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Abstract

This work has as general objective the creation of a soiling index modeling for photovoltaic

systems. The specific objectives are: To characterize the functioning of photovoltaic

cells, to simulate the photovoltaic system utilizing the PVSyst software to analyze the

production capacity of the system, to identify how these variables affect the production of

solar energy and to characterize the conditions of energy production based on simulations.

To accomplish these objectives, it is necessary to perform a systematic literature review

aiming at the soiling impact and the tilted angle in photovoltaic systems. To perform

the modeling, a mathematical formula was adapted to calculate the output current of

photovoltaic systems. The differences of this approach regarding the other on the extant

literature are the facilities to implement this technology using a reduced number of sensors

and demanding less processing power. To validate the proposed soiling index model and

achieve the objectives, it was performed a simulation of the photovoltaic system, where

the theoretical production values of the photovoltaic system were acquired which were

used as a database to analyze the results obtained by modeling the soiling index. From

these steps, it was possible to realize the relative error for the modeling varies from 0.33%

to 2.48%, with a consistent behavior for most of the scenarios. It is possible to conclude

that the behavior presented by the modeling is similar to the simulated. The modeling

can contribute to photovoltaic systems as a tool to create better and cleaning schedules.

Keywords: Soiling Index Modeling, Photovoltaic system, PVSyst, Energy Production
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Resumo

Este trabalho tem como objetivo geral a criação de uma modelagem de índice de sujidade

para sistemas fotovoltaicos. Os objetivos específicos são: Caracterizar o funcionamento

das células fotovoltaicas, simular o sistema fotovoltaico utilizando o software PVSyst para

analisar sua capacidade de produção, identificar como essas variáveis afetam a produção de

energia solar e caracterizar as condições de produção de energia com base em simulações.

Para atingir esses objetivos, é necessário realizar uma revisão sistemática da literatura,

visando estimar o impacto da sujidade e o ângulo de inclinação nos sistemas fotovoltaicos.

Para realizar a modelagem, uma fórmula matemática foi adaptada para estimar a corrente

de saída dos sistemas fotovoltaicos. A diferença desta abordagem em relação a outras na

atual literatura, caracteriza-se pela redução do número de sensores ao se implementar

essa tecnologia, o que exige menor poder de processamento. Para validar o modelo de

índice de sujidade proposto, foi realizada uma simulação do sistema fotovoltaico. Para

isto, foram adquiridos os valores teóricos de produção fotovoltaica, a fim realizar uma

análise comparativa aos resultados obtidos através da modelagem do índice de sujidade.

A partir disto, foi possível perceber que o erro relativo para a modelagem varia de 0,33%

a 2,48%, com um comportamento consistente na maioria dos cenários. É possível concluir

que o comportamento apresentado pela modelagem é semelhante ao simulado. Podendo

contribuir para os sistemas fotovoltaicos como uma ferramenta, auxiliando na otimização

das escalas de limpeza.

Palavras-chave: Modelagem do Índice de Sujidade, Sistema Fotovoltaico, PVSyst, Pro-

dução de Energia.

viii



Contents

Dedication v

Acknowledgment vi

Abstract vii

Resumo viii

1 Introduction 1

1.1 Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 General Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.2 Specific Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Justification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Work Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 State of the Art 7

2.1 Photovoltaic Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.2 Photovoltaic Technologies . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.3 Solar Trackers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Portguese Energetic System . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2.1 Energetic Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

ix



2.2.2 Photovoltaic Energetic Scenario . . . . . . . . . . . . . . . . . . . . 19

2.3 Energy Efficiency in PV: A Systematic Literature Review . . . . . . . . . . 22

2.3.1 Methodi Ordinatio Steps . . . . . . . . . . . . . . . . . . . . . . . . 22

2.3.2 Soiling Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3.3 Tilted Angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.4 Closing Remarks on Energy Efficiency . . . . . . . . . . . . . . . . . . . . 34

3 Definition of the Soiling Index Modeling 35

3.1 Soiling Index Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.1.1 Model Mathematical Elaboration . . . . . . . . . . . . . . . . . . . 37

3.1.2 Data Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.1.3 Calculus of the Soiling Index and Percentage Error Calculation . . . 39

3.2 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2.1 Determination Of The Annual Energy Generated . . . . . . . . . . 40

3.2.2 Determination of Instantaneous Current and Irradiation . . . . . . 43

4 Case Study: Simulation with the Soiling Index Modelling Application 45

4.1 Initial Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1.1 Components Definition . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.1.2 Parameters Definition for the Soiling Index Modeling . . . . . . . . 49

4.2 PVSyst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.2.1 How the Software Works . . . . . . . . . . . . . . . . . . . . . . . . 52

4.2.2 Software Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.3 Simulation Scenarios and Modeling Application . . . . . . . . . . . . . . . 55

5 Results Discussion 57

5.1 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.1.1 Annual Energy Generated . . . . . . . . . . . . . . . . . . . . . . . 57

5.1.2 Instantaneous Current and Irradiation . . . . . . . . . . . . . . . . 59

5.1.3 Correlation of Both Scenarios . . . . . . . . . . . . . . . . . . . . . 62

x



5.2 Soiling Index Modeling Results . . . . . . . . . . . . . . . . . . . . . . . . 64

5.2.1 Fixed System with Optimal Annual Tilted Angle . . . . . . . . . . 64

5.2.2 Solar Tracker with Optimal Annual Tilted Angle . . . . . . . . . . 64

5.2.3 Solar Tracker with Various Tilted Angle . . . . . . . . . . . . . . . 65

5.3 Correlation and Discussion Between Results and Simulation . . . . . . . . 66

6 Conclusions 71

Bibliography 81

A Results 82

B Systematic Literature Review Results 85

xi



List of Tables

2.1 Number of Articles Found. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2 Filtering Steps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3 Final 8 Articles Selected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

