
 

 

 

 

 

 

 

EFFECT OF WEATHER CONDITIONS ON PERFORMANCE OF SOLAR ENERGY 

SYSTEMS  
 

 

 

 

by 

 

 

 

 

Shadi H. Shehadeh 

 

 

Submitted in partial fulfilment of the requirements 

for the degree of Doctor of Philosophy 

 

 

at 

 

 

Dalhousie University 

Halifax, Nova Scotia 

March 2018 

 

 

 

 

 

 

 

© Copyright by Shadi H. Shehadeh, 2018 
 
 
 

 

  



ii  

 

 

This thesis is dedicated to the memory of my beloved 

grandparents 

Zuhdi, Ramadan, Fatima and Rabeha 

 

  



iii  

 

TABLE OF CONTENTS  

LIST OF TABLES ........................................................................................................... viii  

LIST OF FIGURES ............................................................................................................ x 

ABSTRACT  .............................................................................................................. xviii  

LIST OF ABBREVIATIONS AND SYMBOLS USED ................................................. xix 

ACKNOWLEDGEMENTS ............................................................................................ xxii  

CHAPTER 1 INTRODUCTION ..................................................................................... 1 

1.1 THESIS OBJECTIVES ............................................................................................... 1 

1.2 THESIS CONTRIBUTION .......................................................................................... 2 

1.3 THESIS OUTLINE .................................................................................................... 4 

CHAPTER 2 RENEWABLE AND SOLAR ENERGY ................................................. 5 

2.1 INTRODUCTION ...................................................................................................... 5 

2.2 RENEWABLE ENERGY ............................................................................................ 5 

2.3 SOLAR ENERGY ..................................................................................................... 6 

CHAPTER 3 PHOTOVOLTAIC AND PHOTOVOLTAIC THERMAL SYSTEM ... 10 

3.1 PHOTOVOLTAIC ................................................................................................... 10 

3.1.1 Introduction ................................................................................................. 10 

3.1.2 Classification ............................................................................................... 10 

3.1.2.1 Stand-Alone Systems ........................................................................... 11 

3.1.2.2 Grid Connected Systems ..................................................................... 14 



iv 

 

3.1.3 PV System Component Structure and Modeling ........................................ 16 

3.1.3.1 PV Cell ................................................................................................ 18 

3.1.4 PV Challenges ............................................................................................. 24 

3.1.4.1 Fluctuation ........................................................................................... 24 

3.1.4.2 Harmonics ............................................................................................ 25 

3.1.4.3 Cost of PV Systems ............................................................................. 26 

3.2 PHOTOVOLTAIC THERMAL SYSTEM ..................................................................... 27 

3.2.1 Introduction ................................................................................................. 27 

3.2.2 Classification ............................................................................................... 27 

3.2.3 PVT System Model ..................................................................................... 28 

3.2.3.1 Mathematical Thermal Analysis .......................................................... 28 

3.2.3.2 Mathematical Electrical Analysis ........................................................ 31 

3.3 PV COVERAGE RATIO FOR MAXIMUM OVERALL THERMAL ENERGY OF PVT SYSTEM ....... 32 

3.3.1 PVT System and Data Description ............................................................. 34 

3.3.2 Simulation of the PVT System ................................................................... 37 

3.3.3 Performance Model for PV Ratio of PVT .................................................. 48 

3.3.4 CO2 Emissions of Photovoltaic Thermal Model ......................................... 52 

3.3.5 Conclusions ................................................................................................. 54 

CHAPTER 4 SOLAR RADIATION FORECASTING ................................................ 57 

4.1 INTRODUCTION .................................................................................................... 57 



v 

 

4.2 ARTIFICIAL NEURAL NETWORKS ......................................................................... 58 

4.2.1 ANN Applications ...................................................................................... 59 

4.2.2 Artificial Neural Network Structure ........................................................... 61 

4.2.2.1 Single layer Neural Network ............................................................... 62 

4.2.2.2 Multilayer Neural Networks ................................................................ 63 

4.2.3 ANN Learning Algorithm ........................................................................... 64 

4.3 WAVELET NEURAL NETWORKS ........................................................................... 66 

4.3.1 Wavelet Neural Network Structure ............................................................. 66 

4.3.2 WNN Learning Algorithm .......................................................................... 67 

4.3.3 WNN Wavelet Functions ............................................................................ 68 

4.4 EVALUATION OF MODEL PERFORMANCE ............................................................ 69 

4.5 LITERATURE REVIEW .......................................................................................... 70 

4.6 SOLAR RADIATION FORECASTING VIA NEURAL NETWORKS ............................... 75 

4.6.1 Effect of Weather Variables on GSR Prediction ........................................ 76 

4.6.2 Construction of the Proposed Models ......................................................... 86 

4.6.2.1 First Proposed Model ........................................................................... 87 

4.6.2.2 Second Proposed Model ...................................................................... 90 

4.6.2.3 Third Proposed Model ......................................................................... 93 

4.6.3 Comparison with Other Studies .................................................................. 99 

4.6.4 Conclusions ............................................................................................... 102 



vi 

 

CHAPTER 5 HARMONICS ....................................................................................... 104 

5.1 INTRODUCTION .................................................................................................. 104 

5.2 CAUSES OF HARMONICS ................................................................................... 105 

5.3 EFFECTS ............................................................................................................ 108 

5.4 METRIC USED IN THE MEASUREMENT OF HARMONIC LEVELS ......................... 110 

5.5 LITERATURE REVIEW ........................................................................................ 112 

5.6 EFFECT OF WEATHER CONDITIONS ON HARMONIC PERFORMANCE OF PV INVERTERS .... 116 

5.6.1 Modeling of PV DC-AC Conversion System using resistive output load ..... 116 

5.6.2 Simulation of the PV DC-AC Conversion System ................................... 121 

5.6.2.1 Square-wave inverter using 60Hz switching ..................................... 121 

5.6.2.2 Square-wave inverter using 60Hz switching and blanking angle ...... 127 

5.6.2.3 Inverter with pulse width modulation (PWM) .................................. 131 

5.6.3 Modeling of PV DC-AC Conversion System Using Different Loading Conditions .135 

5.6.4 Effects of Weather Condition on PV Harmonics ...................................... 137 

5.6.5 Conclusions ............................................................................................... 138 

CHAPTER 6 LOAD MANAGEMENT ...................................................................... 140 

6.1 INTRODUCTION .................................................................................................. 140 

6.2 LITERATURE REVIEW ........................................................................................ 141 

6.3 USING NEURAL NETWORKS FOR LOAD MANAGEMENT APPLICATION .............. 143 

6.3.1 Overview of Solar Boiler System ............................................................. 143 



vii  

 

6.3.2 Simulation and Analysis ........................................................................... 144 

6.3.3 Conclusions ............................................................................................... 154 

CHAPTER 7 CONCLUSIONS ................................................................................... 156 

7.1 CONCLUSIONS ................................................................................................... 156 

7.2 FUTURE WORK .................................................................................................. 159 

REFERENCES  ............................................................................................................... 161 

APPENDIX  ............................................................................................................... 174 

 



viii  

 

LIST OF TABLES  

Table 2.1:Top five countries in terms of investment, capacity and production [10] ......... 8 

Table 3.1 The percentage of energy lost with a 20% and 80% PV coverage area, for 

constant flow rate .............................................................................................................. 44 

Table 3.2 The percentage of energy lost with a 20% and 80% PV coverage area, for 

variable flow rate .............................................................................................................. 45 

Table 3.3 Percentage of PV coverage ratio for maximum energy at micro and mseo 

levels, for constant and variable flow rates ....................................................................... 48 

Table 3.4 Coefficient values of the first proposed model, for constant and variable 

flow rates ........................................................................................................................... 49 

Table 3.5  Coefficient values of the second proposed model, for constant and variable 

flow rates ........................................................................................................................... 51 

Table 3.6 Increment percentage difference for annual CO2 emission reductions ............ 54 

Table 4.1 Summary of ANN learning algorithms [93] .................................................... 65 

Table 4.2 Summary of neural network learning algorithms [98] ..................................... 69 

Table 4.3 Performance of ὋὛὙὌ and ὋὛὙὈ prediction, with one weather variable ....... 78 

Table 4.4  Equation of fitted curves for different models for ANN-H-1.1 ...................... 80 

Table 4.5  Equation of fitted curves for different models for ANN-D-1.1 ...................... 80 

Table 4.6 Performance of ὋὛὙὌ and ὋὛὙὈ prediction, with two weather variables ...... 81 

Table 4.7 Performance of ὋὛὙὌ and ὋὛὙὈ prediction, with more than two weather 

variables ............................................................................................................................ 84 

Table 4.8 Performance of ὋὛὙὌ and ὋὛὙὈ prediction, with maximum ὋὛὙὌ and 

ὋὛὙὈ as input ................................................................................................................... 88 

Table 4.9 Performance of ὋὛὙὌ and ὋὛὙὈ  prediction for the second proposed 

model ................................................................................................................................. 91 



ix 

 

Table 4.10 Performance of ὋὛὙὌ and ὋὛὙὈ prediction, for third proposed model ....... 95 

Table 4.11 Comparison of the developed model and other ὋὛὙὌ ANN models .......... 100 

