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ABSTRACT 

 

The performance of a solar photovoltaic (PV) module drops by 0.35 %/℃ to 

0.4 %/℃ as compared its power rating measured as 25 ℃ under standard test 

condition (STC). In the tropics, PV array installed as a building-attached 

photovoltaic (BAPV) system experiences high module temperature because 1) 

the ambient temperature is high. 2) heat of the rear side of the panel cannot be 

dissipated effectively through convection because the air gap between the rear 

side of the solar panel and roof is narrow. Therefore, a cheaper solution purpose 

in this project is to increase the air gap distance by changing the dimension of 

the existing mechanical supports to promote a better air ventilation to reduce the 

operating temperature of the solar panel. However, there is lack of research on 

the optimal air gap distance that can give the optimal cost- effective solution for 

BAPV systems operating in the tropics. Therefore, it is essential to model the 

performance improvement via ventilation by changing the air gap distance so 

that the optimal air gap can be proposed for the industry. In this project, I model 

and analyze, the effects of how the air gap between the solar panels and metal 

deck roof affects the performance of the PV panel. 

 The experiment was done by setting up two commercial PV panels in a 

side by-side configuration. One PV panel has fixed air gap of 12.5 cm in 

between the panel and the metal deck roof and another one panel was installed 

in such a way that the air gap distance can be adjusted. Eight DS18B20 

temperature sensors were calibrated before attaching at the back of both PV 

panels. A Raspberry Pi electronic board was programmed as a temperature data 

logger. The two PV panels were calibrated under the same condition, with the 

same air gap distance and connected to the same micro-inverter. The experiment 

was started with adjustment of the air gap distance of 10.5 cm and measurement 

were carried for 5 days. The subsequent experiment was to increase the air gap 

by 2 cm and with the same interval of measurement. The experiment was 

repeated up to an air gap distance of 20.5 cm. The temperature of the PV panel 

under different air gap distances were compared. Besides, the electricity output 

of both panels was compared and analysed.  

 As the result, as the air gap increased from 12.5 cm to 20.5 cm, the overall 

average operating temperature of the PV panel relatively to reference PV panel 
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decrease to 1.5 ℃, thereby increase the total electricity generation percentage 

to 1.3 %. The Ross coefficient value had decreased from 0.0246 ℃ m2/W to 

0.0166 ℃ m2/W. Hence, it proves that natural ventilation plays a huge role in 

dissipating the heat of PV panels, which will then increase the electricity 

generation of the PV panels. Finally, a cost analysis was performed to calculate 

the extra income can be obtained from electricity selling and the additional cost 

of the mechanical air gaps from the increment of air gap distance. It shows that 

for air gap distance of 20.5 cm, a PV system of 90 kW can gain extra energy 

profit of RM 21140.87 through 21 years of project lifetime under Net Energy 

Metering (NEM) scheme available in Malaysia. 
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CHAPTER 1 

 

1 INTRODUCTION 

 

 General Introduction 

 Photovoltaic (PV) systems are an integration of PV modules, inverter, 

mounting rack, etc. This system converts solar energy directly into electricity. 

(Boyle, 2012). In recent years, the installation capacity of the PV system has 

increased around the world including Malaysia, which has reported by 

Renewable Global Status Report (REN21, 2019) and Malaysia Energy Statistics 

Handbook (Suruhanjaya Tenaga, 2019) . The increment of the installation of PV 

systems is driven by the introduction of Feed-in Tariff (FiT) and Net Energy 

Metering (NEM) policies provided by the government. There were several types 

of installation of PV systems and one type of the installation is called Building 

Applied PV (BAPV) systems.  

 BAPV system is defined as a photovoltaic module fastened or retrofitted 

onto the envelope of the building. (Berger et al., 2018; IEC/TS61836, 2016). 

BAPV system consists of PV array, combiner box, DC and AC switchgear, 

inverters, also electric energy meters. Figure 1.1.1 below shows an example of 

a BAPV system.   

  

 

Figure 1.1.1: BAPV system on grid application in a home. (Salam et al., 2015) 

 

Although the number of PV system installations in Malaysia has 

increased, the expectation for the number of BAPV system installations is still 
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low. This is because most building developers and consumers questioned the 

cost and reliability of PV system installed on the roof. (Goh et al., 2017). One 

aspect of reliability is the inconsistent power outputs of PV panels. One of the 

reasons is the operating temperature of solar cells. This fact is due to heat cannot 

dissipate effectively through convective cooling if a PV module is mounted flat 

on a roof. It is stated that if the operating temperature increase by 1 ℃, the 

power output will be decreasing by 0.387% for the multi-crystalline PV panel. 

(Dash and Gupta, 2015) 

Therefore, many solutions are proposed to reduce the PV module 

temperature for the BAPV systems such as the use of water-cooling or air-

cooling systems. However, these solutions are expensive. Therefore, a cheaper 

solution purpose in this project is to increase the air gap distance by changing 

the dimension of the existing mechanical supports to promote a better air 

ventilation to reduce the operating temperature of the solar panel. This fact is 

because optimization of the air gap distance for natural convection will let the 

cost of the mechanical supporting structure of a BAPV system lesser also bring 

out of the maximum efficiency of BAPV systems as the operating temperature 

of the PV panel will decrease.  

 

 Problem Statement 

The Problem statement of the research on air gap optimization for BAPV system 

is summarized as follow: 

- It is well known that the increment of the air gap distance between a PV 

panel and the roof can contributes up to 50% of the benefits to achieve 

a lower module temperature in BAPV systems. (Ye et al., 2013). 

However, there is lack of research on the optimal air gap distance that 

can give the optimal cost-effective solution for BAPV systems operating 

in the tropics. 

 

 Aim and Objectives 

The project aims to analyse, model, and optimize the air gap distance between 

solar PV panel and the metal deck on the performance of PV panel.   

While the objectives of the project are: 
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1. To record the temperature of PV panels by using a data logger and 

temperature sensors at the different air gap distance between solar 

panel and metal deck roof. 

2. To model the relationship between the ventilation of PV systems 

and the performance of the PV panel at different air gap distances 

between the solar panel and metal deck roof. 

3. To obtain the optimal air gap through the modelling as a guidance 

for the industry practice to improve the performance of a PV system. 

 

 Importance of the Study 

The result of this present study may provide guidance for installation BAPV 

system in tropical regions such as Malaysia. Besides that, the study also 

provides importance as below:  

- Provide the insight to optimize the cost of the mechanical structure 

during installation in the BAPV system. 

- Boost up the solar market industry as the efficiency of the BAPV system 

increase. 

 

 Scope and Limitation of the Study 

The study focuses on reducing the temperature of the PV panels of the BAPV 

system by analysing the effect of the increasing the air gap distance between the 

PV panels and the roof. Besides that, it also focuses on determine the optimal 

air gap distance by analysing the correlation between the air gap and the metal 

deck roof versus the output of the PV system. The experiment was conducted 

on the roof of Universiti Tunku Abdul Rahman (UTAR) KB Block where 

located at Bandar Sungai Long City Campus in Kajang, Selangor, Malaysia. To 

achieve the above improvements, it is necessary to study and understand the 

temperature effects of the PV panels. 

The limitations of this research are limited to one type of polycrystalline 

silicon PV panel and its system. The tilt angle of the roof is fixed to 10 degrees, 

regardless of another angle. 
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 Contribution of the Study 

The results of the study will provide references for the installation of the BAPV 

system in tropical regions such as Malaysia. In addition, the findings of the 

research will also optimize performance cost index for the BAPV system. 

 

 Outline of the Report 

The report has separated into 5 chapters and the summary of the chapter is 

shown below: 

 Chapter 1 introduces the general introduction of the BAPV system, the 

problem faced by BAPV system which temperature effect on the PV panel and 

solutions for solving the temperature effects on the BAPV System which is 

increasing air gap distance between PV panel and metal deck had been stated. 

The first chapter also stated the problem statement and pointed out the project’s 

goals. This chapter also explain the importance, scope and limitation and 

contribution of the research.  

 Chapter 2 focuses on the literature review of influence of temperature on 

PV panels, as well as previous research on the solution to reduce the influence 

of temperature on the PV panel.   

 Chapter 3 is focusing on the method such as set up of the BAPV system 

and Raspberry PI temperature data logger. Besides that, this chapter focuses on 

calibration of temperature sensors PV panels. In addition, this chapter will also 

focus on data measurement and data analysis method such as average 

temperature, electricity generation, Ross coefficient and cost-effectiveness.  

 Chapter 4 focuses on using the analysis methods in Chapter 3 to analyse, 

create and interpret results. Chapter 5 focuses on the drawing conclusion based 

on the results and making further recommendations for the research work.  
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CHAPTER 2 

 

2 LITERATURE REVIEW 

 

 Effect of Temperature on the PV Panel 

One of the problems that affects the efficiency of PV panels is the operating 

temperature around the PV panels because solar radiation is captured by PV 

panels and converted into heat. When the temperature rises, as the band gap of 

the electron conduction band movement decreases, the thermal movement of the 

electrons inside the semiconductor increases, thereby further increasing the 

saturation current. (Mertens, 2019) As the Shockley Equation stated in 2.2.1 

below, increasing the saturation current will decrease the open-circuit voltage if 

the other variable is fixed. (Mertens, 2019) 

 

 𝑉𝑂𝐶 = 𝑚𝑉𝑇 ln(
𝐼𝑆𝐶

𝐼𝑠
) (2.1.1) 

 

Where: 

𝑉𝑂𝐶  = Open circuit Voltage of a PV Cell, V 

𝑉𝑇 = Terminal Voltage of a photodiode, V 

𝐼𝑆𝐶= Short Circuit current of a PV Cell, A 

𝐼𝑠= Saturation of a photodiode, A 

𝑚= idealistic factor, usually in between 1 or 2 

 

 This further proved by (Amelia et al., 2016) by using PVsyst software and 

one piece of solar panel experiment outdoors. Figure 2.1.1 and 2.1.2 shows the 

PVsyst simulation result in the form of I-V and P-V curve under Standard Test 

Condition (STC) of 25 ℃, solar irradiance of 1000 W/m2, and Air mass of 1.5. 
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Figure 2.1.1: Current-Voltage (I-V) Curve. (Amelia et al., 2016) 

 

 

Figure 2.1.2: Power-Voltage (P-V) Curve. (Amelia et al., 2016) 

 

 These figures also show that as the temperature rises to 10 ℃, the power 

drops to about 5 % or 5 W. In addition, when the operating temperature is 65 ℃, 

the lowest output power of PV panel is 75 W, and at 25  ℃, the highest output 

power of the PV panel is 100 W. (Amelia et al., 2016). It is also noticeable that 

the open circuit voltage of the PV panel decrease and the short circuit current of 

the PV panel slightly increases. (Amelia et al., 2016) 

 According to the experiment conducted by Indian researchers (Dash and 

Gupta, 2015), they found that different solar cell technologies will have a 

different temperature coefficient of power by increase temperature surrounding 

the solar panel in the environment chamber. Though the use of solar simulator 
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equipment, the solar irradiance is also kept constant. (Dash and Gupta, 2015) 

Table 2.1.1 below showed their findings on Multi-Silicon Technologies.  

 

Table 2.1.1: Measured Temperature coefficient for Multi C-Si technologies. 

(Dash and Gupta, 2015) 

Type of 

PV 

module 

Module 

peak output 

(Wp) 

Temperature coefficient 

(%/°C) 

Average temperature 

coefficient of power 

(%/°C) Current Voltage Power 

Multi C-

Si 

75 0.031 -0.267 -0.356 

-0.387 

75 0.059 -0.369 -0.506 

12 0.036 -0.291 -0.373 

50 0.046 -0.264 -0.346 

50 0.033 -0.291 -0.396 

300 0.054 -0.306 -0.428 

75 0.001 -0.058 -0.329 

75 0.002 -0.075 -0.364 

  

 From the Table 2.1.1 above, they found that the average temperature 

coefficient of power of polycrystalline silicon PV cells were ranging from -

0.329 % to -0.506 % and the average of it was -0.387 %. (Dash and Gupta, 2015) 

The temperature average coefficient will be used to two equations 2.1.2 and 

2.1.3 below:  

 

 𝑉𝑂𝐶2 = 𝑉𝑂𝐶1(1 + 𝛽(𝑇2 − 𝑇1))  (2.1.2) 

 

Where: 

𝑉𝑂𝐶2= Open Circuit Voltage at 𝑇2 , V 

𝑉𝑂𝐶1 = Open Circuit Voltage at Standard Test Condition (STC), V 

𝛽 = Temperature coefficient of Voltage., percentage /℃ 

𝑇2= Operating Temperature, ℃ 

𝑇1= Temperature in STC, which was 25 ℃ 
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 𝑃𝑂𝐶2 = 𝑃𝑂𝐶1(1 + 𝛾(𝑇2 − 𝑇1))  (2.1.3) 

 

Where: 

𝑃𝑂𝐶2= Power Output at 𝑇2 , W 

𝑃𝑂𝐶1= Power Output at STC, W 

𝛾= Temperature coefficient of Power, %/℃ 

𝑇2= Operating Temperature, ℃ 

𝑇1= Temperature in STC, which was 25 ℃ 

  

 There are many reasons that affecting the operating temperature of PV 

modules. These factors include roofing material, ventilation, modular frame, 

and local environmental conditions. (Ye et al., 2013)  Some researchers have 

proposed various model for these factors. The simplest model is the Ross model. 

Ross model is defined as the equation for the operating temperature of a PV 

module link with the ambient temperature and the incident solar irradiance 

which exclude wind and electrical load. (Skoplaki and Palyvos, 2009) The Ross 

model equation is shown in the 2.1.4 below. (Skoplaki and Palyvos, 2009; Ross, 

1976): 

 

 𝑇𝑀 = 𝑇𝐴 + 𝑘𝐺𝑀  (2.1.4) 

 

Where: 

𝑇𝑀 = Module Temperature, ℃ 

𝑇𝐴 = Ambient Temperature, ℃ 

𝑘  = Ross coefficient that determine the slope between the temperature and 

irradiance level, ℃ m2/W (Ross, 1976) 

𝐺𝑀= Irradiance on PV module, W/ m2 

 

 An experiment that has been done by (Ye et al., 2013) is noteworthy that 

they found out that the average Ross coefficient, k in the tropical region such as 

Singapore (k =0.024 ℃ m2/W ) is higher than Europe such as Spain (k = 0.016 ℃ 

m2/W ) and Germany (k = 0.014 ℃ m2/W) in the Figure 2.1.3 below resulting 

in slope is steeper. 
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Figure 2.1.3: Graph of PV Temperature Difference between Ambient and 

Module Temperature versus Irradiance Comparison between Singapore (P4), 

Germany, and Spain. (Ye et al., 2013) 

 

 Besides that, (Ye et al., 2013) is highly recommendable for providing the 

information that the concrete roof has a lower k value than the metal roof unless 

covered by dark-coloured roof sealant, which acts as a heat absorber. It is 

because metal tends to absorb heat and it has low specific heating capacity.  

