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Abstract. A theoretical analysis based on mathematical formulations and experimental test to a photovoltaic 
system cooled by Phase Change Material (PCM) is carried out and documented. The PCM is attached to the back 
of the PV panel to control the temperature of cells in the PV panel. The experimental tests were done to solar 
systems with and without using PCM for comparison purposes. A PCM of paraffin graphite panels of thickness15 
mm has covered the back of the panel. This layer was covered with an aluminum sheet fixed tightly to the panel 
frame. In the experimental test, it was found that when the average cell temperature exceeds the melting point 
temperature of the PCM, the efficiency of the system increases. However, when the cell temperature did not 
exceed the melting temperature of the PCM, the use of the PCM will affect negatively the system efficiency.

1 Introduction 
It has been denoted in many kinds of research that 
elevated temperatures and damp weather affect 
negatively on the PV performance. Ambient air 
temperature, solar irradiance, and wind speed are 
parameters that affect PV module temperature [1]. Many 
techniques are used in order to reduce the PV 
temperature; water for cooling the PV panel, refrigerant, 
air and using PCM. Each method has its advantages and 
disadvantages. Huang et al. [2] used phase change 
material (RT25) with internal fins to control the 
temperature rise of the PV system. They installed PCM 
with internal fins and studied the thermal performance 
of different internal fins arrangements. They found that 
when the ambient temperature was 23 ºC, installing 
PCM in the PV system decreases the cell temperature 
under 29 ºC. Brinkworth [3] tested air cooling using a
ducting system underneath the PV panels for cooling an 
array of PV panels. They found that the optimum duct 
geometry for PV cooling is when duct length (L) to 
depth (D) ratio is in the range of (17-22) and for wide 
ducts, the L\D ratio must be 40. Park et al. [4] 
investigated the electrical and thermal performance of a 
semi-transparent PV module in the BIPV system. The 
results showed that for every 1 (ºC) increase in PV 
temperature, the power decreases about 0.48% as 
compared to the standard test condition, and 0.52% in 
the outdoor conditions, under 500 W/m2. Yun et al. [5] 
made a theoretical study of a ventilated photovoltaic 

façade. This module works as a pre-heating device in 
winter and a natural ventilation system in summer and 
reduces the PV temperature in both cases. The analysis 
showed that the overall energy performance in the 
narrow building was more advantageous than a deeper 
building. However, they concluded that installing an air 
gap behind the PV modules was a very important action 
to prevent PV failure as the temperature rises especially 
in summer. Solanki et al. [6] designed a new PV module 
with V-trough shape metal sheets to enhance the heat 
dissipation and to concentrate the sunlight on the solar 
cells. Krauter [7] aimed to reduce the reflection as many 
researchers proposed as compared to expensive 
techniques. He suggested cooling by a film of water that 
reduces the temperature of the PV array, reduces 
reflection and keeps the surface clean. In Krauter 
experimental study water pumped by a low-cost pump 
(14% efficiency) from the lower large tank to upper 
small tank at 2 L/min pumping rate, using 12 nozzles 
spread along the surface which made the water film 
thickness of about 1 mm. Comparing the temperature of 
this system with the traditional one shows 22 ºC 
temperature reduction which is great to accomplish 
because the improved electrical energy of 10.3% was 
achieved. Water flow had improved the optical 
performance by 1.5% which was less than the 
theoretical 3% expected. Kordzadeh [8] conducted an 
experimental study on a PV array cooling similar to 
Krauter's system, the study was about the effect of the 
nominal power of the array and system head on the PV 
water pumping. The results agree with Krauter's study 

E3S Web of Conferences 160, 02004 (2020) https://doi.org/10.1051/e3sconf/202016002004
ICRET 2020

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution  
License 4.0 (http://creativecommons.org/licenses/by/4.0/).



