is important to remember the high expansion factor and the problems it can cause, for 
example the container might crack from the expansion. If the biodegradable material from PureTemp 
have a maximum working temperature of around 100 °C than it could be the best option when the price 
goes down. 

One last reason way SP31 was chosen was because Rubitherm recommended their SP variant over there 
paraffin based RT variant [48] for this project, because in their own test it have shown that SP is better 
than RT when in use on solar panels.  

5.2 DESIGNING THE COOLING MODULE AND COMPARING WITH OTHER SYSTEMS 
Many of the active cooling systems that are in use on solar panels today transfers the heat away from 
the panel and are used in other parts of the house like heating up the water storage, heating up a pool or 
heating up the house. This while many of the passive cooling methods just waste the heat by spreading 
it out in the air or heating up a plate that leads the heat away. The aim of the PCM solution was to have 
a passive cooling method that found some use for the heat, the heat in the PCM is “returned” to the panel 
when the air temperature decreases in the evenings which leads to that the panels temperature is kept on 
a more optimal level for a longer time and the panels temperature also drops slower which is good for 
the electronics in the panel.  

While making the PCM bags (as they were all handmade) it became clear that they could have been 
made better if a vacuum where created in the bag so that the chance for condensation got completely 
eliminated. This was hard to do as they were all hand made without any vacuum packing tools. The 
PCM used in this project (SP31) dissolves in water so the condensation might have created a problem 
in this case. This did not occur but it may be worth keeping in mind if other projects involving the same 
kind of material is done in the future. 

As for the cooling module design, it seems to be clear that this is a step in the right direction. The biggest 
difference here and previous tests seen in E. Klugmann-Radziemsk et al.’s [32], S. Sharma et al.’s [34] 
and M. Rahman et al.’s [19] tests is the amount of material used when it comes to PCM. As is discussed 
later, it seems that the amount of material has been on the high side for most previous work and that it 
in reality doesn't require as much material to cool a panel in Sweden due to its milder climate. Of course, 
the assumptions from earlier works is more in line with the weather conditions in the countries that they 
reside in/made, but while in while in Sweden there needs to be different assumptions. As such the good 
part of the design is that it has less material attached to it but it also seems like it needs to be further 
optimised. When it comes to the weight of the material, both the amount of PCM and the way it is 
fastened to the back of the panel matters. While having a full metal container works it also increases the 
weight and the cost of the panel significantly. As such, it is believed that one can still drag down the 
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amount of PCM material as well as the metallic material. One of the ways to do this would be to build 
something similar to what M. Emam et al [36]. did when they placed the material with plates in between. 
It should be noted that there is no disadvantage to not cover the whole backside with PCM, as long as 
it’s distributed in such a way that the temperature isn't shockingly different in different areas of the 
panel. Most of this difference is combated by the aluminium plate that spreads out the heat so that the 
PV-cell won't break down. This might have been tested in this project further but the lack of time due 
to the delivery of materials, as well as equipment failure made such impossible.  

Looking at other designs it's clear that many different cooling systems have one thing in common: the 
back plate. Sadly, it was impossible to measure the efficiency of the panel in a sufficient way that would 
make it possible to compare this cooling module to the other cooling systems that exists. Most articles 
used a plate of aluminium and that was because of the fact that aluminium have a high thermal 
conductivity compared to its price. Other material with a high thermal conductivity are copper, gold and 
silver, but these materials are expensive and therefore inefficient to implement as cooling plate.  