B.1 List of Articles Constituting the Final Portfolio . . . . . . . . . . . . . . . 86

xii



xiii



List of Figures

2.1 History Timeline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Equivalent Circuit of a Photovoltaic Cell. . . . . . . . . . . . . . . . . . . . 11

2.3 Mono-Si Cell[18] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4 Poly-Si Cell [18] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.5 A-Si Cell[21] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.6 Solar Trackers [24]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.7 Renewable Energy Equivalent in the Balance of Electricity [2] . . . . . . . 18

2.8 Portugal’s Scenario on Energetic Dependence [3] . . . . . . . . . . . . . . . 18

2.9 Evolution of the Incorporation of Renewable Energies [3] . . . . . . . . . . 19

2.10 Portugal Continental Energy Balance [4] . . . . . . . . . . . . . . . . . . . 19

2.11 PV Expectation Increase in Portugal [2] . . . . . . . . . . . . . . . . . . . 20

2.12 Methodi Ordinatio Flowchart . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.13 Difference Between a Clean and Dirty PV System. [44] . . . . . . . . . . . 29

2.14 Artificial Neural Network Architecture for Soiling Rate Estimation. [7] . . 30

2.15 Structure of the Employed Neural Network Model. [8] . . . . . . . . . . . . 31

2.16 Feed-forward Networks with Two Hidden Layers and an Output Layer. [9] 32

2.17 Solar Path [16] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.18 Variation in Energy Production [26] . . . . . . . . . . . . . . . . . . . . . . 33

2.19 Tilt Angle Theoretical Calculation [43] . . . . . . . . . . . . . . . . . . . . 34

3.1 Flowchart of the Functioning of the Soiling Index Modeling . . . . . . . . . 36

3.2 Bottom-up Methodology Structure for Energy Generation. . . . . . . . . . 40

xiv



3.3 Bottom-up Methodology Structure for Output Current and Solar Irradiation. 41

4.1 Analysis to Determine the Best Tilted Angle. . . . . . . . . . . . . . . . . 49

4.2 Analysis to Determine Correlation for Soiling Effect. . . . . . . . . . . . . 50

4.3 Irradiation Window [49] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.4 Orientation Window. [49] . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.5 System Window. [49] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.6 Behavior of the Best Day to Simulate [49]. . . . . . . . . . . . . . . . . . . 56

5.1 Energy Generated by the Fixed System with the Annual Tilted Angle. . . 58

5.2 Energy Generated by the Solar Tracker System with the Annual Tilted

Angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.3 Energy Generated by the Solar Tracker System with Variable Tilted Angle. 60

5.4 Output Current by the Fixed System with the Annual Tilted Angle. . . . . 60

5.5 Output Current by the Solar Tracker System with the Annual Tilted Angle. 61

5.6 Output Current by the Solar Tracker System with Variable Tilted Angle. . 62

5.7 Output Current and Energy Generation for the Fixed System. . . . . . . . 63

5.8 Output Current and Energy Generation for the Solar Tracker System. . . . 63

5.9 Output Current for a Fixed System with Annual Ideal Tilted Angle. . . . . 64

5.10 Output Current for a Solar Tracker System with Annual Ideal Tilted Angle. 65

5.11 Output Current for a Solar Tracker System with Varied Angle. . . . . . . . 66

5.12 Correlation between Simulated and Modeling Values for Fixed System. . . 67

5.13 Correlation between Simulated and Modeling Values for Solar Tracker Sys-

tem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.14 Correlation between Simulated and Modeling Values for Solar Tracker Sys-

tem with Varied Tilted Angle. . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.15 Relative Error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

A.1 PVSyst Simulation Results. . . . . . . . . . . . . . . . . . . . . . . . . . . 83

A.2 Modeling Results and Relative Errors . . . . . . . . . . . . . . . . . . . . . 84

xv



Acronyms

a-Si Amorphous Silicon. 11, 13

APREN Portuguese Association of Renewable Energies. 1, 2, 18

CdTe Cadmium Telluride. 11, 14

CIS/CIGS Copper Indium Gallium Selenide. 11, 13, 14

EU European Union. 1, 17

GHG Greenhouse Gases. 1, 4, 17

IEA International Energy Agency. 1, 4

Isc Short Circuit Current. 38

mono-Si Monocrystalline Silicon. 11–13

MPPT Maximum Power Point Tracking. 42

NREL National Renewable Energy Laboratory. 14

PECVD Plasma Enhanced Chemical Vapor Deposition. 13

PNEC National Energy and Climate Plan. 1, 2, 4, 17, 20, 71, 73

poly-Si Polycrystalline Silicon. 11, 41, 46

xvi



pp percentage points. 18

PV Photovoltaic. 2–5, 7–11, 15, 17, 19–23, 26, 28, 30, 32, 35–37, 39–44, 46, 47, 49–53,

63, 71–75

SLR Systematic Literature Review. 5, 6, 21, 22

UPAC Self-consumption Production Units. 46

Vco Open-Circuit Voltage. 38

xvii





Chapter 1

Introduction

This first chapter presents the introduction of the work, based on a general analysis

of PV energy. It describes how much this energy source has growth in recent years

according to Portuguese Association of Renewable Energies (APREN), and how it will

be further promoted. It takes into account the Greenhouse Gases (GHG) data, referring

to the need to expand renewable energy sources, and the objectives stipulated by the

National Energy and Climate Plan (PNEC), based on the Paris agreement made by the

EU, in which countries must reduce their GHG emission rates and spread new sources of

energy production to improve a sustainable energy growth. Finally, the question for the

development of this work is raised, the objectives are listed, and the work structure is

presented.