 Moreover, by increasing the distance between PV panel and rooftop, the 

k value will decrease due to as the distance increases, the airflow through PV 

panel increases, therefore the PV panel operating temperature decreases as the 

air carries heat out of the PV panel. It is recommended to remove any obstacles 

that prevent the natural air flow from entering the PV panel to further reduce the 

k value. (Ye et al., 2013) The evidence will further be discussed to subsection 

2.2. 

 Next, the k value of frameless PV panel is often lower than that of 

aluminium frame PV panels. This fact is because the aluminium-framed PV 

panel tends to absorb heat also has the tendency to let the airflow slower. (Ye et 

al., 2013) 

 Finally, the k value for locations close to water or jungle areas is lower 

than k value found on the upper floors of the building. This fact is because the 

large presence of plants and water tended to decrease the operating temperature 

of the PV panel by cooling down on the natural surroundings. (Ye et al., 2013) 
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 Past Research of Effect or Optimization for Ventilation on BAPV 

System 

Therefore, it is necessary to ventilate the BAPV system, as this will reduce the 

operating temperature of the PV panels in the BAPV system. One way to reduce 

the operating temperature of PV panels is to increase the distance between PV 

panels and the roof or façade so that the winds flow naturally to the PV system. 

(Ye et al., 2013). 

 Around the world or in Malaysia itself, there are many researchers who 

tend to make valuable contributions to determine the effects and finds the best 

ventilation configuration between the PV panel and the roof, which will be 

explained in the following subsections: 

 

2.2.1 Optimization of Air Gap for Ventilation on BAPV System by 

Simulation 

(Gan, 2009a; b)  provided an innovative way of using Computational Fluid 

Dynamics (CFD) FLUENT software simulation to find the critical air gap 

between the PV panel and roof to prevent the PV panel from overheating. The 

simulation is using a realistic PV module (Type B485) and performed under 

bright sunshine ( 𝐺𝑀 =1000 W/m2) and no wind effect conditions where 

overheating of PV panels occurs. (Gan, 2009a) The roof was considered flat. 

The definition of the air gap is shown in Figure 2.2.1.1.   

 

 

Figure 2.2.1.1: Measurement of realistic PV Module (Type B485) with Air 

Gap Definition in CFD Simulation. (Gan, 2009b) 
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 Many results obtained from the simulation, including of roof pitch, the 

number of modules of up to three modules, and the air gap between PV and roof 

top, and solar irradiance. The example focused on one panel, and the change in 

solar irradiance based on the global solar irradiance in London on June 21 along 

with various roof pitches is shown in Figure 2.2.1.2. (Gan, 2009b; a) 

 

 

Figure 2.2.1.2: Graph of mean temperature versus air gap with various roof 

pitch and solar irradiance for one solar panel from the result of CFD 

Simulation. (Gan, 2009b) 

 

 From Figure 2.3.2 above, when the air gap increases, the mean 

temperature decreases regardless of the roof pitch. The result further determined 

by either using the graphical method or using numerical methods, but the 

graphical methods have a higher air gap approximation. (Gan, 2009a) Therefore, 

(Gan, 2009a) concluded and suggested that for the installation of a single PV 

panel, the air gap should be between 14 cm to 16 cm as a critical air gap for 

decreasing the operating temperature. It also applies to PV modules installed on 

the roof less than 30 degrees regarding the panel’s length.  (Gan, 2009a)   

 However, the discovery of (Gan, 2009a; b) is limited to the usage of longer 

and continuous solar irradiance input in European countries (such as the United 

Kingdom and Germany), rather than shorter and various irradiance in Malaysia.  

In addition, the wind speed was not considered in the study, so the operating 

temperature of PV panel is too high, which is unreasonable, especially on the 

lower roof slope in his simulation.  
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2.2.2 Effect of Air Gap and Type of Roof on Temperature at BAPV 

system based on Malaysia Climate  

(Zakaria et al., 2013) discovered the key factors affecting the BAPV 

photovoltaic array and provided valuable contributions. They used a metal deck 

and eight PV modules (four monocrystalline silicon technologies and four 

polycrystalline silicon technologies), as well as a metal roof and a concrete roof 

to replicate the BAPV system.  Figure 2.2.2.1 shows an example of mock-up 

experiments on the metal roof of the Shah Alam campus in Selangor. (Zakaria 

et al., 2013) 

 

 

Figure 2.2.2.1: Metal-Deck roof Mock-Up Experiment on campus in Shah 

Alam, Selangor. (Zakaria et al., 2013) 

 

 (Zakaria et al., 2013) measured the PV panels operating temperature by 

using K-type thermocouples, irradiance by using Kipp & Zonen SP LITE 2 

pyranometer and logged using the DataTaker data logger. The data obtained for 

two consecutive days. Table 2.2.2.1 shown on the result of  temperature 

difference at PV panels operating temperature and ambient temperature when 

using poly silicon-technologies at the metal roof varies with air gap and solar 

irradiance. (Zakaria et al., 2013) 
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Table 2.2.2.1: Table of Irradiance, Height and Temperature Difference between 

4 Type of Configuration. (Zakaria et al., 2013) 

Irradiance / 

Wm2 

Height/ 

cm 

Temperature Difference / ∆T / ℃ 

Mono-

Concrete 

Mono-

Metal 

Poly- 

Concrete 

Poly-

Metal 

300 0 15.7 6.9 11.7 2.5 

10 13.2 8.2 6.7 8.6 

20 8.4 6.2 5.9 3.8 

500 0 19.0 7.0 14.2 15.8 

10 15.6 11.2 10.8 13.5 

20 10.3 9.8 9.5 4.3 

800 0 25.1 12.9 20.8 24.0 

10 19.8 17.5 18.9 15.3 

20 14.5 17.1 13.9 13.9 

 

 Based on the Table 2.2.2.1 above, (Zakaria et al., 2013) had found out and 

concluded that factors affecting PV temperature are roof material, air gap, type 

of PV modules and solar irradiance levels. First, the concrete roof has a higher 

temperature difference than the metal roof had found out. Next, poly-Si has a 

higher temperature difference than mono-Si in the metal roof but has a lower 

temperature in the concrete roof.  The temperature difference will decrease as 

the air gap increase and increases as solar irradiance increases. (Zakaria et al., 

2013) 

 (Zakaria et al., 2013) also found out the relationship between cell 

temperatures, ambient temperature during morning 7:00 a.m., and 1:00 p.m. is 

increasing. Figure 2.2.2.2 shows and proves the above statement by drawing a 

graph of the operating temperature of the polysilicon PV panel on the metal roof, 

versus the ambient temperature along with the difference of air gap: 



14 

 

Figure 2.2.2.2: Graph of Cell Temperature versus Ambient Temperature with 

Poly-Si, metal deck at different air gaps. (Zakaria et al., 2013) 

 

 In conclusion, (Zakaria et al., 2013) concluded that as the air gap increases, 

Ross coefficient k will decrease. Besides that, the finding is classification 

together with the International Energy Agency (IEA) classification where 0 cm 

and 10 cm categorized as not so well cooled and 20 cm as well cooled. Hence, 

20 cm can be considered as the optimal gap. (Zakaria et al., 2013) 

 However, (Zakaria et al., 2013) explanation is not plausible since 

questions arise about how to find out the Ross coefficient from the graph of cell 

Temperature versus Ambient temperature as stated in equation 2.1.4.  Besides 

that, wind speed did not consider in this experiment. Moreover, the result in 

Table 2.2.2.1 is not consistent with the conclusion said as the air gap increases, 

the temperature difference between ambient temperatures and cell temperature 

is decreasing since taken only one result.  Finally, yet importantly, the power 

generated by the PV is not taken during the entire project. (Zakaria et al., 2013)  

 Therefore, (Ho, 2015; Chong, 2015; Chew, 2015) provides an innovative 

way for improving (Zakaria et al., 2013) research methods of key factors 

affecting the performance of the BAPV system in Malaysia.  

  

2.2.3 Effect of Inclination Angle and Type of Roof on Temperature at 

BAPV system based on Malaysia Climate  

(Ho, 2015) provided a valuable contribution by replicating retrofitted 

installation by using the metal deck and 3 same multi-Si technology’s PV 

modules with concrete roof and reflective coated zinc roof to studying the effect 

of roof type and tilting angle on the temperature of PV and the performance of 
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PV systems. Figure 2.2.3.1 showed his mock-up experiment in Bandar Sungai 

Long, Selangor. (Ho, 2015) 

 

 

Figure 2.2.3.1: Metal-Deck Roof Mock-Up Experiment in Bandar Sg Long, 

Selangor. (Ho, 2015) 

 

 Similar for (Zakaria et al., 2013), (Ho, 2015) measured the PV module 

temperature by using Maxim/Dallas DS18B20 temperature sensor, ambient 

temperature by using DHT 22 temperature sensor, solar irradiance by using 

pyranometer or solar meter, voltage and current by using a Multimeter, wind 

speed by an anemometer. (Ho, 2015) 

 Besides that, (Ho, 2015) also fixed the air gap between the concrete roof 

and PV panel as 3 cm, and the air gap for metal deck and PV panel as 8 cm. The 

slanting angle for his experiment was varied with 0°, 9°, and 18°. PV module 

and ambient temperature data recorded by using Arduino Mega 2560 and with 

Adafruit Data Logger Shield, while other parameters (such as solar irradiance 

and wind speed) were acquired in a limited time. These results of these various 

configurations of the experiment taken by these devices on two consecutive 

days. A large numbers of result have been obtained .Table 2.2.3.1 gives a 

summary of PV module temperature versus the solar irradiance in different roof 

materials and tilt angles in a linear equation. (Ho, 2015) 
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Table 2.2.3.1: Summary of correlation on PV Cell Temperature versus Solar 

Irradiance in Different Roof Materials and Inclination angle. (Ho, 2015) 

PV Cell 

Temperature 

Versus Solar 

Irradiance 

0° 9° 18° 

Metal Roof 
y=0.0185x+53.273 

R² = 0.3504 

y =0.0134x+ 54.56 

R² = 0.3567 

y=0.0215x+43.962 

 R² = 0.6481 

Concrete Tile 
y=0.0137x+52.126 

R² = 0.3193 

y=0.0103x+53.007 

R² = 0.2828 

y=0.0187x+43.248 

R² = 0.6519 

Control 
y=0.0168x+46.781 

R² = 0.4174 

y=0.0115x+48.446 

R² = 0.4039 

y=0.0186x+39.674 

R² = 0.6879 

  

 According on Table 2.2.2.2 above, (Ho, 2015) had noticed that even if the 

air gap of the concrete roof is smaller than that of the metal deck, the Ross 

coefficient on a metal roof is higher than that of the concrete tile roof. In addition,  

(Ho, 2015) found out that when the tilt angle is increase, the Ross coefficient 

decreases from 0° to 9°, and then increased from 9° to 18°.  

 Moreover, (Ho, 2015) analysed the relationship between power loss and 

solar irradiance and found that when the tilt angle increase, the power loss of 

solar panel panels will decrease. Table 2.2.3.2 shows a summary of the 

correlation based on the relationship between power loss and solar irradiance. 

According to the following Table 2.2.3.2, he also noticed that although the air 

gap of the metal roof is larger than that of the concreate roof, the power loss of 

the metal roof will be greater than that of concrete roof.  

 

Table 2.2.3.2: Summary of correlation on Power Loss versus Solar Irradiance 

in Different Roof Materials and Inclination angle. (Ho, 2015) 

Power Loss 

Versus Solar 

Irradiance 

0° 9° 18° 

Metal Roof 
y=1e-04x + 0.0979 

R2 = 0.4965 

y=6e-05x + 0.1216 

R2 = 0.3567 

y= 9E-05x +0.078 

R2 = 0.6481 



17 

Concrete Tile 
y= 8e-05x + 0.0937 

R2 = 0.5091 

y=4e-05x + 0.1152 

R2 = 0.2828 

y=8E-05x + 0.075 

R2 = 0.6519 

Control 
y= 8e-05x + 0.0786 

R2 = 0.5498 

y=5e-05x + 0.0964 

R2 = 0.4039 

y=8e-05x+0.0603 

R2=0.6879 

 

 In short, (Ho, 2015) concluded that when solar irradiance increases, the 

difference between ambient and PV panel operating temperature is increased 

further increase, resulting in a decrease in output voltage, which will  eventually 

increase the power loss on the PV system. In addition, (Ho, 2015) pointed out 

that when the tilt angle increase, the natural ventilation effects will be better, 

which will reduce in the operating temperature of the PV panel.   

 However, (Ho, 2015) research location is underestimated the shading 

effect of the building and surrounding on the PV system which will cause further 

decline in the efficiency of the PV panels. Besides that, the solar irradiance taken 

is limited by time, so that the graphical result of solar irradiance between 400 

W/m2 to 800 W/m2 is less. Moreover, the air gap between the concrete roof or 

the metal roof and the metal deck is not consistent.  

 

2.2.4 Effect of Inclination Angle and Air Gap on Temperature of BAPV 

system based on Malaysia Climate  

(Chew, 2015) has made a significant contribution in providing the influence of 

the tilt angle and air gap on the operating temperature of the BAPV system. The 

experimental setup is similar to (Ho, 2015), but all experiment use metal roofs. 

Figure 2.2.4.1 shows his mock-up experiment in a similar location. (Ho, 2015).  

