
An-Najah National University  

Faculty of Graduated Study 

 

 

 

Techno-Economic Assessment of the Electric           

Grid –Connected PV Power Plant at Arab American 

University / Jenin  

 

 

By 

Ahlam Hasan Abu Zahew  

 

Supervisor   

Prof. Marwan Mahmoud 

 

 

This Thesis is Submitted in the partial Fulfilment of the of the 

Requirement for the master Degree in Clean Energy and Energy 

Conservation Engineering, Faculty of Graduated Study, An-Najah 

National University, Nablus – Palestine. 

2018



II 

 

 

 

 

 

 

 

 

 

 

 

 

Techno-Economic Assessment of the Electric           

Grid –Connected PV Power Plant at Arab American 

University / Jenin  

 
 

By  

Ahlam Hasan Abu Zahew 

 

This Thesis was Defended Successfully on 10/ 6/ 2018 and approved by: 

 

Defense Committee Members                                                   Signature                       

1. Prif. Marwan Mahmoud    / Supervisor                              ...….……… 

2. Dr. Osam Al Omari            / External Examiner              …..………… 

3. Dr. Mohammed Al Sayed  / Internal Examiner              …...………… 



III 

 

Dedication 
 

I would like to dedicate this work for the only capital of Palestine 

To the heart of Palestine 

Jerusalem 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IV 

 

Acknowledgment 

Prof. Dr. Marwan Mahmoud, I would like to thank you from all my heart 

for all your advices, help, encouragement, efforts, love and patience. You 

are the one that I would thank the most. Without you I wouldn't be here in 

the way that I am in.  

The thankful is continued to all peoples those who help me by hands and 

by wards: my family, my friends, my colleagues, my university AAUJ and 

all the stuff in the EIT department thank you. Special thanks for Mr. Salah 

Jabareen for his assistant during this project.   

 

  



V 

 

 الإقرار

:أنا الموقع أدناه، مقدم الرسالة التي تحمل العنوان  

 

Techno-Economic Assessment of the Electric Grid –Connected PV 

Power Plant at Arab American University / Jenin  

 

أقر بأن ما شممت عميو ىذه الرسالة إنما ىو نتاج جيدي الخاص، باستثناء ما تم الإشارة إليو حيثما 
لقب عممي لدى أي  أودرجو  أيورد، وأن ىذه الرسالة ككل، وأي جزء منيا لم يقدم من قبل لنيل 

 مؤسسة تعميمية أو بحثية أخرى

Declaration 

 The work provided in this thesis, unless otherwise referenced, is the 

researchers own work, and has not been submitted elsewhere for any other 

degree or qualification. 

 

 

Student's name: :اسم الطالب 

Signature: يع:التوق 

Date: :التاريخ 

 



VI 

 

Table of Contents 

No Contents Pages 

 Dedication Iii 

 Acknowledgment Iv 

 Declaration V 

 List of Table Ix 

 List of Figure X 

 Abstract Xii 

 Chapter One: Introduction 1 

1 Introduction 1 

1.1 Objectives 3 

1.2 Thesis Structure 3 

   Chapter Two: photovoltaic Technology 5 

2 photovoltaic Technology 5 

2.1 Introduction 5 

2.2 Current Voltage Characteristic 6 

2.3 PV, Module and Array 10 

2.4 Effect of Illumination on PV Power Production 11 

2.5 Types of PV Systems 11 

2.6 Components of PV Grid Connected System 12 

2.6.1 PV Modules 13 

2.6.2 Grid Inverter 13 

2.6.3 Protection Equipment 13 

2.6.4 Fuses 14 

2.6.5 Circuit Breakers 14 

2.6.6 Lightning Protection 14 

2.6.8 The Surge Protection Device (SPD) 15 

2.6.9 Grounding 15 

2.6.10 Meter and Instrumentation 16 

2.7 Current Situation of Solar Energy in Palestine 17 

2.7.1      Introduction 17 

2.7.2 Palestinian Solar Energy Potential 18 

2.7.3 Temperature Effects 21 

2.7.4 Grid Connected PV systems Tariff Instructions in 

Palestine 

23 

 Chapter Three: The Configuration of the Electrical 

Network and the PV Power Plant of AAUJ  

26 

3 The Configuration of the Electrical Network and the PV 

Power Plant of AAUJ 

26 

3.1 AAUJ Electrical Network 26 



VII 

 

3.2 PV System Components 30 

3.2.1 PV Module 30 

3.2.2 DC Surge Protection Device (SPD) 31 

3.2.3 DC Fuses 32 

3.2.4 DC Circuit Breaker 32 

3.2.5 Grid Inverter 33 

3.2.6 AC Circuit Breaker 35 

3.2.7 Residual Current Circuit Breaker (RCCB) 35 

3.2.8 AC Surge Protection Device 36 

3.2.9 AC Fuses 37 

3.2.10 Main Circuit Breaker 37 

3.2.11 Lightning Protection 39 

3.2.12 Grounding 39 

3.2.13 Meter and instrumentation 40 

3.3 Evaluation of the PV System Site 41 

3.3.1 Shading 41 

3.3.2 Tilt and Azimuth Angle 43 

 Chapter Four: Monitoring and Evaluation of the 

AAUJ PV System 

45 

4 Monitoring and Evaluation of the AAUJ PV System 45 

4.1 Introduction 45 

4.2 Metrological Data on the Site of AAUJ Project 46 

4.3 Output Energy 47 

4.4 Coverage Percentage 49 

4.5 Performance Parameters 51 

4.5.1 Final yield (YF) 51 

4.5.2 Peak Sun Hours (PSH) 53 

4.5.3 Performance Ratio      54 

4.5.6 Daily PV production 57 

4.6 Maximum and Minimum Day Production 58 

4.7 Environmental Effects of the 70kWp-PV System at 

AAUJ 

62 

 Chapter Five: Economic Analysis 62 

5 Economic Analysis 62 

5.1 Introduction 62 

5.2 Fixed and Running Cost 62 

5.3 Cash Flow 63 

5.4 Payback Period 65 

5.5 Net Present Value (NPV) 66 

5.6 Unit Energy Cost (UEC) 68 

5.7 Internal Rate of Return IRR 69 



VIII 

 

 Chapter six: Conclusions and Recommendations 70 

6 Conclusions and Recommendations  70 

6.1 Conclusions 70 

6.2 Recommendations 71 

 References 72 

 Appendix 75 

 ب الملخص 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IX 

 

List of Table 

No Table Pages 

Table 2-1 Energy balance of Palestinian territories in 

GWh, 2010[5]. 

18 

Table 2-2 Household percentage according to number of 

hours of electricity service, January 2011[5]. 

18 

Table 3-1 AAUJ transformers power rating 26 

Table 3.2 Electrical and mechanical Characteristics of 

Hanwha module. 
30 

Table 4-1 Monthly energy production of the 70kWp-PV 

system at AAUJ during 2015 and 2016. 

48 

Table 4-2 Monthly load consumption 50 

Table 4-3 PV systems final yield values around the world 

[19,20,21]. 

53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



X 

 

List of Figures 

NO Figure Pages 

Figure 1-1 The peak power of installed grid connected PV 

systems in the world [4] 

2 

Figure 2-1 Energy diagram of a semiconductor:  

(a) in darkness; (b) under illumination[8] 

5 

Figure 2-2 Schematic representation of a PN junction[8] 6 

Figure 2-3 Current–voltage characteristics of a silicone diode 

in darkness and under illumination [8] 

7 

Figure 2-4 The equivalent circuit of a PV cell [8]. 7 

Figure 2-5 Maximum power on a current–voltage characteristic 

of a PV cell[8] 

9 

Figure 2-6 PV, Module and Array [8] 10 

Figure 2-7 I/V Curves of a monocrystalline cell under various 

radiation  intensities 

11 

Figure 2-8 SPD connection principle 15 

Figure 2-9 Average annual sum of global horizontal irradiation 

in Palestine[10] 

20 

Figure 2-10 Global potential map of PV energy generation 

(kWh/kW) by c-Si PV  module[10] 

21 

Figure 2-11 Variation of operation parameter with 

temperature[8] 

23 

Figure 3-1 AAUJ  electrical network 27 

Figure 3-2 A-The entier connection of the 20kVA transformer.    