As said in the theory it is unknown how the distribution of heat looks between the different types of 
systems, even between passive cooling and active cooling. Though it seems that the most common is air 
cooling, water cooling is on the march forward. While there are no numbers to support this claim, it 
seems more intuitive as water cooling is the simplest solution with a fairly low cost. It is vital however, 
to see that there is at least a minor connection between all these cooling systems more than just the 
cooling plate. Heatsinking plates is closely connected to the arrangement of the backside cooling plate 
and could be combined with PCM (as shown in M. Emam et al. [36]). One of the weak points of 
arranging the PCM as most due, including this work, is that the heat is not used in the traditional sense 
of a PVT system. Water and even air seems to have an advantage in this case where water can be used 
to heat up the house or used in the house which they show in Moharram et al. [17] and even in the work 
done by Wu and Xiong [28] the water can be used. Though Wu and Xiong’s tests are hard to use the 
water, it is possible and it would also be possible to use. The same would then apply to the tests done in 
Portugal [20], as well as the tests done in Egypt [17]. The waters temperature is not being measured and 
would most likely be too little for any effective use in housing. As such a more effective system to use 
would be to use the kind of system Moharram et al. [17] used to transport and heat up the water, which 
in turn is similar to a heat exchanger system that Rahman et al. used. In terms of transporting the heat 
away, it seems to be better to focus on using pipes to transport the heat with liquid. As mentioned these 
systems tends to be too big to use in BIPVT systems but if it is possible it might be worth looking into 
to combine these systems with PCM. This means that the water is used to transport the heat away from 
the panels, providing cooling, while the PCM itself is heated up by the water somewhere else. This 
might be a better idea as the PCM is better at keeping the heat as stored energy than what water is, 
though the heat loss on the way would need to be taken into account. Such a system would thus be a 
combination of the liquid cooling systems and a PCM system. Important to note that such a system 
would not be like the combined system tested by Klugmann-Radziemsk et al. [32] as their system was 
a combination of the two attached to the panel’s backside.  

Comparing PCM to air cooling, first note that air cooling shares a connection to the others as it often is 
applied with heat sinking plates. This is also the most apparent connection with the system which can 
be compared to the segments made by M. Emam et al [36]. These segments did work like heat sinking 
plates after all, the only difference is that the medium in which the heat dissipates is PCM and not air. 
As a difference, passive air cooling is also the most popular as most freestanding panels do not have any 
cooling at all except the air around them. It may seem strange to categorise all of these as air cooled 
panels, but it is the only way for the heat to dissipate. Though few active air cooling systems exists, the 
best example is the one presented in Biyaki et al.’s [26] work. It should be noted yet again that this 
system required to build or rebuild a whole house so that this system can be applied. Much of the heat 
is reused in this as was presented and would actually be a good idea in many countries. However, it does 
cost a lot more and in order to keep the heat the houses would need good insulation. Here PCM can 
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actually be applied as well as houses could be built with PCM in the walls to keep the heat inside the 
house. The efficiency of the houses built would then not use the PCM as a cooling system for the panels 
but rather store the heat from the hot air and keep it inside the house. These are of course, only 
speculations and a more in-depth study would need to be done to measure whether or not this would be 
a worthwhile endeavour. All these things came up as ideas while reading about the different systems but 
where ultimately decided to be put aside because of the scope of this project. 

As a last comparison comes the TEG-system that still needs to be developed further. In the theory section 
it is presented that A.Rezania et al. [31] had shown that it is too expensive as of yet to use them. It is 
presented in the theory that one would need to add 7500 USD to each 1 m2 of panel. compare this with 
795 SEK for the module that was built in this thesis (1.45 m2) (roughly 91 USD), it can be understood 
that PCM, while still more material would have to be added, PCM material is still a cheaper way to 
increase the efficiency than TEG. 

5.3 PILOT TEST 
The pilot test show that the temperature increases a lot faster in the panel without PCM compared to the 
panel with PCM. It was good to confirm this in our own test and not only rely on what other tests have 
said. The maximum temperature of the panel is also about 7 °C lower in the panel with PCM. This test 
confirmed what was expected, that PCM was useful when cooling panels and if the result had shown 
something else then there would have been a need to rethink the project before doing the test at BTH.  