Table 4.12 Comparison of the developed model and other ὋὛὙὈ ANN models .......... 101 

Table 5.1 Ratios of the harmonic components to the fundamental component ............. 123 

Table 5.2 Fitted distributions for fundamental and harmonic components, and their 

parameters for square ïwave inverter at 60 Hz switching .............................................. 126 

Table 5.3 Ratios of the harmonic components to the fundamental component ............. 128 

Table 5.4  Fitted distributions for fundamental and harmonic components, and their 

parameters for square ïwave inverter at 60 Hz switching with blanking angle ............. 130 

Table 5.5 Ratios of the harmonic components to the fundamental component ............. 132 

Table 5.6  Ratios of the harmonic components to the fundamental component ............ 132 

Table 5.7 Fitted distributions for fundamental and harmonic components, and their 

parameters, for PWM ...................................................................................................... 135 

Table 5.8 Ratios of the harmonic components to the fundamental component over 

three years ....................................................................................................................... 137 

Table 6.1 Annual solar energy on collector and to solar storage [153] ......................... 144 

Table 6.2  Average consumer behaviour in performing household activities ................ 145 

Table 6.3 Nine laundry operation modes ....................................................................... 149 

Table 6.4 Four dishwasher operation modes .................................................................. 152 

  



x 

 

LIST OF FIGURES 

Figure 2-1 Global electricity produced via non-renewable and renewable energy at 

the end 2016 [10]. ............................................................................................................... 8 

Figure 2-2 Direct normal irradiation [22] .......................................................................... 9 

Figure 3-1 PV system classification ................................................................................. 11 

Figure 3-2 Stand- alone System ....................................................................................... 12 

Figure 3-3 Hybrid PV system .......................................................................................... 14 

Figure 3-4 Grid- Connected System ................................................................................ 16 

Figure 3-5 PV system components .................................................................................. 17 

Figure 3-6 PV cell structure ............................................................................................. 19 

Figure 3-7 PV cell equivalent circuit ............................................................................... 19 

Figure 3-8  The I-V curve of a PV cell ............................................................................ 21 

Figure 3-9 PV cell arrangement ....................................................................................... 24 

Figure 3-10 Cross-section of PVT collector .................................................................... 28 

Figure 3-11  PV coverage ratio for different cases .......................................................... 34 

Figure 3-12  Solar radiation, ambient temperature and wind speed for one year ............ 35 

Figure 3-13 Solar radiation values at different clustering group numbers which are 

presented by the center of the cluster for one year ........................................................... 36 

Figure 3-14  Hourly solar radiation, ambient temperature and wind speed for a day 

in May ............................................................................................................................... 36 

Figure 3-15  Simulated model of the PVT System .......................................................... 37 



xi 

 

Figure 3-16 Relation between hourly thermal energy, PV area coverage and solar 

radiation ............................................................................................................................ 38 

Figure 3-17 Relation between hourly thermal energy, PV area coverage and area 

coverage and temperature ................................................................................................. 39 

Figure 3-18 Relation between hourly thermal energy, PV area coverage and wind 

speed ................................................................................................................................. 39 

Figure 3-19  Relation between hourly electrical energy, PV area coverage and solar 

radiation ............................................................................................................................ 39 

Figure 3-20  Relation between hourly electrical energy, PV area coverage and 

temperature ....................................................................................................................... 40 

Figure 3-21  Relation between hourly electrical energy, PV coverage area and wind 

speed ................................................................................................................................. 40 

Figure 3-22  Relation between PV coverage area and maximum OTE for: a and b) 

constant and c and d) variable flow rate values ................................................................ 41 

Figure 3-23  Relation between PV coverage area and maximum OTE for monthly 

change for one year, for constant and variable flow rat values ......................................... 42 

Figure 3-24  Relation between PV coverage area and maximum OTE for a constant 

flow rate month by month ................................................................................................. 43 

Figure 3-25  Relation between PV coverage area and maximum OTE for a variable 

flow rate month by month ................................................................................................. 44 

Figure 3-26  Monthly overall thermal energy with 20% and 80% coverage, for 

constant and variable flow rates ........................................................................................ 46 

Figure 3-27  Annual electrical, thermal and overall thermal energy with differing PV 

coverage, for a constant flow rate ..................................................................................... 46 

Figure 3-28  Annual electrical, thermal and overall thermal energy with differing PV 

coverage, for a variable flow rate...................................................................................... 46 

Figure 3-29  Output of the second proposed model compared to actual values, for 

constant flow rate case ...................................................................................................... 51 



xii  

 

Figure 3-30  Output of the second proposed model compared to actual values, for 

variable flow rate case....................................................................................................... 52 

Figure 3-31   Maximum monthly CO2 emission reductions for different PV coverage 

areas .................................................................................................................................. 53 

Figure 3-32  Relationship between PV coverage area ratio and annual CO2 emission 

reductions in kg ................................................................................................................. 54 

Figure 4-1  Frequency of use of ANN, machine learning and support vector machine 

(SVM) terms in original research articles [92] ................................................................. 58 

Figure 4-2 Block diagram of a classifier .......................................................................... 60 

Figure 4-3 McCulloch-Pitts neuron model ...................................................................... 61 

Figure 4-4 (a) Discrete Unipolar (b) Discrete Bipolar (c) Continuous Unipolar (d) 

Continuous Bipolar ........................................................................................................... 62 

Figure 4-5 Single layer neural network ............................................................................ 63 

Figure 4-6 Multilayer neural network .............................................................................. 63 

Figure 4-7 Multilayer WNN ............................................................................................ 66 

Figure 4-8 Flowchart for constructing the proposed GSR prediction models ................. 76 

Figure 4-9  ANN-1 model structure ................................................................................. 76 

Figure 4-10  Actual and predicted ὋὛὙὌ values for 2005, for ANN-H-1.1 .................... 78 

Figure 4-11 Actual and predicted  ὋὛὙὈ values for 2005, for ANN-D-1.1 .................... 79 

Figure 4-12 The fit between actual and predicted ὋὛὙὌ values for 2005, for ANN-

H-1.1 ................................................................................................................................. 79 

Figure 4-13 The Fit between actual and predicted ὋὛὙὈ values for 2005, for ANN-

D-1.1 ................................................................................................................................. 79 

Figure 4-14 ANN-2 model structure ................................................................................ 81 



xiii  

 

Figure 4-15 Actual and predicted ὋὛὙὌ values for 2005, for ANN-H-2.1 ..................... 81 

Figure 4-16 Actual and predicted ὋὛὙὈ values for 2005, for ANN-D-2.1 ..................... 82 

Figure 4-17 The fit between actual and predicted ὋὛὙὌ values, for ANN-H-2.1 .......... 82 

Figure 4-18 The fit between actual and predicted ὋὛὙὈ values for ANN-D-2.1 ........... 82 

Figure 4-19 ANN-3 model structure ................................................................................ 83 

Figure 4-20 Actual and predicted ὋὛὙὌ values, for ANN-H-3.1 ................................... 84 

Figure 4-21 Actual and Predicted ὋὛὙὈ values for ANN-D-3.1 .................................... 85 

Figure 4-22 The fit between actual and predicted ὋὛὙὌ values, for ANN-H-3.1 .......... 85 

Figure 4-23 The fit between actual and predicted ὋὛὙὈ values, for ANN-D-3.1 .......... 85 

Figure 4-24 Maximum ὋὛὙὌ .......................................................................................... 86 

Figure 4-25 Maximum ὋὛὙὈ .......................................................................................... 86 

Figure 4-26 ANN-4 model structure ................................................................................ 87 

Figure 4-27 ANN-5 model structure ................................................................................ 87 

Figure 4-28 ANN-6 model structure ................................................................................ 88 

Figure 4-29 Actual and predicted ὋὛὙὌ values, for ANN-H-5.1 ................................... 88 

Figure 4-30 Actual and predicted ὋὛὙὈ values, for ANN-D-6.1 ................................... 89 

Figure 4-31 The Fit between actual and predicted ὋὛὙὌ values for ANN-H-5.1 .......... 89 

Figure 4-32 The Fit between actual and predicted ὋὛὙὈ values, for ANN-D-6.1 .......... 89 

Figure 4-33 ANN-H-7 model structure ............................................................................ 91 

Figure 4-34 ANN-D-7 model structure ............................................................................ 91 



xiv 

 

Figure 4-35 Actual and predicted ὋὛὙὌ values, for ANN-H-7.1 ................................... 92 

Figure 4-36 Actual and predicted ὋὛὙὈ values, for ANN-D-7.1 ................................... 92 

Figure 4-37 The fit between actual and predicted ὋὛὙὌ values, for ANN-H-7.1 .......... 92 

Figure 4-38 The fit between actual and predicted ὋὛὙὈ values for ANN-D-7.1 ........... 93 

Figure 4-39 ANN-H-8 model structure ............................................................................ 94 

Figure 4-40 ANN-D-8 model structure ............................................................................ 94 

Figure 4-41 Actual and predicted ὋὛὙὌ values, for ANN-H-8.1 ................................... 95 

Figure 4-42 Actual and predicted ὋὛὙὈ values, for ANN-D-8.1 ................................... 96 