B-The entier connection of the 26.7kVA 

transformer of the AAUJ PV system 

28 

Figure 3-3 single line diagram of the 70 kWp in AAUJ 29 

Figure 3-4 Hanwha Module Front View 31 

Figure 3-5 The SPD connected to inverter 3 in AAUJ PV 

system 

31 

Figure 3-6 Fuses connected with inverter 3 in AAUJ PV 

system 

32 

Figure 3-7 DC circuit breaker of two PV strings 33 

Figure 3-8 ABB and AURORA inverters front view 34 

Figure 3-9 AC CB 35 

Figure 3-10 Electrical Circuit Breaker 36 

Figure 3-11 AC Surge Protection Devices 36 

Figure 3-12 AC Fuses 37 

Figure 3-13 Main CB 37 

Figure 3-14 AC main distribution panel 38 

Figure 3-15 Lightning air terminal 39 



XI 

 

Figure 3-16 AAUJ project earthing box 39 

Figure 3-17 AAUJ PV Project utility Schneider meter 40 

Figure 3-18 AAUJ PV Project system meter 41 

Figure 3-19 shadowing Distance parameters 42 

Figure 3-20 AAUJ PV system Front View 43 

Figure 3-21 Tilt and azimuth angle representation 44 

Figure 4-1 Monthly average daily solar radiation in the site of 

AAUJ 

46 

Figure 4-2 The monthly average ambient temperature with the 

monthly average sunshine hours [15] 

47 

Figure 4-3 PV Monthly coverage percentage of the 70kWp-PV 

system at AAUJ 

51 

Figure 4-4 PV Monthly coverage percentage of the 70kWp-PV 

system at AAUJ 

52 

Figure 4-5 Daily final yield of the 70kWp-PV system at AAUJ 54 

Figure 4-6 Monthly average daily peak sun hours at the site of 

AAUJ 

56 

Figure 4-7 Performance ratio for 2015 and 2016 of the 70kW 

p-PV system at AAUJ 

57 

Figure 4-8 Monthly performance ratios obtained from 

PVSYST simulation program for the 70kWp-PV 

system at AAUJ 

58 

Figure 4-9 Monthly average capacity factor of the 70kWp-PV 

system at AAUJ 

59 

Figure 4-10 June daily production of the 70kWp-PV system at 

AAUJ in 2015 and 2016 

59 

Figure 4-11 25
th
 of April daily production of the 70kWp-PV 

system at AAUJ 

61 

Figure 5-1 Cash flow 64 

Figure 5-2 Cumulative cash flow 66 

  

 

 

 

 

 



XII 

 

Techno-Economic Assessment and Evaluation of the Electric           

Grid –Connected PV Power Plant at AAUJ-Jenin 

By 

Ahlam Hasan Abu Zahew 

Supervisor 

Prof. Marwan Mahmoud 

Abstract 

The performance of 70 kWp grid-connected PV system in Arab American 

University have been analyzed. The performance Parameters considered 

under this study are the final PV system yield, performance ratio and 

capacity factor. The economical assessment was also analyzed including 

cash flow, payback period, net present value and the unit energy cost. The 

annual system outputs were 100 MWh and 95 MWh in 2015 and 2016 

respectively. May 2015 and 2016 had the highest output energy with 

approximately 12 MWh in both years. The PV final yield varies between 

180 kWh/kWp in May and 47 kWh/kWp in January, with annual final yield 

of 1428 kWh/kWp and 1367 kWh/kWp for 2015 and 2016 respectively. 

With respect to performance ratio(PR) the system had an annual PR of 80% 

in 2015 and 76.8% in 2016. The monthly PR varied between 52% in Jan 

and 99% in March in 2015 and (34% in Sep and 99% in Nov) in 2016. On 

the other hand, from the economic perspective the system seems to be 

economically acceptable with a 7 years payback period, a positive net 

present value mounting to 31612.7$ and an internal rate of return of 13% 

which is greater than the 8% interest rate used in the economic evaluation.   



1 

 

Chapter One 

Introduction 

1.  Introduction  

Global energy demand rate has been increased by 199% between 1973 and 

2009 [1]. This increase synchronized with a wide spread in renewable 

energy sources all around the world as a solution of the rapid depletion of 

fossil fuel energy sources and critical environmental issues (CO2, NOx, SOx 

emissions and other environmental serious problems). 

Among all types of renewable energy sources (RES), solar energy has the 

greatest potential in Palestine. According to political, economic, 

environmental, geographical, social and infrastructure conditions in 

Palestine; small and large-scale PV systems can highly meet the energy 

demand growing in Palestine [2]. 

The annual rate of PV system growth between 2005 and 2016 was 47%. 

Figure 1.1 shows the cumulative amount of on grid PV systems all around 

the world.   Between 1991 and 1994, more than 2250 grid connected 

rooftop PV systems were installed in Germany, within 1000-rooftop PV 

program [3]. Since then, rooftop PV systems faced a great acceptance all 

around the word.  
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Figure 1-1: The peak power of installed grid connected PV systems in the world [4]. 

In 2012, the Palestinian energy authority (PEA) started its initiative 

towards more RE utilization. Its goal was to cover 10% of electricity 

needed in Palestine by RES by 2020; where 25MW of it should be covered 

by PV systems. 1000 house roofs were covered by PV systems with 5kWp 

each according to PEA[5,6]. Many other PV rooftop, street light, 

standalone systems and large PV power plant were installed in Palestine-

west bank as well.  

Yarza, Tana, Almekhel, Msafer Yata, Atof … and other Palestinian 

villages were provided by PV systems [7].  
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1.1 Objectives 

The main aims of this thesis are to study the performance of the PV system 

located at the rooftop of Engineering and Information Technology (EIT) 

faculty at Arab American University Jenin (AAUJ) and to evaluate it 

according to the estimated measuring results. The following activities were 

performed to achieve the main aims: 

1. Studying the specifications and characteristics of the electric grid 

supplying the EIT campus in AAUJ. 

2. Measure, analyze and evaluate the performance of the 70 kWp PV 

power plant established at AAUJ.  

3. Applying special software simulation packages in the evaluation 

process. 

4. Determining the economic feasibility of the current PV power plant. 

5. Make recommendation for improving the efficiency and thereby the 

feasibility of the current PV power plant.  

1.2 Thesis Structure  

Chapter Two: Photovoltaic Technology   

This chapter starts by a brief description of PV theory, concept and the 

parameters affecting the PV output energy. In addition, it discusses the 

energy current situation in Palestine and the solar power potential which 

can give a clear vision for the utilization of PV systems in the future. 
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Chapter Three: Configuration of the Electric Network and the PV 

Power Plant of AAUJ 

This chapter discusses the electrical network of the EIT project, starting its 

connection with the grid. The entire connections between the PV modules, 

inverters and all protection devices are also discussed. 

The second part of this chapter discusses the system site with respect to 

shadowing, tilt and azimuth angles of the system. 

Chapter Four: Monitoring and Evaluation of the PV System 

In this chapter the performance of the PV system is evaluated by using the 

optimal measured data. Output energy, coverage percentage, final yield, 

peak sun hour, performance ratio, capacity factor and daily PV production 

are discussed. 

Chapter Five: Economic Analysis  

The financial feasibility of the project is discussed in this chapter. Cash 

flow, pay pack period, net present value, IRR and unit energy cost are 

studied and discussed. 

Chapter Six: Conclusions and Recommendations 

This chapter presents the conclusions and recommendations which are 

based on the implemented research and the trained results. 
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Chapter two 

Photovoltaic Technology 

2. Photovoltaic Technology 

2.1 Introduction  

Photovoltaic effect is a physical phenomenon where the energy carried by 

optical electromagnetic radiation is converted into electric one. When sun 

light falls on semiconductors material a photon with an energy equal to or 

greater than energy gab between valance and conduction band are absorbed 

which break a bond and an electron become free to roam through the 

lattices. This electron leaves a hole behind him. The movements of 

electrons and holes in opposite directions generates electrical current in the 

semiconductor. This current can flow in an external circuit. And so, the 

energy absorbed from the sun light will be converted in to electrical energy 

[8]. 

 

Figure 2-1: Energy diagram of a semiconductor: (a) in darkness; (b) under illumination [8]. 

Figure 2.1 shows atypical solar cell that consists of a semiconductor 

material, having a certain energy gab Eg and a certain thickness W, doped 
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by either N-type material (material with 5 electrons in its last orbit) or       

P-type material (material with 3 electrons in its last orbit). Electron in the 

valance band can absorbe the energy from the photon with energy equal to 

or greater than Eg each photon can create one electron-hole pair whatever 

the energy of the photon is [8]. 