There are a few error sources from the test that needs to be noticed. As a first notice, the temperature of 
the tent probably reached its peak at 24- 25 °C as a heat fan was used to heat up the inside of the tent. 
The tent itself was placed inside a warehouse with an ambient temperature of 13 °C, further decreasing 
the maximum temperature that could be reached inside of the tent since it was made out of plastic film. 
The location of the thermometers was consistent in both the test with PCM and without PCM so the 
result can be compared with each other, but the best temperature to measure would have been the 
temperature inside the panel and this can be done on some panels but a special tool is needed and that 
tool was not available during this project.  

Furthermore, due to the time limit for the pilot test, it is unclear whether the PCM had a significant effect 
on the cooling. The PCM had started to melt so it must have started to cool the module somewhat. It 
was discussed whether the aluminium plate had something to do with the observed lower temperature. 
This was later refuted since, due to the plate’s heat conductivity, it should have been warmer than it was, 
thus there must have been a cooling effect from the bags. The results do show that the temperature was 
lower on the panel with the cooling module quite early, but to actually show how much the PCM could 
cool, the test should have gone on for longer. The time limit was mainly due to the closing time and 
financial issues for staying the nights in another city. 

While looking at the orange data in figure 14, one can also see that the front temperature drops down 
significantly for a period of time after about 45 minutes on the test with PCM. This is most likely due 
to how the thermometer was placed (which was close to the tents edge) and that an exchange in controller 
while gathering the data. It is not known exactly what happened but it seems like when the new controller 
started taking measurements. The plastic was pushed in such a way that the hot air escaped locally to 
where the sensor was placed, making the temperature drop around it. This was corrected when taking 
measurements without the cooling and since one cannot see the same dip in that data, it was most likely 
the case that hot air escaped for every measurement made. Fortunately, the front temperature is not as 
important and even if the hot air escapes very locally near the front sensor, this should not have impacted 
the temperature on the backside. The test was planned much differently in the beginning. It was supposed 
to be measured with the standard way of testing panels, with a spotlight with the required standard 
insolation, as well as measuring the power output from the panel. At site it was discovered that there 
was a lack of equipment since some of it had gone missing. This test then became an initial test and was 
planned on site to instead prepare for the test at BTH which was done using the experiences that was 
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made from this pilot test. Experience learned from this test was how to set up the module correctly on 
the back of the panel, how one can measure the temperature, and how to connect the panel into 
equipment. 

5.4 TEST AT BTH 
The test at BTH gave most of the actual results for the project and it can be seen that it actually cools 
down the panels to some degree. In the comparison figures, that is figure 16 and 17, it can be seen that 
during these similar weather conditions the cooling works better than without the cooling. In these 
figures it can also be seen that the temperature goes down slower as well with the PCM on back. This is 
because of heat that is stored in the PCM is starting to “leak” out. This isn't necessarily a bad thing as 
the panels suffers less temperature shocks if the temperature goes down slower, and a panel that has a 
higher temperature while working (below its ideal working temperature) still produces more than if it 
was a lower temperature. So, if the sun is up and the PCM can give back some heat to keep the panel 
around a good working temperature, it is an advantage to how much it will produce. Though it also 
becomes clear that the amount of PCM used here is under dimensioned. This is easily seen in the last 
figure (figure 18) that shows that the PCM is overwhelmed by the heat generated at the higher summer 
temperature. Here the temperature of the panel reached over 63 °C: above both the materials working 
temperature of 50 °C and its maximum recommended temperature of 60 °C. This means the material 
would need to be reinitialized or the module re-dimensioned for these temperatures. Though as could 
be seen from the tests with more similar weather conditions it should be noted that since it actually 
works there then earlier work probably over dimensioned their use of the material. It does seem like the 
area needs to be explored further in two ways: optimise amount of material and optimise how to choose 
the material. If these two aspects can be optimised then it should drag down costs significantly. Whether 
or not such costs would prove economically viable anyway is difficult to say.  