 

 

Figure 2.2.4.1: Metal-Deck Roof Mock-Up Experiment in Bandar Sg Long, 

Selangor. (Chew, 2015) 
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 Similar for (Zakaria et al., 2013; Ho, 2015), (Chew, 2015) measured the 

PV module temperature by using LM35 temperature sensors, ambient 

temperature by using DHT 22 temperature sensors, irradiance by using a solar 

meter, voltage, and current by using Multimeter and wind speed by an 

anemometer. (Chew, 2015) 

 Besides that, (Chew, 2015) changed the air gap between the metal deck 

and PV panel from 0 cm to 20cm. The slanting angle for his experiment was 

varied with 0°, 10°, and 20°. PV module and ambient temperature data recorded 

by using Arduino Mega 2560 and Adafruit data logger shield. Plenty of results 

had taken and Figure 2.2.3.2 shows the graph of operating temperature on the 

PV system versus the solar irradiance in various air gap distances and no 

slanting angle. (Chew, 2015) 

 

 

Figure 2.2.4.2: Graph of PV Operating Temperature versus Solar Irradiance at 

various Air Gap with Zero slanting angle. (Chew, 2015) 

 

 Figure 2.2.4.2 above shows that the temperature of the PV panel is 

decreasing when the air gap from the PV panel and the roof deck is increasing. 

Hence, the graph of the PV operating temperature versus the solar irradiance 

showed a shift down. (Chew, 2015) 
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 In conclusion, (Chew, 2015) concluded that the efficiency of the PV panel 

can be increased by up to 1.32% when the tilt angle is 20° and the gap is 20 cm 

compared with no air gap and tilt angle is 0° .When the tilt angle is increased, 

the influence of natural convection increase, and when low solar radiation 

occurs, the influence of the air gap occurs.. 

 However, similar to (Ho, 2015), (Chew, 2015) research location 

underestimated the shading effect of the building and surrounding environment 

on the PV system which will cause further reduce in the efficiency of PV panels. 

Besides that, the Ross coefficient values of the entire experiment has not been 

determined. Moreover, some of the results of the experiment in slanting angle 

10° and 20° were not valid because it is not possible that when there was an 

increment in the solar irradiance, there was a decrement in cell temperature in 

same air gap condition.  

 

2.2.5 Effect of Forced Convection on Temperature of BAPV system 

based on Malaysia Climate  

(Chong, 2015) provided an innovative way by adding fans below PV panel 

below to replicate retrofitted installation by using the metal deck and 3 same 

poly-Si technology PV modules with reflective coated zinc roof similar to 

(Chew, 2015)  for studying the effect of forced convection onto temperature of 

BAPV system.  Figure 2.2.5.1 shows his BAPV system configuration for forced 

convection experiments. 

 

 

Figure 2.2.5.1: BAPV system configuration setting with Air Gap and slanting 

angle definition. (Chong, 2015) 
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Similar for (Zakaria et al., 2013; Ho, 2015; Chew, 2015), (Chong, 2015) 

measured the PV module temperature by using DS18B20 temperature sensors, 

ambient temperature by using DHT 22 temperature sensor, irradiance by using 

pyranometer, voltage and current by using multi-meter and wind speed by an 

anemometer. In addition, (Chong, 2015) uses 4 Deep Cool XFAN 120L axial 

fan to place under the PV system to demonstrate forced convection to the BAPV 

system. Figure 2.2.5.2 shows the actual position of fan, and Table 2.2.5.1 shows 

the summary configuration of the fan on the BAPV System.  

 

 

Figure 2.2.5.2: Fan System beneath the BAPV system. (Chong, 2015) 

 

Table 2.2.5.1: Summary of experimental fan configuration in the BAPV system. 

(Chong, 2015) 

Experimental 

No. 
PV system 1 PV System 2 PV System 3 

1 
4 Fan Put Beneath 

Bottom of system 

4 Fan Put Beneath 

Top of the system 

No fan 

attached at 

bottom of PV 

System 

2 

4 Fan Put Beneath 

Bottom of system 

Additional of Wind 

Block 

4 Fan Put Beneath 

Top of system 

Additional of Wind 

Block 

3 
4 Fan Put Beneath 

Bottom of system 

4 Fan Put Beneath 

Bottom of system 

Additional of Wind 

Block 
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4 

8 Fan Put Beneath 

Bottom and Top of 

system Additional of 

Wind Block 

4 Fan Put Beneath 

Bottom of system 

5 

4 Fan Put Beneath 

Bottom and Top of 

system Additional of 

Wind Block 

2 Fan Put Beneath 

Bottom of system 

6 

4 Fan Put Beneath 

Bottom of the system 

with a slanting angle 

of 90° 

4 Fan Put Beneath 

Bottom of the 

system with a 

slanting angle of 

75° 

 

 . Plenty of results had taken by (Chong, 2015) and he found out that when 

the axial fan installed at the bottom part of the PV Panel, the operating 

temperature of PV decreased the most comparing with reference and fan, which 

installed on top for extracting the heat inside PV system. Besides that, the wind 

block will block the natural wind will cause the operating temperature increase 

compared with no wind block had found. Moreover, axial fans installing the 

bottom and top of the PV system with the wind block will be having better 

performance than axial fans installing only the bottom of the system had found 

out. 

 In conclusion, (Chong, 2015) concluded that installing an axial fan at 

either bottom of the PV System for blowing or top of the PV system for 

extracting with a slanting of 90° will having a more operating temperature of 

PV system drop compared with natural convection on a PV system. In addition, 

the fact that the power increase of the PV system cannot compensate for the 

power consumption of the axial fan had been found. 

 However, similar to (Ho, 2015; Chew, 2015), (Chong, 2015) research 

location has been underestimated the shading effect of the building and 

surrounding on the PV system which will cause further PV panel efficiency drop. 

Besides that, the solar irradiance taken was limited by time so that the result of 
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solar irradiance lesser. Moreover, the Ross coefficient is not determined due to 

the graph of irradiance and average temperature not plotted.  

 

 Summary 

To conduct more exact experiments, various journals, thesis, and article were 

reviewed. In short, excepting the air gap between PV panels and roof top, other 

factors, which are affecting the PV operating temperature stated by (Ye et al., 

2013; Gan, 2009b; a; Zakaria et al., 2013; Ho, 2015; Chew, 2015) must be the 

same condition or removed. Hence, the BAPV system should be experimented 

in open areas. One example is the roof top of the tallest building to avoid shading 

the PV panel. Besides that, the experiment should be performed under the same 

roof material and the same roof tilt angle. In addition, the experiment should be 

performed on the same type of PV panels.  
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CHAPTER 3 

 

3 METHODOLOGY AND WORK PLAN 

 

 Experimental Setup 

The main objective of the study is to analyse, model and optimize the air gap 

distance between solar PV panel and the metal deck on the performance of PV 

panel by determining the operating temperature and electricity generation 

output of the PV panel.  

First, the location of the research is set in UTAR KB block rooftop to 

reduce the shading effect also maximise the solar irradiance effect on the 

experimental PV panel to meet the recommendations stared in literature review. 

Besides that, there is a weather station near the location to obtain valuable 

variables such as solar irradiance and wind speed.  Figure 3.1.1 below shows 

the block diagram setup in this study.  

 

 

Figure 3.1.1: Experimental Setup Block Diagram for determining the effect of 

the air gap for ventilation of BAPV systems. 
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As shown in the block diagram shown in Figure 3.3.1 above, two PV 

panels are placed on top of the fixed metal deck structure and the adjustable 

metal deck structure. The four screws under adjustable metal deck structure can 

be adjusted to change the air gap distance. The structure is placing to expose to 

sunlight, and the solar irradiance on the PV panels are recorded in the weather 

station.  

 Eight temperature sensors are placed on the both PV panels back sheet to 

read operating temperature of PV panel. While the water-proof temperature 

sensor is placed around the metal deck structure and reads the ambient 

temperature. These temperature data are recorded in the Raspberry PI data 

logger in Microsoft Excel Comma Separated Values (CSV) files.   

Both PV panels are connected to a micro-inverter to obtain the power 

output of PV panels.  Then obtain and monitor these the previously described 

data from the laptop. Figure 3.1.2 below shows the actual set up diagram based 

on the block diagram in Figure 3.1.1.  

 

 

Figure 3.1.2: Actual Setup Diagram to determine the effect of the air gap for 

ventilation of BAPV systems. 

 

PV Panel Attached with Temperature Sensors and Micro-inverter 

Temperature Sensor  Data Logger Adjustable Metal Deck 
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 After determining the research site and briefing the block diagram 

procedures. The details of installation of the metal deck model and PV System 

and will be further discuss in Section 3.3.1.  

 

3.1.1 Metal Deck and PV System Setup 

First, the metal deck and the model of the rooftop and its measurement provided 

need to be determined and constructed. As shown in Figure 3.1.1.1 below, the 

metal deck installed under the aluminium supporting structure provided by 

UTAR facility with a measurement of 75 cm- 95 cm *111 cm * 364 cm. The 

adjustable metal desk measures as 63 cm- 81 cm*100 cm*100 cm. Besides that, 

it provided with an adjustable threaded rod up to 12 cm. This measurement was 

performed for making sure the inclination angle to be fixed at 10°. To proving 

the measurement is correct, trigonometry such as the tangent rule has used as 

the equation 3.1.1.1 below. 

 

 tan 𝜃 =
𝑂𝑝𝑝𝑜𝑠𝑖𝑡𝑒 𝑜𝑓 𝑎 𝑇𝑟𝑎𝑖𝑛𝑔𝑙𝑒

𝐴𝑑𝑗𝑒𝑐𝑛𝑡 𝑜𝑓 𝑎 𝑇𝑟𝑎𝑛𝑔𝑙𝑒
  (3.1.1.1) 

 

 After using equation 3.1.1 above, the tilting angle for supporting frame 

and metal desk is 10.21° and 10.20° respectively.  

 

 

Figure 3.1.1.1: Sketching of Installation of Metal Deck. 

PV Panel with Temperature Sensor  

Threaded Rod with Nut 

(Adjustable) 

Metal Deck 

Metal Desk 

Supporting 

Frame 

Air Gap, d 
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 After installing the metal deck, install the PV panel on the support frame. 

However, before installing the PV system on the support frame, the temperature 

sensors needs to be installed on the back of the PV Panel using thermal paste 

and aluminium foil tape. The PV panel must put on the micro-inverter to 

measure the power output. Each of the PV panel install with one port of the AP 

System YC500A micro-inverter for power measurement and four DS18B20 

temperature sensors installed at the rear surface with the orientation as the 

Figure 3.1.1.2 below for measuring the operating temperature of PV Panels. The 

measured temperature will be sent to the Raspberry PI for data storage, and the 

data recording method will discuss in Section 3.1.2. 

 

 

Figure 3.1.1.2: Installation of Components on PV Panel.  

 

3.1.2 Raspberry PI 3 Temperature Data Logger  

Figure 3.1.2.1 briefly introduces the structure of the Raspberry Pi 3 temperature 

data logger. Eight DS18B20 temperature sensor transistors read the operating 

temperature of the PV Panel, and one DS18B20 temperature sensor waterproof 

module reads the ambient temperature around the BAPV system. These two 

kinds of temperature data are recorded every 30 seconds, and the readings are 

stored in the CSV file along in real-time along with global time coordination +8. 

The data recorded is also checked from time to time by using Thing Speak or 

OverGrive platforms.  

DS18B20 

Temperature Sensor 

To Micro-inverter 
PV Panel 

To Raspberry Pi 

Data Logger 
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Figure 3.1.2.1: Component used for Temperature Data Logger. 

 

 Figure 3.1.2.2 shows a hardware schematic diagram of a Raspberry PI 3 

Model B+ and 9 DS18B20 temperature sensors connected by using Fritzing 

software. The figure also shows that all the temperature sensors are connecting 

in parallel with a 4.7 kΩ resistor. All ground pin is connecting to pin 6 of the 

Raspberry PI 3, while all VCC pin is connecting to pin 1 of the Raspberry PI 3 

and all Data pin of the temperature sensors is connecting to pin 7 of the 

Raspberry PI 3. 

 

 

Figure 3.1.2.2: Temperature Data Logger Hardware Schematic Diagram. 

Data Import to CSV file, 

OverGrive or Thing 

Speak 

DS18B20 Waterproof 

Module x 1 

DS18B20 Transistor x 8 

Raspberry PI 3 Model B+ 

Raspberry Pi 3 

Model B+ 

DS18B20 

Temperature 

Sensor 

4.7 kΩ Resistor 
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The data logger is programmed by using Python language coding in 

Raspberry Pi 3 such a way that all temperature is recorded in Microsoft Excel 

CSV format with date and time in the Raspberry Pi Micro-SD Card itself also 

monitoring real-time by using Thing Speak or Overgrive platform. Appendix A 

shows the codes used to measuring the ambient temperature and operating 

temperature of PV panels. 

After completing all the hardware connections and software programming 

of the data logger circuit, connect the data logger to a 5 V, 2.1 A power supply 

and store it in a polystyrene box to protect it from rain. 

 

 Apparatuses & Instrument 

The equipment and instruments used in this research are listed below: 

1. Poly-crystalline PV Panels  

2. Metal Roof Deck (Fixed and Adjustable) 

3. Raspberry Pi 3 Model B+ 

4. DS18B20 Temperature Sensors 

5. 4.7k Resistor 

6. Cable and Wires 

7. Multimeter 

8. AP System YC500 Micro-inverter 

 

3.2.1 Poly-crystalline PV panels 

In this research, two of Malaysian Solar Resources (MSR) model MYS-

60P/B3/CF 260 polycrystalline PV panels were used. This panel consists of 60 

solar cells. In addition, the rated maximum power STC of the PV panel is 260 

W. Not only that, Open circuit voltage, 𝑉𝑂𝐶 of PV panels are 37.96 V while 

Shout Circuit Current,  𝐼𝑆𝐶  of PV panels are 9.01 A. Moreover, the panel also 

having a temperature coefficient of power, 𝛾 of -0.4112 %/℃ and temperature 

coefficient of voltage, 𝛽 of -0.3137 %/℃. Figure 3.2.1.1 shows on one of the 

PV panels before installation on the metal deck.  
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Figure 3.2.1.1: Malaysian Solar Resources (MSR) model MYS-60P/B3/CF 

260 polycrystalline PV panel.  