Solar cell is therefore usually consisting of two wafers of silicon doped „P-

type „on one side and „N-type „on the other. Where a depletion region 

appears from the tendency of the excess electrons from N region to try to 

pass to region P to which they are attracted by the excess holes and vice 

versa. Figure 2.2 represent a schematic representation of a PN junction [8]. 

 

Figure 2-2: Schematic representation of a PN junction [8]. 

2.2 Current Voltage Characteristic  

Photo diode term is used to designate a PV cell where the PN junction 

represents the core of a PV cell. Figure 2.3 shows the current – voltage 

characteristic of a silicon PV cell in darkness and under illumination. 
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Figure 2-3: Current–voltage characteristics of a silicone diode in darkness and under 

illumination [8]. 

The dashed line represents the darkness curve which is similar to the diode 

IV curve where the solid line represents the IV curve under the 

illumination, where the diode produces a photo current that depends on the 

quantity of incident light. Isc (short circuit current) represent the constant 

generation current by light. Voc on the contrary is the open circuit voltage 

illumination at zero output current. 

The equivalent circuit of a PV cell is drawn up in the Figure below.  

 

Figure 2-4: The equivalent circuit of a PV cell [8]. 
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If we consider the PV cell as a silicon diode in order to determine its 

current curve then, the current will be as shown in equation (2.1) [8]. 

         –    –                                        (2.1) 

      –      
  

       

  
            –  

       

   
     

Where,  

Id : diode current 

Iph: photon current  

Ish: shunt current 

Vd: diode voltage 

Rs: series resistant  

A: identity factor usually A between (1-2) 

Rsh: shunt resistant  

k = 1.38 * 10
–23

J (Boltzmann constant) 

q = 1.602 * 10
–19

 C (electron charge) 

T = absolute temperature in K 

The series resistor is very small and the shunt resistor is very large then we 

can neglect the value of the shunt current. 
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This term (           ) >> 1 and so, we can consider the value of I to be 

       –      
 

   

                                                                              (2.3) 

and the open circuit voltage (I = zero) is  

       
  

  
      

   

  
                                                                        (2.4) 

Figure 2.5 shows the current- voltage characteristic curve of a PV cell. The 

dashed line curve represents the power (IV products), the system may 

operate at other point of power (I and V values) such as power at point 2. 

The value of P differs according to the amount of illumination and 

temperature as defined later. The broken lines curves represent the 

theoretical curves of constant power. [8] 

 

Figure 2-5:  Maximum power on a current–voltage characteristic of a PV cell [8]. 

The square shape drawn from Pm point is less than that produced by (Isc and 

Voc) products, the ratio of these two squares can be represented as the fill 

factor (FF) 

      
     

       
                                                                                           (2.5) 
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The ratio of the maximum(peak) power produced by a PV cell/ module and 

the input solar energy represent the efficiency (η): 

     
     

    
                                                                                                            (2.6)     

 Where, 

A: surface area of the cell / module 

E: the solar radiation intensity [W/m
2
] 

Usually η is tabulated at standard conditions (E=1000 W/m
2
, AM =1.5, 

T=25C
o
). 

2.3 PV, Module and Array  

A PV module is a set of PV cells connected in series, to increase the 

voltage output. A combination of modules forms a PV array as shown in 

the Figure below. 

 

Figure 2-6: PV, Module and Array [8]. 
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2.4 Effect of Illumination on PV Power Production  

Figure 2.7 shows the “IV curve of a monocrystalline cell under various 

solar radiation. This Figure shows the obvious relation between output 

power and radiation. The PV power production increases as incident 

radiation intensity increases. The current relation with radiation incident is 

also evident, the current increases linearly with the increase of incident 

radiation while the voltage increases little and nonlinearly.  

 

Figure 2-7: I/V Curves of a monocrystalline cell under various radiation intensities. 

2.5 Types of PV Systems  

The electrical output of a PV module depends on its dimension, 

technology, and the received solar radiation. There are two major types of 

PV systems. 
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Standalone type: 

 In this type of installation, energy is used directly from collecting modules. 

Such applications only function during sun light period and do not work at 

darkness. And so, an electrical energy storage is needed to store all the 

excess energy generated by the system, to be used at zero production 

periods. Or it may be converted to hydraulic energy by pumping water to a 

high storage water tank during sun light hour. To be used for generation of 

electricity at darkness period. [8] 

Grid connected type: 

 This type of installation does not need any storage unit, since it is 

connected via a DC/AC inverter with the utility grid. The excess energy 

generated by the PV will be injected to the grid and any shortage in the 

energy fed to the load will be covered from the grid, according to utility 

tariff [8]. 

2.6 Components of PV Grid Connected System  

This system consists of solar modules, inverters, switching devices, 

metering, grounding and other protection devices which discussed here 

after. 
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2.6.1 PV Modules  

The main part of any PV system is the PV modules. These modules are 

connected together in series to form a string. Strings are connected in 

parallel to form an array.  

2.6.2 Grid Inverter  

Grid inverter is used in order to convert direct current and voltage 

generated by the PV array in to alternating current and voltage at a 

frequency and voltage equivalent and in phase to that of the electrical grid. 

The input power to the inverter is the fluctuating power produced by the 

PV system. Most inverters connected to the grid incorporate maximum 

power point tracking system(MPPT). MPPT automatically adjust the 

system voltage so that the PV array operates at its maximum power point. 

Moreover, the inverter should be able to detect an islanding situation and 

take appropriate measures to protect persons and equipment‟s. [9,10] 

2.6.3 Protection Equipment  

In order to have a high quality and efficiency of electrical energy 

production the construction of complex systems was increased. This leads 

to increase the requirements for safety and availability since the failure of a 

machine or larger system parts can cause a significant cost.  

 



14 

 

2.6.4 Fuses  

IEEE refers to „Fuse‟ as a device that opens a circuit with fusible part, 

which is heated and severed by current flowing through it. In PV system a 

fuse link is used on each string in order to protect the conductors and 

modules from overcurrent faults and help to minimise any safety        

hazards [9]. 

2.6.5 Circuit Breakers 

 Is an electrical switch that operate automatically (Open or Closed) in order 

to protect the electrical circuit or system from the reverse current that 

means a current flow backwards through the system when the output 

voltage is higher than that at the input [9]. 

2.6.6 Lightning Protection 

One of the most spectacular meteorological phenomena is lightning, that is 

generated by the interaction of clouds elements. Lightning can reach a 

power of several hundred giga watts and it is considering to be very 

dangerous, it can kill, injure and damage people, building and equipment 

installed in exposed areas or even miles away from the point where the 

lightning strikes. Therefore, they should be protected by an external air 

terminal that attracts the lightning arc and discharge it in the ground [9]. 
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2.6.8 The Surge Protection Device (SPD) 

It is connected in parallel on the power supply circuit of the loads that it has 

to protect. This is the most commonly used and most efficient type of 

overvoltage protection. Figure 2.8 expose the SPD connection principle [9]. 

 

Figure 2-8:  SPD connection principle. 

2.6.9 Grounding 

Grounding equipment‟s provides a low- resistance path for surge current 

from lightning strikes or equipment‟s fault; in order to protect the system, 

stabilize voltage and provides a common reference point. 

All system components including equipment boxes appliances frame and 

PV mounting equipment should be grounded to protect human from 

leakage current from conductors to the frame of equipment [9]. 
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2.6.10 Meter and Instrumentation  

Two main type of meters are used in PV system  

- Utility kilowatt-hour meter 

- System kilowatt-hour meter 

Utility kWh meter 

Energy delivered to or from the grid were measured using a kWh- meter. 

Usually a utility installs a bidirectional meter with a digital display on the 

customer side, this meter displays the cumulative total value of energy fed 

to or from the grid [9]. 

System meter 

Although it is possible for the system to operate without a system meter; it 

is an essential device to measure and display system performance and 

status. 