Figure 4-43 The fit between actual and predicted ὋὛὙὌ values, for ANN-H-8.1 .......... 96 

Figure 4-44 The fit between actual and predicted ὋὛὙὈ values, for ANN-D-8.1 .......... 96 

Figure 4-45 Predicted ÈÏÕÒÌÙ ὋὛὙὩ by the second proposed model, ANN-H-8.1.......... 97 

Figure 4-46 Predicted daily ὋὛὙὩ by the second proposed model, ANN-H-8.1 ............. 97 

Figure 4-47 Final hourly error, for ANN-H-8.1 ............................................................... 97 

Figure 4-48 Final daily error, for ANN-D-8.1 ................................................................. 98 

Figure 4-49 Monthly and seasonally absolute error for ὋὛὙὌ prediction....................... 99 

Figure 5-1 Harmonic distortion of different waveform ................................................. 104 

Figure 5-2 Inverter with a flying capacitor [123]........................................................... 113 

Figure 5-3 Configuration of seven-level inverter........................................................... 114 

Figure 5-4 Active buckïboost full-bridge inverter [126] ............................................... 114 

Figure 5-5 Topology with switched-capacitor circuit (SC) followed by H-bridge ........ 115 



xv 

 

Figure 5-6 Classic model of PV DC-AC conversion system ......................................... 115 

Figure 5-7 Steps of Harmonic extraction ....................................................................... 116 

Figure 5-8 Time variation of average solar radiation and temperature .......................... 117 

Figure 5-9  I-V characteristic of PV array module ........................................................ 118 

Figure 5-10  P-V characteristic of PV array module...................................................... 118 

Figure 5-11   I-V characteristic for three years .............................................................. 119 

Figure 5-12   P-V characteristic for three years ............................................................. 119 

Figure 5-13 Maximum output current (Ὅ) and voltage (ὠ ............................................ 119 

Figure 5-14 Output of the square -wave inverter at 60 Hz switching ............................ 122 

Figure 5-15 Harmonic order spectrum of the square -wave inverter at 60 Hz 

switching ......................................................................................................................... 122 

Figure 5-16  Probability density function and fitted distribution for the fundamental 

and harmonics of a square-wave inverter with 60 Hz switching .................................... 125 

Figure 5-17 THD for different blanking angles ............................................................. 127 

Figure 5-18 Output of inverter with blanking angle of  ςτέ ......................................... 127 

Figure 5-19   Harmonic order spectrum ......................................................................... 127 

Figure 5-20  Probability density function and fitted distribution for the fundamental 

and harmonics of a square-wave inverter with 60 Hz switching, with blanking angle .. 129 

Figure 5-21 Output of the inverter with PWM .............................................................. 131 

Figure 5-22 Harmonic order spectrum of inverter with PWM ...................................... 131 

Figure 5-23 Harmonic order spectrum around 12kHz ................................................... 131 

Figure 5-24 Harmonic order spectrum around 24kHz ................................................... 132 



xvi 

 

Figure 5-25  Probability density function for the fundamental and harmonics of an 

inverter with PWM ......................................................................................................... 134 

Figure 5-26  Output voltage waveforms for different inductor values .......................... 136 

Figure 5-27  Harmonic spectral density for different inductor values ........................... 136 

Figure 5-28  Total harmonic distortion for different inductor values ............................ 136 

Figure 5-29   Spectral density of the fundamental and harmonics components of the 

output over three years at different temperature and solar radiation values ................... 138 

Figure 6-1 Solar Boiler System layout [152] ................................................................. 143 

Figure 6-2 Steps of developing the application ............................................................. 146 

Figure 6-3 Cumulative hourly energy for Nov 2nd ......................................................... 146 

Figure 6-4 Cumulative hourly energy for Nov 3rd ......................................................... 146 

Figure 6-5 Cumulative hourly energy for Nov 4th ......................................................... 147 

Figure 6-6 Cumulative hourly energy for Nov 5th ......................................................... 147 

Figure 6-7 Cumulative hourly energy for Nov 6th ......................................................... 147 

Figure 6-8 Cumulative hourly energy for Nov 7th ......................................................... 147 

Figure 6-9 Cumulative hourly energy for Nov 8th ......................................................... 147 

Figure 6-10 Cumulative hourly energy for Nov 9th ....................................................... 147 

Figure 6-11 Cumulative hourly energy for Nov 10th ..................................................... 148 

Figure 6-12 Cumulative hourly energy for Nov 11th ..................................................... 148 

Figure 6-13 Daily energy and optimal days, for ten days .............................................. 148 

Figure 6-14  Selection of activities: first activity choice is a laundry ............................ 148 

Figure 6-15 Three laundry operation modes .................................................................. 150 



xvii  

 

Figure 6-16 Average hourly temperature of cold water ................................................. 150 

Figure 6-17 Average daily temperature of cold water ................................................... 150 

Figure 6-18  Different savings amounts at different times of day, for a hot, large 

laundry mode .................................................................................................................. 151 

Figure 6-19 Energy when the time selected for the activity is 8:45 AM ....................... 152 

Figure 6-20 Energy when the time selected for the activity is 11:08 AM ..................... 152 

Figure 6-21 Two dishwasher operation modes .............................................................. 153 

Figure 6-22 Two options for a shower ........................................................................... 153 

Figure 6-23 Monthly and annual savings and CO2 emission reductions ....................... 154 

  



xviii  

 

ABSTRACT 

Solar energy is increasingly in demand as a clean, sustainable source of energy without a 

carbon footprint. This thesis examines the effect of weather conditions on the performance 

of photovoltaic (PV), photovoltaic thermal (PVT), and thermal solar energy applications. 

The aim is to maximize the utilized energy, to reduce the costs of energy and emissions. 

The analysis is conducted by using a dataset of weather conditions in a North American 

city over a period of one year.  

First, the effect of weather conditions on the generation of harmonics in PV systems is 

investigated. A PV model, including the inverting stage, is considered. Three converter 

techniques, which form the basis for the majority of converters, are used to validate the 

proposed approach: A square-wave inverter with 60Hz switching, a square-wave inverter 

with blanking angle and 60Hz switching, and pulse width modulation (PWM). Probability 

density functions and probability distribution models are determined as aids for improving 

the quality of the power generated. The long-term effects of weather conditions on 

harmonics produced by PV inverters are considered. The results show the variability in the 

amplitude of each harmonic component, the boundaries of each harmonic component, and 

which harmonic magnitudes occur more frequently.  

Secondly, the effect of weather conditions on the PV cell ratio of a PVT system is analyzed. 

The maximum overall thermal energy (OTE) and the CO2 emission reduction of the PVT 

system is obtained for an entire year. Constant and variable flow rate values are applied in 

the simulated study for different time spans over a year. To validate the proposed work, 

three-time span levels are evaluated: A macro level (annual), meso level (seasonal) and 

micro level (monthly). Simulated models are developed to obtain the appropriate PV 

coverage area to maximize the OTE.  

Thirdly, global solar radiation (GSR) prediction models are proposed which achieve 

improved performance in terms of error values and structural simplicity. The proposed 

models are based on the weather conditions of the specific location. Finally, a practical 

application is developed on the basis of the proposed GSR predictions, which help to 

maximize the utilized energy.  
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CHAPTER 1  INTRODUCTION  

As a clean source of energy, solar and other types of renewable energy are important for 

meeting future energy needs, especially in rural areas. Costs associated with the use of solar 

energy still present a challenge. While photovoltaic (PV) systems comprise one of the most 

important renewable energy resources in terms of global installed capacity, hybrid 

photovoltaic thermal (PVT) systems increase system efficiency by using a combination of 

PV and solar thermal collectors. This work focuses on PV, hybrid PVT and thermal 

systems as a renewable source of energy. Problems involved with the use of this type of 

energy include efficiency, power fluctuations, and harmonics. Much research has been 

directed toward harmonic estimation and power fluctuations, to reduce the impact of these 

factors. In addition, many studies have been done on maximizing the efficiency of these 

systems. The present work focuses on weather conditions and their effects on solar energy 

applications and systems. Because weather conditions are among the most significant 

factors affecting these issues, this study is important in terms of the overall cost of 

renewable energy integration, and the quality and security of renewable power systems. 

1.1  THESIS OBJECTIVES  

The primary objectives of this research are to investigate the effect of weather conditions, 

mainly temperature and solar radiation, on the generation of harmonics in PV systems, and 

to examine the PV cell ratio in photovoltaic thermal (PVT) systems to propose models that 

maximize the utilized energy. Another goal is to introduce solar radiation prediction 

models which achieve improved performance in terms of error values and structural 

simplicity compared to the similar works that have been done on this field. The final 
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objective is to develop a program based on the proposed solar radiation predictions, to 

assist in maximizing the utilized solar energy. 

1.2  THESIS CONTRIBUTION  

In this work, the relationship between weather conditions over the long term and the 

generation of harmonics in PV systems is investigated. Most earlier work has focused on 

varying either the radiation or the temperature and determining the effect on the maximum 

power point. This thesis utilizes real data that has different radiation and temperature values 

in a given time span. It is found that the amplitudes of the fundamental and harmonic 

components decrease when the radiation decreases, and the temperature increases and 

verse versa. However, the variation in weather conditions does not affect the ratio of each 

harmonic to the fundamental components of the output. In addition, probability distribution 

models are determined for each fundamental and harmonic component of the signal, for 

the different converting techniques. This study will help to construct a filtering system to 

mitigate harmonics. 