 

3.2.2 Raspberry Pi 3 Model B + 

To collect temperature data from the temperature sensor, Raspberry Pi 3 B+ is 

used for ambient temperature and PV panel temperature collection. Raspberry 

PI 3 Model B+ is a mini desktop computer with a 1.4 GHz quad-core processor. 

It has a 40-pin, 27 of which are the general-purpose input-output (GPIO) pin, 

support full-size High Definition Multimedia Interface (HDMI), and 4 

Universal Serial Bus (USB) ports. In addition, it has a Micro SD port for loading 

the operating system and data storage. Figure 3.2.2.1 shows the Raspberry Pi 3 

Model B+.  

 

 

Figure 3.2.2.1: Raspberry Pi Model 3 B+ 
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3.2.3 DS18B20 Temperature Sensors 

The temperature sensor is important for this research method of measuring the 

ambient temperature, and the operating temperature of PV panels. Therefore, 

DS18B20 Temperature Sensor transistor type is used for measuring operating 

temperature of PV panels and waterproof module is used to measure ambient 

temperature. Each type of temperature sensor provides 9 to 12-bit temperature 

readings, which indicate the temperature of the device. Besides that, the 

temperature sensor powered by a 3~5 V of power supply. Not only measure 

temperature from -55 ℃ to 125 ℃, but they have an accuracy range of ± 0.5 ℃ 

from -10 ℃ to 85 ℃. Figure 3.2.3.1 shows the DS18B20 temperature sensor 

waterproof module and transistor type.  

 

 

Figure 3.2.3.1: DS18B20 Temperature Sensor (Left: Waterproof Module, 

Right: Transistor Type) 

 

3.2.4 AP System YC500 Micro-Inverter 

To collect power output from PV panels over some time, AP System YC500 

micro-inverter is used for the power output of PV panel collection. Like a string 

inverter, Micro-inverter is a type of inverter that’s converters Alternating 

Current (AC) to Direct Current (DC) but it installed in each solar PV panel. This 

micro-inverter can manage 2 PV at the same time. Not only that, but it has its 

own independent Maximum Point Power Tracking (MPPT) on each module. 

Moreover, the inverter has a peak efficiency of 95.5 %. The output power will 
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be updated every 5 minutes to Energy Management Analysis (EMA) on the AP 

System’s website. Figure 3.2.4.1 shows the AP System YC500 micro-inverter.  

 

 

Figure 3.2.4.1: AP System YC500 micro-inverter.  

 

 Overall Project Procedure  

Figure 3.3.1 shows that the entire research process. The details of the 

mechanical structure, Raspberry Pi data logger, and PV system layout have been 

discussed in Sections 3.1. However, the calibration of temperature sensors and 

PV panels, data collection, and data analysis will be discussed further in 

Sections 3.4, 3.5 and 3.6.  
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Figure 3.3.1: Overall Research Procedure 
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 Experimental Preparation 

After constructing the Raspberry Pi Data Logger circuits and its Python coding 

is validate, further calibration of temperature sensors and PV panel is needed to 

not only reduce the error on the research, but also the effect of the errors can be 

adjustable to the logical condition. The discussion of temperature sensor and PV 

calibration will be conducted in Sections 3.4.1 and 3.4.2 below. 

 

3.4.1 Temperature Sensors Calibration 

Before installing the DS18B20 temperature sensor on the back sheet of PV 

panels, it must be calibrated to determine the temperature difference of the 

sensor and other sensors or boiling water. The difference in the measurement 

of the temperature of the sensor will give an impact on the measurement of the 

operating temperature at the backside of the PV panel. 

 To calibrate the DS18B20 waterproof temperature sensor, the sensor 

should be placed in boiling water for 20 minutes. Figure 3.4.1.1 shows the 

DS18B20 waterproof temperature sensor is being calibrated in boiling water. 

 

 

Figure 3.4.1.1: DS18B20 Waterproof Temperature Sensor Calibration by 

using Boling Water.  
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The temperature data is obtained from the Raspberry PI data logger CSV 

file and monitored by Think Speak IoT database. Finally, and equally important, 

the relative temperature difference between the temperature sensor and boiling 

water is determined following equation 3.4.1.1.  

 

 ∆𝑇𝑁 = 𝑇𝑁 − 𝑇𝑊 (3.4.1.1) 

 

Where: 

∆𝑇𝑁 = Relative temperature difference between the sensor and boiling water, ℃ 

𝑇𝑁 = Temperature recorded at the sensor, ℃ 

𝑇𝑊 = Temperature of boiling water, which is equal to 100 ℃ 

 

To calibrate the DS18B20 transistor temperature sensors, place eight 

DS18B20 transistor temperature sensors on a thin metal plate and paste them 

together with thermal paste and aluminium foil tape. Next, heat the metal plate 

to about 75 ℃ with boiling water, as shown in Figure 3.4.1.2 below.  

 

 

Figure 3.4.1.2: Insertion of metal plate into Boiling Water for DS18B20 

Temperature Sensor Calibration. 

 

Next, take out the metal plate to cool for about 15 minutes. The data is 

monitored and getting by using the Think Speak IoT database. Finally, it is 

important that the relative temperature difference between the first temperature 
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sensor and other temperature sensor is determined by the following equation 

3.4.1.2.  

 

 ∆𝑇𝑁 = 𝑇𝑁 − 𝑇1 (3.4.1.2) 

 

Where: 

∆𝑇𝑁 = Relative temperature difference between the first sensor and next sensor, ℃ 

𝑇𝑁 = Temperature recorded at the next sensor, ℃ 

𝑇1 = Temperature recorded at the first sensor, ℃ 

  

 The relative difference between the first temperature sensor and another 

temperature sensor should be as small as possible. As a result, all relative 

differences between the tested sensor and the first sensor are in the range of 

±0.5625 ℃.  

After calibrating all temperature sensors, use thermal paste and aluminium 

foil tape to place these temperature sensors on the back of PV panels, as shown 

in Figure 3.4.1.3 below. Thermal paste is used because it can eliminate space in 

between temperature sensor and back sheet of PV panels while the aluminium 

foil tape is used because it is sticky, and it has high tension, so it does not lose 

its adhesive easily.  

 

 

Figure 3.4.1.3: Attachment of DS18B20 Temperature Sensors underneath PV 

panels.  
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3.4.2 PV Panels Calibration 

After installing the temperature sensors on the back sheet of the PV panel, 

construct structure of the PV system as in with a micro-inverter according the 

requirements in Section 3.3.1. After constructing the PV system, the distance 

between the PV panel and the roof is determined as a reference air gap. Figure 

3.4.2.1 and equation 3.4.2.1 show the measurement and calculation for the 

purpose of initial air gap distance determination. 

 

 

Figure 3.4.2.1: Measurement of air gap distance between the PV panel and 

metal deck roof.  

 

 𝑑𝑓 = 𝑑 + 𝑑𝑃𝑉 − 𝑑𝐶𝑒𝑙𝑙+𝐸𝑉𝐴 (3.4.2.1) 

 

Where: 

𝑑𝑓 = Final air gap distance, cm  

𝑑 = Air gap distance between roof and PV panel frame as shown in Figure 

3.4.2.1., cm 

𝑑𝑃𝑉 = Thickness PV panel aluminium frame, which is equal to 4.2 cm. 

𝑑𝐶𝑒𝑙𝑙+𝐸𝑉𝐴 = Thickness of the solar cell and glasses in the PV panel, which is 

equal to 0.7 cm. 

 

Air gap Distance, d 



37 

By using the above figure and equation, the initial air gap distance is 

determined to be 12.5 cm. After determining the air gap distance, the PV panel 

must be calibrated with another PV panel under same condition of rating, 

position, location, time, and air gap distance. First, two PV panels must be 

arranged side-by-side, so that the solar irradiance value on the PV panel is like 

the following Figure 3.4.2.2 below. 

 

 

Figure 3.4.2.2: Setting of Two PV panels side by side. 

 

The power output of two PV panels is connected to the same micro-

inverter and the air gap distance between the metal deck roof and PV panel is 

the same. Then, the micro-inverter is automatically acquired the value of power 

at an interval of 5 minutes, and the power output data is obtained from the micro-

inverter EMA database. 

The power data of the two PV panels is taking for a period of 10 days and 

the data is being analysed for the entire power output and time interval. In the 

following 3.4.2.2 below, the percentage difference between the experimental 

panel placed on the adjustable metal deck and the reference panel placed on the 

fixed metal deck is calculated (the air gap distance value is 12.5 cm).  

 

 %𝑑𝑖𝑓𝑓𝑟𝑒𝑛𝑐𝑒 =
𝑃𝑇𝑒𝑠𝑡 − 𝑃𝑅𝑒𝑓

𝑃𝑅𝑒𝑓
× 100% (3.4.2.2) 

 

Where: 

%𝑑𝑖𝑓𝑓𝑟𝑒𝑛𝑐𝑒 = Percentage difference between the power output of experimental 

PV panel and reference PV panel, % 

𝑃𝑇𝑒𝑠𝑡 = Power output of experimental PV panel, W 
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𝑃𝑅𝑒𝑓 = Power output of reference PV panel, W 

 

 By using the following equation 3.4.2.3 to convert power into energy, the 

power output of the PV panel can be further developed into electricity 

generation calibration.  

 𝐸𝑃𝑉 =
∑ 𝑃𝑃𝑉

1000 × 𝑛
× ℎ (3.4.2.3) 

Where: 

𝐸𝑃𝑉 = Electricity generation of a PV throughout a day, kWh. 

𝑃𝑃𝑉 = Power output of the PV panel, W. 

𝑛 = the number of data produced in the inverter. 

ℎ = hours, h 

 

 The difference in the percentage of electricity generation between two PV 

panels can be determined by adding the electricity generation of the reference 

PV panel and the experiment PV panels for 10 days following by using the 

equation in 3.4.2.4 below.    

 

 %𝑑𝑖𝑓𝑓𝑟𝑒𝑛𝑐𝑒 =
𝐸𝑇𝑒𝑠𝑡 − 𝐸𝑅𝑒𝑓

𝐸𝑅𝑒𝑓
× 100% (3.4.2.4) 

 

Where: 

%𝑑𝑖𝑓𝑓𝑟𝑒𝑛𝑐𝑒  = Percentage difference of electricity generation between the 

experimental PV panel and reference PV panel, % 

𝐸𝑇𝑒𝑠𝑡 = Electricity generated by experimental PV panel in a day, kWh 

𝐸𝑅𝑒𝑓 = Electricity generated by reference PV panel in a day, kWh 

 

The calibration result in Table 3.4.2.1 below show that the electricity 

generation of the experimental PV panel is about 3.67 % higher than electricity 

generation of the reference PV panel.  
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Table 3.4.2.1: Result of Electricity Generation Calibration at an air gap distance 

of 12.5 cm.  

Air Gap =12.5 cm 

Date 𝐸𝑅𝑒𝑓 / kWh 𝐸𝐸𝑥𝑝 / /kWh % Difference / % 

26/6/2020 0.8188 0.8439 3.0633 

27/6/2020 0.7338 0.7574 3.2137 

28/6/2020 0.8897 0.9195 3.3533 

29/6/2020 0.6728 0.6934 3.0720 

30/6/2020 0.8158 0.8449 3.5754 

14/7/2020 0.9349 0.9695 3.6991 

15/7/2020 0.8553 0.8891 3.9560 

16/7/2020 0.7694 0.798 3.7149 

17/7/2020 1.047 1.0918 4.2821 

18/7/2020 0.8373 0.8747 4.4690 

Total 8.3748 8.6822 3.67054 

 

 Experimental Measurement  

After the PV panel and temperature sensors had been calibrated, the 

experimental is carried out by adjusting the metal deck to let the air gap distance 

between PV panel and the metal deck have an air gap distance increment 

ranging from 10.5 cm up to 20.5 cm. The PV module and ambient temperature 

can be obtained from the temperature data logger described in Section 3.1.2. 

Besides that, solar irradiance is obtained from the pyranometer at the weather 

station, and the power output obtained from the micro-inverter. The data were 

taken throughout 5 days with time from 9:30 a.m. and 5:30 p.m. with an air gap 

distance increment of 2 cm.  

 All data will be compiled and recorded in the example table in the Figure 

3.5.1 below, with an interval of 5 minutes. The data is then further analysed in 

Section 3.6. 
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Figure 3.5.1: Table of measurement. 

 

 Experimental Analysis 

After completing the measurement in Section 3.5, graphical analysis methods 

are performing by using various data variables in Section 3.5, as described in 

the next subsections below. 

 

3.6.1  PV Average Temperature Analysis 

To perform the average PV panel operating temperature analysis, the average 

operating temperature equation of each PV panel can be calculated in the 

equation 3.6.1.1 by using 4 DS18B20 temperature sensors in each panel.  

 

 𝑇𝐴𝑣𝑔 =
𝑇𝐿𝑈𝐶 + 𝑇𝑅𝑈𝐶 + 𝑇𝐿𝐵𝐶 + 𝑇𝑅𝐵𝐶

4
 (3.6.1.1) 

 

Where: 

𝑇𝐴𝑣𝑔 = Average operating temperature at for the each of PV panel, ℃.  

𝑇𝐿𝑈𝐶 , 𝑇𝑅𝑈𝐶 , 𝑇𝐿𝐵𝐶 , 𝑇𝑅𝐵𝐶  = Operating temperature recorded by each DS18B20 

temperature sensor under each of PV panel, ℃.  

 

Then, use the following equations 3.6.1.2 and 3.6.1.3 to further average 

the average operating temperature of each of the reference PV panel and the 

experimental PV panel for one and five days. 

 

 𝑇𝐴𝑣𝑔,𝐷𝑎𝑦 =
∑ 𝑇𝐴𝑣𝑔

𝑛
 (3.6.1.2) 
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Where: 

𝑇𝐴𝑣𝑔,𝐷𝑎𝑦 = Average operating temperature for the PV panel in a day, ℃.  

𝑇𝐴𝑣𝑔 = Average operating temperature at the PV panel, ℃. 

𝑛 = number of data produced through the day. 

 

 𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 =
∑ 𝑇𝐴𝑣𝑔,𝐷𝑎𝑦

𝑛
 (3.6.1.3) 

 

Where: 

𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 = Average operating temperature for the PV panel for 5 days, ℃.  