Typically, system meter measures voltage, current, frequency, output 

energy and power in small time intervals. And it is mainly connected by 

SCADA system that allow remote observing of the system [9]. 
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2.7 Current Situation of Solar Energy in Palestine 

2.7.1 Introduction  

Energy is the modern criterion of development in any society, where 

technological and industrial improvement for welfare life go a hand by 

hand with higher energy consumption. In the time where daily energy 

consumption mainly met by conventional source of energy {coal, oil and 

natural gas}, the consumption rate increased by 199% between 1973 and 

2009 worldwide [1]. Therefore, enormous efforts had made by the 

governments to develop and utilize alternative sources of energy in order to 

meet their growing rate of energy consumption, protect the environment 

from greenhouse gases result from conventional sources combustion and to 

achieve sustainability and independently in the long term. Palestine (west 

bank and Gaza strip) with an area of 6020km
2
 divided between west bank 

(5666km
2
) and Gaza strip (365km

2
) is surrounded mainly by Israel. Small 

portion of Gaza is bounded by Mediterranean [1]. In Palestine 100% of 

fossil fuels and 89% of electricity supply comes from Israel. Detailed of 

energy imported, exported and produced is tabulated in Table 2.1. This 

makes Palestinian be faced with an energy dependence crisis. Table 2.2 

shows a percentage of number of hours of electricity services in both west 

bank and Gaza strip and at Palestine in general. On the other hand, 

renewable energy sources in Palestine constitute about 27% of total energy 

consumption in the form of solar energy (43% mainly for water heating by 
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household solar heater), biomass such as wood 51% olive cake 6% that also 

used for heating [5]. 

Table 2-1: Energy balance of Palestinian territories in GWh, 2010[5]. 

Energy 

flows 

Energy Products Total 

Petroleum 

derivatives 

Solar 

Energy 

Electricity LPG Olive 

Cake 

Wood 

and 

coal 

Primary 

Production 

- 1340.5 - - 190 1582.5 3113 

Imports 6652.8 - 4158.8 1598.3 - 37.5 12447.5 

Exports - - - - - -43 -43 

Total 

Energy 

Supply 

6652.8 1340.5 4158.8 1598.3 190 1576.9 15517.5 

Table 2-2: Household percentage according to number of hours of 

electricity service, January 2011[5]. 

Region Percentage for number of hours of electricity 

service: 

Total 

Less than 16 h 17 – 23h 24 h 

Palestinian 

Territory 

34.7 0.0 65.3 100 

West Bank 0.5 0.0 99.5 100 

Gaza Strip 100 0.0 0.0 100 

2.7.2 Palestinian Solar Energy Potential  

Palestine with a daily average solar radiation of 5.4kWh/m
2
 and about 3000 

hours of sunshine per year has a great solar energy potential. Although, the 

average solar radiation varies between 2.63kWh/m
2
 per day in December 

and 8.4kWh/m
2 

per day in June it still encourages the utilization of solar in 

many applications [5]. 

In the time where Palestine is considered to be one of the leading countries 

worldwide in the usage of solar water heater for domestic application 
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approximately 67% of houses use, it still needs more utilization of solar 

energy PV systems [5]. 

Studies showed that a PV power plant (polycrystalline silicon with an 

efficiency of 11%) with an area of 8km
2
 in the area of Jordan valley, where 

solar radiation ranging between (5.4-6 kWh/m2) per day annually, can 

generate 1GW of electricity. This plant could cover 2.7% of the valley land 

that had a low population density. Such field can cover 27% of the current 

Palestinian electricity needs. On the other hand, 2.7% of the current 

Palestinian electricity needs could be covered by using only 10 % of the 

Palestinian roof top areas [average 150m
2
 each house]. It is worth 

mentioned hear that Palestine energy consumption considered to be one of 

the lowest in the region while it has the highest price for energy in the 

region. [1] 

The Palestinian energy authority has prepared a strategy to raise the RE 

contribution in energy sector where we look for clean and secure electricity 

supply. The goal of this strategy is to achieve 10% of total power 

requirement by Palestine from renewable energy by 2020. The target 

identified as the following: 45MW form ground and rooftop PVs, 20MW 

from concentrated solar power plants, 21 MW biogas and 44 MW from 

wind. [5] 

The Palestinian distribution of annual total irradiation map shown in Figure 

2.9 shows that Palestine has an average annual sum of global horizontal 

irradiation between 2000 and 2200 kWh/m
2
, according to this reading 
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Palestine has a great potential for solar energy generation. Moreover, 

according to the map of annual energy generation potential of c-Si PV 

system shown in Figure 2.10, PV has an annual energy potential between 

1400 and 1600 kWh/kW. This potential can extremely solve the energy 

crisis in the region [10]. 

 

Figure 2-9: Average annual sum of global horizontal irradiation in Palestine [11]. 
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Figure 2-10: Global potential map of PV energy generation (kWh/kW) by c-Si PV  module [11] 

2.7.3 Temperature Effects 

PV power generation systems represent a promising technology for energy 

generation in Palestine. However, operation conditions extremely affect its 

output power. Temperature operates a critical role in the PV systems. It 

affects PV system output power as well as operation efficiency. Climate in 

Palestine vary widely, between costal area – which is mild during winter 

with average temperature 15C
o
 and hot during summer with an average 

temperature 24C
o
- and Jordan valley climate that is warm in winter hot and 

dry at summer.   

In a typical PV system between 6 and 20 % of the incident radiation 

converted in to electricity and that‟s according to the module efficiency 

while the remaining part converted into heat which significantly increase 

the temperature of the PV module and reduce it efficiency. 
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In order to examine the temperature effect on the electrical efficiency of a 

PV module output. The expected output power of a PV Cell/Module can be 

found according to the following equation [12]: 

                                                                              (2.7) 

Where: 

Pmax: maximum output power 

FF : Fill factor 

Impp, Vmpp: the maximum output current and voltage respectively 

            –           –                                                                    (2.8) 

Where: 

ηc  : Cell / module efficiency  

Ref: reference value, at reference conditions 

  : Temperature coefficient K
-1

 

β: Material property coefficients. 

TC: cell/module operating temperature (K) 

 

 



23 

 

 

 

 

 

 

 

Figure 2-11: Variation of operation parameters with cell temperature [8]. 

This relation shows the linear relation between Cell/module efficiency and 

its temperature, that will describe the reduction in output energy in the 

months with higher temperature later on this study. Figure 2.11 summarize 

the operation parameter (I,V,   and fill factor) variation with temperature. 

Despite the fact that Isc increases slightly with the temperature the 

excessive reduction in Voc reduce the fill factor and the efficiency as its 

clear in the Figure 2.11.[8] 

2.7.4 Grid Connected PV systems Tariff Instructions in Palestine  

According to the Palestinian Energy authority instructions for the grid 

connected PV systems, Palestinians could utilize the sun power by PV on 

and off grid systems. For grid connected PV systems, when the production 

is greater than consumption; 75% of the excess energy is transferred to the 

next months. It is worth mentioning here that excess energy transfers for 

only one year (from the 1
st
 April to 31

th
 March) if it is not consumed by the 
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load in the next months. On the other hand, when the load consumption is 

greater than the PV system output energy; the load would consume the 

remaining needed energy from the grid and they have to pay distributors 

according to the utility tariff per kWh after subtracted the amount of excess 

energy from previous months as defined in the following equation. [13] 

      –     

                                                                                         (2.8) 

Where: 

 Ec : electrical energy consumption 

Ep  : electrical energy Production 

            distributors dues  

C : 75% of the excess energy produced by the PV system on the previous 

months  

 :  tariff value per kWh  

The calculation of the electricity generated by the PV system in Palestine 

can be done using two types of power metering systems: net metering and 

feed in tariff. Bidirectional power meter is used in the net metering systems 

where the energy inflow, outflow and net energy are measured using the 

same meter device. And so, the system priced according to equation 2.8. 

On the other hand, in the feed in tariff system; two separate metering 



25 

 

devices are used, one for the inflow energy and one for the outflow energy. 

This means that the electricity consumed and the generated one are priced 

separately. [14] 
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Chapter Three 

The Configuration of the Electrical Network and the 

pv Power Plant of AAUJ 

3. The Configuration of the Electrical Network and the PV Power 

Plant of AAUJ 

In order to understand the power flow, through the system network; the 

electrical network of the university will be discussed in the following 

section. 

3.1 AAUJ Electrical Network 

AAUJ which consists of 11 independent building is feed by electricity 

through eight transformers with a rated power as defined in table 3-1. from 

TDECO. The university has eight diesel generators (DG) as well. These 

generators act in the case of grid fault. 

Table 3-1: AAUJ transformers power rating. 

Transformer  Rated Power (kVA) 

1الامرٌكٍت   400 

2الامرٌكٍت   400 

 400 انجامعت/ انغربً

 630 انجامعت / انطبٍت انمساندة 

 630 انجامعت /كهٍت انعهىو 

AS 630 انجامعت / استاد 

ستاد انجامعت /ا  630 

 630 انقبىل وانتسجٍم 
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The 70 kWp-PV system is connected with 600 kVA diesel generator and 

630 kVA utility transformer in the same bus bar that feeds three buildings 

of the university as shown in Figure 3.1. The loads are fed by these three 

sources. Any excess power generated by the PV is transferred to the utility 

grid. 