 The relationship between weather conditions over a one-year period and the PV cell ratio 

in PVT systems is studied to help maximize thermal energy, in order to increase savings 

and reduce emissions. Most previous work has focused on a constant fluid flow rate of the 

PVT system, different PV coverage areas with discrete, limited percentages (e.g. 25%, 

50%, 75% and 100%) and a short time span during the year. The present thesis utilizes real 

data which contain different values of solar radiation, wind speed, flow rate, temperature 

of the input water, and temperature of the air, for one year. Furthermore, variable water 

flow rates and different percentages of PV coverage are used to calculate the monthly and 

seasonal OTE.  
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Three Global Solar Radiation (GSR) models are proposed to improve performance and 

accuracy of the solar prediction. For this study, the data inputs for the GSR prediction 

model are the ambient temperature, relative humidity, cloud cover, wind speed, time of day 

in hours (1 to 24), and day of the year (1 to 365). The data were recorded in Halifax, Nova 

Scotia, Canada, between 2000 and 2005. For this study, hourly and daily GSR (GSR H and 

GSRD) are predicted from the models. cc (cloud cover), hu (relative humidity), and T (air 

temperature) are found to be the best individual weather variables to use as inputs for both 

ὋὛὙ and ὋὛὙ prediction. Using maximum ὋὛὙ and ὋὛὙ gives each hour and day at 

a specific location a distinctive identity, by eliminating the effect of weather variables on 

GSR. This helps to process the effect of each individual weather variable on GSR. In 

addition, using maximum GSR helps to decrease the number of weather variables needed 

for prediction. 

Wavelet Neural Network (WNN) is used for GSR error (ὋὛὙ )prediction. A number of 

mother wavelet functions (Morlet, Mexican Hat (Mexihat), Haar and Gaussian) are used 

as transfer functions for the hidden layer in the network, for ὋὛὙ prediction. 

Moreover, a load management application called SmartSaver, is developed to maximize 

utilization of the solar boiler system through the scheduling of household activities. This 

application uses the second proposed model for ὋὛὙ and ὋὛὙ prediction, and is fed the 

weather variables directly from a weather website. In the first step in developing the 

application, live weather data are provided from a weather website. In the second step, the 

ὋὛὙ and ὋὛὙ are predicted for ten days. The cumulative hourly energy is then calculated 

for ten days. In addition, the cumulative daily energy, and optimal days in the ten-day 

period are obtained. The next step is to add household activities which consume hot water, 
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such as dish washers, using the washing machine, and taking a shower or bath. The next 

step is to find the optimal savings obtainable by scheduling the activity. These results have 

been published and submitted [1]-[10].  

1.3  THESIS OUTLINE  

This thesis is organized as follows. 

Chapter 2 presents a brief overview of renewable and solar energy and its development 

history. Chapter 3 provides an overview of PV and PVT systems, including the structure, 

models and mathematical analyses of the systems. In addition, the modeling, simulation, 

analysis and discussion of the effect of weather conditions on the PV cell ratio in PVT 

systems are presented. Chapter 4 briefly reviews solar radiation forecasting via artificial 

neural networks (ANN) and wavelet neural networks (WNN), and presents applications 

and structures of ANN and WNN. A literature review of solar radiation prediction and the 

evaluation of prediction models is also provided. Moreover, new models for global solar 

radiation (GSR) prediction are introduced and compared with existing ones in the field. 

Chapter 5 reviews harmonics and their causes and effects, as well as metrics used in the 

measurement of harmonic levels.  A literature review concerning the generation of 

harmonics in PV systems is also presented.  Furthermore, the modeling, simulation, 

analysis and discussion of the effect of weather conditions on the generation of harmonics 

is presented. Chapter 6 briefly reviews and defines the concept of load management, and 

provides a literature review in this field. In addition, a new load management application 

is presented which could be valuable for maximizing cost savings and reducing emissions 

through the use of thermal systems. Finally, Chapter 7 presents the conclusions of the 

research and proposes suggestions for future endeavours in this field. 
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CHAPTER 2  RENEWABLE AND SOLAR ENERGY  

In this chapter, a brief overview of renewable and solar energy is presented [10]. 

2.1   INTRODUCTION  

Since its advent, electricity has become a critically important element of human life, 

forming the basis for the lifestyle of the modern era. In light of rapid technological 

advancement, the rise of new technologies, and exponential population growth worldwide, 

there is an urgent need for enhanced methods of power generation. 

Particularly in recent years, global electricity requirements have been the focus of a 

multitude of studies and high-profile research spanning many fields. Several factors have 

contributed to the increasing focus on worldwide energy consumption needs. One of the 

most striking is the environmental damage which has occurred and continues to occur from 

the burning of hydrocarbon fossil fuels. Although debated, the concept of global warming 

as a threat to humanity has served to spur interest in examining our current energy 

consumption patterns and energy sources, with the aim of finding more efficient and 

sustainable alternatives. Significant instability in regions of the world that are largely 

responsible for the production and export of crude oil, a basic staple of fossil fuel energy, 

has caused concern, especially in conjunction with the deepening worldwide energy crisis 

[11]. 

2.2  RENEWABLE ENERGY 

A combination of environmental awareness, evolving economic and foreign policies, and 

public opinion on such issues has led worldôs governing bodies to engage actively in 
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fostering and subsidizing research, and in promoting renewable energy on a much larger 

scale in the past decade than ever before [12]. 

The increase in demand for renewable energy resources, as opposed to burning of 

hydrocarbon fossil fuels, is understandable because it is inexhaustible, cleaner and 

produces virtually no pollution [13], [14]. 

Research in renewable energy is focused particularly on geothermal, wind, marine, and 

solar energy, with the aim of developing improved methods of generating electricity and 

its integration into the existing grid infrastructure for distribution to users. The basic 

principle is to extract energy from sustainable sources via mechanical or reaction methods. 

2.3  SOLAR ENERGY 

In wind, wave and tidal current energy extraction mechanical force is used to rotate a 

turbine which drives an electric generator that generates electricity. Geothermal energy is 

harnesses heat from the Earth, to produce steam which then powers a turbine-generator set 

to generate electricity. Solar energy, which is the focus of this thesis, can be used in many 

different ways for power extraction. 

In the first method, mirrors are used to concentrate heat as a means of heating water. This 

produces steam, which is then used to drive a turbine generator to produce electric power 

[15].  This method is used in solar thermal power plants. One such plant in the Mojave 

Desert has a total capacity of 392 megawatts (MW)  [15], [16]. 

The second method uses photovoltaic (PV) cells, which are placed in an array on large 

panels that are positioned so that they are exposed to a maximum amount of sunlight. The 

materials from which the cells are constructed, such as silicon or other semiconductor 
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materials, undergo electron excitation. This process results in the direct conversion of 

sunlight to electricity, which can then be stored or otherwise integrated into an existing 

distribution grid infrastructure [15]. The third method, is a hybrid of PV and thermal 

systems, which has the capability of generating electricity, hot air and hot water by using 

air and water combined as cooling media [17], [18]. Chapter 3, will discuss this method 

further.  

The promise offered by solar energy technology has been significant since it was first 

developed in 1860 as a heating method. In the 1950s, solar panels were used to power 

satellites in orbit, and continue to be used for that purpose today. Solar energy applications 

are diverse, ranging from simple solar heaters and cookers to complex PV power 

generation stations. Solar energy research has greatly intensified recently as a result of 

global interest and increased government funding, particularly within the European Union 

[19], [20]. 

Within the last decade, power generated by means of solar technology has vastly increased. 

For example, as of December 2016, the solar PV capacity amounted to more than 303 GW 

worldwide, the capacity for concentrating solar thermal power totaled 4.8 GW, and the 

solar hot water capacity was 456 GW. This represents a meaningful increase in the amount 

of thermal energy and electricity being generated by solar energy collection [21]. Global 

electricity produced by renewable energy at the end 2016 is shown in Figure 2-1. The top 

five countries by the end of 2016, in terms of investment, capacity and production, are 

shown in Table 2.1 [21]. 
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Figure 2-1 Global electricity produced via non-renewable and renewable energy at the 

end 2016 [10]. 

Table 2.1:Top five countries in terms of investment, capacity and production [10] 

 1 2 3 4 5 

Solar PV China USA Japan India UK 

Concentrating solar thermal power South Africa China - - - 

Solar hot water China Turkey Barazil India USA 

 

Solar energy is also much more accessible than traditional consumable fuels and other 

modern renewable energy sources, because energy from the sun is readily available during 

daylight hours at every location on the planet. This means that light and heat energy from 

the sun can be collected anywhere, even in landlocked or isolated locations. In the case of 

tidal and wind energy, although power can be supplied to remote areas via a distribution 

grid, far fewer sites suitable for power generation are available than is the case with solar 

energy. 