𝑇𝐴𝑣𝑔,𝐷𝑎𝑦 = Average operating temperature for the PV panel in a day, ℃. 

𝑛 = number of days. 

 

 The final relative difference in the averaging operating temperature of the 

PV panels between experiment PV panel and reference PV panel and can be 

calculated in the following equation 3.6.1.4.  

 

 ∆𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 = 𝑇𝐴𝑣𝑔,𝐴𝑐𝑐,𝐸𝑥𝑝 − 𝑇𝐴𝑣𝑔,𝐴𝑐𝑐,𝑅𝑒𝑓 (3.6.1.4) 

 

Where: 

∆𝑇𝐴𝑣𝑔,𝐴𝑐𝑐  = Relative Difference between operating temperature for the 

experiment and reference PV panel for 5 days, ℃.  

𝑇𝐴𝑣𝑔,𝐴𝑐𝑐,𝐸𝑥𝑝 = Average operating temperature at experimental PV panel for 5 

days, ℃. 

𝑇𝐴𝑣𝑔,𝐴𝑐𝑐,𝑅𝑒𝑓 = Average operating temperature at reference PV panel for 5 

days, ℃. 

 

 Then, the final relative difference in the average operating temperature 

between experiment PV panel and reference PV panels is plotted against the air 

gap distance and the effects of air gap distance to the average operating 

temperature of the PV panels.  
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3.6.2 PV Electricity Generation Analysis 

In order to calculate the power output on the experimental PV panel based on 

the reference PV panel and experimental PV panel operating temperature, the 

equation in 2.1.3 is modified to the following equation 3.6.2.1 to determine the  

calculated power output. 

  

 𝑃𝐶𝑎𝑙 = 𝑃𝑅𝑒𝑓(1 + 𝛾(𝑇𝑅𝑒𝑓 − 𝑇𝐸𝑥𝑝)) (3.6.2.1) 

 

Where: 

𝑃𝐶𝑎𝑙 = Calculated Power output based on temperature coefficient, W 

𝑃𝑅𝑒𝑓 = Power output based on microinverter at the reference panel, W 

𝛾 = Temperature coefficient of Power, %/℃, which is -0.4112 %/℃ shown in 

Section 3.2.1 

𝑇𝑅𝑒𝑓 = Average operating temperature the reference PV panel, ℃. 

𝑇𝐸𝑥𝑝 = Average operating temperature for the experimental PV panel, ℃. 

 

In order to analyse the calculated output of PV electricity generation in 

the experimental PV panel, it is necessary to apply an equation for calculating a 

day’s electricity generation based on calculated power output based on the 

equation 3.6.2.1 in 3.4.2.3. Next, use the equation 3.6.2.2 to calculate the 

cumulative calculated electricity generation of the experiment PV panel and the 

reference PV panel for over 5 days.  

 

 𝐸𝑇𝑜𝑡𝑎𝑙 = ∑ 𝐸𝑑𝑎𝑦 (3.6.2.2) 

 

Where: 

𝐸𝑇𝑜𝑡𝑎𝑙 = Total Electricity generation in 5 days on the PV panel, kWh 

𝐸𝐷𝑎𝑦𝑠  = Electricity generated by the PV panel in a day, kWh 

 

 In addition, using the equation 3.4.2.4, the percentage difference of 

calculated electricity generation over five days between experiment PV panel 

and the reference PV panel is calculated. Next, use the equations 3.4.2.3, 3.4.2.4 
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and 3.6.2.2 to calculate the percentage difference of measured electricity 

generation between experiment PV panel and the reference panel for over 5 days. 

Last but not least, by plotting two graphs, which are the graph of 

calculated or measured percentage difference of electricity generation between 

experiment PV panel and the reference PV panel versus air gap distance and 

distance to determine the effects of air gap to the electricity generation of the 

PV panel. 

 

3.6.3 Ross Coefficient Analysis  

The original Ross model for determine the operating temperature of a PV panel 

by using the ambient temperature and solar irradiance one the PV panel is in 

example equation 2.1.4. The equation stated before has been modified to 

equation 3.6.3.1 to plot the relationship between the temperature difference 

between operating temperature of the experimental PV panel or reference PV 

panel and ambient temperature versus the solar irradiance. By using the graph 

stated above, the Ross coefficient value can be determined based on equation 

3.6.3.1. 

 

 ∆𝑇𝑃𝑉 = 𝑘𝐺𝑀 (3.6.3.1) 

 

Where: 

∆𝑇𝑃𝑉 = Difference between PV Module temperature and Ambient Temperature, ℃ 

𝑘  = Ross coefficient that determine the slope between the temperature and 

irradiance level, ℃ m2/W (Ross, 1976) 

𝐺𝑀= Irradiance on PV module, W/ m2 

 

  The Ross coefficient value of each air gap distance can be plotted with 

the air gap distance between the PV panel and the metal deck to determine the 

influence of air gap to the Ross coefficient value of the PV panel.  

 

3.6.4 Cost Analysis 

To determine whether the optimization of the air gap distance in the BAPV 

system is economically possible, cost-effective analysis methods will be used 

throughout the study to evaluate.   
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First, the cost of installing aluminium hooks to increase the air gap 

distance in BAPV systems is known and listed. Next, assume the number and 

electricity generation capacity of the BAPV system. From the earlier 

hypothetical statement, the number of hooks require for a BAPV system can be 

calculated in the following equation3.6.4.1. 

 

 𝑛ℎ𝑜𝑜𝑘 =
𝑃𝐵𝐴𝑃𝑉

𝑃𝑃𝑎𝑛𝑒𝑙
 (3.6.4.1) 

 

Where: 

𝑛ℎ𝑜𝑜𝑘 = Number of hooks required for whole BAPV System.  

𝑃𝐵𝐴𝑃𝑉 = Electricity generation capacity for a BAPV system, kW 

𝑃𝑃𝑎𝑛𝑒𝑙 = Electricity generation capacity for a single PV Panel, W 

 

The increment cost of the number piece of hook compared to the standard 

installation of 12.5 cm air gap distance from the cost of installing aluminium 

hooks to increase the air gap distance in BAPV systems is calculated in the 

following equation 3.6.4.2.  

 

 𝑅𝑀𝑖𝑛𝑣𝑒𝑠𝑡 =  𝑛ℎ𝑜𝑜𝑘 × 𝑅𝑀ℎ𝑜𝑜𝑘 (3.6.4.2) 

 

Where: 

𝑅𝑀𝑖𝑛𝑣𝑒𝑠𝑡 = Total price increment on a BAPV System, RM 

𝑛ℎ𝑜𝑜𝑘 = Number of hooks required for whole BAPV System. 

𝑅𝑀ℎ𝑜𝑜𝑘= Price increment per hook based on reference PV panel (12.5 cm), RM 

 

Besides that, the cost-effective analysis also assumes the initial 

performance ratio of the PV panels is usually 0.8. With ventilation by increasing 

the air gap distance between PV panels and metal deck, the percentage 

increment of electricity generation can be seen based on the electricity 

generation analysis. The improved performance ratio based on electricity 

generation analysis is then calculated in equation 3.6.4.3.  
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 𝑃𝑅𝑎𝑖𝑟 𝑔𝑎𝑝 = 𝑃𝑅𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +
%𝑑𝑖𝑓𝑓𝑟𝑒𝑛𝑐𝑒

100
  (3.6.4.3) 

 

Where: 

𝑃𝑅𝑎𝑖𝑟 𝑔𝑎𝑝  = Performance Ratio for a single PV Panel with improved 

performance by using extra air gap distance.  

𝑃𝑅𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = Performance Ratio for a single PV Panel with commercial air gap 

distance (12.5 cm), which is 0.8 

%𝑑𝑖𝑓𝑓𝑟𝑒𝑛𝑐𝑒 = Percentage difference of electricity generation between the 

experimental PV panel and reference PV panel, % 

 

Taking a site in Malaysia with moderate solar irradiation, the annual peak 

sun hours (PSH) is 1700 hours, with that, an extra electricity can be produced 

in a year due to cooling effects can be calculated in equation 3.6.4.4 below: 

 

 𝐸𝑌𝑒𝑎𝑟 = 𝑃𝑆𝐻 × 𝑃𝐵𝐴𝑃𝑉 × (𝑃𝑅𝑎𝑖𝑟 𝑔𝑎𝑝 − 𝑃𝑅𝑖𝑛𝑖𝑡𝑖𝑎𝑙)  (3.6.4.4) 

 

Where: 

𝐸𝑌𝑒𝑎𝑟 = Extra electricity generation in a year due to cooling effects, kWh 

𝑃𝑆𝐻 = Peak Sun Hour, hour, which is assumes as 1700 hours 

𝑃𝐵𝐴𝑃𝑉 = Electricity generation capacity for a BAPV system, kW 

𝑃𝑅𝑎𝑖𝑟 𝑔𝑎𝑝  = Performance Ratio for a single PV Panel with improved 

performance by using extra air gap distance.  

𝑃𝑅𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = Performance Ratio for a single PV Panel with commercial air gap 

distance (12.5 cm), which is 0.8 

 

 Most of the Projects granted with incentives or electricity sold under the 

Power Purchasing Agreement (PPA) last of 21 years, an average degradation 

rate of solar panel is 0.55 % per year, The degradation rate will bring a 

compound factor of 0.925 of the first electricity generation. Therefore, the total 

extra electricity generation by increment of air gap distance in 21 years are using 

the equation 3.6.4.5 below: 
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 𝐸𝑡𝑜𝑡𝑎𝑙 = 21 𝑦𝑒𝑎𝑟𝑠 × 𝐷𝐹 × 𝐸𝑌𝑒𝑎𝑟  (3.6.4.5) 

 

Where: 

𝐸𝑡𝑜𝑡𝑎𝑙 = Total extra electricity generation in 21 years, kWh 

𝐷𝐹 = Compound degradation factor in 21 years, which is 0.925 

𝐸𝑌𝑒𝑎𝑟 = Extra electricity generation in a year due to cooling effects, kWh 

 

The NEM policies states that highest electricity tariff for domestic 

consumers is 0.546 /kWh (Tenaga Nasional Berhad, 2020). Hence, the total 

extra money earn in 21 years can be calculated by multiplying by total extra 

electricity generation in 21 years with tariff gain per kilowatt hour by using the 

equation 3.6.4.6.  

 

 𝑅𝑀𝑔𝑎𝑖𝑛𝑒𝑑 = 𝐸𝑡𝑜𝑡𝑎𝑙 × 𝑇𝑎𝑟𝑖𝑓𝑓  (3.6.4.6) 

 

Where: 

𝑅𝑀𝑔𝑎𝑖𝑛𝑒𝑑 = Total extra money earned in 21 years, RM 

𝐸𝑡𝑜𝑡𝑎𝑙 = Total extra electricity generation in 21 years, kWh 

𝑇𝑎𝑟𝑖𝑓𝑓 = Tariff gained per kilowatt hour, which is RM 0.546/ kWh. (Tenaga 

Nasional Berhad, 2020) 

 

  The total extra money gained of each increment of air gap distance can be 

plotted with the air gap distance between the PV panel and the metal deck to  

determine the impact of air gap distance on total extra money gained on the PV 

panel.  

 

 Experimental Planning 

Before continuing with the experimental program, make a Gantt chart to ease 

planning and scheduling. Besides that, the Gantt chart also required to keep 

track of the experiment so that it would not miss any critical task. Table 3.7.1 

shows the Gantt chart for Part 1 of the project. 

            According to the first half of project progress in the following Table 

3.7.1, several articles have been studied, and the overview of process method 
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had been completed. After inspecting and measuring the mechanical roof deck 

and, it was concluded that the project will use mechanical structure described in 

Section 3.1.1. In addition, the components used in this research have been found 

and noted also bought in the Section 3.2. Moreover, the hardware construction 

and software programming of Raspberry PI temperature data logger is done as 

described in Section 3.1.2.  

 

Table 3.7.1: Gantt chart of the first half of the project. 

No. 
Project 

Activities 
W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12 W13 W14 

M1 
Article 

Research  
              

M2 
Research 

Proposal 
              

M3 

Mechanical 

Structure 

Measurement 

              

M4 

Component 

Determination 

and Buy 

Components  

              

M5 

Raspberry Pi 

Data Logger 

Circuits 

Building 

              

   

Table 3.7.2 shows the Gantt chart for Part 2 of the project. In the second 

part of project, the temperature sensors and PV panels have been calibrated by 

the steps in Sections 3.4.1 and 3.4.2. Necessary data collection such as collect 

solar irradiance from weather station, ambient and PV panels operating 

temperature from Raspberry PI data logger and power output of the PV panels 

is getting from micro-inverter EMA web server is done as in Section 3.5. Finally, 

as described in Section 3.6, perform data analysis such as average temperature 

analysis, electricity generation analysis and Ross coefficient value analysis.  
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Table 3.7.2: Gantt chart of the second half of the project. 

No. 
Project 

Activities 
W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12 W13 

M1 

Temperature 

Sensor 

Calibration 

             

M2 

Installation of 

PV System 

onto Metal 

Deck 

             

M3 
PV Panel 

Calibration 
             

M4 

Air Gap 

Determination 

and 

Adjustment 

             

M5 

Cell and 

Ambient 

Temperature 

Collection 

             

M6 

PV Panel 

Output Power 

Collection 

             

M7 

Solar 

Irradiance 

Collection 

             

M8 

Average 

Temperature 

Analysis 

             

M9 

Electricity 

Generation 

Analysis 

             

M10 

Ross 

Coefficient 

Analysis 
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  Summary 

In a nutshell, metal deck mechanical structure with adjustable height is re-

measured to hold the metal deck roof and PV panels are placed side-by-side and 

connecting to the same microinverter; one with adjustable air gap distance, 

another one with a fixed air gap distance of 12.5 cm (commercial air gap 

distance). The Raspberry Pi data logger is designed to record data on the 

ambient temperature and the operating temperatures of PV panels. Before 

starting to collect data, temperature sensors and PV panels must be calibrated. 

After collecting the data from various sources, then data must be analysed.
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CHAPTER 4 

 

4 RESULTS AND DISCUSSION 

 

 Introduction  

As mention in the earlier chapter, according to the methods of data collection 

and data analysis, a large amount of useful data has been recorded when 

conducting research experiments. The collected data will be displayed in graphs 

and tables for further analysis.  