1.1 Framework

The world is currently experiencing a phase of readjusting energy sources due to the

increasingly emission of GHG and a growing in energy demand reported by the Interna-

tional Energy Agency (IEA) [1]. With these problems occurring, the Paris agreement was

created, setting targets regarding energy consumption for the countries involved in the

European Union (EU). Having this scenario as background, Portugal created the PNEC,

which focuses on increasing energy generation rates from renewable sources.

1



2 CHAPTER 1. INTRODUCTION

The implementation of the PNEC brought for Portugal as goals for the next decade

an increase in the consumption of final energy from renewable sources, with an amount

of 47%, which represents 80% of the national energy balance, coming only from these

sources [2]. To achieve the goals presented by PNEC, it is necessary that he government

follow the incentive to implement renewable energy sources, among which the focus on

the production of Photovoltaic (PV) energy is the main one, which by 2030 is intended

to have a total installed potential between 8.1 to 9.9 GW [2].

Currently, Portugal faces another problem - the external energy dependence –, being

solved with the implementation of more renewable energy sources. During the last 20

years, the country has presented rates of energy dependence around 70% and 90% [3],

consequences of the low or even non-existent national production of fossil energy sources,

which have been kept below 80% [3] due to the country’s commitment to the imple-

mentation of renewable sources, demonstrating Portugal’s potential on the production of

renewable energies.

The APREN has stored the growth data of renewable energy production, showing

that, from 2008 to 2018, the growth of PV systems increased 11 times, reaching a total

installed of power of 673 MW only in continental Portugal [4]. The values tend to grow

15 times in the next decade, as shown by the projected of the PNEC to attain a total

power around 8.1 and 9.9 GW [2].

The PV generation comes as the main source of energy, to assist in meeting the goals

set by the Portuguese government [2]. Due to this growth, it is necessary to develop

methods that can assist in the maintenance of systems that already exist and will emerge

over time. Within the factors that most influence the generation of PV energy, the

accumulation of debris is one of the main factors affecting energy generation [5], [6].

A way to assist in monitoring this index would be to create a model that can col-

lect these data, since the dirt index does not have a standard behavior. Currently, no

methodology for data analysis is being used to determine the soiling levels in practice,

even with the existence of this technologies, because of the high costs and complexity of

implementation as presented in [6], making it difficult to create more efficient cleaning
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scales. Because of the complexity presented in current models, the presented in [7]–[9]

were analyzed, which demand a high number of sensors and a complex mathematical

calculation to determine the dirt index, which coincides with the statements presented

above.

The creation of a soiling index modeling for PV systems could improve the energy

production capacity, and deliver a more satisfactory performance in energy production

as it works as a tool that informs the percentage of energy possibly lost due to the

accumulation of debris.

Furthermore, this model provides the soiling index, which can be use as a tool to

facilitate the development of the cleaning cycles by the companies that offered a cleaning

service, or for the owner of the system to analyze the percentage of energy lost by soiling,

and thus help Portugal’s energy growth and being more independent.

Given the above about the need to increase the supply of energy from renewable

sources, and because of the possibilities of this increase coming from the production of

PV energy, it is possible to ask the following question-problem: How to improve and

optimize the energy supply PV systems?

From this starting question, the objectives of this research were originate, and are

presented below.

1.2 Objectives

The objectives of this work were defined based on Bloom’s taxonomy [10], where a general

objective and specific objectives were established, with the general objective being the

focus of the work and the specific objectives being the necessary steps to carry out this

research.

1.2.1 General Objective

The general objective is the creation of a soiling index modeling for PV systems.
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1.2.2 Specific Objectives

The complimentary objectives to support the research are:

• To present and describe the characteristics of PV energy production.

• To simulate, using the PVSyst software, implementing the tilted angle, tracking and

soiling loss.

• To analyze the energy production capacity of a PV structure with a solar tracker

using the PVSyst software.

• To identify how these variables affect the production of solar energy.

• To characterize the conditions for the production of PV energy from the structure

analyzed in the work.

1.3 Justification

According to reports issued by the IEA [1] in recent years, the world has been going

through a phase of readjusting energy sources, because of the increase in GHG emissions

and energy demand is growing.

At the end of 2019, presenting the final version of the PNEC [2], and setting out the

targets for Portugal, concerning GHG emissions and the use of energy, determining the

increase in the use of renewable sources for production as 47%, where the focus for the

2030 horizon for the electricity generation sector is, above all, solar energy. Other goals

of the plans are to increase energy efficiency by 35% and reduce energy dependency by

65%.

Based on the PNEC goals, observing that the focus of this plan for the production of

renewable energy will be the solar source. Based on the studies [5], [6], [11], [12], which

portray the impact caused by the soiling index and the importance of this variable to

improve the efficiency of PV energy, the soiling index modeling was developed.
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This modeling can estimate the percentage of the soiling index, which impacts the PV

system. Making it possible to improve cleaning cycles, increasing energy efficiency and

solar energy production.

Analyzing the literature models present in [7]–[9], it is possible to observe they address

the use of extremely complex systems, which demands a high processing power and a high

number of sensors. Thus justifying the development of simplified modeling, as proposed

in this work.

1.4 Work Structure

The composition of this work was made up of six chapters and one annex.

The first chapter presents the introduction of the study, the research question for the

development of this work, the objectives, the justification and the structure of this work.

The second chapter approaches the state of the art introducing the history of PV tech-

nology. Subsequently, describe how the PV system works and introduce the technology

employed to the modules and solar trackers.

After the technologies and the history of PV systems, present an analysis of the energy

balance and the scenario of the solar sources in Portugal. Furthermore, this chapter brings

a Systematic Literature Review (SLR) based on Methodi Ordinatio, the methodology used

to study energy production drop.

The third chapter describes the approach used in the research, structured by the

modeling flowchart, presenting all the steps to reach the mathematical modeling, and

then presenting the simulation of the PV system.