Analysis regarding the technical potential of concentrating solar power (CSP) was carried 

out in Europe in the REACCESS project. The study used annual direct normal irradiation 

(DNI) data provided by NASA to assess the feasibility of placement of solar energy 

gathering arrays as shown in Figure 2-2. 
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Figure 2-2 Direct normal irradiation [22] 

One of the challenges involved with the widespread implementation of solar power 

generation is the cost of the components. Fortunately, costs have fallen dramatically in 

recent years, mainly because of the increase in both public and government interest in 

renewable energy sources. Economies of scale have played a significant role in lowering 

the costs associated with the production of solar cell panels and inverters. Increased 

demand and expanded production have also led to greater expertise and efficiency in the 

manufacture of the various components required to harness solar energy. Ultimately this 

has also served to reduce costs [13], [23].  



10 

 

CHAPTER 3 PHOTOVOLTAIC AND PHOTOVOLTAIC 

THERMAL SYSTEM  

In this chapter, a brief overview of PV and PVT Systems are introduced. As well as the 

effect of weather conditions on the PV cell ratio of the PVT system is analyzed [4]-[6], [8], 

[9]. 

3.1  PHOTOVOLTAIC  

3.1.1  Introduction  

Depending on the application, PV systems include several interconnecting components, 

designed to perform specific tasks, ranging from the powering of small, portable devices, 

to providing power on a much larger scale, for example by feeding electricity into a main 

distribution grid. PV systems can be designed to provide power in the form of either 

alternating current (AC) or direct current (DC). They are also designed to be integrated into 

a wide variety of configurations. For instance, they can be integrated with other power 

sources, storage systems, or grid interactive production/utilization monitoring equipment. 

Because the applications to which PV systems can be applied effectively are varied and 

wide-ranging, numerous configurations exist, and classifications depend upon the 

application for which the system is required [11]. 

3.1.2  Classification 

Two primary types of PV system are commonly available on the market, as shown in  

Figure 3-1. These systems are classified as those which connect to the grid, and those which 

are isolated, off-grid systems. Off-grid systems in turn can be divided into three categories: 

Stand-alone systems with or without storage capacity, and hybrid systems [24], [25]. 
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Figure 3-1 PV system classification 

PV systems have recently seen expansive growth in grid-connected developments, 

particularly installations which produce over 200 kW and operate as centralized power 

plants. Europe has become a major centre for the development of such applications. A 

significant increase in the implementation such installations has also taken place in the 

United States [26]. Although off-grid systems were initially popular, beginning with the 

commercialization of solar energy solutions in the 1970s, as technology advanced and 

viewpoints have evolved to be more in favour of mass sustainability, the focus has shifted 

to systems which are integrated with the grid [27]. 

3.1.2.1  Stand-Alone Systems 

Stand-alone, or off-grid PV systems, are generally preferred when the location of the 

application makes connection to the grid difficult or impossible. In addition, stand-alone 

systems are frequently employed to power small devices such as watches, calculators, and 

flashlights. These small-scale applications have stand-alone PV systems with no energy 

storage capacity, because the appliances are typically run directly from the power being 

produced by the solar cell [28]. 
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Other off-grid PV systems store solar energy in batteries, for later use. Such systems are 

generally employed for applications with a large, prolonged demand for power. PV systems 

that store energy are also useful when energy is required at times when direct solar power 

is unavailable, such as at night, or when irradiation from the sun is obscured. Off-grid 

systems with storage are often employed in rural areas where various appliances have 

power requirements, but there is no access to the grid [29]. This is often the case with 

cottages, or houses that are built in areas which are not yet developed and are lacking in 

municipal infrastructure. Off-grid PV systems that store energy are also important for other 

applications. In recent years, it has become the practice of governments when planning 

infrastructure, to consider stand-alone PV systems along highways to power nighttime 

lighting, signage and traffic control lighting, or in rural areas for applications such as small- 

to medium-scale water pumping stations and purification systems, as shown in Figure 3-2 

. This technology has also enabled telecommunications companies to overcome significant 

challenges, especially since the advent of mobile communications, in providing power to 

tower and transmitter installations in rural areas where there is no access to the grid [30]-

[32].  The use of PV systems to provide power for transmission base stations and repeater 

arrays has permitted rapid growth of wireless communications infrastructure. 

 

Figure 3-2 Stand- alone System 
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Hybrid stand-alone PV systems combine PV technology with either another renewable 

energy generating technology, or a source which uses more traditional power generation 

methods, such as a diesel or gas-powered generator [33], [34]. In this way, two 

technologies, working together, produce the energy required for a given application. Such 

hybrid systems are often used in order to conserve resources or reduce costs [35], [36]. For 

example, powering a rural summer cottage with a diesel generator alone can involve 

significant costs, in continually sourcing diesel fuel to operate the generator. This is 

particularly the case in recent years, since fossil fuels have become more expensive. By 

investing in a PV system, after the initial investment, which is becoming more economical 

as the technology advances, the owner of such a cottage would be able to reduce energy 

costs by having decreased dependence on diesel fuel, and harnessing solar energy to meet 

part of the total energy requirements. A hybrid system can provide power around the clock 

more economically and efficiently than would be possible if only traditional, non-

renewable energy sources were used. In addition, diesel or gas-powered generators and 

other mechanical means of power generation with moving parts require lubrication and 

maintenance, which also have associated costs. PV energy solutions are more economical 

in this respect, following the initial investment to acquire the components and install them. 

Thus, a hybrid system can also reduce costs by decreasing the maintenance requirements 

of mechanical systems [37]. 

Although large stand-alone systems can and have been employed for such purposes, hybrid 

PV systems are often designed as a means of providing power to small rural communities, 

as shown in Figure 3-3 . When such communities are located far from a conventional grid 

infrastructure, hybrid power systems can offer convenience, cost effectiveness, and 
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efficiency. Such solutions have been used for communities in industrialized as well as 

developing nations. PV power systems can also play an important role in providing power 

for the agricultural needs of rural farming communities, such as electric fencing and water 

pumping for irrigation. 

 

Figure 3-3 Hybrid PV system 

3.1.2.2  Grid Connected Systems 

Grid-connected, centralized PV systems, as shown in Figure 3-4, have been a particular 

focus of attention in recent years. In this type of application, a PV system with or without 

battery storage is connected to a distribution grid by means of a power inverter. Grid-

connected systems must be synchronized with the grid to which they are connected in terms 

of both voltage and frequency. Such systems vary in size, ranging from small-scale, roof-

mounted systems in residential neighbourhoods, to large-scale PV power generation 

stations that generate enough power to service an entire area [38], [39]. 

The primary advantage of a grid-connected system is that when power is not available from 

the PV system, it can be drawn from the connected central distribution grid. In turn, PV 

systems connected to the grid can help to improve the grid voltage and overall reliability. 
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The emphasis on overall sustainability and reliability, and the desire to achieve a cost-

effective integration with current infrastructure in order to facilitate a smoother transition 

to renewable energy, accounts for the increasing use of grid-connected PV systems. In 

Germany, an early adopter of large-scale PV power solutions, more than 1 GW of power 

was generated via grid-connected PV systems in 2004 [40]. 

An important component of grid-connected PV systems is the inverter, or power 

conditioning unit (PCU). The PCU converts the DC power produced by the PV panels into 

AC power that is compatible with the local grid in terms of voltage, frequency, and power 

quality, as specified by the utility provider [41]. In addition, the PCU has switching 

functions that prevent power from being shunted to the grid when the grid is not energized. 

The PCU is incorporated into the system via a bi-directional interface between the PV 

system with its AC output circuits and the utility grid network. This is usually achieved by 

a distribution patch panel or a service entrance demarcation. This integration permits the 

PV system to supply power to either the grid or the locality. When on-site demand is lower 

than the output from the PV system, the excess power produced can be fed to the grid. 

Conversely, when on-site power consumption exceeds what the local PV system is capable 

of providing, power can be drawn from the grid. This most often occurs at night, when the 

sun is below the horizon. This bi-directional capability, which is a required feature for grid-

connected systems, ensures that the PV system does not continue to feed power to the 

distribution grid if the grid is not in service [41]. 

Overall, grid-connected PV systems are regarded as being beneficial to the grid to which 

they are connected, because they can reduce power losses and improve the voltage profile 

of the utility grid. However, it should be noted that there can also be negative effects 
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associated with grid-connected PV systems. This is particularly the case if there is a high 

penetration of grid-connected PV systems. These negative impacts include power and 

voltage fluctuations, and harmonic distortion. The failure of protective devices can also 

result in overloading or under-loading of the grid feeders [42]. 