 

 

about decreasing reflection losses based on the 
incidence of solar radiation angle and surface array 
quality. Cells temperature reduction exceeds 25 ºC at 
noon, so the pumping flow rate reaches maximum levels 
at noon. Spraying the water by pumping system also 
leads to enhance optical losses due to reflection and 
decreases the cell temperature. Abdulzadeh et al. [9] 
tested a 225 W photovoltaic water pumping system 
experimentally, results showed that the mean PV cell 
efficiency increased by 3.26 % and the overall 
efficiency increased by 1.35%. Alkhalidi et al. [10] 
investigated the use of repurposed material utilization 
for environmental protection and the reduction of 
overheat power losses in PV panels.   Where PV panel 
was fitted with heat dissipating fins and measured under 
identical test parameters; thereafter, repurposed 
materials such as high-density polyethylene (HDPE) and 
plastic bags were, separately, added to the PV panel 
with fitted heat-extraction fins and the performance was 
evaluated again. Passively cooling the PV panel with 
fins and repurposed materials resulted in a 22.7% drop 
in the PV panel’s temperature, while an 11.6% increase 
in power output occurred at 1000 Wm-2.  

Al-Nimer et al. [11] investigated a novel hybrid 
photovoltaic/thermoelectric cooler (PV/TEC) distillation 
system that has been introduced. The limitation for the 
distillation system working under hot arid climate is the 
heat removal required for the condensation process from 
PV panels. The novelty of the proposed system is that it 
utilizes TEC to improve the condensation process.  
Li Zhu et al. [12] used liquid-immersed cooling 
technology to eliminate the contact thermal resistance of 
back cooling to improve cell performance. DI water 
(also known as demineralized water) was used as an 
immersion medium for its good properties. The 
concentrated PV system mainly consists of a tracking 
dish concentrator, which was enhanced to unify a fixed 
light on mirror faces. Kiwan et al. [13] used a water jet 
to cool the PVC pipe. As mentioned by Alkhalidi et al. 
[14] passive cooling of PV panels helps to archive the 
sustainable city design. 

Additionally, Al-Kouz et al. investigated the effect 
of dust on the PV system performance in Zarqa, Jordan 
and Al-Khobar, Saudi Arabia [15-16]. They found out 
that the dust decreases the performance of such systems. 
Also, Al-Bashir et al. [17] investigated the effects of 
solar irradiance, wind velocity and the ambient 
temperature on PV systems, they proposed a correlation 
of the PV out power as a function of the investigated 
parameters. 

The main objectives of this work are to establish a 
theoretical performance analysis of the PV system, 
compare the theoretical results with outdoor 
experimental test measurements, and study 
experimentally the effect using PCM on both the 
efficiency and on the power output of the system. To 
achieve these goals, paraffin graphite (PCM 47) is used 
to do the cooling for the photovoltaic panel.  This 
material has the advantage of having good thermal 
conductivity. 

2 Methodology 
An experimental investigation is done for two identical 
PV panels set aside in the outdoor. The PCM was added 
to one panel only. Temperatures, energy production 
from both panels are measured and the efficiency for 
each panel is calculated and compared.  The used 
material is PCM 47 with the following properties: 
melting point = 48 oC, melting range = 4 Δ ºC, density = 
965 kg/m3, latent heat = 194 kJ/kg, specific heat 
capacity = 1.68 kJ/kg.K, Heat conductivity, 
perpendicular to compaction direction = 25 W/m.K, 
Heat conductivity, parallel to compaction direction =3 
W/m.K. From the PV panel test at STC (Ta=25°C, 
I=1000 W/m2) the efficiency is 15%. 

3 Experimental SETUP 
The experimental setup used in this work consists of 
solar PV panels, inverter, controller, and batteries. The 
schematic diagram of the system is shown in Fig.1. The 
PV solar panels are Poly-crystalline, manufactured 
locally in Jordan, with rated power 175-watt. Panel 
dimensions are 1600mm x 800mm and fixed on a tilted 
mountain structure. The charge controller used has a 
self-regulated ability; so when the batteries reach a full 
charge, the charging current is automatically reduced in 
order to prevent over-charging. DC/AC inverter was 
used to operate on an AC load.  Several parameters are 
measured: global solar radiation was measure-using two 
solar meters, one is horizontal and the other one is tilted 
at the same angle of the PV panel, DC voltage and 
current output from the solar panel; temperatures of the 
ambient and the PV panels. Three thermocouples were 
fixed firmly to the back surface of the PV panel and two 
thermocouples were fixed to the glass surface of the 
solar panel. The wind speed was measured using an 
anemometer. When the PCM is applied, the temperature 
inside the PCM is measured. The data was collected 
using a data acquisition system. 
 