 

Figure 3-1: EIT Cumpos electrical network Feeder. 

The nominal power installed capacity of the PV system at the STC is 70 

kWp. The PV system consists of 234 PV modules type Hanwha each of 

300W. These modules are divided into three groups, first group consists of 

62 modules divided in three strings two with 20 modules in series each and 

the third consists of 22 modules in series. The remaining two groups 

consist of 86 modules each; divided on four strings two with 22 modules in 

series each and two strings with 21 modules in series. These groups are 

connected to (20, 27.6 and 27.6 kVA) inverters respectively. Figure 3-2 

shows the entire connection of the 20 KVA and 27.6kVA transformers. 

Main busbar 
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Figure 3-2: A-The entier connection of the 20kVA transformer. B - The entier connection of 

the 27.6kVA transformer of the AAUJ PV system. 
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The single line diagram of the PV system is drawn in Figure 3-3. All the 

PV system components used in the system are defined in the following 

sections with their specific values and characteristics. 

 

Figure 3-3: single line diagram of the 70 kWp in AAUJ. 
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3.2 PV System Components 

The system components will be discussed in the following sections, 

appendix A presents all the equipment data sheets. 

3.2.1 PV Module 

300 W peak poly-crystalline PV modules were used in the system. Table 

3.2 shows the electrical and mechanical characteristic of the PV module. 

Three bypass diodes are used in each PV module in order to reduce the 

losses by bypassing the current in the case of shadowing. Figure 3.4 shows 

the utilized 300W Hanwha PV module front view. 

Table 3.2: Electrical and mechanical Characteristics of Hanwha 

module.  

Electrical Characteristics at Standard Test Conditions (STC) 

Power class 300 W 

Maximum Power (Pmax) 300 W 

Open Circuit Voltage (VOC) 44.9V 

Short Circuit Current (ISC) 8.78A 

Voltage at Maximum Power 

(Vmpp) 

36.1V 

Current at Maximum Power 

(Impp) 

8.32A 

Module Efficiency (%)  15.5% 

Mechanical characteristic  

Dimensions  1956mm ×988mm ×45 mm 

Weight  27±0.5kg 

Frame  Aluminum-alloy 

Front  4mm tempered glass with anti-reflective 

coating 

Cell Size  156 mm × 156 mm (6in ×6in) 

Number of Cells   (Pieces) 72 (6 × 12) 

Output Cables Solar cable 4 mm2; length: 1200 mm 
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Figure 3-4: Hanwha Module Front View. 

3.2.2 DC Surge Protection Device (SPD) 

Two ABB surge protection devices were connected in parallel with each 

string in all inverters. One of them is connected to the positive side and the 

other one to the negative side. This device has a nominal discharge current 

of 20 k A and the maximum discharge current is 40kA. In addition, its 

rated DC voltage is 440 V and its nominal AC voltage is 400/690 V. Figure 

3.5 shows the SPD connected to inverter 3. 

 

Figure 3-5: The SPD connected to inverter 3 in AAUJ PV system. 



32 

 

3.2.3 DC Fuses  

Figure 3-6 shows the ABB fuses that are connected in series with each 

string in all inverters. Two fuses one with positive led and one for negative 

led were used for each string. 32 A is the nominal current with 690/750 DC 

operation voltage. 

 

Figure 3-6: Fuses connected with inverter 3 in AAUJ PV system. 

3.2.4 DC Circuit Breaker  

Figure 3-7 shows the 25 A and 800 Volt DC circuit breaker that connect 

the PV output for each maximum power point (MPP) with the inverter 

input. However, Circuit breaker is used for selectively switch strings even 

under load in the event of fault or for maintenance purposes, for fire 

protection and personal safety reasons. Furthermore, selective isolation of 

the strings in the event of inadequate system performance.  
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Figure 3-7: DC circuit breaker of two PV strings. 

3.2.5 Grid Inverter  

Three ABB inverters were used in this project each of three phases. Two 

inverters with 27.6kVA and 20 kVA are used. Inverters have two 

independent MPPT ports. With an operating voltage between (252 V – 

950V) and rated voltage of 620 V. The data sheets of the inverters are 

represented in appendix A. Figure 3.8 below shows the inverters used in 

this system. Reviewing the interior connection of the system shown in 

Figure 3-2. Maximum number of PV module connected in series for each 

inverter input was 22. Then the maximum open circuit voltage for each 

inverter input equals to: 

                                                                          

Where, 

N:                   

V:                                    
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Maximum open circuit voltage for each inverter input = 22   44.9 = 988V,  

is less than the absolute maximum voltage that the inverter can handle. 

On the other hand, two PV strings are in parallel which means that the 

maximum short circuit current that may inter the MPPT input is: 

                                                                           

Where, 

N:                   

I:                                     

Maximum short circuit current for each inverter input = 2 8.78 = 17.56A, 

which is less than the 25 A, the maximum current that the MPPT input can 

handle. 

 

Figure 3-8: ABB and AURORA inverters front view. 
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3.2.6 AC Circuit Breaker  

Three AC circuit breakers are connected with the three inverters AC 

outputs. 63A and 40A are the nominal currents for the 27.6 k VA and 

20kVA inverters respectively. Figure 3-9 shows the AC CB used in this 

system. 

 

Figure 3-9: AC CB. 

3.2.7 Residual Current Circuit Breaker (RCCB) 

Three RCCB with a rated current of 40 A, rated voltage of 230/400 V and a 

residual rated current of 30mA were used in this system to connect the AC 

output of the inverters with the utility meter system. Figure 3-10 shows the 

RCCB used in this project. 
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Figure 3-10: Residual Current Circuit Breaker.  

3.2.8 AC Surge Protection Device  

Another SPD is connected in parallel with the AC output of the three 

inverters. It has a 20kA nominal current with a maximum current of 40 kA. 

440 V, 1900 V are the nominal and maximum voltages respectively. Figure 

3-11 shows the AC SPD used in this project. 

 

Figure 3-11: AC Surge Protection Devices. 
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3.2.9 AC Fuses  

Figure 3-12 shows the ABB fuses connected in series with inverters output. 

128A, 690V are the nominal current and voltage of these fuses. Figure 3.12 

shows the AC fuses used in this project. 

 

Figure 3-12: AC Fuses. 

3.2.10 Main Circuit Breaker 

An AC circuit breaker with a nominal current of 125A is used as a main 

CB to connect or disconnect the system from the grid. Figure 3-13 shows 

the main AC CB used in this project. Figure 3-14 shows the main 

distribution panel. 

 

Figure 3-13: Main CB. 
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Figure 3-14: AC main distribution panel. 
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3.2.11 Lightning Protection 

Figure 3-15 shows the 40kA/1000V lightning air terminal protection for 

AAUJ system.  

 

 

 

 

 

Figure 3-15: lightning air terminal. 

3.2.12 Grounding 

25 mm
2
 copper wire was used as main earthing cable while 10 mm

2
 one 

was used for sub earthing cables in the system. Figure 3-16 shows the 

earthing wire and equipment used in this system. 

 

Figure 3-16: AAUJ project earthing box 
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3.2.13 Meter and instrumentation  

Utility kWh meter 

Figure 3-17 shows the Schneider meter device used in the system. 

 

 

 

 

 

 

Figure 3-17: AAUJ PV project utility Schneider meter. 

System meter 

Typically, system meter measure voltage, current, frequency, output energy 

and power on small time intervals. And it is mainly connected by SCADA 

systems that allow remote observing for the system. Figure 3-18 shows the 

kWh system meter used in the PV system.  
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Figure 3-18: AAUJ PV project system meter. 

3.3 Evaluation of the PV System Site 

As mentioned in previous section of this study, Palestine is considered to 

have a high solar energy potential. However unsuitable site location will 

cause excessive losses in energy production. Free shading area with an 

ability for the PV module to be well oriented and accommodated are the 

critical rules for any site selection criteria. Shading, tilt and azimuth angle 

for the system under the study will be discussed in the following sections. 

3.3.1 Shading   

Shading has a great effect on PV energy production, however small 

shading even that caused by a single branch of leafless tree or that from a 

hanging wire may adversely affect energy production by the module. This 

is because shading one cell essentially turn off all the cell in series with it. 

Shading from building itself (hanging wire, lighting, ...etc.), tree, other 

building and module strings on the system should be carefully avoided 
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during design and planning stages. The required distance between modules 

strings in the same PV system can be calculated using equation (3.2). 