 

Figure 3-4 Grid- Connected System 

3.1.3  PV System Component Structure and Modeling 

PV systems, depending on their intended application and the specifics of their expected 

functionality for any given installation, are comprised of several components which 

interconnect to create a fully functional off-grid or grid-connected PV system, as shown in 

Figure 3-5. Regardless of the type of system, the primary component of any PV system is 

the solar panel. Secondary to the solar panel is the inverter/converter unit, which is also 

referred to as a power conditioning unit (PCU). This device serves to convert DC power to 

AC power, and then condition the power to the proper frequency and voltage to service the 

load. Depending on the configuration, there may also be battery or capacitance banks in 

use, for storage of the energy produced. Finally, various types of mounting hardware are 

required to mount the panels in an optimal location for the collection of light quanta at the 

particular installation location. Rooftop and pole mounting are common. It is also possible 

to set up a panel array on the ground [43]. 
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Figure 3-5 PV system components 

It is important to note that the power output of a PV module depends upon the intensity of 

the light from the sun to which the module is exposed, and upon the temperature of the 

semiconductor-based cells which make up the larger panels. For this reason, the power 

must be conditioned via a power conditioning unit (PCU), to stabilize the output in order 

to deliver it in a form suitable for the grid, batteries, or end load. It is also important to 

point out that not all systems require conversion of the DC power originally produced by 

the system into AC power. Small applications such as watches, calculators, flashlights, and 

small panel kits sold for powering camping or hiking gear are only required to produce DC 

power similar to the dry cell alternative. Larger installations, including those which 

supplying loads of a residential, commercial or industrial nature, usually require inverters 

to facilitate the conversion to AC power. In grid-connected solutions, additional 

components that are part of the PCU serve to obtain the proper frequency cycle, and to 

ensure that the flow of power is bi-directional as required, depending upon peak/off-peak 

hours, the rate of consumption versus the power produced by the local system, and 

compensation for power fluctuations due to meteorological conditions [44]. 



18 

 

3.1.3.1  PV Cell 

The smallest functional unit of a PV system is the solar cell. Types of solar cell include 

mono-crystalline silicon, poly-crystalline silicon, amorphous silicon, and thin film silicon 

cells. Experiments and research are also being done on other semiconductor materials. 

Copper-indium selenide, cadmium telluride, gallium arsenide, and many other organic and 

inorganic polymers are among the alternative semiconductor materials being used to 

produce PV cells. At present, approximately 90% of the PV cell technology prevailing in 

the market is divided between mono- and poly-crystalline types [45]. 

 PV cells use a photovoltaic effect to produce electricity. This effect is a quantum-

mechanical process. The basic structure of a PV cell is that of a p-n junction in the silicon 

semiconductor material, similar to a diode, as shown in Figure 3-6. An electric field is 

formed at the junction by means of impurity doping, which uses p-doping on one side and 

n-doping on the other. Essentially, when the cell is irradiated with light quanta, the photons 

create charge carriers, which are separated across the electrical field. This creates a 

depletion region, which exists between the p and n sides of the junction. As a result, a 

voltage is generated across the external contacts, which in turn creates current flow through 

to the load, if the circuit is completed [46], [47]. The photocurrent flowing from the solar 

cell is proportional to the irradiation intensity of the sunlight. 
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Figure 3-6 PV cell structure 

As shown in Figure 3-7, a PV cell equivalent circuit is comprised of a current source paired 

with a parallel diode. The presence of parasitic resistance should be noted: The series 

resistance, Ὑ , normally has a small value; and the shunt resistance, Ὑ , is relatively large. 

Ὑ is primarily influenced by material factors such as the bulk resistance offered by the 

semiconductor material, metallic contacts and interconnections. Ὑ   is attributable to non-

idealities and impurities present at the p-n junction. 

 

Figure 3-7 PV cell equivalent circuit 

 A generalized equation for the diode current of the PV cell is given by [48]-[52]: 
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where I is the overall diode current produced by the cell, Ὅ, is the current generated by the 

incident light quanta arriving at the cell (which is directly proportional to the level of solar 

irradiation), Ὅ is the reverse saturation current of the diode, ή is the electron charge 

(1.60217646 xρπ  C), n is the ideality factor, k is the Boltzmann constant (1.3806503 x 

ρπ J/K), T is the temperature of the PV cell (more specifically the temperature at the p-

n junction) measured in Kelvin, Ὕ   is the reference temperature, G is the solar irradiance, 

V is the voltage across the cell,  Ὑ  is the slope of the I-V curve at the (0, short-circuit 

current) point, and Ὑ  is the slope of the I-V curve at the (open-circuit voltage, 0). The 

values of, Ὑ and Ὑ  are determined under varying environmental conditions. 

PV cells are characterized by several important parameters, which are briefly discussed 

below. In general, the short-circuit current (Ὅ), open-circuit voltage (ὠ ), fill factor (FF) 

and cell efficiency (ɖ) are specific parameters that are determined via the I-V curve of a 

PV cell, as shown in Figure 3-8. 

The variable Ὅ  represents the current passing through the PV cell when the voltage across 

the cell is zero, i.e., when the cell is short-circuited. 
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Figure 3-8  The I-V curve of a PV cell 

The short-circuit current is caused by the generation and accumulation of light-generated 

carriers. An ideal PV, operating with the most modest resistive loss mechanisms, has a 

short-circuit current equal to the light-generated current. Thus, the short-circuit current is 

the maximum possible current that can be drawn from a PV cell. 

The variable ὠ  represents the greatest possible voltage available from a PV cell. This 

voltage is achieved when the cell has zero current flow. The open-circuit voltage is 

proportional to the amount of forward bias on the PV cell, as a result of the bias of the p-n 

junction with light-generated current. ὠ is depicted in the I-V curve, and is given by [48]: 

 ὠ
ὲὯὝ

ή
Ὅὲ
Ὅ

Ὅ
ρ (3.5) 

The short-circuit current and the open-circuit voltage are the maximum possible current 

and voltage, respectively, for a PV cell. However, it should be kept in mind that when either 

of these states is achieved, the power from the cell is zero. In conjunction with the short-

circuit current and the open-circuit voltage, the fill factor (FF) specifies the greatest 

possible power draw from a PV cell. The FF is the ratio of the maximum power from the 



22 

 

PV cell to the product of the short-circuit current and the open-circuit voltage, and is given 

by [48]: 

 ὊὊ
ὠ Ὅ

ὠ Ὅ
 (3.6) 

where 6  is the maximum-power voltage and )  is the maximum-power current. 

PV efficiency is the parameter most commonly used to compare one model of PV cell with 

another. Efficiency is defined as the ratio of the energy output by the PV cell to the energy 

input by the sun. It is important to note that the efficiency rating of a PV cell does not 

merely represent the performance of a PV cell in itself, but also depends on the spectrum 

and intensity of the irradiation by incident sunlight, as well as the temperature of the PV 

cell at the p-n junction. Thus, the conditions under which efficiency is measured must be 

handled with care in order to achieve a meaningful comparison between PV cells. PV cells 

intended for terrestrial use, at the surface of the Earth, are measured according to air mass 

1.5 (AM1.5) conditions, at a temperature of ςυ C. PV cells designed to be used in space 

are measured at AM0 conditions. The efficiency of a PV cell is calculated as the fraction 

of incident power which is converted into electrical power, and is given by [48]: 

 ὖ ὠὍὊὊ (3.7) 

 –
ὠὍὊὊ

ὖ
 (3.8) 

Where ὖ  is the incident power of solar radiation  per unit area of PV cell. 

Resistive effects in PV cells reduce the cell efficiency by lowering power output, because 

power dissipates in the resistances presented. The types of parasitic resistance most 
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commonly encountered in PV cells are series resistance and shunt resistance. In most cases, 

the combined values of these parasitic resistances reduce the fill factor. The magnitude and 

effect of the series and shunt resistance depend upon the geometry of the PV cell at its 

operating point. 

Series resistance in a PV cell has three primary causes: The movement of the current 

through the emitter and base of the PV cell, the contact resistance offered by the junction 

of the metal contact and the silicon semiconductor material, and the resistance inherent in 

the top and bottom metal contacts of the PV cell. Series resistance reduces the fill factor, 

and exceedingly high levels may also reduce the short-circuit current. 

Noticeable power losses due to the presence of shunt resistance usually result from defects 

caused by poor manufacture, rather than from poor cell design. A low shunt resistance can 

cause power loss in PV cells by providing an alternative path for the flow of light-generated 

current. This diversion of the current reduces the amount of current flowing through the 

PV cell p-n junction, and reduces the voltage output of the solar cell. 

Individual PV cells based on silicon semiconductors typically produce about half a volt. 

Because this output is so small, many cells are connected in series in a PV module. Many 

modules are then grouped together to form a PV panel, and PV panels are mounted and 

arranged to form PV arrays. All the cells in the array produce the power output that is 

utilized for end power conditioning by subsequent PV system components. The 

accompanying Figure 3-9 depicts the organization of PV collector components, from the 

simplest unit (the individual PV cell) to the most complex (the PV array) [53]. 
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Figure 3-9 PV cell arrangement 

3.1.4  PV Challenges 

3.1.4.1  Fluctuation 

Fluctuation is an important challenge, because it is a common issue that results from natural 

phenomena. Natural fluctuation in the irradiance of light from the sun is caused by the 

formation and movement of clouds. Such fluctuations give rise to operational problems 

and make it difficult to forecast the output power. Differing cloud patterns and cloud 

densities hinder the accurate calculation of potential outcomes. In addition, wind speed can 

affect the duration of fluctuations caused by cloud formations. Because wind speed is 

variable, present conditions can persist from a few minutes to several hours, and it is 

difficult to predict the length of time that fluctuations may last [54]. In view of these 

variables: Cloud type and size, wind speed, and topology and configuration of the PV array, 

it is clear that there is no universal solution that can be employed to deal with this problem. 