 

Fig. 1. Schematic diagram of the system set-up 
 

4 Mathematical formulations 
The mathematical models are built based on thermal 
resistance and energy balance concept. One model 
equations are for the PV without PCM and one with 
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PCM. The PV panel efficiency is estimated using 
equations from Tonui and Tripanagnostopoulos [18]: 
𝜂𝜂𝑝𝑝𝑝𝑝 = 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 (1 − 𝛿𝛿(𝑇𝑇𝑝𝑝𝑝𝑝 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟))   (1) 
and  
 𝜂𝜂𝑝𝑝𝑝𝑝 =  𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴 ∗ 𝐺𝐺⁄    (2) 
Or another formula proposed by Notton et al. [19]: 

𝜂𝜂𝑝𝑝𝑝𝑝 = 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 {1 − 𝛽𝛽∆𝜃𝜃 + 𝛾𝛾 log ( 𝐺𝐺𝛽𝛽
𝐺𝐺𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

)} (3)  

3.1 Model equations for PV without PCM 

The energy Balance on the PV panel without PCM was 
established using the thermal resistance circuits shown 
in Fig. 2. The model equations are based on one 
dimensional and steady-state assumptions [20]. 
The energy balance gives : 
𝜏𝜏𝑔𝑔𝛼𝛼𝑃𝑃𝑃𝑃𝐼𝐼 − 𝐼𝐼𝜂𝜂𝑃𝑃𝑃𝑃 = 𝑈𝑈𝑇𝑇(𝑇𝑇𝑃𝑃𝑃𝑃 − 𝑇𝑇𝑚𝑚)       (4) 
𝜂𝜂𝑃𝑃𝑃𝑃 = 𝜏𝜏𝑔𝑔𝛼𝛼𝑃𝑃𝑃𝑃 − 𝑈𝑈𝑇𝑇

𝐼𝐼 (𝑇𝑇𝑃𝑃𝑃𝑃 − 𝑇𝑇𝑚𝑚)           (5) 
 

The typical value of 𝜏𝜏𝑔𝑔𝛼𝛼𝑃𝑃𝑃𝑃 𝑖𝑖𝑖𝑖 0.9. The overall heat 
transfer coefficient, UT is calculated using the resistance 
network shown in Fig. 2. 
The linearized radiation heat transfer coefficient is 
ℎ𝑟𝑟𝑔𝑔−𝑚𝑚 =  𝜀𝜀𝑔𝑔 𝜎𝜎 (𝑇𝑇𝑔𝑔 + 𝑇𝑇𝑠𝑠)(𝑇𝑇𝑔𝑔

2 + 𝑇𝑇𝑠𝑠
2)           (6) 

Ts=Ta-6 (°C)     (7) 
    

The heat transfer convection coefficient at the top of 
the solar panel from Duffie [21] is 
ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 2.8 + 3 𝑣𝑣   (8) 

 
Where v is the wind speed (m/s). From Eq. 6 and 

Eq.8, it is easy to find Rg-a as: 
𝑅𝑅𝑔𝑔−𝑚𝑚 =  1

𝐴𝐴 (ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+ℎ𝑟𝑟𝑔𝑔−𝑎𝑎)   (9)  

Where A is the area of the solar panel (m2). The 
conduction heat transfer between the glass sheet and the 
cells sheet could be expressed as the following: 
𝑅𝑅𝑐𝑐−𝑔𝑔 = ∆𝑚𝑚

𝑘𝑘𝑔𝑔𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔𝐴𝐴    (10) 

Where ∆𝑥𝑥  is the glass thickness (m), and 𝑘𝑘𝑔𝑔𝑔𝑔𝑚𝑚𝑠𝑠𝑠𝑠  is 
the thermal conductivity of the glass. The conduction 
heat loss from the back panel surface, which is the same 
Eq. 10 but the thermal conductivity is of plastic.  
 