Figure 3.19 shows array shading distance parameters. [15] 

                                                                             (3.2) 

Where 

                             

           

                      

 

Figure 3-19: shadowing Distance parameters[16] 

By considering the system under this study with a tilt angle         and 

a width         the minimum distance d that guarantees no shading 

from the PV module during the peak hours is         

The mounted arrays have a spaced distance of      which is good 

compared to the minimum distance which is 5.46m. Moreover, the system 

site is shading free from tree, buildings, hanging wire or towers. Figure      

3-20 shows the PV system front view. 
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Figure 3-20: AAUJ PV system Front View 

3.3.2 Tilt and Azimuth Angle 

A tilt angle between the latitude of the location ( ) and (  -15) will 

maximize the output with losses in total output energy below 5% [9]. 

Palestine locates in the north hemisphere in the 32 latitude that requires a 

module azimuth angle toward south and a tilt angle between (17
o
 – 32

o
) for 

maximum output energy. Figure 3-21 shows a tilt and azimuth angle 

representation. System under the study is mounted towards south with a tilt 

angle of 18.6
o
 which guarantee maximum total output energy throughout 

the year with losses below 5%. 
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Figure 3-21: Tilt and azimuth angle representation [17]. 

 

 

 

  

 

  

Array tilt angle  

Azimuth  
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Chapter Four 

Monitoring and Operation of the pv System Located   

at AAUJ 

4.  Monitoring and Evaluation of the AAUJ PV System  

4.1 Introduction  

Accurate evaluation of PV system performance is very essential for 

development of PV industry, for components manufacturers, for 

researchers, system developer and for defining the quality of existing 

project [8]. The main goal of this study is to define the performance of a 

grid connected PV system mounted on the top roof of EIT campus in 

AAUJ during two years of continuous operation. In order to determine the 

PV system performance; total annual and monthly production, monthly and 

yearly coverage percentages, final yield and performance ratio will be 

studied in the following sections. These parameters define the overall 

system performance with respect to the energy production, solar sources 

and overall effect of system losses. The results will be compared with other 

similar systems and with the expected performance determined using 

PVSYST simulation.  
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4.2 Metrological Data on the Site of AAUJ Project 

Figure 4.1 shows the monthly daily average solar radiation in kWh/m
2
.day 

in the project site. The annual sum of global horizontal solar irradiance 

amounts to 1961 kWh/m
2
 (5.4 kWh/m

2
.day) [19] 

 

Figure 4-1: Monthly average daily solar radiation in the site of AAUJ. 

This data was gathered by a Solar Atlas Mediterranean which is for global 

horizontal data for the southern and eastern Mediterranean region. Data for 

this part were gathered by Earth observation satellite and based on existing 

ground measurements tools in the region. The data were averaged for 20 

years (1991-2010). Figure 4.2 shows the monthly average ambient 

temperature with the monthly average sunshine hours. These curves give a 

clear description for the monthly solar energy production. Although, Jun, 

July, August and September had a larger value of sunshine hours it has a 

lower value of production than other months during the year and that refers 
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to the effect of temperature. It is evident from the graph that these months 

have a higher value of temperature and since the PV module efficiency 

inversely proportional to the ambient temperature; the output energy was 

lowered in these months [19]. 

May, has the advantage of both high sunshine hours and moderate 

temperature with respect to all other months and so, it has the highest 

output energy during the year.  

 

Figure 4-2: The monthly average ambient temperature with the monthly average sunshine    

hours [18]. 

4.3 Output Energy 

The energy produced by the solar PV system depends on some factors that 

include solar PV array size, amount of irradiance, total efficiency of the 

system which implicitly includes system losses. The losses include shading, 

temperature, inverter efficiency, voltage drop, orientation and tilt angle of 

the modules. PV system production data from Jan 2015 to Dec 2016 were 
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used in this performance evaluation. PV modules output power and energy 

were used along with irradiation data taken from Solar-Med-Atlas web site. 

The total energy produced by the PV system in 2015 and 2016 were about 

100MWh and 95MWh respectively. Table 4-1 tabulates the monthly 

energy output of the system in 2015 and 2016. It is clear that May,2015 

with 12825 kWh has the highest value of production. May, 2016 with 

12589 kWh was the highest as well and that may refer to many reasons 

such as 

 Sky clearness from clouds and dust. 

 Optimal temperature. 

Table 4-1: Monthly energy production of the 70kWp-PV system at 

AAUJ during 2015 and 2016. 

Energy [kwh] 

Months 2015 2016 

Jan 3,290.9 3,290.9 

Feb 4,564.8 5,618.3 

March 11,114.4 8,433.1 

April 11,055.1 12,124.4 

May 12,825.3 12,588.9 

June 11,211.4 12,115.8 

July  10,117.7 10,805.2 

Aug 8,581.6 8,447.7 

Sep 7,621.7 4,316.9 

Oct 8,258.3 4,710.2 

Nov 6,123.4 7,667.4 

Dec 5,220.4 5,629.0 
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4.4 Coverage Percentage  

Coverage percentage is the load percentage that the PV system can cover 

per month or year. It is the total energy produced per month or year over 

the total energy consumed by the load for the same period. Table 4.2 shows 

the monthly load consumption in 2015 and 2016. The total load 

consumption was 454.4MWh in 2015 and 402.2 MWh in 2016. The annual 

coverage percentage can be found by the following equation: 

                             
   

   
                                             (4.1) 

Where, 

AP: Annual PV production 

AC: Annual load consumption          

With 100 MWh and 95 MWh PV production in 2015 and 2016 

respectively, the coverage in 2015 and 2016 were as follows: 

 Annual coverage percentage (2015) =                         

 Annual coverage percentage (2016) =                        . 
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Table 4-2: Monthly load consumption 

 

Month 

Consumption 

[kwh] 

2015 2016 

Jan 54084 43627 

Feb 30159 27837 

March 31598 29344 

April 38501 32851 

May 40427 35060 

June 30652 23165 

July  38047 30266 

Aug 44836 42701 

Sep 36794 29907 

Oct 39560 42778 

Nov 35548 30787 

Dec 34188 33928 

The PV monthly load coverage percentage is illustrated in Figure 4.3. The 

coverage percentage varies between (6-36.5) % in 2015 and (7.5-52.3) % in 

2016. PV production was approximately similar in both years. However, 

energy consumed in 2016 was lower than that consumed in 2015 at       

about 20%. 
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Figure 4-3: PV Monthly coverage percentage of the 70kWp-PV system at AAUJ 

4.5 Performance Parameters  

In order to determine the overall system performance, solar radiation and 

effect of system losses; Final Yield, PSH, Performance Ratio and Capacity 

Factor will be investigated. 

4.5.1 Final yield (YF) 

One of the most important parameters to define the technical performance 

of a PV system is the final yield which is the annual, monthly or daily net 

AC energy produced by the PV system to the peak power of the PV system 

at STC (cell temperature of 25°C and an irradiance of 1000 W/m
2
 with 

an air mass 1.5). It represents the number of hours that the PV system 

would need to provide the same energy if it operates at its peak power. YF 
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normalize the energy produced with respect to the system capacity. And so, 

it is a suitable parameter to compare PV systems with different capacities. 

   
       

          
                                                                                         (4.2)                 

The monthly final yield of the system varies between 180 kWh/kWP in 

May and 47 kWh/kWP in January. The system had an annual final yield of 

about 1428kWh/kWP. It is clear that the YF is proportional to the energy 

output. Figure 4.4 shows the daily average final yield that can be found as 

following: 

The PV energy produced is 11.11 MWh in March 2015, with 70kWp 

power of the system, the daily final yield is obtained as follows: 

YF(day) =   

 

 

Figure 4-4: Daily final yield of the 70kWp-PV system at AAUJ. 
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Table 4.3 summarizes the values of annual and average monthly final yield 

with the solar radiation for some PV projects around the world.  

Table 4-3: PV systems final yield values around the world [19,20,21]. 

Solar radiation 

(kWh/m
2
.year) 

Average monthly final yield 

(kWh/kWp) 

Annual final 

yield(kWh/kWp) 

2244.7 146.73 1760.76 

2000 88.8 1065.6 

1596  92 1105  

1346.85 90.5 1086 

Reviewing the data in Table 4.3 it is evident that the final yield increases 

with the increase of solar radiation. Comparing the project under this study 

with these systems, the AAUJ project has an annual final yield equals to 

1428kWh/kWp while the solar radiation in the site is about 1961 kWh/m
2
. 

which means that the system has good performance comparing to other 

similar systems. 