Clouds differ in size and type. Cloud types can be identified by comparing the apparent 

size of puffs of cloud to that of an outstretched hand. A cirrocumulus cloud has puffs of 

cloud that are small, comparable to a fingernail; an altocumulus cloud has puffs of cloud 

that are medium-sized, comparable to a thumb; and a cumulus cloud has puffs or cloud that 



25 

 

are large, comparable to a fist. The time of day most subject to wide power fluctuations is 

usually around noon, when the sun is at its zenith. At this time, the output of the PV system 

is potentially the highest, because irradiation from the sun falls most directly on the array, 

resulting in the highest level of electron excitation in the solar cells. If there are clouds at 

this time of day, there can be wide fluctuations in the power provided to the grid. Relatively 

high equipment costs also limit the solutions available to electrical utility companies, to 

reduce the negative impacts of such fluctuations [54]. 

3.1.4.2  Harmonics 

While fluctuation is a problem which results from natural phenomena, there are also 

technology-based challenges that must be addressed to avoid problems in the grid and 

prevent damage to system loads. In particular, waveform harmonics are a significant 

concern. This issue arises from PCU conversion of the DC current produced by the solar 

panels to AC current. This is performed via a semi-conductor switching circuit; however, 

the AC wave resulting from this method of conversion is not a perfectly sinusoidal wave, 

because there is not a smooth transition between the switching phases. Modern PCUs 

employ methods which compensate for this imperfect waveform, but older devices with 

poor-quality, inefficient inverter circuits and components may generate serious harmonics 

during the conversion process [55]. It should be noted that the effects of waveform 

harmonics are cumulative and can result in significant undesirable impacts on the grid, 

such as excessive voltages and currents due to series and parallel resonance. Harmonics 

can also impair the functionality of attached appliances and cause component damage  [55]. 

Research in the area of inversion waveform harmonics has found that the odd numbered 
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harmonics are the most problematic with regard to the severity of the distortion produced. 

Thus, the 3rd, 5th, 7th, etc., harmonics are the ones which are of primary concern [56] 

The complete elimination of waveform harmonics is not achievable via current technology, 

however, modern PCUs are designed to limit harmonics and perform waveform smoothing, 

similarly to any modern inverting power supply. One solution for managing harmonics is 

pulse width modulation (PWM) [57]. PWM serves to control the voltage by manipulating 

the interval and the width of the pulse, so that the average voltage output equals that of the 

required fundamental waveform. After PWM is employed, in an additional step, the low 

line current distortion produced by the modulation process is filtered out. 

LCL filters are commonly used in many topologies. These filters achieve excellent 

attenuation with relatively inexpensive components, and are suitable for high power 

applications. In other words, good power quality can be obtained with a low component 

cost [58]-[60]. 

3.1.4.3  Cost of PV Systems 

The overall cost of PV system implementation continues to be relatively high in 

comparison to the cost of other renewable energy production systems. However, increased 

demand has caused prices to decline. For continued improvements to be made, public 

research funding is needed to facilitate new research and enhance existing study efforts. In 

addition, increased public awareness of renewable energy and PV systems is required. In 

1992, the cost per watt of energy produced by a PV crystalline cell was approximately 

$4.23. Ten years later, that amount had fallen to $1.72 [61]. The price continues to fall as 

the volume of production increases with demand. The accompanying figure illustrates the 
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general trend of solar energy production costs. It should be noted that the Chinese company 

SUN-TECH, the largest producer of PV cells and panels worldwide, forecast that 

manufacturing costs would decrease by the end of 2017 to approximately $0.32 per watt 

[62]. 

3.2  PHOTOVOLTAIC THERMAL SYSTEM   

3.2.1  Introduction  

Hybrid systems consisting of PV and thermal modules may be the best choice to minimize 

costs and equipment, and increase overall efficiency. The photovoltaic thermal (PVT) 

model produces both thermal and electrical energy at the same time. PVT systems uses the 

same frames for the PV and thermal modules [63]. 

Kern and Russell introduced the concept of the first PVT collector [64], [65]. Hendrie and 

Florschuetz introduced the theoretical (Hottel-Whillier) PVT model, by using conventional 

thermal plane concepts [65], [66]. 

3.2.2  Classification 

A PVT system can generate electricity, hot air and hot water, by using air and water 

combined as a cooling substance. The system performance can be evaluated under indoor 

weather conditions [17]. A solar air heater with a compound parabolic concentrator has 

been investigated with a varying mass air flow rate [18]. 

In general, glazed PVT water collectors are more suitable for thermal energy applications, 

and unglazed PVT water systems are better for electrical energy applications [67]. 
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3.2.3  PVT System Model 

The water flowing underneath the absorber is heated by solar radiation that is transferred 

through the PV cells to the absorber. The water flows from the bottom of the collector 

toward the top. The water output from the part of the collector that is covered by PV cells 

is input to the part that is not covered, as shown in Figure 3-10  [65]. 

 

Figure 3-10 Cross-section of PVT collector 

3.2.3.1  Mathematical Thermal Analysis   

PV cells can be placed on the upper or lower portion of a PVT collector. In this research, 

the lower portion of the collector was covered by PV cells, because more thermal and 

electrical energy can be gained there than in the upper portion [68]. 

Energy balance equations have been derived for a quasi-steady state. The ohmic losses and 

heat capacity of PVT collectors are neglected. The energy balance equations providing the 

thermal parameters of PVT water collectors are [65], [68]: 

 Ὕ 
‌† ȟ Ὅὸ Ὗ ȟὝ ὬȟὝ

Ὗ ȟ  Ὤȟ
 (3.9) 

 Ὕ
‌† ȟ Ὅὸ ὖὊ‌† ȟ Ὅὸ ὟὝ ὬȟὝ

Ὗ ȟ  Ὤȟ
 (3.10) 
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 ‌† ȟ ‌ – ‍† (3.11) 

 ‌† ȟ ‌ ρ ὄ † (3.12) 

 Ὗ ȟ υȢχ σȢψὠ (3.13) 

 Ὗ
Ὗ ȟὬȟ
Ὗ ȟ Ὤȟ

 (3.14) 

 ὖὊ
Ὤȟ

Ὗ ȟ Ὤȟ
 (3.15) 

where‌†  is the product of effective absorptivity and transmissivity, Ὅὸ is incident 

solar intensity (ύȾά ), Ὗ ȟ is the coefficient for overall heat transfer from the solar cell 

to the ambient  surrounding through the glass cover (ύȾά  K), Ὕ  is the  ambient 

temperature (K), Ὤȟ is the solar cell-plate the solar cell-plate heat transfer coefficient 

(ύȾά ), Ὕ  is the plate temperature (K), ὖὊ  is the penalty factor due to the glass cover 

of  the PV cells, Ὗ  is the coefficient for  overall heat transfer t from the blackened surface 

to the ambient (ύȾά  K), Ὤȟ is the plate-fluid heat transfer coefficient (ύȾά ), and V is 

the wind speed (m/s).   Values for Ὤȟ, ‌ȟ–ȟ†ȟ‌ and † are given in [65], [68]. Ὕ is 

the average temperature of flowing water, given as: 

 Ὕ  
Ὕ   Ὕ

ς
 (3.16) 

where  Ὕ   is the inlet water temperature (k), Ὕ  is the outlet water temperature of PVT 

system (k), given as [68]: 
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(3.17) 

where  Ὂ is the flat-plate collector efficiency factor, ὃ is the collector area (ά , ά is the 

rate of flow of water mass (kg/s), ὅ is the specific heat of water (J/kg K), Ὗ is the 

coefficient for overall heat transfer from blackened surface to ambient (ύȾά  K), and Ὕ  

is the  inlet temperature of water for remaining part of collector which is equal to  Ὕ (k), 

given as as [68]: 

 

Ὕ
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Ὗȟ
 Ὕ ρ Ὡὼὴ 
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 ‌†ȟ ὖὊ ‌† ȟ ‌† ȟ  (3.21) 

where ὖὊ  is the penalty factor due to the absorber below PV module, glass to glass PV 

cells area and  ὃ  is the area of PV cells ( ά ). 

The rate of useful thermal energy of PVT water collector is given in [65], [68], [69]: 
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where ὑ  
  ȟ

 
. 

The instantaneous thermal efficiency of PVT collector is a function of the solar radiation, 

the input fluid temperature , and the ambient temperature and  is given as [65], [68]: 

 – Ὂ ὖὊ‌†ȟ

Ὗȟ  Ὕ Ὕ

Ὅὸ
 (3.23) 

where  Ὂ ὖὊ‌†ȟ  is the gain factor and Ὂ ὖὊὟȟ  is the loss factor.  

3.2.3.2  Mathematical Electrical Analysis   

The electrical energy and electrical system parameters are calculated via PV module 

simulations. A general equation for the current flowing out of the PV cell is [48], [70]: 
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where I is the net output current produced by the cell (A), Ὅ is the reverse saturation current 

of the diode (A), Ὅ  is the reverse saturation current of the diode at reference condition 
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(A), q is the value of the electron charge ( ρȢφ ρπ C). n is the ideality factor, k is the 

Boltzmann constant (ρȢσψρπ J/K). T is the temperature at the p-n junction of the cell 

(k), V is the output voltage of the cell. Ὅ is the current generated by the incident light 

arriving at the PV cell.  Ὅ  is the current generated by the incident light arriving at the 

PV cell at reference condition, and RS is series resistance which primarily influenced by 

material factors such as bulk resistance offered by the semiconductor material, metallic 

contacts, and interconnections, and RSH is shunt resistance, is due to non-idealities and 

impurities present in the p-n junction [48], [71]. 