It should also be noted that the data for the ambient temperature was downloaded from SMHI’s open 
data, from a weather station in the archipelago. This is the only weather station that was on during the 
tests so even if there might be slight differences in temperature due to wind and difference in cloud 
mass, but it was the only weather data available so it had to suffice. The data was measured every hour, 
while the voltage and the temperature of the panel was measured every 10 minutes.  

Yet again this test was meant to measure the power output of the panels as well as the inside temperature 
of the cell. As this test was done later on in the project, much due to the difficulties faced in the pilot 
test, there was hope that equipment from previous projects done at the school still had functional 
equipment on the roof. It was quickly realised that the equipment of the roof was not up to standard to 
what was needed for this project. One of these problems where that the equipment only measured the 
voltage over one of the resistors even though there were two resistors which the panel was connected 
to. This as well as the active resistance, which was unknown, made it impossible to calculate the power 
output from this equipment. The best option would be to measure the current and voltage together to be 
able to calculate the power output or to measure the power output directly but the equipment to 
constantly measure this is too expensive to buy. The voltage never goes above 5 V and the reason for 
this is unclear, it can be because of the equipment that was already on site. The equipment was also 
rusted to such a degree that there was a reluctance to touch or remake the wiring as there was no more 
time if something broke down further. Looking at previous project’s plans it was also realised that there 
should have been a thermometer at the roof as well but it was not found on site. The project reports that 
where read from these previous projects lacked results and proper notes on how it was measured, which 
made it hard to make sense out of the present system.  

These tests never proved to be better or worse than previous work done in terms of efficiency, due to 
the limitations to not being able to measure the efficiency of the panels. As such no real comparison 
between efficiencies could be done. However, comparably with E. Klugmann-Radziemsk et al.’s [32] 
test that dragged down the temperature of the panel by 7 °C which is comparable to the results shown 
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in the test at BTH. With this in mind and looking at the amount of material Klugmann-Radziemsk used 
then it seems clear that even if the module used here was under dimensioned then it could be optimised 
to something in between the two modules to generate a better result. Optimally, the test should have 
been done by measuring from two panels of the same brand and same glass. There was not enough 
equipment for this however and as such it is important to note that you cannot recreate the exact same 
weather conditions as you wish. The data gathered however should suffice to prove a point as the 
different days used are very similar in conditions.  

It can be debated whether or not you could reach a similar conclusion without the work from this thesis. 
However, it should be made clear that there was not sufficient proof that the amount of material could 
be optimised by the changing the arrangement of it. This work shows that the amount of material can be 
dragged down if its arranged in a certain manner and thus dragging down the costs and thus new 
economic analysis could be made. 

5.5 ENERGY CALCULATION 
For the energy calculation, the average radiation of a day was taken so that the top value would be a bit 
higher than 248 Wh/m2/hour. This peak however does not last for three hours. To say that the PCM 
would cool the panel for 4.2 hours during a day was thus not a bad estimation. It was hard to draw any 
conclusions from this value because there was no relevant research done that could be found that had 
done something similar to these calculations, but it can be good to compare to different setups with this 
value. As mentioned before, almost none earlier works have tried to optimize the amount of material 
used.   

5.6 ECONOMIC CALCULATION 
The result of the economic calculation shows that by the 13-14-year mark both the panels have paid for 
themselves, which means that the panel with cooling module almost cost the same in the end. It costs 
6125 SEK more to invest in but only take 1 more year to pay for itself. This small difference might not 
make it worth the extra money at this point in time. Important to note was that the cost for the cooling 
module was the cost for the module in this project while the extra production (the 7 %) was taken from 
a previous work by S. Sharma et al. [34] where another cooling module and more PCM was used. This 
means that the cooling module in this project might not help the panels production to the same amount 
as the once used in the previous works. Also, important to note was that the temperature decreased about 
the same amount in this project as in the articles studied in the related works part of this project. The 
temperature in this project decreased with 6- 8 % and the articles studied had a temperature decrease of 
around 7 %. The cost for the cooling models in the previous works where mostly unknown.  