4.5.2 Peak Sun Hours (PSH) 

PSH is the global irradiance in the earth (kWh/m
2
) divided by the reference 

irradiance Go (kW/m
2
).   

     
  

  
                                                                                      (4.3) 

Where,  

Es: is the irradiance in the plane (kWh/m
2
). 

Go: reference irradiance (1000W/m
2
). 
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Figure 4.5 shows the monthly daily peak sun hours at the AAUJ site. For 

example, PSH for March is obtained as follows: 

      
          

         
                                                                       

The average daily peak sun hours around the year can be calculated as the 

sum of daily average for each month divided by 12: 

    
                                            

  
        

                        

 

Figure 4-5: Monthly average daily peak sun hours at the site of AAUJ 

4.5.3 Performance Ratio       

   represents the total losses in the system when converting from solar 

energy input to electrical AC output energy; due to inverter inefficiency, 

wiring, mismatch, PV module temperature, components faults and 
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incomplete use of irradiation due to reflection, soiling and snow.    is the 

ratio of the actual output energy to the expected one. 

     
  

  
                                                                                                    (4.4) 

Where,  

AE: actual output energy kWh 

EE: expected output energy kWh 

In order to calculate the expected output energy of a PV system the 

following equation is used: 

              (4.5) 

Where, 

G: solar radiation kWh/m
2
 

A: PV system area (452.2m
2
) 

η : PV module efficiency (15.5% for this project)  

For example, the expected output energy in May 2015when the solar 

radiation is 220 kWh/m
2
 is 

                                     

Then, the PR in May 2015 where the actual output energy is 12825 kWh is  
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Figure 4.6 shows the monthly PR of the system in 2015 and 2016. 

Performance ratios of 70% and above are considered to be good. Usually, 

the PR values are greater in winter than in summer months due to reduction 

in ambient temperature and thereby the module losses. 

 

Figure 4-6: Performance ratio for 2015 and 2016 of the 70kWp-PV system at AAUJ. 

The values of    for the system under this study fall within (52% in Jan 

and 99% in March) in 2015, with a 80% annual value and within (34% in 

Sep and 99% in Nov) in 2016, with a 76.8% annual average. This readings 

indicate a very good performance for the system when compairing it with 

general PR for systems that fall within (0.6 to 0.8). It also indicates that 

there were a small amount of energy losses during the total process. 
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4.5.6 Daily PV production  

Reviewing the daily energy production for each month during 2015 and 

2016, effects of temperature, solar radiation, sunshine hours and clouds 

shading can be clearly noticed. 

Inspecting the daily energy production for May, June, July and August we 

find approximately close daily production values. Figure 4.8 displays the 

daily production in June. Data taken from SCADA system connected to the 

system, the closeness of the daily energy values during the whole month 

are recognizable. This issue refers to approximately similar values of solar 

radiation and ambient temperature as well as to sky clearness. 

 

Figure 4-7: June daily production of the 70kWp-PV system at AAUJ in 2015 and 2016. 
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during period of these seasons which affect the energy production resulting 
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in a fluctuation in the daily production. This issue is demonstrated in Figure 

4.9 where the energy production during December varies between zero 

kWh/day and 300 kWh/day.  

 

Figure 4-8: December daily production of the 70kWp-PV system at AAUJ. 

4.6 Maximum and Minimum Day Production  

Figure 4.10 illustrates the energy production on 6
th
 November 2015 where 

the total energy produced amounts to 20.6kWh/day which is the minimum 

amount in this year. The corresponding minimum energy produced on 2
nd

 

December 2016 amounts to 4.9kWh/day. 
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Figure 4-9: 6
th 

of November 2015 and 2
nd

 of December hourly average energy production of the 

70kWp-PV system at AAUJ 

On 18
th

 April 2016 and 25
th

 April 2015 with 380 and 409 kWh respectively 

the highest daily production in 2016 and 2015 were recorded. Figure 4.11 

Shows the energy production curve for 25
th
 of April 2015. Sine wave shape 

describe the solar radiation on this day. That means a sky free from clouds. 

 

Figure 4-10: 25
th
 April 2015 and 18

th
 April 2016 daily production of the 70kWp-PV system at 

AAUJ 
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4.7 Environmental Effects of the 70kWp-PV System at AAUJ 

Global warming is one of the major environmental issues which sounded 

the alarm around the world. Most industrialized countries have addressed 

CO2 and other greenhouse gases emission reduction on their political 

agenda. While the conventional methods of energy generation seem to be 

one of the most harmful procedures on climate, air, water, land and 

wildlife; renewable techniques provide an environmental and social 

problems solution in addition to sustainable developments for human 

activities. Photovoltaic energy conversion has high expectations for their 

abilities on CO2 emission reductions (absence of any air emissions and 

waste production during their life working).  

The environmental and social-economic benefits of PV systems can be 

concluded in the following points: 

 Greenhouse gases (mainly CO2 and NOx) emission reduction 

 Electrical grid transmission line reduction  

 Save water resources from toxic waste  

 Increase the national energy independency  

 Provides job opportunities  

 Security of energy supply 
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For the system under study and in order to estimate its environmental 

effects the, CO2 emission saving in tons was calculated and shown in 

Figure 4.12. According to Tsoutsos et al [20] each kWh generated by PV 

can save between (0.6 - 1) kg of CO2 emission. In this study an average 

value of 0.8 kgCO2/kWh will be considered. 

 

Figure 4-11: CO2 emission saving in tons by the 70kWp-PV system at AAUJ. 

It is clear that the CO2 emission saving by the 70 kWp-PV system of AAUJ 

varies between 2 and 10 tons per month. The annual savings of CO2 

emission were 80 tons and 76.6 tons in 2015 and 2016 respectively. 
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Chapter Five 

Economic Analysis 

5.  Economic Analysis 

5.1 Introduction  

Within various RES technologies PV technology has a special attention due 

to its potential and abundant worldwide and the fact that it can‟t be 

monopolized by few countries.  

In this chapter, economic analysis of the project will be implemented. It's 

cash flow diagram, net present value, payback period, unit energy cost and 

internal rate of return (IRR) will carefully be discussed. 

5.2 Fixed and Running Cost  

The 70kWp PV system under this study was constructed by PALPOWER 

Company. This project was funded completely by the institution "Future 

for Palestine". From the AAUJ university perspective this project is 

feasible anyhow since there is no initial cost. To perform an economical 

study for the project, PALPOWER has provided us by the total initial 

investment cost which was 95200$.  

In order to complete this economic study these assumptions were made. 

 All the annual energy production is assumed to be consumed by the 

load, since the amount of energy feed to the grid was little (1584kWh) 

after two years of operation.  



63 

 

 The interest rate i or what is so called "the weighted average cost of 

capital" is assumed to be 8% 

 The average annual energy produced by the system is 97.7MWh. 

 The annual energy production of the system is assumed to decrease by 

0.8%. 

 The construction cost for each 1kWh is considered to be 0.54 NIS/ kWh 

(0.153$/kWh).[21] 

 Annual operation and maintenance cost is assumed to be 1% of the 

initial investment (952$). 

 Replacement cost for the inverters (13200$), payed one time during the 

life time of the project. 

 The salvage value at the end of the project life time is assumed to be 

3.5% of the initial cost (3332$). 

 The project life time is assumed to be 20 years. 

5.3 Cash Flow 

Cash flows: are the amounts of money estimated for future projects or 

observed for business activity that have taken place. Often Cash flow 

calculated for a specific time period. Annual one is the most common one. 

[22] 
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Cash inflows (R) are the revenues, incomes, and savings generated by 

project and business activity. Usually a plus sign is used to indicate a cash 

inflow. For this project the price of the energy produced by the system was 

considered to be the cash inflow 

                                        .Salvage value at the end 

of this project life time was given a positive value, as well. 

Cash outflows (D) are the disbursements, initial costs, expenses, and taxes 

caused by projects and business activity. Usually a negative sign is used to 

indicate a cash outflow. For this project the cost of operation and 

maintenance for the PV system were considered to be the cash outflow (1% 

of the initial investment) in addition to the initial investment cost. Figure 

5.1 shows the cash flow diagram during the life time of the project. [22] 

                                                   –          (5.1)             

 

Figure 5-1: Cash flow 
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5.4 Payback Period  

Payback period, is one of the earlier methods in projects financial analysis. 

It is an easy way to define the period of time that the project needs in order 

to recover its initial investment. Usually it was found by dividing the initial 

cash investment by the annual cash flow. As the period is small as the 

project is accepted economically. [22] 

Despite the payback method is considered to be the least accurate 

technique, it still gives a good indication of the project profitability. 