3.3  PV COVERAGE RATIO FOR MAXIMUM OVERALL THERMAL 

ENERGY OF PVT SYSTEM  

In this section, the effect of weather conditions on the PV cell ratio in PVT systems is 

presented, to increase system efficiency and reduce costs and emissions.  

The annual energy performance and CO2 emissions for different climate conditions have 

been studied in cold (London), warm (Shanghai) and hot (Hong Kong) areas [72]. Fully 

covered PVT collectors are suitable for applications with low temperatures, from ςυ to 

τπ [73]. The temperature profile of the PV module was studied for cloudy and clear 

daytime conditions [74]. Thermal and electrical outputs are enhanced when the 

photovoltaic thermal flat-plate collector (PVT-FPC) is partially covered with PV modules 

[65], [75]. 

An analytical expression of useful energy was derived for N PVT flat-plate water collectors 

connected in series and partially covered with PV modules in the lower and upper portions 

[76], [77]. 
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In various Indian cities, analyses of thermal and electrical energy have been conducted for 

different weather conditions, for series and parallel combinations of collectors with a 

constant mass flow rate. Annual thermal, electrical energy and total carbon credits earned 

by the PVT water heater system were calculated for New Delhi conditions [66]. For PVT 

systems with a constant mass flow of air, annual overall energy and exergy gains for three 

different configurations and weather conditions were evaluated [78]. 

Three different types of PVT air collector (unglazed, glazed, and conventional hybrid PVT 

air collectors) were studied. The annual overall thermal energy (OTE) and exergy gains for 

different types of PVT were investigated [79]. 

The overall thermal and electrical energy and overall exergy for N partially covered 

photovoltaic thermal compound parabolic concentrator (PVT-CPC) water collectors 

connected in series was investigated and calculated for two weather conditions in India, in 

January and June 2015 [65]. 

The OTE and exergy gains were evaluated for four different cases at a constant flow rate, 

for N PVT-CPC water collectors connected in series. The annual reduction of CO2 

emissions and amount of money saved were examined [80]. 

The reduction of CO2 emissions was evaluated for four different cases, for a 20%, 40%, 

60% and 80% PV coverage area, at a constant flow rate, for each month throughout the 

year. Two models were proposed to determine monthly reductions of CO2 emissions and 

the PV coverage area ratio [6]. 

Most previous work has focused on a constant fluid flow rate, different PV coverage areas 

with discrete, limited percentages (e.g. 25%, 50%, 75% and 100%) and a short time span 
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during the year. The present work utilizes real data which contain different values of solar 

radiation, wind speed, flow rate, temperature of the input water, and temperature of the air, 

for one year. Furthermore, variable water flow rates (heat exchanger fluid flow rates) and 

different percentages of PV coverage are used to calculate the monthly and seasonal OTE 

[5]. This will assist in determining the appropriate ratio of the PV coverage area required 

to maximize the OTE, in order to maximize the overall system efficiency and minimize 

CO2 emissions [4], [6]. 

3.3.1  PVT System and Data Description 

For this study, a PVT system consisting of a single glazed flat-plate collector with an 

effective area of 2.156 ά  is used for the simulation. The collector is covered with 

crystalline silicon solar cells. The area of each solar cell unit is 0.018 ά . The number of 

cells is incremented by one, beginning in the lower portion of the collector, until full 

coverage with the cells is achieved, as shown in Figure 3-11. The system configuration of 

the PVT water collector, which includes thermal and electrical parameters, is given in [65], 

[68]. 

 

a) one cell b) partial coverage c) full coverage 

Figure 3-11  PV coverage ratio for different cases  

This work is based on a dataset for various environmental conditions in a North American 

city. The solar radiation, ambient temperature, wind speed, water flow rate and temperature 
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of the input water were measured every hour over a one-year time span, as shown in Figure 

3-12. The dataset was obtained from a solar thermal system used for water heating, with 

measurements taken by a pyranometer, a wind speed meter and thermometers [81].  It has 

been assumed that an hourly dataset is sufficient to represent environmental fluctuations. 

Moreover, it is important to study the weather patterns over an entire year, since the 

weather patterns vary seasonally.  

The data set could be represented in different scale levels using fuzzy c-mean clustering 

technique. This technique breaks a large dataset to smaller groups where each observation 

within every group is more similar to each other than it is to an observation in another 

group as shown in Figure 3-13 for radiation case. Two different groups of clustering for 

solar radiation are selected at 365 and 12. However, in this work, all real data are used to 

represent the actual system. 

 

Figure 3-12  Solar radiation, ambient temperature and wind speed for one year 
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a) Number of clustering group=365 b) Number of clustering group=12 

Figure 3-13 Solar radiation values at different clustering group numbers which are 

presented by the center of the cluster for one year 

By selecting a specific day from Figure 3-12, hourly solar radiation, ambient temperature, 

and wind speed are obtained for a day in May, as shown in Figure 3-14. Hourly solar 

radiation, and ambient temperature increase until 2 pm and then they start declining. 

However, wind speed changes randomly during the day.  

 

Figure 3-14  Hourly solar radiation, ambient temperature and wind speed for a day in 

May 

The simulated PVT system used in this work is modeled using MATLA B TM. The weather 

dataset and water specifications are used as input parameters for the PVT system. The 
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output of the system is defined as the OTE, which includes the thermal and electrical output 

of the system as shown in Figure 3-15. 

 

Figure 3-15  Simulated model of the PVT System 

3.3.2  Simulation of the PVT System  

Two cases are analyzed in this thesis, the first with a constant flow rate value (0.03 kg/s), 

and the second with flow rate values varying with time. For the second case, the different 

flow rate values applied are measured at a thermal system used for water heating. These 

flow rate values are controlled by a water pump driven by a PV system. Furthermore, these 

values reflect the effect of environmental parameters. The OTE rate of the PVT system is 

based on the first law of thermodynamics, and is given in [80]: 

 ὗȟ  ὗȟ    
ὗȟ

ὅ
 (3.27) 

 ὗȟ ὖ (3.28) 

where C is the conversion factor for the thermal power plant. Its value depends upon the 

type of power plant. This coefficient varies from 38% to 44% for a steam turbine fuel oil 

power plant, and from 39% to 47% for a steam turbine coal fired power plant [80], [82]. 

As shown in Figure 3-16, for both cases, maximum thermal energy is obtained for the 

variable and constant flow rate cases. The output thermal energy exhibits the same trend 

of change, with a slight difference in the amount. 
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a) constant flow rate b) variable flow rate 

Figure 3-16 Relation between hourly thermal energy, PV area coverage and solar 

radiation 

From Figure 3-17 and Figure 3-18, it can be observed that in both cases, the maximum 

thermal energy changes with changes in the temperature and wind speed. From Figure 3-16 

to Figure 3-18,  it can be seen that the thermal energy of the PVT system is determined 

more by the solar radiation than by the temperature and wind speed. 

From Figure 3-19, it can be observed that the electrical energy increases when the PV 

coverage area increases for both cases, with constant and variable flow rates. Figure 3-19 

and Figure 3-20 show that the maximum electrical energy is obtained with low temperature 

and high solar radiation values. For the variable and constant flow rate cases, the electrical 

energy exhibits the same trend of change, with a slight difference in the amount. However, 

the effect of wind speed on the generation of electrical energy is less significant than the 

effect of solar radiation and temperature, as shown in Figure 3-21. 
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a) constant flow rate b) variable flow rate 

Figure 3-17 Relation between hourly thermal energy, PV area coverage and area 

coverage and temperature 

 

a) constant flow rate b) variable flow rate 

Figure 3-18 Relation between hourly thermal energy, PV area coverage and wind speed      

 
a) constant flow rate b) variable flow rate 

Figure 3-19  Relation between hourly electrical energy, PV area coverage and solar 

radiation 
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a) constant flow rate b) variable flow rate 

Figure 3-20  Relation between hourly electrical energy, PV area coverage and 

temperature 

 

a) constant flow rate b) variable flow rate 

Figure 3-21  Relation between hourly electrical energy, PV coverage area and wind 

speed 

The maximum daily OTE of the PVT system is calculated for both flow rate cases, as 

shown in Figure 3-22. The maximum OTE between days 1 and 100, and days 270 and 365, 

occurred when the PVT system was substantially covered with PV cells, as shown in Figure 

3-22a and Figure 3-22c. However, for the same period, the OTE is almost constant for the 

variable flow rate, shown in Figure 3-22c, as compared to the constant flow rate, shown in 

Figure 3-22a. The percentage of PV coverage area is between 20% and 30%, as indicated 

in Figure 3-22b. In contrast, the maximum OTE for the rest of the year, between days 100 

and 270, occurred when the PVT system was not covered. However, it can be seen from 














































































































































































































































