Only J. Hendricks [33] stated anything about the cost in the article from 2010 and here it was concluded 
that it wasn’t economically viable to use PCM and this conclusion can be based on two things: The first 
was that 8 years ago panels where more expensive and less efficient than today so it can be that it has 
changed enough to be economically valid now. The second reason was that he used another PCM 
material and more PCM than in this project so therefore the cooling module he used stood for a bigger 
part of the setups total cost than in this project. He stated that Rubitherm RT42 cost 2.5 euro/kg. This 
while the Rubitherm SP31 used in this project costed 6.04 euro/kg.  

A few last notes are that the inverters where estimated to last for 8 years but they can work for a longer 
period as well. The price for the SP31was for buying a smaller amount of material and if a larger quantity 
was bought then the price per kg would decrease.  
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6 CONCLUSION  
This project contributed to the research in the area around solar cooling and also in the area about what 
phase changing materials can be used for. The project did also cover areas about solar cooling that hasn’t 
been that well covered in other articles like analysing how much material that was needed and how much 
more the panel would cost if this solution was implemented. These two areas where not covered in 
previous works and this might be because of the fact that the area is relatively new.  

The main research question: “How can integrated solar panels be cooled to make their efficiency 
higher?” got a lot of answers. Some are: cooling by airflow, hydronic cooling, heat sink plates, 
thermoelectric cooling, sprinkling water on the front of the panel or by using phase changing materials 
(PCM). It is hard to say which the best is as it is dependent on the panel’s geographical location. The 
articles studied agreed that if the panel is cold, then the efficiency of the panel is kept higher.  

Some of the sub questions got more interesting to answer than the main question during the project. The 
question about what kind of material the cooling module should be made out of taught us that the 
structure should be out of a metal with high heat conductivity like aluminium. or cooling material the 
optimal should be a material that are non-toxic, low expansion factor (to make the design easier), a 
melting point that fits the country and a maximum working temperature that is higher than the 50 °C of 
SP31. The waste heat from solar panels can be used to heat up the water temperature in the house or be 
stored at the solar panel to be used by the panel. The design of the cooling module where an important 
part of this project and as mentioned so are there more ways it can be improved. Important to note is 
that the idea to split up the PCM in different sections proves to be a good way to arrange the material, 
as discussed in the discussion section. PCM can be used to keep the panel at a more optimal temperature 
throughout the day but active water cooling is still a more effective way to keep the panels temperature 
down.  

In general, there is several solutions today on how to cool down solar panels and it's impossible to choose 
which is best, it all depends on the weather of the region where the panel is located. Some of the 
alternatives are to transport the heat away in water/liquid pipes, remove the heat by sprinkling water on 
it or by using the wind. The methods that uses the heat mostly transport it to a water storage tank.   

The first hypothesis about passive cooling solar panels was answered in 2.2.1: Existing Solutions where 
previous work confirmed that PCM and other methods can be used to passively cool down solar panels. 
One test with PCM confirmed that the temperature was kept at a 7 °C lower temperature than without 
PCM. Water cooled panels can keep down the temperature with about 19 °C but this is an active cooling 
method. In test 1 and test 2 of this project the result was a bit different, the panel’s temperature did not 
stay on one level it just increases slower when the cooling module was used. This can be related to that 
the design needs to be redesigned to be able to do a better job, as stated in the discussion.  

The second hypothesis about an equal or lower payback period on a BIPV/T system was not confirmed 
for in 4.5: Economic calculations, was it shown that the payback period differed with about one year. 
So if this PCM (SP31) and this setup is used than the payback period is a bit longer.  

When it comes to the design of the module it is concluded that a fitting design would be one with PCM 
arranged in such a way that the heat dissipates to another metal. Such a design was shown in the theory 
to function and in this thesis, it was shown that the amount of material can be dragged down. Combining 
this should pose for a better solution It was also concluded that even if too little material was used in 
this test then the topic needs to be explored more in order to optimise the amount of material used. 
Material can also be optimised by its arrangement and using other materials to contain it.  
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7 FUTURE WORK 
A few advices for future works in the area. 