The fourth chapter presents the application of the methodology developed in the

previous chapter.

The fifth chapter consists of presenting the results together with their analysis. The

first part refers to the analysis of the results obtained in the simulation. The second

part was the presentation of the results obtained from the application of the soiling index

modeling for the scenarios related to the output current and the irradiation. Finally, the
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analysis of the modeling behavior in relation to the simulated values was made.

In the sixth and last chapter, conclusions were presented regarding the results ob-

tained, the limitations that were observed during the work, and the future work that can

be done to contribute to the evolution of this theme.

The annexes present in this work correspond to the detailed table on the values,

obtained in the simulations and application of the soiling index modeling, and the SLR

articles final results.



Chapter 2

State of the Art

This second chapter deals with the state of the art, presenting the history of PV tech-

nology, its discovery in 1839 by Edmond Becquerel, and all its development during the

19th and 20th centuries. The second part describes the technologies used in PV modules,

detailing the material used to build different types of modules. Solar trackers are also

presented, revealing their importance to increase the energy production. The Portuguese

Energy System is contextualized, bringing details related to governmental laws. Finally, a

systematic literature review on Energy Efficiency in PV using Methodi Ordinatio is built.

2.1 Photovoltaic Energy

2.1.1 History

The origin of the Solar energy is not so recent as one might assume. It emerged in the

19th Century from the analysis of the French physicist Edmond Becquerel, who had seen

this phenomenon for the first time in 1839 when he converted solar energy into electricity

by placing some electrolytic cells into an acid solution and then exposing to light. With

this experiment he could produce voltage and current[13].

During the 19th century, solar energy effects were studied and witnessed by other

people like the professor Willian Grylls Adams and his student Richard Evans Day in

7
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1876, when they exposed some selenium to light and produced energy. The amount of

energy generated by the sunlight was not enough to power electrical equipment but proved

that solid materials can produce energy without moving parts and just using the Sun.

From this experiment the idea of PV cells as we know was born[14].

In 1883 the inventor Charles Fritts from the USA created the first solar cells made

with selenium. Coating the selenium with gold, and this first model of a solar function

cell had a conversion efficiency of 1%, and they were used to build the first rooftop solar

array in New York in 1884. Because of the high price materials, it was not possible to

produce the cell in a large scale production[14].

In the 20th century, the improvement of solar cells had the most important discovery.

At the beginning of the century, Max Planck studied how to explain the nature of light

emission from hot bodies, for example, the Sun, and we know this today as Planck’s Law

[13]. This study impulsion Albert Einstein to postulate that the light was composed of

small particles named Photons, these particles contain amounts of energy and the amount

is determined by the color. As he had studied the amount of energy in a blue photon has

twice the energy as a red photon[15].

Einstein’s suggestion led to the formulation and development of quantum mechanics,

culminating in Edwin Schrödinger’s wave equation, and this formulation was responsible

to explain the difference between metals, good conductors of electricity and insulators,

and also the properties of semiconductors. The electrons in metals are free, so they can let

the current flow easily. In insulators, they are closed in connections making the atoms stay

together, demanding a high amount of energy to make them free from those connections,

this way they can flow the current. This principle is the same for semiconductors, but

the amount of energy to free the electrons is less than regarding the insulators case.

In 1940 [14] Russel Ohl accidently discovered the first solar cell made with silicon.

He had measured a large amount of electrical voltage coming from a silicon rod, that

he had thought were pure, exposing it to the light of a flashlight. Deeply investigation

showed that the rod contains small parts of impurities making the material gaining some

“negative” characteristics. Nowadays, we know that these characteristics are deriving
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out of an excess of mobile electrons with a negative charge, and the other part had the

opposite properties called “positive”. It is known that it became from the lack of mobile

electrons causing the effect of a positive charge.

From the discovers of Russel Ohl, William Shockley was capable to develop the theory

of the material build from junctions between “positive” and “negative” regions in 1949

[13] and then used this theory to build the first practical transistors.

Deriving out of the “positive” and “negative” junctions Bell Labs scientists Daryl

Chapin, Calvin Fuller, and Gerald Pearson developed the first commercial silicon PV cell,

reaching the efficiency of 6% with this first cell [14]. Soon they were using solar panels

to fuel satellites and in 1958 the Vanguard was launched with the among of 6 solar cells,

capable to produce 1W [14].

In the 1970s, because of the oil crisis, people started to invest in solar research and Dr.

Elliot Berman, in partner with Exxon, was responsible to make the price of solar panel

raise down one fifth. He found that using multiple crystals from silicon was cheaper than

just one, but was lost.

The timeline that represents the historical evolution of PV technology, can be seen in

the Figure 2.1.

2.1.2 Photovoltaic Technologies

This section will present a brief explanation about how the light is converted into elec-

tricity, the equivalent circuit of a PV cell and the diverse types of materials used in PV

modules.

For the conversion of light into electricity, it is necessary to analyze the theory pro-

posed by Einstein, based on the study by Max Planck, where light is composed of energy

packages, called photons. Depending on the energy of the photons, it is possible to break

the electron bond out of the material. Being possible to quantify the energy of the photon

by the frequency of the light as shown in equation 2.1. Where E corresponds to the energy

of a photon, h the Planck Constant and f the light’s frequency.
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Figure 2.1: History Timeline.

E = h.f (2.1)

In a PV cell, because of the doping differences on each layer P and N, when the photon

releases an electron, this electron flows as electric current, producing a hole in the layer N

being filled by another electron from the layer P producing the electrical cycle that flows
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through the connections.

According to the representation on Figure 2.2, which shows the equivalent circuit of a

PV cell and the theory of PV effect, it is possible to determine that the PV cell works as

a current source, varying according to the intensity of the light, making the circuit more

dependent on the current than the voltage.