𝑅𝑅𝑐𝑐−𝑏𝑏 = ∆𝑚𝑚𝑏𝑏

𝑘𝑘𝑏𝑏𝐴𝐴        (11) 
 

 

Fig. 2. PV Thermal circuit for the case of PV without PCM 
 

The convection heat transfer between the back 
surface of the PV panel and the ambient temperature is 
calculated using Eqn. 4 and neglecting the radiation heat 
transfer from the back surface to ambient since it is 
relatively small. Thus, 
 𝑅𝑅𝑏𝑏−𝑚𝑚 =  1

𝐴𝐴 (ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)      (12) 
 
𝑈𝑈𝑇𝑇 = 1

𝑅𝑅𝑐𝑐−𝑔𝑔+𝑅𝑅𝑔𝑔−𝑎𝑎
+ 1

𝑅𝑅𝑐𝑐−𝑏𝑏+𝑅𝑅𝑏𝑏−𝑎𝑎
    (13) 

 
Knowing that the glass thickness ∆𝑥𝑥 𝑖𝑖𝑖𝑖 3.2𝑚𝑚𝑚𝑚 

(from the manufacturer datasheet) and thermal 
conductivity of 𝑘𝑘𝑔𝑔𝑔𝑔𝑚𝑚𝑠𝑠𝑠𝑠 = 1.05 W/m.K, back Tedlar sheet 
thickness is  ∆𝑥𝑥𝑏𝑏 = 2𝑚𝑚𝑚𝑚 with thermal conductivity of 
𝑘𝑘 ≅ 0.3  W/m.K. Based on this data the thermal 
resistances are calculated and the overall heat transfer 
coefficient is estimated.  

3.2 Model equations for PV with PCM 

To formulate the energy balance equation on the PV 
with PCM, a control volume was assigned to the PV cell 
and the PCM, this control volume is shown in Fig. 3. 
The following assumption was used in the energy 
equation. First, the heat transfer coefficients from the 
front and back surfaces have a constant value of h1 and 
h2. second, Heat dissipation from the top and bottom 
sides are relatively small, so it can be neglected. Third, 
the initial temperature of the PV panel equals the initial 
temperature of the PCM. Fourth, the temperature change 
to the PCM during a time of Δt is TPV, t+DT 

 

Fig. 3. Schematic diagram of the control volume for the PV 
panel with the presence of PMC [2] 
 

The energy balance equation for the system when its 
temperature is less than the melting temperature Tm of 
the PCM. It is assumed that the radiation losses and 
thermal resistance between the PCM and walls and 
between PCM and PV are neglected. Furthermore, no 
heat loss between the PCM and the surroundings. 

𝐼𝐼𝑇𝑇 (1 − 𝜂𝜂𝑃𝑃𝑃𝑃,𝑐𝑐)∆𝑡𝑡 =  (ℎ1+ℎ2)(𝑇𝑇𝑃𝑃𝑃𝑃.𝑐𝑐 − 𝑇𝑇𝑚𝑚)∆𝑡𝑡 +
(𝑇𝑇𝑃𝑃𝑃𝑃,𝑐𝑐+∆𝑐𝑐 − 𝑇𝑇𝑃𝑃𝑃𝑃,𝑐𝑐)𝜌𝜌𝜌𝜌𝜌𝜌∆𝑥𝑥   (14) 

Where A is the surface area (m2), cp is the specific 
heat (J kg-1 K-1), h1 and h2 are the heat transfer 
coefficient (Wm-2 K-1), Ta is the ambient temperature 
(ºC), ρ is the density (kg m-3). 
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During the melting process of the PCM, if the 
temperature 𝑇𝑇𝑃𝑃𝑃𝑃,𝑡𝑡+∆𝑡𝑡 is more than Tm, thermal energy is 
used and the PCM temperature will still at the same Tm 
until the phase change is completed. The total time of 
the phase change is ∑ Δt for which this condition holds. 
So, during the phase transition, the energy balance 
equation is:  

∑ 𝐼𝐼𝑇𝑇(1 − 𝜂𝜂𝑒𝑒𝑒𝑒)Δ𝑡𝑡 = ∑(ℎ1 + ℎ2)(𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑎𝑎𝑚𝑚𝑎𝑎)∆𝑡𝑡 + 𝜌𝜌𝜌𝜌∆𝑥𝑥
     (15) 

5 Results and discussion 
The test was done in three phases; the first phase was 
done for three weeks without using the phase change 
material. The data was measured for several days from 7 
am to 7 pm. The back temperatures are plotted in Fig. 4. 
It was found that the panel temperature was close to the 
ambient temperature. It reached the maximum value 
around 2:30 p.m., after that the temperature drops down 
with time.  
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Fig. 4. Variation of temperature, power and theoretical 
system efficiency with time without PMC 
 