Due to the varying in the annual cash because of the degradation in the PV 

system efficiency, the payback period can be found by drawing 

accumulative diagram of the cash flow. As shown in Figure 5.2, when the 

cumulative value equal zero that means that the project covers all its initial 

expenditures and it start gaining. From the Figure 5.2 it is evident that after 

seven years the system covers its expenses and start gaining. The reduction 

in the revenues at the 10
th
 year refers to the inverter replacement cost. 
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Figure 5-2: Cumulative cash flow 

5.5 Net Present Value (NPV)  

This is one of the popular technique to determine whether the project is 

financially viable or not. The net present value is the difference between 

the present value of the cash inflow and the present value of the cash 

outflow.  

NPV could be positive, negative or zero. When NPV is positive or zero i.e: 

the inflow is greater than or equal to the cash outflow; the project is 

considered to be acceptable, while it is not financially acceptable when 
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equation. [22] 
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                                                            (5.3) 

Where, 

C: the initial investment   

CS: salvage value   

n: number of years (20) 

CIR : Inverters Replacement Cost. 

i: interest rate 

C O&M : operation and maintenance cost 

(P/A,i,n) and (P/F,i ,n) are the compound interest factors 

Using    C=-95200 $,   Cs=3332$,   CIR=-13200 $   C O&M = -952 $,      

 (P/A, 8%, 20) =9.8181, (P/F, 8%, 20) =0.2145, ( P/F, 8% ,10) = 0.4632  

and compound interest factors (P/F, 8%, n) from n=1 to 20 as defined in 

appendix B. In order to calculate the expected annual output energy for the 

project life time, the average of the total annual output energy of 2015 and 

2016 was used with an annual degradation factor of 0.8%. 

                                               

                                                   

                            

The total NPV = 31612.66 $  
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The NPV is positive and it means the project is financially acceptable (cash 

inflow is greater than cash out flow) 

5.6 Unit Energy Cost (UEC) 

UEC represent the generation average cost per kWh. This method considers 

all the costs including the initial cost, operation and maintenance cost and 

any other expenditures during the project life time. This method is very 

useful to compare between different types of energy generation methods 

that assists policymakers, researchers and others to guide discussions and 

decision making. Equation below is used to find the UEC. [24] 

     
    

    
                                                                                              (5.4) 

Where,  

Ctot: the PV system expenditures including the capital cost, operation and 

maintenance cost and replacement cost during the project life time. 

Etot: the energy output (kWh) generated by the system during its life time, 

                                                  –                 

                              

                     –                         

                   

According to the calculated data in appendix C that takes the depreciation 

factor in account. 
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5.7 Internal Rate of Return IRR 

Internal rate of return IRR: it is the rate of interest that exactly repay the 

initial investment with its interest payment over the life of the project. IRR 

can be found as the value of i that achieve the following condition. [25] 

   ∑
  

      
 
                                                                                        (5.7) 

Where, 

 t: number of the year  

Ct: net cash flow at year t 

C: initial investment  

A MATLAB program is used to find the value of IRR and that refer to the 

variation of the net cash flow over the project life time, the value of IRR= 

13.3% which is greater than the minimum interest rate (i=8%) that we used 

for this project and this gives a good indication about the profitability of the 

project since IRR must be greater than i to be financially acceptable. The 

complete MATLAB code is provided in appendix D. 
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Chapter Six 

Conclusions and Recommendations 

6. Conclusions and Recommendations  

6.1 Conclusions 

After two years of continuous operation and based on measured data and 

data analyzed, it was evident that the 70 kWp PV system located at the 

rooftop of EIT campus of AAUJ had worked efficiently. The following 

points summarize the output results. 

 The system had an average final yield of 3.9 kWh/kWp-day which 

amounts to more than 5.8 kWh/kWp-day in some months. This can be 

considered as an acceptable result.  

 Considering the general performance ratio that varies between 55% and 

99% it can be realized that the system performance is good. 

 The monthly average capacity factor that reach to 24% is a good 

indicator to the energy production in the system, it is also summarize the 

overall efficiency of the system. 

 The project monthly output energy in the two years of operation 

describe the relation between the output energy or system efficiency 

with the ambient temperature where the output energy and system 

efficiency decrease as ambient temperature increase. 
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 The world today looks for green energy sources. AAUJ PV project with 

more than one ton of CO2 emission saving per kWp per year; shows a 

good environmental energy source option. 

 With seven years payback period of the project, Positive NPV and an 

IRR of 13% the PV system is economically a feasible solution for the 

lack of energy. Moreover, it may encourage investors to invest in this 

field as well. 

6.2 Recommendations  

 Palestine has a high solar energy potential and lacks for all kinds of 

conventional energy resources. The obtained positive results in this 

study encourage to increase the use of PV system. 

 Installing measuring systems for solar radiation, wind speed and 

ambient temperature in different areas of Palestine is highly 

recommend. 

 Raise the awareness on the economic and environmental profitability of 

the use of renewable energy sources to increase the spread of PV 

systems in Palestinian society. 
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Appendix A-8 
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Appendix B 

 

Compound interest table  
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Appendix C 
 

production [MWh] Income 

97.7 14,948.1 

96.9 14,828.5 

96.1 14,709.9 

95.4 14,592.2 

94.6 14,475.5 

93.9 14,359.7 

93.1 14,244.8 

92.4 14,130.8 

91.6 14,017.8 

90.9 13,905.6 

90.2 13,794.4 

89.4 13,684.0 

88.7 13,574.6 

88.0 13,466.0 

87.3 13,358.2 

86.6 13,251.4 

85.9 13,145.4 

85.2 13,040.2 

84.5 12,935.9 

83.9 12,832.4 
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Appendix D 
 

IRR MATLAB CODE  

 

Ct=[13996.1,13876.5,13757.9,... 
13640.2,13523.5,13407.7,13292.8,13178.8,13065.8,12953.6,12842.4,12732.

0,... 
12622.6,12514.0,12406.2,12299.4,12193.4,12088.2,11983.9,11880.4]; % 

cash in flow  
i=0.13328;% IRR 
s=0; 
ss=0; 
C=95200-3332;% initial investment  
for j=1:20 
    s=Ct(j)/(1+i)^j; 
    ss=s+ss; 
end 
out= C-ss 
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 أحلام أبو زهو

 إشراف
 أ. د. مروان محمود

 الممخص 

كيمو واط في  7:تقوم ىذه الاطروحة بتحميل أداء النظام الشمسي المتصل بالشبكة الكيربائية بقدرة 
الجامعة العربية الأمريكية. حيث تم دراسة كل من العائد النيائي لمنظام الشمسي ونسبة الأداء 

قييم الاقتصادي بما في ذلك التدفق النقدي، وفترة الاسترداد، وعامل السعة. كما تم تحميل الت
ميجا واط  077وصافي القيمة الحالية وتكمفة وحدة الطاقة. حيث بمغت مخرجات النظام السنوية 

عمى التوالي. كما تراوح معدل القيمة  5709و 5708ميجا واط ساعة في الاعوام  8>ساعة و
كيمو  :7كيمو واط ساعة لكل كيمو واط في مايو و 7;0بين  الإنتاجية الشيري لمنظام الشمسي ما

كيموواط ساعة لكل  ;075واط ساعة لكل كيموواط في يناير، مع معدل قدرة إنتاجية سنوي قدره 
 عمى التوالي.  5709و 5708كيمو واط ساعة لكل كيموواط في العامين  :069كيموواط و

 5708٪ في عام 7;بة أداء سنوية تقدر ب ، كان لمنظام نس (PR)فيما يتعمق بنسبة الأداء
٪ في مارس >>٪ في يناير و85. فيما تراوحت نسبة الأداء الشيرية بين 5709٪ في عام ;.9:و

. من ناحية أخرى، من المنظور الاقتصادي 5709٪ في نوفمبر >>٪ في سبتمبر و67و 5708
سنوات، وحسب المعادلات  :ا يبدو أن النظام مقبول من الناحية الاقتصادية مع فترة سداد مدتي

دولار مع معدل  :.60905موجب يقدر ب  (NPV)الاقتصادية فإن لممشروع صافي قيمة حالية 
٪ المستخدمة خلال عممية التقييم  ;٪ وىو أكبر من معدل الفائدة 06يصل الى  عائد داخمي

ي لكل كيمو واط دولار امريك 7.798الاقتصادي. أخيرا بمغت تكمفة الوحدة الواحدة من الطاقة 
 ساعة.
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