Figure 2.2: Equivalent Circuit of a Photovoltaic Cell.

As cells can be made of different materials, it is necessary to study which material

would be the most efficient for the development of PV modules. These materials are

divided into different types of technologies. According to Lynn (2010) silicon modules

have led the PV energy market to represent 80% of world production, and manufacturers

using this material can offer guarantees that last up to 20-25 years [16]. The main modules

that use silicon may vary between Monocrystalline Silicon (mono-Si) and Polycrystalline

Silicon (poly-Si).

To complement the variety of modules, there are other existing technologies, such

as thin film, Amorphous Silicon (a-Si), Cadmium Telluride (CdTe) and Copper Indium

Gallium Selenide (CIS/CIGS).

Next, the different types of technologies that constitute the photovoltaic cells pre-

sented above will be described, following the following sequence: mono-Si, poly-Si, a-Si,

CIS/CIGS and CdTe.
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Monocrystalline Silicon

Monocrystalline silicon module is the most efficient on the market with an efficiency

above 25% [17]. It is composed of a thin layer of silicon obtained by crystallizing a

single piece of pure molten silicon [16]. It has a pseudo square shape with a unique and

smooth coloration as shown in Figure 2.3. The manufacture of this type of module is time-

consuming and expensive due to the need to crystallize a single piece of pure silicon, which

also demands a lot of more care in the process. Furthermore, to present the necessary

electrical characteristics it is necessary to dope the material with small quantities of other

elements.

Figure 2.3: Mono-Si Cell[18]

Polycristalline Silicon

This technology is also known as multicrystalline silicon. Similarly to the mono-Si cell, the

production of this module is made by casting a piece of pure silicon, but with a different

process [16]. The main difference is that the casting of several crystals is done in a single

block, and when this block is cut it is possible to see the different crystals, as it can be

observed in Figure 2.4. Due to this process, the silicon residue generated is reduced and
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the manufacturing process is faster, but the efficiency of this module is reduced in relation

to the mono-Si module, being around 17% [19].

Figure 2.4: Poly-Si Cell [18]

Amorphous Silicon

Amorphous Silicon Modules, as shown in Figure 2.5, are also known as thin-film modules.

The manufacturing process of this module is based on the Plasma Enhanced Chemical

Vapor Deposition (PECVD) roll-to-roll method [20]. The result of this process is a flexible,

non-expensive material, with low silicon demand. It is a slow method and the conductive

glass layer has a high cost, so the final manufacturing cost is slightly lower than the crystal

modules [16], [20]. Besides the cost problem, this technology has very low efficiency,

presenting 13.5% in laboratory tests and 4-8% for commercial modules [16], [20].

Copper Indium Gallium Selenide

The CIS/CIGS modules have the same manufacturing method as a-Si. As they are part

of the thin-film category, which is produced by spraying materials onto a surface that can
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Figure 2.5: A-Si Cell[21]

be flexible. According to [16], [22], it was noted that this composition has a higher light

absorption. There are some disadvantages of this technology. The scarcity of the material

used in its manufacture turns it to be expensive. Furthermore, it is besides being a heavy

metal, and it ends up emitting a lot of toxic waste. Yet, it has a reduced efficiency and,

according to certification by the National Renewable Energy Laboratory (NREL), the

efficiency of this material is around 16.1% [22].

Cadmium Telluride

The CdTe cell is considered a thin-film cell. Just as CIS/CIGS, it is also considered

a great light-absorbing material [16]. The components in its constitution are abundant

and produce a low toxicity to the environment, if compared to the current production.

Nevertheless, the efficiency of the cell in relation to the most used technologies in the

market is low, being around 11% [16].

Even with all these diverse types of material that develop solar modules, various types

of structure also help in solar energy production like solar trackers. The solar tracker

subject was presented because the parallel project of this work represents the development

of a solar tracker with the technology of the soiling index modeling. When combined it

is possible to improve the energy production with the soiling index analysis with a solar
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tracker working together.

2.1.3 Solar Trackers

Solar trackers consist of a technology that helps the movement of PV systems using motors

or linear actuator, with a central that controls how much the system should be moved. By

using a solar tracker, the PV systems have the possibility of making movements, following

the Sun light, with a similar movement of sunflower. This movement allows the Sun’s

rays to strike perpendicularly on the surface of the modules, thus increasing the amount

of radiation absorbed and, consequently, increasing the production of energy.

The cost to implement this technology increases in approximately 20% the final cost

of a project. Nevertheles, as presented by [23], the increase in generation can reach 40%.

This technology, as shown in Figure 2.6, can be classified into two groups with the

division between single-axis and double-axis trackers. For the single-axis, it is possible to

notice the different ways to perform this kind of tracker. In sequence, we will describe

the categories of solar trackers’ positions, as in [24].

Figure 2.6: Solar Trackers [24].
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• R1: a single-axis tracker parallel to the ground, parallel to the east-west axis. This

tracker performs the adjustment of the module’s tilt angle in relation to the height

of the Sun, minimizing the vertical incidence angle for the system.

• R2: a single-axis tracker parallels to the ground like R1, but parallel to the north-

south axis. This tracker monitors the horizontal trajectory of the Sun, minimizing

the angle of incidence of the system for this axis.

• R3: single-axis tracker, however its operation differs from the previous ones, in

which the system is connected to a vertical bar, which on its turn supports the

module at an angle of inclination; its segment occurs by monitoring the horizontal

path of the Sun.

• R4: Single-axis tracker, with its layout equal to R2, changing only that it has a tilt

angle in the base axis, and the movement is the same as R2, following the horizontal

movement of the Sun.

• R5: a double-axis tracker, with its fixation similar to R3, but it does the vertical

and horizontal monitoring of the Sun’s path, maximizing the absorption of solar

radiation.