The daily variation of the power output between 
7:00 a.m. to 7:00 p.m. is shown on the same figure with 
the efficiency, Fig. 4. The figure shows that the average 
power output of the PV panel increases from zero, in the 
morning till, it reaches its maximum value around 11:30 
am which is just before noon. Even though between 
11:30 – 12:50 p.m. the radiation is increasing, the power 
is gradual decreases. This is mainly due to the increase 
in cell temperature. To confirm this, Figure 6 shows the 
time variation of system efficiency during the day. The 
system efficiency was calculated using Eq. 2 based on 
measured values. Around noon, the efficiency before 
noon is higher than that afternoon through the values of 
the radiation and cosine losses are the same. The low 
values of the efficiency in the morning and afternoon are 
due to cosine losses.  

Another set of measurements were taken without 
using the PCM in October. The instantaneous efficiency 
is calculated and plotted in Fig. 5. In this figure, the 
cosine losses were corrected based on the location and 
time. The value of the efficiencies was calculated based 
on the measured values. It is clear that the theoretical 

values are almost constant, while the measured values 
decrease afternoon. This behavior in the experimental 
values is mainly due to the increase in the cell 
temperature from heat stored in the system.  This 
behavior cannot be detected from the theoretical model 
since it is built based on the steady-state analysis. 

 

Fig. 5. Variation of measured and theoretical system 
efficiency with the solar irradiation without PCM 
 

In Fig. 6, the PCM material was fixed on the back 
surface of the solar panel. The figure shows that the 
measured efficiency is much lower than the theoretical 
efficiency. This could be attributed to the fact that PV 
and the PCM temperature was below the PCM melting 
point.  So the PCM worked as a thermal insulator. As it 
was discussed before, the melting temperature of the 
PCM used in this project was 47ºC, so it is predicted 
that it will behave better during the summer season.  

 

Fig. 6. Measured and theoretical efficiency with the 
radiation ratio with PCM 

The relation between the efficiency and the 
temperature ratio was plotted in Fig. 7. between 8:30 
A.M. and 12:00 P.M., both efficiencies are increasing 
with the temperature ratio during morning hours because 
of low reflected energy losses and low initial cell 
temperature. The measured efficiency curve began to 
decrease after 12:00 pm in spite of that the solar 
irradiation is still at high levels between the period 
12:00 pm – 2:00 pm, this sign explains the effect of the 
heat rise on the efficiency.  
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So, during the phase transition, the energy balance 
equation is:  
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     (15) 

5 Results and discussion 
The test was done in three phases; the first phase was 
done for three weeks without using the phase change 
material. The data was measured for several days from 7 
am to 7 pm. The back temperatures are plotted in Fig. 4. 
It was found that the panel temperature was close to the 
ambient temperature. It reached the maximum value 
around 2:30 p.m., after that the temperature drops down 
with time.  
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Fig. 4. Variation of temperature, power and theoretical 
system efficiency with time without PMC 
 

The daily variation of the power output between 
7:00 a.m. to 7:00 p.m. is shown on the same figure with 
the efficiency, Fig. 4. The figure shows that the average 
power output of the PV panel increases from zero, in the 
morning till, it reaches its maximum value around 11:30 
am which is just before noon. Even though between 
11:30 – 12:50 p.m. the radiation is increasing, the power 
is gradual decreases. This is mainly due to the increase 
in cell temperature. To confirm this, Figure 6 shows the 
time variation of system efficiency during the day. The 
system efficiency was calculated using Eq. 2 based on 
measured values. Around noon, the efficiency before 
noon is higher than that afternoon through the values of 
the radiation and cosine losses are the same. The low 
values of the efficiency in the morning and afternoon are 
due to cosine losses.  

Another set of measurements were taken without 
using the PCM in October. The instantaneous efficiency 
is calculated and plotted in Fig. 5. In this figure, the 
cosine losses were corrected based on the location and 
time. The value of the efficiencies was calculated based 
on the measured values. It is clear that the theoretical 

values are almost constant, while the measured values 
decrease afternoon. This behavior in the experimental 
values is mainly due to the increase in the cell 
temperature from heat stored in the system.  This 
behavior cannot be detected from the theoretical model 
since it is built based on the steady-state analysis. 