The biodegradable materials from PureTemp, see figure 30 in appendix 6 for product specifications, 
could be interesting to test in the future to make the panel more sustainable but at the moment are the 
materials are too expensive. The lifespan of 27.5 years is higher than the expected life of 20 years for a 
solar panel.  

The next project in the area should measure the power output of the panel instead of the voltage because 
if the voltage is measured than the current or the active resistance must also be measured to be able to 
calculate the power output. While doing these measurements it should also be done during a longer 
period of time and it is advised to try out the segment arrangement with metal in between as this saves 
on material and the drags down costs dramatically. with these measurements, a new economical 
calculation can be made and thus prove if the optimisation is what's needed for PCM to be a viable 
source of cooling in the future. 

As discussed in the discussion the amount of PCM or the type of PCM must be changed in Sweden's 
climate, but after this is done there are some other things that could be improved. It can be designed so 
it completely covers the back of the solar panel and use a thermal compound between the panel and plate 
and between the plate and the PCM bags for better heat transfer. The bags should be vacuumed sealed 
to decrease the chance of condensation in the bags. It is also important to note here that the price for the 
PCM would go down if a lager quantity was bought.  
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APPENDIX 
Appendix 1 
Product specifications for the products referenced in this project 

 
Figure 20. The first page of the product specification for ReneSola’s solar panel. 
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Figure 21. The second page of the product specification for ReneSola’s solar panel. 
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Figure 22. First page of the products specification for Solibro’s solar panel. 
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Figure 23. Second page of the products specification for Solibro’s solar panel. 
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Figure 24. First page of the product specification for one of Qcell’s solar panel, this is not the one used in test 1. 



47 
 

 
Figure 25. First page of the product specification for one of Qcell’s solar panel, this is not the one used in test 1. 



48 
 

 
Figure 26. First page of the product specification for LG’s solar panel. 
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Figure 27. Second page of the product specification for LG’s solar panel. 
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Appendix 2 
Product Specifications for the solar panels used in this project 

 
Figure 28. The first page of the product specification for Qcell’s solar panel, the 270W variant was used in pilot 
test. 
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Figure 29. The second page of the product specification for Qcell’s solar panel, the 270W variant was used in the 
pilot test 
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Figure 30. First page of the product specification for Exiom, the 235W variant was used in test 2. 



53 
 

 
Figure 31. Second page of the product specification for Exiom, the 235W variant was used in test 2. 

 



54 
 

 

Appendix 3 
Product specification for the PCM used in the cooling module, the material is from Rubitherm in 
Germany.   

 
Figure 32. The PCM material used in this project 
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Appendix 4 
Prices for the part to the PCM cooling module. 

Price for PCM: 6.04 euro/kg was given from Rubitherm in Germany.  

Euro to SEK conversion: 1 euro = 10.6 SEK  

Solar panel price: 2600 SEK. Was taken from Nyedal Solenergi webpage. 

Converter price: 14,714 SEK. Was given by Nyedal Solenergi. 

Electricity costs: 1.068 SEK/kWh. The electricity cost in Karlskrona at the time of the test.  

Plate and net cost: 200 SEK. The cost for the aluminum plate, steel net and the other smaller parts, taken 
from stores in Karlskrona. 

Energy calculations 

The irradiation in Karlskrona was 248 Wh/m2/h and the solar panel had a measurement of 98.1x163.9 
cm which gives the panel an area of 1.61 m2. The panel had 60 cells and every cell had a measurement 
of 15.6x15.5 cm and this gave the panel a total of 1.45 m2 area covered by solar cells. 

The total energy that hits the panel was  

248 × 1.61 = 399 𝑊ℎ/ℎ      (11)  

Then the 5 % energy that gets reflected was removed.  