• R6: fixed system, with a predetermined inclination angle.

Among the studies analyzed in [24] on tracker technologies, it is possible to note that

researches in the two-axis trackers segment represent 42.57% of the total. Searches on

single-axis trackers represent 41.58% and the remaining 15.84% are studies that analyze

the two types of trackers, revealing that the interest in the development and research on

the two methods are practically equivalent, showing a small difference between them.

Presenting the study carried out in Chengdu/China was performed the comparison of

various technologies of solar trackers. In which was concluded that the trackers of the

N-S tilted tracking obtained an absorption of 93.2% [25] about the result obtained in a

dual-axis tracker. The results are satisfactory for this technology, considering that the
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dual-axis tracker is more complex and demands a lengthier amount of space and material.

Helping to choose the N-S inclined single-axis tracker as the object of study for this work.

2.2 Portguese Energetic System

In this section, the energetic scenario in Portugal will be described, presenting all the

data of the country’s energy balance. Also, the PV scenario in Portugal will be described,

with the goals for this technology and the national plans on how to achieve them.

2.2.1 Energetic Scenario

Currently, Portugal, together with the EU, focuses on reducing the emission of GHG and,

consequently, increasing the production of energy from renewable sources. The European

Union’s target for 2030 in the gross final consumption of renewable energy sources is

at 32%, while Portugal stipulated its target for the same period at 47%. This goal is

equivalent to the balance of electricity production to a percentage of 80% from renewable

sources, as shown in Figure 2.7 from the PNEC [2].

Among the focus for the implementation of renewable energy new sources, it solves

the problem that Portugal has been facing, about the issue of energy dependence from

abroad. According to government data for the last 20 years, the country has presented

values between 70-90% [3], as shown in Figure 2.8, a consequence of the low national

energy production from fossil sources, such as oil and natural gas, which represent a

significant portion in the final consumption of primary energy. Due to the incentive in

the production of renewable energies and energy efficiency, Portugal has managed to keep

its dependency rates below 80% [3], which reveals a high dependency on external sources.

Despite this dependence on external sources and with the implementation of the

PNEC, as presented in Figure 2.9, Portugal has been showing a very optimistic tra-

jectory to achieve the goals set by the EU and the government itself, which are above the

goals of the EU. It is possible to observe a small drop in 2017 in the verified trajectory.

However, the values were still above the objectives as presented in Figure 2.9, which is 0.8
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Figure 2.7: Renewable Energy Equivalent in the Balance of Electricity [2]

Figure 2.8: Portugal’s Scenario on Energetic Dependence [3]

percentage points (pp) above the goals for 2017 and 2.9 pp below the target stipulated

for 2020. According to [2], with the increase in the enforcement of renewable energies, it

can suffer a positive impact on energy prices, greater maturity and liquidity in the energy

market.

According to APREN, it is possible to observe the growing history of energy production



2.2. PORTGUESE ENERGETIC SYSTEM 19

Figure 2.9: Evolution of the Incorporation of Renewable Energies [3]

data in mainland Portugal. In 2019 Portugal had mostly a source of energy from renewable

sources, as shown in Figure 2.10, demonstrating that the commitment and established

goals are bringing the expected results to the country.

Figure 2.10: Portugal Continental Energy Balance [4]

2.2.2 Photovoltaic Energetic Scenario

The scenario of PV power generation in Portugal shows a strong increase in self produc-

tion, signaling a self sufficiency. It was observed that in 2018 the installed power of PV

energy had a value 11 times greater than back in 2008, reaching 673 MW [3]. Possibly,
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this growth may come from the cost of implementing this technology, which according to

PNEC data, has a cost of 0.7 €/W in 2016 [2], while the production leader has a cost

of 1 €/W. However, with all this growth, PV energy represented 2.2% in 2019 [4] of the

continental energy matrix, as shown in Figure 2.10.

However, the goals imposed by the Portuguese government in the PNEC and the focus

on PV energies [2], present an estimate growth of this branch to be even greater for the

next decade, with the objective of surpassing the current leader, wind energy, of renewable

generation and reaching a total installed power between 8.1 to 9.9 GW [2], making it the

largest source of energy among renewable ones, as shown in Figure 2.11.

Figure 2.11: PV Expectation Increase in Portugal [2]

The Government of Portugal has set objectives and goals for the next decade focused

on renewable energies, with an emphasis on PV energy, and a focus on improving the

country’s energy efficiency.

This governmental strategic policy has given rise to a demand for the development

of methods that can mitigate the reduction of energy production due to external effects,

such as the drop in PV electricity generation and the direct relationship with the dirt
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index mentioned above, bringing even more importance to these matters. Therefore, this

study intends to contribute with this subject, of great importance for the region right

now.

In this sense, it is important to notice that PV systems have many variables that

can cause changes in energy generation, compromising the efficiency of the system. The

impacts may come from internal factors of the system, such as the materials used in the

composition of the module and its connections, presenting losses due to effects on energy

conduction, or if any cell is damaged and it is compromising the performance of the others,

bypass diodes are used, which somehow cancel out a series of cells, and even the issue of

loss due to the conversion of AC / DC energy in the system inverter [16].

The energy losses with the greatest impact may come from issues external to the PV

system. Among them, we can mention the system project itself with inadequate tilt angle

in the region, which may considerably reduce generation [26], [27], and possible shading

by the environment around the modules, which it can occur due to the accumulation of

dust on the modules. It important to point out that the soiling index is one of the factors

that cause greater loss in the system [5], [6].

Therefore, when it comes to the energy production of PV systems, two factors highly

impact its generation: the soiling impact and the tilted angle of the system, to better

understand these two phenomena. We performed a SLR to build this section, aimed to

present the state of art of the existing literature. Exploring deeply how these two factors

significantly impact the production of the system, compromising the performance of the

module and, consequently, their efficiency.