 

Fig. 5. Variation of measured and theoretical system 
efficiency with the solar irradiation without PCM 
 

In Fig. 6, the PCM material was fixed on the back 
surface of the solar panel. The figure shows that the 
measured efficiency is much lower than the theoretical 
efficiency. This could be attributed to the fact that PV 
and the PCM temperature was below the PCM melting 
point.  So the PCM worked as a thermal insulator. As it 
was discussed before, the melting temperature of the 
PCM used in this project was 47ºC, so it is predicted 
that it will behave better during the summer season.  
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The relation between the efficiency and the 
temperature ratio was plotted in Fig. 7. between 8:30 
A.M. and 12:00 P.M., both efficiencies are increasing 
with the temperature ratio during morning hours because 
of low reflected energy losses and low initial cell 
temperature. The measured efficiency curve began to 
decrease after 12:00 pm in spite of that the solar 
irradiation is still at high levels between the period 
12:00 pm – 2:00 pm, this sign explains the effect of the 
heat rise on the efficiency.  
 

 

 

 

 

Fig. 7. Measured and theoretical efficiency with the 
temperature ratio with no PMC material installed (phase 2) for 
the period 8:30 A.M. until 12:00 P.M. 
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Fig. 8. Measured and theoretical efficiency with the 
radiation ratio with PCM 

Fig. 8 shows the variation of solar radiation, T_cell, 
T_back and ambient temperatures during the testing day. 
Clouds caused scattered values of solar radiation. The 
temperature values were affected by the fluctuated solar 
radiation and that was between the 200-400 min of time. 
The measured panel efficiency for the same time period 
as Fig. 8 was plotted in Fig. 9. It was found that 
efficiency increased during the period of clouds' effects. 
That was because of the cell temperature decrease. 

 

Fig. 9. The measured efficiency with the time and all 
temperature values of the test without PCM (phase 3) 

Fig. 10 shows the efficiency versus radiation ratio 
before installing the PCM. This Figure shows almost the 
same trend as Fig. 5 but in Fig. 10, it is obvious that the 
behavior was different, although the measured and 
theoretical efficiencies readings are going parallel to 
each other for most of the day. This could be attributed 
to the changes in the operating conditions of high 
temperature.   

Fig. 11 shows the efficiency measurements are 
collapsing between the range of 10%-12% during the 
noon period because the temperature of the back panel 
surface that day reached over 50 ºC. For the efficiency 
with temperature ratio relation, Fig. 12 shows the 
relation before installing the PCM for the period 8:30 
am to 2:30 pm. The efficiency with temperature ratio 
variation in Fig. 12 is behaving like Fig. 7 except some 

scattering data. Measured efficiency is ranging between 
10%-12%.  
 

 

Fig. 10. Measured and theoretical efficiency with the 
radiation ratio without PCM material (phase 3) 

 

 

Fig. 11. Measured and theoretical efficiency with the 
radiation ratio with PCM material installed (phase 3) for the 
period 8:30 A.M. until 2:30 P.M. 

The effect of PCM material on PV module, Fig. 12 
shows that the efficiency is increased and also the 
difference between the measured and theoretical 
efficiency is less than before. On the other hand, the 
measured efficiency readings are showing better 
approaching the theoretical efficiency if compared in 
Fig. 13 and 14.  

Fig. 13 and 14 are showing the behavior of 
efficiency and all measured temperatures and solar 
radiation. The PCM was present on that day but the 
temperature of the cell did not reach the melting point. 
 

 
Fig. 12. Measured and theoretical efficiency with 

temperature ratio without PCM material (phase 3) 
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Fig. 13. The radiation with the time and all temperature 

values of the test with the presence of the PCM (no 
melting occurs) 
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Fig. 14. The efficiency with the time and all temperature 

values of the test with the presence of PCM (no 
melting occurs) 

6 Conclusion 
The effect of the phase change material was investigated 
in this paper and it was found that the PCM material 
would give positive results only when the temperature 
of the panel exceeds the PCM melting point. On the 
other hand, If the temperature of the back panel is less 
than the melting temperature the PCM material will 
work exactly as an insulation material leading not to 
dissipate heat easily from the back surface of the solar 
panel. Following that, it is known that even when the 
weather is hot, the temperature will reach the maximum 
rise at noon, so, before and after this period the material 
will make a negative contribution to the system.  