 The original data was collected from three source. Solar irradiance data 

are collected from the weather station at UTAR, Power data are collected from 

micro-inverter EMA web server and last but not least, ambient temperature and 

solar PV operating temperature data are collected from Raspberry Pi Data 

Logger. All data is collected on the roof of UTAR KB block. During the analysis 

as in Section 3.6, the results is explained in the figures and tables in the 

following sections.  

  

 Average Temperature Analysis 

According to the output power of the micro-inverter, the average operating 

temperature of two PV panels is obtained and analysed at intervals of 5 minutes 

within 5 days. The results are analysed as following Section 3.6.1. All the results 

are listed in Appendix B. The following Table 4.2.1 lists the relative result of 

average operating temperature in the experiment PV panel relatively to the 

reference PV panel and the experimental air gap distance.   

 

Table 4.2.1: Table of experimental air gap and operating temperature in the 

experiment PV panel relatively to reference PV panel, ∆𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 

Experimental Air gap, df /cm ∆𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 / ℃. 

10.5 1.0816 

12.5 1.0007 

14.5 0.0954 

16.5 -0.2096 

18.5 -0.4889 
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20.5 -0.5177 

 

Based on Table 4.2.1, the relationship between the average operating 

temperature in the experiment PV panel relatively to the reference PV panel 

versus experimental air gap distance is drawn in Figure 4.2.1 below.   

 

Figure 4.2.1: Graph of average operating temperature in the experiment PV 

panel relatively to the reference PV panel versus experimental air gap. 

 

From the Figure 4.2.1 above, it is important not to overlook that during 

12.5 cm air gap when the experimental air gap is same with the reference air 

gap, there is an error of a positive of 1 ℃  at the average operating temperature 

in the experiment PV panel relatively with the reference PV panel. This result 

differs from the assumption that when the air gap between the PV panel and the 

metal deck is the same, the temperature in the experimental panel relative with 

the reference panel should be 0 ℃.  

Therefore, in order to eliminate the above error, the offset method is used 

to make the temperature in the experimental PV panel relative with reference 

PV panel for 5 days under the 12.5 cm experimental air gap is equal to zero. To 

implement this method, the following equation 4.2.1 is used for shifting purpose.    
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 ∆𝑇𝑠ℎ𝑖𝑓𝑡𝑒𝑑,𝐴𝑣𝑔,𝐴𝑐𝑐 = ∆𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 − ∆𝑇𝑒𝑟𝑟 (4.2.1) 

 

∆𝑇𝑠ℎ𝑖𝑓𝑡𝑒𝑑,𝐴𝑣𝑔,𝐴𝑐𝑐 = Shifted operating temperature relative difference between 

experimental PV panel and reference PV panel for 5 days, ℃. 

∆𝑇𝐴𝑣𝑔,𝐴𝑐𝑐  = Operating temperature relative difference between for the 

experimental PV panel and reference PV panel for 5 days, ℃.  

∆𝑇𝑒𝑟𝑟 = Error occurred in 12.5 cm air gap at Table 4.2.1, which is 1.0007 ℃. 

 

 Table 4.2.2 shows the data results of the shifted operating temperature in 

the experiment PV panel relative to the reference PV panel based on Table 4.2.1. 

Correspondingly, the graph of the shifted operating temperature difference in 

the experiment PV panel relatively to the reference PV panel versus 

experimental air gap based on Table 4.2.2 is plotting in Figure 4.2.2. 

 

Table 4.2.2: Table of the experimental air gap and shifted operating temperature 

in the experimental PV panel relative to reference PV panel.  

Experimental Air gap, df /cm ∆𝑇𝑠ℎ𝑖𝑓𝑡𝑒𝑑,𝐴𝑣𝑔,𝐴𝑐𝑐 / ℃. 

10.5 0.0809 

12.5 0 

14.5 -0.9053 

16.5 -1.2103 

18.5 -1.4896 

20.5 -1.5184 
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Figure 4.2.2: Graph of shifted average operating temperature in the experiment 

PV panel relatively to the reference PV panel versus experimental air gap. 

 

As can be seen from the Figure 4.2.2, The average operating temperature 

of PV module becomes increasing lower relatively to that of reference panel 

when the air gap distance increases from 12.5 cm towards 20.5 cm. Contrary, it 

becomes higher when air gap distance reduces from 12.5 cm to 10.5 cm. When 

air gap distance reduces from 12.5 cm to 10.5 cm, the average operating 

temperature compared to the reference panel increase to 0.08 ℃. Contrary, 

when air gap distance increase from 12.5 cm to 20.5 cm, the average operating 

temperature compared to the reference panel decrease to 1.5 ℃.  

In addition, based on the linear regression equation in Figure 4.2.2, the 

operating temperature in experiment PV panel relatively to the reference PV 

panel is lower by about 0.26 ℃ every 1 cm air gap increase and vice versa. This 

fact proves that a larger air gap between the metal deck and PV panel provides 

better ventilation to the PV panel as it lets the operating temperature on the PV 

panel decrease.  

 

 Electricity Generation Analysis 

According to the output power of the micro-inverter, the calculated output of 

PV electricity generation in the experimental PV is completed according to 
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equations 3.6.2.1 and 3.6.2.2 within 5 days. Table 4.3.2 shows the result of 

electricity generation calculated based on output power of reference PV panel 

in Appendix C and Table 3.4.2.1.  

 

Table 4.3.1: Table of the experimental air gap, electricity generation by 

reference PV panel and calculated experiment PV panel also electricity 

generation calculated percentage difference between experimental PV panel and 

reference PV Panel, %𝐸 𝑇ℎ𝑒𝑜 . 

Experimental Air Gap, df / cm 𝐸𝑅𝑒𝑓 / kWh 𝐸𝐶𝑎𝑙 / kWh %𝐸 𝐶𝑎𝑙  

10.5 3.606 3.5858 -0.5602 

12.5 8.3748 8.3327 -0.5027 

14.5 4.2968 4.2951 -0.0396 

16.5 3.9445 3.9484 0.0989 

18.5 4.9417 4.953 0.2287 

20.5 5.1836 5.1957 0.2334 

 

Similarly, Table 4.3.2 shows the result of measured electricity generation 

calculated based on output power of reference and experimental PV panel in 

Appendix C and Table 3.4.2.1. 

 

Table 4.3.2: Table of the experimental air gap, electricity generation by 

reference PV panel and measured experiment PV panel also electricity 

generation percentage difference between actual experimental PV panel and 

reference PV Panel, %𝐸 𝑇ℎ𝑒𝑜 . 

Experimental Air Gap, df / cm 𝐸𝑅𝑒𝑓 / kWh 𝐸𝐸𝑥𝑝,𝑇ℎ𝑒𝑜 / kWh %𝐸 𝑇ℎ𝑒𝑜  

10.5 3.606 3.7318 3.4886 

12.5 8.3748 8.6822 3.6705 

14.5 4.2968 4.5006 4.7431 

16.5 3.9445 4.1087 4.1628 

18.5 4.9417 5.1729 4.6786 

20.5 5.1836 5.4414 4.9734 
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From the above Tables 4.2.1 and 4.2.2, it can be inferred that when the 

experimental air gap increases, the 5-day electricity generation percentage 

difference between the calculated or measured experimental PV panel and the 

reference PV panel will increase.  However, it is important not to overlook that 

during 12.5cm air gap when the experimental air gap is same with the reference 

air gap, there about -0.5 %  difference error between the calculated experimental 

PV panel electricity generation output and reference PV panel electricity 

generation output. In addition, the error of percentage difference between the 

measured experimental PV panel and the reference PV panel electricity 

generation is 3.67%. These results differ from the assumption that when the air 

gap between the PV panel and the metal deck is the same, the electricity 

generation percentage difference should be zero. 

Therefore, in order to eliminate the above error, the offset method is used 

to make the 5-day electricity generation percentage difference between the 

calculated or measured experimental PV panel and the reference PV panel under 

the 12.5 cm experimental air gap is equal to zero. To implement this method, 

the following equation 4.3.1 is used for offset purpose.    

  

 %𝐸𝐴𝑐𝑡 = %𝐸𝑅𝑒𝑐 − %𝐸𝑒𝑟𝑟 (4.3.1) 

 

Where: 

%𝐸𝐴𝑐𝑡 = Actual electricity generation percentage difference, %  

%𝐸𝑅𝑒𝑐 = Recorded electricity generation percentage difference, % 

%𝐸𝑒𝑟𝑟 = Electricity output percentage error from the reference air gap, which is 

-0.5027 % in Table 4.3.1 and 3.6705 % in Table 4.3.2/ % 

 

Table 4.3.3 shows the data results of the shifted electricity percentage 

generation difference between calculated or measured experiment PV panel and 

reference PV panel based on Tables 4.4.1 and 4.4.2. Correspondingly, the 

relationship between the shifted electricity percentage generation difference 

between calculated or measured experiment PV panel and reference PV panel 

based on Table 4.3.3 and experimental air gap is shown Figure 4.3.1. 

 



56 

Table 4.3.3: Table of the experimental air gap and shifted electricity generation 

percentage increment between calculated or measured experimental PV panel 

and reference PV Panel, %𝐸 𝑇ℎ𝑒𝑜,𝑖𝑛𝑐 . 

Experimental Air gap, df /cm %𝐸 𝐶𝑎𝑙 /% %𝐸𝐴𝑐𝑡 / % 

10.5 -0.0575 -0.1819 

12.5 0 0 

14.5 0.4631 1.0725 

16.5 0.6016 0.4922 

18.5 0.7314 1.0080 

20.5 0.7361 1.3028 

 

 

Figure 4.3.1: Graph of Electricity Generation Percentage Difference Versus 

Experimental Air Gap. 

 

By looking at Figure 4.3.1, it can be deduced that there is an increasing 

graphical trend in the electrical generation percentage difference for both 

calculated and measured. As in the Figure 4.3.1 above, the experiment air gap 

is equal 20.5 cm, the calculated electricity generation percentage difference is 

increase to 0.74 %, while the measured electricity generation percentage has 

increase to 1.3 %. It can be concluded that the measured electricity generation 
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percentage difference is higher than the calculated electricity generation 

percentage. 

Besides that, there is a difference in the slope in the linear regression 

equation in the calculated electricity generation percentage difference and 

measured electricity generation percentage difference. It shows that an 

increment of 1 cm air gap will have a 0.12 % increment in the calculated 

electricity generation percentage difference, but it will have a increment of 0.19 % 

in the measured electricity generation percentage. 

In addition, the measured electricity generation in air gap 14.5 cm increase 

to 1.07 %, which is consider an inaccuracy on measured electricity generation 

graph.  

 

 Ross Coefficient Analysis 

Figure 4.4.1 shows an example of the relationship between of the difference 

between operating temperature of PV panels and ambient temperature versus 

the solar irradiance when the air gap distance of the reference PV panel and the 

experimental PV panel is the same, which is 12 cm.  

 

 

Figure 4.4.1: Graph of ΔTPV versus Solar Irradiance for Reference air gap = 

12.5 cm and Experimental Air Gap = 12.5 cm. 
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It can be inferred from the Figure 4.4.1 that when the solar irradiance 

increase, the temperature difference between both PV panels and the ambient 

temperature is increase. Besides that, based on the linear regression equation in 

Figure 4.4.1, That when two air gaps are the same during calibration process, 

the Ross coefficient values (which is the linear regression slope values) in the 

reference PV panel and experimental PV panel is different. This is different 

from the assumption that when the air gap between the PV panel and metal deck 

for both PV panel, the values of the Ross coefficient is the same. This is because, 

as described in Section 4.2, there is a difference in operating temperature 

between the experimental PV panel and reference PV panel.  

Next, Appendix D shows five similar graphs of the relationship between 

of the difference between operating temperature of PV panels and ambient 

temperature versus the solar irradiance in each air gap. According to the results 

in Figure 4.4.1 and Appendix D, the Ross coefficient values in the reference PV 

panel and the experimental PV panel can be summarised in the following Table 

4.4.1. 

 

Table 4.4.1: Table of experimental air gap, reference PV panel Ross coefficient 

value, 𝑘𝑟𝑒𝑓 and experimental PV panel Ross coefficient value, 𝑘𝐸𝑥𝑝.  

Experimental Air gap, df /cm 𝑘𝑟𝑒𝑓, ℃ m2/W 𝑘𝐸𝑥𝑝, ℃ m2/W 

10.5 0.0232 0.0259 

12.5 0.0225 0.0246 

14.5 0.0243 0.0245 

16.5 0.0222 0.0217 

18.5 0.0209 0.0201 

20.5 0.0203 0.0195 

 

Therefore, in order to eliminate the error occurs in the Ross coefficient 

value to meet the assumption based on the explanation in Figure 4.4.1, the Ross 

coefficient value difference between the experimental PV panel and reference 

PV panel is calculated based on the result in Table 4.4.1 and the following 

equation 4.4.1:  
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 ∆𝑘 = 𝑘𝑒𝑥𝑝 − 𝑘𝑟𝑒𝑓 (4.4.1) 

 

Where: 

∆𝑘 = Ross coefficient difference between experimental PV panel and reference 

PV panel, ℃ m2/W 

𝑘𝑒𝑥𝑝 = Ross coefficient values in the experimental PV panel based on Table 

4.4.1, ℃ m2/W. 

𝑘𝑟𝑒𝑓 = Ross coefficient values in the reference PV panel based on Table 4.4.1, ℃ 

m2/W. 

 

 Next, offset method is used to letting the Ross coefficient difference 

between experimental PV panel and reference PV panel when the 12.5 cm air 

gap is equal to 0 as shown in following equation 4.4.2. In addition, equation 

4.4.3 is used to calculate the final Ross coefficient value in the experiment PV 

panel. 

 

 ∆𝑘𝑠ℎ𝑖𝑓𝑡 = ∆𝑘 − ∆𝑘12.5𝑐𝑚 (4.4.2) 

 

Where: 

∆𝑘𝑠ℎ𝑖𝑓𝑡= Shifted Ross coefficient difference between experimental PV panel 

and reference PV panel, ℃ m2/W 

∆𝑘 = Ross coefficient difference between experimental PV panel and reference 

PV pane, ℃ m2/W. 