Thus, the next topic will explain how the systematic literature review was developed.
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2.3 Energy Efficiency in PV: A Systematic Literature

Review

In order to identify the relation between the soiling index with the output current and

performance, and between the tilted angles with the performance in the energy efficiency

of the PV system, a SLR was performed. To reach this purpose, the methodology Methodi

Ordinatio, proposed by [28], [29] was implemented.

Methodi Ordinatio, as well as other SLR methodologies, was based on the Cochrane

Collaboration Model [30]. From the Cochrane protocol, other protocols for SLR have

been developed [31]–[34].

Although Cochrane’s model has been at the heart of the development of the Methodi

Ordinatio, this model first has particularities specific to the health area. While the pro-

posed methodology by [28], [29] can be applied in the most diverse areas, being generic.

Another particularity of the Methodi Ordinatio is its multicriteria character, that is, from

three criteria of scientific interest, it arranges the articles, being the impact factor of the

Journal; the citation number of the article and the year of publication. Sorting is per-

formed using the InOrdinatio equation, an index that indicates the scientific relevance of

the work, facilitating the researcher’s work by prioritizing and selecting the works without

compromising the quality of the research.

The scientific community considers the combination of these relevant criteria as de-

scribed in [28], [29], being validated by different researchers [35]–[40]. Thus, this work

will use Methodi Ordinatio in order to build the portfolio of scientific articles that will be

the subject of analysis of this research.

2.3.1 Methodi Ordinatio Steps

To perform the literary search using Methodi Ordinatio to assist in the composition of

the bibliographic portfolio, following the steps stipulated by the methodology, as shown

by the flowchart in Figure 2.12.
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Figure 2.12: Methodi Ordinatio Flowchart

Step 1 - Establishing the intention of research: This systematic review methodology

aims to assist in the search for work, regarding the impact of the dirt index, and the

variation of the angle of inclination in the performance of PV systems. In this way, the

intention of the research for this work fits in the general objective, to create a modeling

of the dirt index, and fitting in the variation of the angle of inclination of the system that

also causes loss in the performance of the system.

Step 2 - Exploratory preliminary research with keywords in data bases: In the second

step, a preliminary research was carried out with the keywords that fit the theme of the

study, ranging from “Photovoltaic”, “dust” and “Tilted Angle” in the databases of Scopus

and Science Direct. Selecting these two databases by the relevant impact factor found in

the works that constitute these databases.

Step 3 - Definition and combination of keywords and data bases: The third step was

based on identifying variants to define the keywords. This way the term “Photovoltaic”

was used in all searches to focus the searches. To compose the combination of keywords

were varied between the uses of two or three words, to vary the results within of the

subject. Founding the combinations and variations used in Table 2.1.
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Step 4 - Final search in the data bases: The final search was carried out using the

combinations of keywords defined in the previous step in the Science Direct and Scopus

databases. Presenting the results obtained through all combinations and the different

databases in Table 2.1, containing the partial results for each combination.

Keywords and Combinations A B Gross
Total

Science
Direct Scopus

1 “Photovoltaic” AND “Energy Generation” AND “Cleaning Forecast” 0 0 0
2 “Photovoltaic” AND “Modules Angulation” OR “Modules Generation” 31 0 31
3 “Photovoltaic” AND “Dust” 243 0 243
4 "Photovoltaic" AND "Generation" AND "Angulation" 1 0 1
5 “Photovoltaic” AND “Tilted Angle” 229 0 229
6 “Photovoltaic” AND “Dust” AND “Tilted Angle” 26 0 26
7 “Photovoltaic” AND “Energy Generation” AND “Dust” 4 0 4

Table 2.1: Number of Articles Found.

Therefore, the searches raised a gross total of 534 articles to carry out the study. The

information from these articles extracted in BibTex format was taken to the reference

management software JabRef Desktop ©, where the filtering process started.

Step 5 - Filtering procedures: The gross number of articles was then filtered accord-

ing to the following criteria: "Exclusion of duplicates", "Exclusion of books and book

chapters", "Exclusion by reading titles and abstract".

In the process of filtering by the “Exclusion of duplicates” criterion, the number of

articles was reduced to 522, using a tool from the JabRef Desktop© software. Now with

the number of articles reduced by the reduction of duplicates, filtering was done by the

criterion of “Exclusion of books and book chapters”, which resulted in 467 articles. In the

third and last stage of filtering, used the criterion of “Exclusion by reading the titles and

abstract”, where the remaining number of articles resulted in 210 articles. It is possible

to better observe the results of the filtration in table 2.2.

After that, the 210 articles were extracted from the reference manager and washed

into the Excel® software, so that they could be tabulated and analyzed in the next step.

Step 6 - Identification of impact factor, year of publication and number of citations:

In this step, extracting information from the 210 articles, necessary for carrying out Step
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Step Excluded Articles Quantity
Gross Number of Articles - 534
Exclusion of Duplicates 12 522
Exclusion of Books and Book Chapters 55 467
Exclusion by Reading Titles and Abstract 257 210
Total - 210

Table 2.2: Filtering Steps

7. The year of publication was already contained in the files when extracted in BibTex

format in Step 4. Consulting the impact factor through the list available on the Scopus

website, and acquiring the number of citations for each article through Google Scholar.

Step 7 - Ranking the papers using the InOrdinatio: In order to rank the papers

according to their scientific relevance, the inOrdinatio Equation 2.2 is applied, using the

software Excel®.