399 × 0.95 = 379 𝑊ℎ/ℎ     (12) 

The energy that hits the panels was (the reflection is included) 

248 × 1.45 × 0.95 = 342 𝑊ℎ/ℎ     (13) 

The efficiency of the panel is included to see what the panel produces. 

342 × 0.16 = 55 𝑊ℎ/ℎ      (14) 

To see how much energy that are turned to heat the panel production is removed from the remaining 
total energy. After that 50 % of the energy was removed to get the energy that gets absorbs by the cooling 
module at the panels back.  

(379 − 55) × 0.5 = 162 𝑊ℎ/ℎ     (15) 

The energy storing capacity of the PCM is divided into two sections. First the energy needed to raise the 
PCM from 5 to 31 °C and then the energy needed to melt the PCM.  

Energy needed to raise the temperature was calculated by using equation (1) 

𝑄1 = 𝑐 × ∆𝑇 × 𝑚      (1) 

2 × 26 × 9.275 = 482 𝑘𝐽 ≈ 0.13 𝑘𝑊ℎ     (16) 

Energy needed to melt the material was calculated by using equation (2) 

𝑄2 = 𝐿 × 𝑚       (2) 

210 × 9.275 = 1947.8 𝑘𝐽 ≈ 0.54 𝑘𝑊ℎ     (17) 

The PCM could store: 

0.13 + 0.54 = 0.67 𝑘𝑊ℎ      (18) 
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Before it is completely melted.  

This means that it would take 4.2h (19) before the PCM is completely melted.  
0.54

0.16
= 4.2 ℎ       (19) 

Economic calculation 

The result for the payback period for year 1 

𝑀𝑜𝑛𝑒𝑦 𝑠𝑎𝑣𝑒𝑑 = 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 × 𝑎𝑟𝑒𝑎 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙𝑠 × 𝜇 × 0.6𝑦𝑒𝑎𝑟 × 𝑛 × 𝑘 × 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑒𝑡𝑦 𝑝𝑟𝑖𝑐𝑒  (6) 

1380 × 1.45 × 0.16 × 0.61 × 11 × 1.07 × 1.068 = 4025    (20) 

𝑅𝑒𝑚𝑎𝑖𝑛𝑔 𝑐𝑜𝑠𝑡1 = 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑐𝑜𝑠𝑡0 + maintenance 𝑐𝑜𝑠𝑡 − 𝑚𝑜𝑛𝑒𝑦 𝑠𝑎𝑣𝑒𝑑  (7) 

36,445 + 0 − 4025 = 32,420     (21) 

The result for the payback period for year 2 

𝑀𝑜𝑛𝑒𝑦 𝑠𝑎𝑣𝑒𝑑 = 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 × 𝑎𝑟𝑒𝑎 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙𝑠 × 𝜇 × 0.6𝑦𝑒𝑎𝑟 × 𝑛 × 𝑘 × 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑒𝑡𝑦 𝑝𝑟𝑖𝑐𝑒  (6) 

1380 × 1.45 × 0.16 × 0.62 × 11 × 1.07 × 1.068 = 4000    (22) 

𝑅𝑒𝑚𝑎𝑖𝑛𝑔 𝑐𝑜𝑠𝑡2 = 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑐𝑜𝑠𝑡1 + maintenance 𝑐𝑜𝑠𝑡 − 𝑚𝑜𝑛𝑒𝑦 𝑠𝑎𝑣𝑒𝑑  (7) 

32,420 + 0 − 4000 = 28,420     (23) 
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Appendix 5 
Temperature curves from the test at BTH 

 
Figure 33 Backside temperature of panel with PCM cooling. 3-05-2018. Note the increase slows at about 30 °C. 

 

 
Figure 34 Backside temperature of panel with PCM cooling. 6-05-2018. Note the increase slows at about 30 °C. 
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Appendix 6 
Product specification for PureTemp’s biodegradable PCM.  

 
Figure 35. Product specifications for the biodegradable PCM referenced in the project 
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