∆𝑘12.5𝑐𝑚 = Ross coefficient difference between experimental PV panel and 

reference PV panel at 12.5cm 

 

 𝑘𝑓 = 𝑘𝑒𝑥𝑝 + ∆𝑘𝑠ℎ𝑖𝑓𝑡 (4.4.3) 

 

Where: 

𝑘𝑓 = Final Ross coefficient value on experimental PV panel, ℃ m2/W. 

𝑘𝑒𝑥𝑝 = Ross coefficient values in the experimental PV panel based on Table 

4.4.1, ℃ m2/W. 
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∆𝑘𝑠ℎ𝑖𝑓𝑡= Shifted Ross coefficient difference between experimental PV panel 

and reference PV panel, ℃ m2/W 

 

Table 4.4.2 shows the result of three calculations based on the equations 

in 4.4.1, 4.4.2 and 4.4.3. The graph of the final Ross coefficient value is plotted 

together with the experimental air gap in Figure 4.4.2. 

 

Table 4.4.2: Table of the experimental air gap, Ross coefficient difference 

between experimental PV panel and reference PV panel,  ∆𝑘  ,shifted Ross 

coefficient difference between experimental PV panel and reference PV panel, 

∆𝑘𝑠ℎ𝑖𝑓𝑡 and final Ross coefficient value on experimental PV panel, 𝑘𝑓 

Experimental Air gap, 

df /cm 
∆𝑘, ℃ m2/W ∆𝑘𝑠ℎ𝑖𝑓𝑡, ℃ m2/W 𝑘𝑓/ ℃ m2/W 

10.5 0.0027 0.0006 0.0265 

12.5 0.0021 0 0.0246 

14.5 0.0002 -0.0019 0.0226 

16.5 -0.0005 -0.0026 0.0191 

18.5 -0.0008 -0.0029 0.0172 

20.5 -0.0008 -0.0029 0.0166 

 

 

Figure 4.4.2: Graph of Final Ross Coefficient Values versus experimental air 

gap. 

y = -0.0011x + 0.0378
R² = 0.9719

0.015

0.017

0.019

0.021

0.023

0.025

0.027

0.029

10 12 14 16 18 20 22

F
in

al
 R

o
ss

 C
o
ef

fi
ci

en
t 

V
al

u
e,

 

°C
m

2
/W

Experimental Air Gap/cm

Graph of Final Ross Coefficient Value Versus Experimental 

Air Gap



61 

The result shows that when the experimental air gap increases, the Ross 

coefficient decreased. The results also show that when air gap distance increase 

from 12.5 cm to 20.5 cm, the shifted Ross coefficient value is decrease from 

0.0246 ℃ m2/W to 0.0166 ℃ m2/W.  In addition, based on Figure 4.4.1 that 

through linear regression equation, when the air gap increases by 1 cm, the value 

of Ross coefficient decreases by 0.0011 ℃ m2/W. This further proves that a 

large air gap between the metal deck and PV panel provides better ventilation 

to the PV panel as it lets the operating temperature on the PV panel decrease. 

The heat produced by the PV during high solar irradiance can ventilate more 

easily with large air gap distance.  

 

 Cost Analysis 

Based on the cost analysis method in the Section 3.6.4, the actual cost of 

aluminium hook is listed out in the Table 4.5.1 below. 

 

Table 4.5.1: Material Cost for aluminium hook and price increment per 

aluminium hook based on reference air gap.  

Experimental 

Air gap / cm 

Price for 

one Hook 

/ RM 

Average 

hook use for 

one PV Panel 

Price for 

hook in one 

PV panel / 

RM 

Price increment 

per hook Based 

on Reference / 

RM 

12.5 5.39 

1.867 

10.06 0 

14.5 5.97 11.15 1.09 

16.5 6.55 12.22 2.16 

18.5 6.94 12.95 2.89 

20.5 7.32 13.66 3.6 

 

Suppose a 90-kW system has 300 of 300 W panels. Therefore, according 

to equation 3.6.4.1, 300 hooks are required. By using equation 3.6.4.2, based on 

hook price increment of in each air gap increment in Table 4.5.1 ,and comparing 

with a standard installation of 12.5 cm air gap, the extra cost of 300 hooks is 

shown in Table 4.5.2.  Next, the relationship between the experimental air gap 

and the extra cost on a 90-kW BAPV system is plotted in Figure 4.3.1. 
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Table 4.5.2: Table of experiment air gap and Total price Investment on a 90 kW 

BAPV System.  

Experimental Air gap / cm 
Extra Cost on a 90 kW BAPV 

System / RM 

12.5 0 

14.5 325.80 

16.5 648 

18.5 866.29 

20.5 1080 

 

 

Figure 4.5.1: Graph of Extra Cost on a 90 kW BAPV system versus 

Experimental air gap.  

 

The result shows that when the experimental air gap increases, the extra 

cost on a 90-kW BAPV system is increase. This is because the metal used for 

having more air gap in the BAPV system is increase. Next, based on the 

equations 3.6.4.3 and 3.6.4.4, also the actual electricity percentage difference 

between experiment PV panel and reference PV panel in Table 4.3.3, calculate 

the additional electricity that can be generated in a year with the improvement 

performance ratio. The results are shown in Table 4.5.3. 
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Table 4.5.3: Table of experiment air gap, improved performance Ratio for a PV 

system, and extra electricity generation in a year. 

Experimental 

Air gap / cm 

Improved Performance 

Ratio for a PV system 

Extra electricity generation in 

a year /kWh 

12.5 0.8000 0 

14.5 0.8107 1640.93 

16.5 0.8049 753.07 

18.5 0.8101 1542.24 

20.5 0.8130 1993.28 

 

Next, based on the equation 3.6.4.5, the total additional electricity 

generation in 21 years is calculated by using the additional electricity generation 

in a year in Table 4.5.3 above. The additional electricity income in 21 years is 

also calculated based on the equation 3.6.4.6. The results are shown in Table 

4.5.4. Correspondingly, Figures 4.5.2 plots the relationship between the 

additional electricity income in 21 years and the experimental air gap.  

 

Table 4.5.4: Table of experiment air gap, extra electricity generation in 21 years, 

and extra electricity income in 21 years.  

Experimental 

Air gap / cm 

Extra electricity generation 

in 21 years/ kWh 

Extra electricity income in 

21 years/ RM 

12.5 0 0.00 

14.5 31874.97 17403.73 

16.5 14628.31 7987.06 

18.5 29958.01 16357.07 

20.5 38719.54 21140.87 
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Figure 4.5.2: Graph of extra Electricity Income in 21 years versus 

Experimental Air gap. 

 

The result in Figure 4.5.2 shows that when the experimental air gap 

increases, the additional electricity revenue in 21 years will generally increase. 

However, it is shown that the 14.5 cm air gap, the extra electricity income in 21 

years has some inaccuracy. This is due to the inaccuracy during electricity 

generation analysis described in Section 4.3.1.  

Based on the Figures 4.5.1 and 4.5.2 above, It can be concluded that an 

extra investment on RM 1080 for increasing the air gap from standard 

installation of the 12.5 cm to air gap of 20.5 cm can bring an extra revenue of  

RM 21140.87 for a 90 kW PV system in 21 years. In addition, based on Figure 

4.5.2, through linear regression equation, when the air gap increases by 1 cm, 

an additional income of RM 3027.40 can be obtained for a 90 kW PV system in 

21 years.  

 

 Summary 

In short, PV panels operate a lower temperature with a larger air gap distance, 

because heat release into the surrounding environment at a faster rate. It not only 

reduces the operating temperature difference between experimental PV panel 

and reference PV panel, but also reduces Ross coefficient values of the 
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experimental PV panel. Besides, the electricity generation by PV panel 

increases either calculated or measured with the increase of the air gap. In 

addition, if the electricity is sold to utility companies based on tariff rate, the 

increased electricity generation will provide more revenue.  

 



66 

 

CHAPTER 5 

 

5 CONCLUSIONS AND RECOMMENDATIONS 

 

 Conclusions 

Through this project, a Raspberry Pi temperature sensor data logger had been 

built, and the operating temperature of the PV panel and ambient temperature 

were measured at different air gap distance by using the Raspberry Pi Data 

logger circuit. The relation between the operating temperature, electricity 

generation and Ross coefficient value with different air gap distance have been 

analysed and modelled. 

 The average operating temperature of PV module becomes increasing 

lower relatively to that of reference panel when the air gap distance increases 

from 12.5 cm towards 20.5 cm. Contrary, it becomes higher when air gap 

distance reduces from 12.5 cm to 10.5 cm. When the air gap distance reduces 

from 12.5 cm to 10.5 cm, the average operating temperature of PV module 

compared to the reference panel increase to 0.08 ℃. Contrary, when air gap 

distance increase from 12.5 cm to 20.5 cm, the average operating temperature 

of PV module compared to the reference panel decrease to 1.5 ℃.  

Besides, as the air gap increases, the difference in the percentage of total 

electricity generation output between the reference PV panel and experimental 

PV panel within 5 days has an increasing pattern. The total electricity generation 

percentage difference between the reference PV panel and the experimental PV 

panel in 5 days increased from -0.2 % when the air gap is 10.5 cm to 1.3 % when 

the air gap is 20.5 cm.  

 On the other hand, when the air gap increases, the Ross coefficient value 

for the experimental PV panel decreases. The value of the Ross coefficient value 

is reduced form 0.0265 ℃ m2/W with an air gap of 10.5 cm to 0.0166 ℃ m2/W 

with an air gap of 20.5cm.  

In addition, a cost analysis was performed to calculate the extra income 

can be obtained from electricity selling and the additional cost of the mechanical 

air gaps from the increment of air gap distance. It shows that for air gap distance 

of 20.5 cm, a PV system of 90 kW can gain extra energy profit of RM 21140.87 
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through 21 years of project lifetime under Net Energy Metering (NEM) scheme 

available in Malaysia. 

These findings provide the important insights that natural ventilation plays 

a huge role in dissipating the heat from PV panels, which will reduce 

temperature efficiency loss of PV panels. Therefore, as the air gap increases, the 

electricity generation output performance of the PV panel is better also will 

generate more income if these extra electricity generation is selling to electricity 

utilities company such as Tenaga National Berhad (TNB). In the nutshell, all 

project objectives had been achieved. 

 

 Recommendations for future work 

To remotely check and obtain temperature data, it is recommended to add the 

existing Raspberry Pi temperature data logger circuit with NodeMCU ESP 8233 

microcontroller as a server function. This is because there is a limitation with 

Raspberry Pi alone as it needs a Wi-Fi connection for constantly uploading data 

to website server and the location of the data taken is remote as it does not have 

any Wi-Fi connection.  

In order to improve the accuracy of the collected result, it is recommend 

to conduct experiments on more PV panels; one as reference PV panel with a 

reference air gap distance, and others as experiment PV panels with a different 

air gap distance. This is because data can be collected at same time, and long-

term electricity generation and operating temperature analysis for PV panels can 

be performed under different air gaps. 

Besides that, solar irradiance sensor is recommended to place beside the 

PV panel to record the solar irradiance data to increase the accuracy as it placed 

at close vicinity with the panel comparing to the weather station which is 7 

meters away.  

Last but not least, wind load analysis on the PV mechanical structure is an 

interesting area for further research. This is because as higher the air gap 

distance between the PV panel and metal deck structure, the wind may blow 

away the structure supports the PV panel then creating a safety issue to the 

consumer after installing the BAPV system on the rooftop.  
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APPENDIX 

APPENDIX A: Raspberry PI Data Logger Coding 

 

PV Panel Operating Temperature Data Logger Coding 

import time 

import os 

from datetime import datetime 

from w1thermsensor import W1ThermSensor 

import RPi.GPIO as GPIO 

import sys 

from urllib.request import urlopen 

 

#myAPI = 'FSBNE3W21WTG88TN' 

#baseURL = 'https://api.thingspeak.com/update?api_key={}'.format(myAPI) 

 

def sensor(): 

    now = time.strftime("%H:%M:%S") 

    sensor1 = W1ThermSensor(W1ThermSensor.THERM_SENSOR_DS18B20, 

"0300a27921cf") 

    sensor2 = W1ThermSensor(W1ThermSensor.THERM_SENSOR_DS18B20, 

"0316a279197a") 

    sensor3 = W1ThermSensor(W1ThermSensor.THERM_SENSOR_DS18B20, 

"0300a2791b81") 

    sensor4 = W1ThermSensor(W1ThermSensor.THERM_SENSOR_DS18B20, 

"0300a279b374") 

    sensor5 = W1ThermSensor(W1ThermSensor.THERM_SENSOR_DS18B20, 

"0300a2799dfd") 

    sensor6 = W1ThermSensor(W1ThermSensor.THERM_SENSOR_DS18B20, 

"0300a2794446") 

    sensor7 = W1ThermSensor(W1ThermSensor.THERM_SENSOR_DS18B20, 

"0300a279399c") 

    sensor8 = W1ThermSensor(W1ThermSensor.THERM_SENSOR_DS18B20, 

"0300a2799d75") 
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    temp1 = sensor1.get_temperature() 

    temp2 = sensor2.get_temperature() 

    temp3 = sensor3.get_temperature() 

    temp4 = sensor4.get_temperature() 

    temp5 = sensor5.get_temperature() 

    temp6 = sensor6.get_temperature() 

    temp7 = sensor7.get_temperature() 

    temp8 = sensor8.get_temperature() 

    f.write(str(now)+",") 

    f.write(str(temp1)+","+str(temp2)+ "," +str(temp3)+ ","+str(temp4)+ 

","+str(temp5)+ ","+str(temp6)+ ","+str(temp7)+ ","+str(temp8)+ ",") 

    #print('Temp (Cel): 

{}'.format(temp1,temp2,temp3,temp4,temp5,temp6,temp7,temp8)) 

    #conn = urlopen(baseURL + 

"&field1={}&field2={}&field3={}&field4={}&field5={}&field6={}&field7

={}&field8={}".format(temp1,temp2,temp3,temp4,temp5,temp6,temp7,temp8

)) 

    #print("Response :{}".format(conn.read())) 

    #conn.close() 

 

while True: 

    now = datetime.now() 

    year = str(now.year) 

    month = str(now.month) 

    day = str(now.day) 

    hour = str(now.hour) 