Nomenclature 
A is the PV surface area (m2) 
cp specific heat (J kg-1 K-1) 
G is the incident solar radiation (W m-2) 
Gβ is the solar radiation (w/m2) 
Gβ ref   is the solar radiation at reference conditions 

(w/m2) 
h heat transfer coefficient (Wm-2 K-1) 

ℎ𝑟𝑟𝑔𝑔−𝑎𝑎 the radiation heat transfer coefficient 
between the glass and the ambient 

I the current output of the system (A) 
𝑘𝑘𝑔𝑔𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔 the thermal conductivity of the glass (Wm-1 

K-1) 
S total energy incident (W) 
𝑇𝑇𝑔𝑔  glass temperature (ºC) 
𝑇𝑇𝑎𝑎  ambient temperature (ºC) 
𝑇𝑇𝑏𝑏  Back temperature (ºC) 
Tamb ambient temperature (ºC) 
UL overall heat transfer coefficient (Wm-2 K-1) 
V the output voltage (V) 
v wind speed (m/s). 
 
Greek Symbols 
β constant (for silicon = 0.0048 C-1) 
γ dimensionless constant (for silicon =0.12) 
Δθ is (θcell  - θcell ref ) (ºC) 
δ is the cell efficiency temperature coefficient 

that can be determined experimentally 
𝜀𝜀𝑔𝑔  is the emissivity of the glass = 0.85 
ηref is the efficiency at reference conditions 

(from manufacturer table)   
θcell is the temperature of the PV cells (ºC) 
θcell ref is the temperature of the PV cells at 

reference conditions 
ρ the density (kg m-3) 
𝜎𝜎  is the Stefan-Boltzmann constant = 5.67*10-8 

w/m2-k4 
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Fig. 13. The radiation with the time and all temperature 

values of the test with the presence of the PCM (no 
melting occurs) 
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Fig. 14. The efficiency with the time and all temperature 

values of the test with the presence of PCM (no 
melting occurs) 

6 Conclusion 
The effect of the phase change material was investigated 
in this paper and it was found that the PCM material 
would give positive results only when the temperature 
of the panel exceeds the PCM melting point. On the 
other hand, If the temperature of the back panel is less 
than the melting temperature the PCM material will 
work exactly as an insulation material leading not to 
dissipate heat easily from the back surface of the solar 
panel. Following that, it is known that even when the 
weather is hot, the temperature will reach the maximum 
rise at noon, so, before and after this period the material 
will make a negative contribution to the system.  

Nomenclature 
A is the PV surface area (m2) 
cp specific heat (J kg-1 K-1) 
G is the incident solar radiation (W m-2) 
Gβ is the solar radiation (w/m2) 
Gβ ref   is the solar radiation at reference conditions 

(w/m2) 
h heat transfer coefficient (Wm-2 K-1) 

ℎ𝑟𝑟𝑔𝑔−𝑎𝑎 the radiation heat transfer coefficient 
between the glass and the ambient 

I the current output of the system (A) 
𝑘𝑘𝑔𝑔𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔 the thermal conductivity of the glass (Wm-1 

K-1) 
S total energy incident (W) 
𝑇𝑇𝑔𝑔  glass temperature (ºC) 
𝑇𝑇𝑎𝑎  ambient temperature (ºC) 
𝑇𝑇𝑏𝑏  Back temperature (ºC) 
Tamb ambient temperature (ºC) 
UL overall heat transfer coefficient (Wm-2 K-1) 
V the output voltage (V) 
v wind speed (m/s). 
 
Greek Symbols 
β constant (for silicon = 0.0048 C-1) 
γ dimensionless constant (for silicon =0.12) 
Δθ is (θcell  - θcell ref ) (ºC) 
δ is the cell efficiency temperature coefficient 

that can be determined experimentally 
𝜀𝜀𝑔𝑔  is the emissivity of the glass = 0.85 
ηref is the efficiency at reference conditions 

(from manufacturer table)   
θcell is the temperature of the PV cells (ºC) 
θcell ref is the temperature of the PV cells at 

reference conditions 
ρ the density (kg m-3) 
𝜎𝜎  is the Stefan-Boltzmann constant = 5.67*10-8 

w/m2-k4 
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