     

    exists_year = os.path.isdir('/home/pi/FYP2Data/PVT/'+year) 

    if exists_year: 

        pass 

    else: 

        os.chdir('/home/pi/FYP2Data/PVT/') 

        os.mkdir(year) 
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    exists_month = os.path.isdir('/home/pi/FYP2Data/PVT/'+year+'/'+month) 

    if exists_month: 

        pass 

    else: 

        os.chdir('/home/pi/FYP2Data/PVT/'+year+'/') 

        os.mkdir(month) 

 

    file = (day+"-"+month+"-"+year) 

    exists = os.path.isfile('/home/pi/FYP2Data/PVT/'+year+'/'+month+'/'+ file 

+'.csv') 

    if exists: 

        pass 

    else: 

        f = open ('/home/pi/FYP2Data/PVT/'+year + '/' + month + '/' +file + '.csv', 

'+a') 

        f.write(","+"\n") 

        

f.write("Time"+","+"TempRefLUC"+","+"TempRefRUC"+","+"TempRefLB

C"+","+"TempRefRBC"+","+"TempExpLUC"+","+"TempExpRUC"+","+"Te

mpExpLBC"+","+"TempExpRBC"+",") 

        f.close 

 

    now = time.strftime("%H:%M:%S") 

    sec = int(time.strftime("%S")) 

     

    if (sec%30 == 0): 

        f= open ('/home/pi/FYP2Data/PVT/'+year + '/' + month + '/' + file + 

'.csv' ,'+a') 

        f.write(","+"\n") 

        sensor() 

        f.close() 

        time.sleep(5)         
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Ambient Temperature Data Logger Coding 

import time 

import os 

from datetime import datetime 

from w1thermsensor import W1ThermSensor 

import RPi.GPIO as GPIO 

import sys 

from urllib.request import urlopen 

 

#myAPI = 'EE5IEYXFPYZE1NNL' 

#baseURL = 'https://api.thingspeak.com/update?api_key={}'.format(myAPI) 

 

def sensor(): 

    now = time.strftime("%H:%M:%S") 

    sensor = W1ThermSensor(W1ThermSensor.THERM_SENSOR_DS18B20, 

"0416a02084ff") 

    temp = sensor.get_temperature() 

    f.write(str(now)+",") 

    f.write(str(temp)+",") 

    #print('Temp (Cel): 

{}'.format(temp1,temp2,temp3,temp4,temp5,temp6,temp7,temp8)) 

    #conn = urlopen(baseURL + "&field1={}".format(temp)) 

    #print("Response :{}".format(conn.read())) 

    #conn.close() 

 

while True: 

    now = datetime.now() 

    year = str(now.year) 

    month = str(now.month) 

    day = str(now.day) 

    hour = str(now.hour) 

     

    exists_year = os.path.isdir('/home/pi/FYP2Data/AT/'+year) 
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    if exists_year: 

        pass 

    else: 

        os.chdir('/home/pi/FYP2Data/AT/') 

        os.mkdir(year) 

         

    exists_month = os.path.isdir('/home/pi/FYP2Data/AT/'+year+'/'+month) 

    if exists_month: 

        pass 

    else: 

        os.chdir('/home/pi/FYP2Data/AT/'+year+'/') 

        os.mkdir(month) 

 

    file = (day+"-"+month+"-"+year) 

    exists = os.path.isfile('/home/pi/FYP2Data/AT/'+year+'/'+month+'/'+ file 

+'.csv') 

    if exists: 

        pass 

    else: 

        f = open ('/home/pi/FYP2Data/AT/'+year + '/' + month + '/' +file + '.csv', 

'+a') 

        f.write(","+"\n") 

        f.write("Time"+","+"AmbientTempreature"+",") 

        f.close 

 

    now = time.strftime("%H:%M:%S") 

    sec = int(time.strftime("%S")) 

     

    if (sec%30 == 0): 

        f= open ('/home/pi/FYP2Data/AT/'+year + '/' + month + '/' + file + 

'.csv' ,'+a') 

        f.write(","+"\n") 

        sensor() 
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        f.close() 

        time.sleep(5)         
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APPENDIX B: Result List for Average Operating Temperature of PV Panel in 

A Day and Temperature Difference Between Reference PV panel and 

Experimental PV Panel.        

 

Table B.1: Average Operating Temperature of PV Panel in A Day and 

Temperature Difference Between Reference PV panel = 12.5 cm and 

Experimental PV Panel = 12.5 cm 

Date 𝑇𝐴𝑣𝑔,𝑅𝑒𝑓 / ℃ 𝑇𝐴𝑣𝑔,𝐸𝑥𝑝 / ℃ Δ𝑇𝐴𝑣𝑔 / ℃ % Difference / % 

26/6/2020 42.6405 43.4974 0.8569 2.0097 

27/6/2020 42.7366 43.5783 0.8417 1.9694 

28/6/2020 41.9742 42.8992 0.9250 2.2036 

29/6/2020 38.1664 38.9352 0.7688 2.0145 

30/6/2020 42.39 43.2353 0.8453 1.9942 

14/7/2020 41.5593 42.6060 1.0467 2.5186 

15/7/2020 43.0211 44.2484 1.2273 2.8528 

16/7/2020 39.0923 40.0432 0.9509 2.4324 

17/7/2020 47.6625 49.2025 1.5400 3.2309 

18/7/2020 44.8963 45.9006 1.0043 2.2370 

𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 42.4139 43.4146 1.0007 2.3593 

 

Table B.2: Average Operating Temperature of PV Panel in A Day and 

Temperature Difference Between Reference PV panel = 12.5 cm and 

Experimental PV Panel = 10.5 cm 

Date 𝑇𝐴𝑣𝑔,𝑅𝑒𝑓 / ℃ 𝑇𝐴𝑣𝑔,𝐸𝑥𝑝 / ℃ Δ𝑇𝐴𝑣𝑔 / ℃ % Difference / % 

8/7/2020 37.7316 38.4816 0.7500 1.9877 

9/7/2020 35.6983 36.7379 1.0396 2.9123 

10/7/2020 36.9275 37.524 0.5965 1.6153 

11/7/2020 39.8768 41.067 1.1902 2.9848 

12/7/2020 47.0345 48.8661 1.8316 3.8943 

𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 39.4537 40.5353 1.0816 2.7414 
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Table B.3: Average Operating Temperature of PV Panel in A Day and 

Temperature Difference Between Reference PV panel = 12.5 cm and 

Experimental PV Panel = 14.5 cm 

Date 𝑇𝐴𝑣𝑔,𝑅𝑒𝑓 / ℃ 𝑇𝐴𝑣𝑔,𝐸𝑥𝑝 / ℃ Δ𝑇𝐴𝑣𝑔 / ℃ % Difference / % 

20/7/2020 49.741 49.9021 0.1611 0.3238 

21/7/2020 52.1716 52.3504 0.1788 0.3427 

22/7/2020 38.3061 38.3418 0.0357 0.0934 

23/7/2020 38.4697 38.5255 0.0558 0.1449 

24/7/2020 42.674 42.7194 0.0454 0.1064 

𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 44.2725 44.3678 0.0954 0.2154 

 

Table B.4: Average Operating Temperature of PV Panel in A Day and 

Temperature Difference Between Reference PV panel = 12.5 cm and 

Experimental PV Panel = 16.5 cm 

Date 𝑇𝐴𝑣𝑔,𝑅𝑒𝑓 / ℃ 𝑇𝐴𝑣𝑔,𝐸𝑥𝑝 / ℃ Δ𝑇𝐴𝑣𝑔 / ℃ % Difference / % 

26/7/2020 43.5691 43.3001 −0.2690 -0.6174 

27/7/2020 37.0678 36.9615 −0.1063 -0.2868 

28/7/2020 36.7684 36.7266 −0.0418 -0.1135 

29/7/2020 40.2793 39.9998 −0.2795 -0.6939 

30/7/2020 45.3858 45.0343 −0.3515 -0.7744 

𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 40.6141 40.4045 −0.2096 -0.5161 

 

Table B.5: Average Operating Temperature of PV Panel in A Day and 

Temperature Difference Between Reference PV panel = 12.5 cm and 

Experimental PV Panel = 18.5 cm 

Date 𝑇𝐴𝑣𝑔,𝑅𝑒𝑓 / ℃ 𝑇𝐴𝑣𝑔,𝐸𝑥𝑝 / ℃ Δ𝑇𝐴𝑣𝑔 / ℃ % Difference / % 

1/8/2020 44.3359 43.7455 −0.5904 -1.3316 

2/8/2020 43.1392 42.6809 −0.4583 -1.0623 

3/8/2020 39.6099 39.1351 −0.4748 -1.1985 

4/8/2020 50.4378 49.8212 −0.6166 -1.2225 

5/8/2020 44.2413 43.9369 −0.3044 -0.6881 

𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 44.3528 43.8639 −0.4889 -1.1023 
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Table B.6: Average Operating Temperature of PV Panel in A Day and 

Temperature Difference Between Reference PV panel = 12.5 cm and 

Experimental PV Panel = 20.5 cm 

Date 𝑇𝐴𝑣𝑔,𝑅𝑒𝑓 / ℃ 𝑇𝐴𝑣𝑔,𝐸𝑥𝑝 / ℃ Δ𝑇𝐴𝑣𝑔 / ℃ % Difference / % 

7/8/2020 44.6819 44.192 −0.4899 -1.0963 

8/8/2020 49.3906 48.7473 −0.6433 -1.3023 

9/8/2020 47.3003 46.7643 −0.5360 -1.1330 

10/8/2020 48.4381 47.9916 −0.4465 -0.9218 

11/8/2020 43.2771 42.8041 −0.4730 -1.0928 

𝑇𝐴𝑣𝑔,𝐴𝑐𝑐 46.6176 46.0999 −0.5177 -1.1106 
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APPENDIX C: Result List for Electricity Generated by PV Panel in A Day 

and Electricity Generation Percentage Difference Percentage Difference 

Between Reference PV panel and Experimental PV Panel. 

 

Table C.1: Electricity Generated by PV Panels in a Day and Electricity 

Generation Percentage Difference Between Reference PV panel = 12.5 cm and 

Experimental PV Panel = 10.5 cm 

Date 𝐸𝑅𝑒𝑓 / kWh 𝐸𝐸𝑥𝑝/ /kWh % Difference / % 

8/7/2020 0.6673 0.689 3.2596 

9/7/2020 0.6098 0.6288 3.1160 

10/7/2020 0.6262 0.6459 3.1541 

11/7/2020 0.6869 0.7118 3.6152 

12/7/2020 1.0158 1.0563 3.9872 

Total 3.6060 3.7318 3.4886 

 

Table C.2: Electricity Generated by PV Panels in a Day and Electricity 

Generation Percentage Difference Between Reference PV panel = 12.5 cm and 

Experimental PV Panel = 14.5 cm 

Date 𝐸𝑅𝑒𝑓 / kWh 𝐸𝐸𝑥𝑝 / /kWh % Difference / % 

20/7/2020 1.0750 1.1278 4.9147 

21/7/2020 1.2083 1.2753 5.5488 

22/7/2020 0.6566 0.6798 3.5411 

23/7/2020 0.6176 0.6428 4.0885 

24/7/2020 0.7393 0.7749 4.8129 

Total 4.2968 4.5006 4.7431 

 

Table C.3: Electricity Generated by PV Panels in a Day and Electricity 

Generation Percentage Difference Between Reference PV panel = 12.5 cm and 

Experimental PV Panel = 16.5 cm 

Date 𝐸𝑅𝑒𝑓 / kWh 𝐸𝐸𝑥𝑝 / /kWh % Difference / % 

26/7/2020 0.8788 0.9193 4.5989 

27/7/2020 0.658 0.6852 4.1287 
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28/7/2020 0.7236 0.75 3.6508 

29/7/2020 0.7078 0.7324 3.4852 

30/7/2020 0.9763 1.0218 4.6607 

Total 3.9445 4.1087 4.1628 

 

Table C.4: Electricity Generated by PV Panels in a Day and Electricity 

Generation Percentage Difference Between Reference PV panel = 12.5 cm and 

Experimental PV Panel = 18.5 cm 

Date 𝐸𝑅𝑒𝑓 / kWh 𝐸𝐸𝑥𝑝/ /kWh % Difference / % 

1/8/2020 1.0780 1.1288 4.7078 

2/8/2020 0.9608 1.0048 4.5794 

3/8/2020 0.7616 0.7933 4.1689 

4/8/2020 1.2262 1.2930 5.4506 

5/8/2020 0.9151 0.9590 4.1435 

Total 4.9417 5.1729 4.6786 

 

Table C.5: Electricity Generated by PV Panels in a Day and Electricity 

Generation Percentage Difference Between Reference PV panel = 12.5 cm and 

Experimental PV Panel = 20.5 cm 

Date 𝐸𝑅𝑒𝑓 / kWh 𝐸𝐸𝑥𝑝/ /kWh % Difference / % 

7/8/2020 1.0068 1.0547 4.7509 

8/8/2020 1.2185 1.2844 5.4097 

9/8/2020 0.9608 1.0058 4.6748 

10/8/2020 1.173 1.2364 5.4064 

11/8/2020 0.8347 0.8706 4.3031 

Total 5.1836 5.4414 4.9734 
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APPENDIX D: List of Ross Coefficient Graphs between Experimental PV 

Panel and Reference PV Panel. 

 

 

Figure D.1: Graph of ΔTPV versus Solar Irradiance for Reference air gap = 

12.5 cm and Experimental Air Gap= 10.5 cm. 

 

 

Figure D.2: Graph of ΔTPV versus Solar Irradiance for Reference air gap = 

12.5 cm and Experimental Air Gap= 14.5 cm. 
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Figure D.3: Graph of ΔTPV versus Solar Irradiance for Reference air gap = 

12.5 cm and Experimental Air Gap= 16.5 cm. 

  

 

Figure D.4: Graph of ΔTPV versus Solar Irradiance for Reference air gap = 

12.5 cm and Experimental Air Gap= 18.5 cm. 
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Figure D.5: Graph of ΔTPV versus Solar Irradiance for Reference air gap = 

12.5 cm and Experimental Air Gap= 20.5 cm. 
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