InOrdinatio = (IF/1000) + αÖ[10(ResearchY earPublishY ear)] + (Ci)(1) (2.2)

The elements of the equation are: IF (impact factor); α (alfa value, ranging from 1

to 10, to be defined by the researcher according to the importance of the newness of the

theme; for this study, the value of was defined to be 10, since the theme is the object of the

study in very recent papers); ResearchYear (year in which the research was developed);

PublishYear (year in which the paper was published); and Ci (number of times the paper

has been cited).

Step 8 - Finding the full papers: the 210 article was full obtained, to be analyzed in

the step 9.

Step 9 - Final reading and systematic analysis of the papers: The articles were analyzed

following the decreasing order established by the ranking of the value of the InOrdinatio

index.

However, during the reading of the articles, identifying that among the selected arti-

cles, many of them did not have the necessary information to study the impact caused
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by the soiling index and the tilted angle of the system. Thus, after analyzing the 210

articles, the number used was reduced, with only 5 articles related to the impact caused

by the soiling index and 3 articles related to the impacts caused by the system tilted angle

being selected, as presented in Appendix B. Studying these articles to form the theoretical

basis used for the elaboration of this work as a whole. The Table 2.3 will present a short

presentation of each one of the selected articles, and after presenting a brief description

of the subject studied for each one following the order of the Table.

The article “[11]” reports the performance analysis of two PV systems, one fixed and

the other with a solar tracker. This work demonstrated how the solar tracking system

accumulated less dirt and had less impact on energy production, and how much the

accumulation of debris can impact PV systems, reaching a loss greater than 50% of

production in relation to the studied region in this work.

The article “[12]” studied different types of dirt that can be found on the PV modules,

analyzing how much each one affects the production of PV energy, carrying out experi-

ments in the laboratory with artificial deposition of dust and in the field with the natural

deposition of dust, for different values of solar irradiation.

The article ”[41]” made a study on how the different types and sizes of debris affect

the transmittance of solar irradiation on the modules, it was also studied how the tilted

angle of the PV system and the occurrence of rain helps in cleaning, and coatings were

analyzed which can further assist in reducing the accumulation of debris.

The article “[6]” makes a review, which describing the different effects, caused by the

environment in which the modules are exposed and the accumulation of debris in PV

systems. Portraying the effects that different types of climates can cause, such as the

case of works "[11]" and "[41]", which showed different behaviors for the same problem

depending on the environment in which they found themselves. In addition, this work

also presented different technologies to perform self-cleaning, reporting the importance of

cleaning for PV systems and the lack of systems that are able to model the soiling index

in a simplified way and with a greater feasibility for practical application.

The article “[9]”, as previously presented, deals with the development of a soiling index
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Authors Title Year
Adinoyi, M.J.
and Said, S.A.M.

Effect of dust accumulation on the power outputs
of solar photovoltaic modules 2013

Darwish, Z.A.,
Kazem, H.A.,
Sopian, K.,
Al-Goul, M.A.
and Alawadhi, H.

Effect of dust pollutant type on
photovoltaic performance 2015

Appels, R.,
Lefevre, B.,
Herteleer, B.,
Goverde, H.,
Beerten, A.,
Paesen, R., Medts,
K.D., Driesen, J.
and Poortmans, J.

Effect of soiling on photovoltaic modules 2013

Said, S.A.M.,
Hassan, G.,
Walwil, H.M.
and Al-Aqeeli, N.

The effect of environmental factors and dust
accumulation on photovoltaic modules and
dust-accumulation mitigation strategies

2018

Hammad, B.,
Al-Abed, M.,
Al-Ghandoor, A.,
Al-Sardeah, A.
and Al-Bashir, A.

Modeling and analysis of dust and temperature
effects on photovoltaic systems’ performance

and optimal cleaning frequency: Jordan case study
2018

Hafez, A.Z.,
Soliman, A.,
El-Metwally, K.A.
and Ismail, I.M.

Tilt and azimuth angles in solar energy
applications – A review 2017

Al-Sayyab, A.K.S.,
Al Tmari, Z.Y.
and Taher, M.K.

Theoretical and experimental investigation of
photovoltaic cell performance, with optimum

tilted angle: Basra city case study
2019

Ali Morad, A.M.,
Al-Sayyab, A.K.S.
and Abdulwahid, M.A.

Optimization of tilted angles of a photovoltaic
cell to determine the maximum generated electric

power: A case study of some Iraqi cities
2018

Table 2.3: Final 8 Articles Selected
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modeling using artificial neural networks to analyze the effects caused by the soiling and

temperature on the performance of the PV system, and carries out a study on the ideal

frequency of cleaning for PV system, in the study region.

The article “[42]” carries out a review involving the determination of the tilted angle

and the azimuth angle for applications aimed at solar energy, describing an overview on

the design of parameters, applications, simulations and mathematical techniques used to

carry out the determination of these angles, with different models and tests, which has

been developing since 1956.

The article “[43]” makes a theoretical and practical study, collecting data of the effect

caused by the variation of the tilted angle with a mathematical model, without the use of

solar tracker systems, varying the angle of inclination of the system between 0º and 90º.

The article “[26]” studies the forecast of the ideal monthly and the ideal annual tilted

angle for PV systems. To perform the prediction of the angles, mathematical models were

used and were programmed to find the ideal angle, based on the maximum intensity of

solar energy obtained, varying the angle of the system between 0º and 90º.

The next subsections, 2.3.2 Soiling Effect and 2.3.3 Tilted angle, will bring the results

from the SLR.

2.3.2 Soiling Effect

Taking into account the external factors that most impact PV power generation, the dust

accumulation proved to be one of the most important to be considered [5], [6]. Observing

the impact caused by soiling as a progressive loss in the generation of energy.

As shown in Figure 2.13 the difference between a clean and dirty PV system. Because

of the shading that the accumulation of debris causes on the modules, as was observed in

[6], which presents values of loss by dirt between 40-70% for systems with an exposure of

6 months, in environments with arid climates and with low incidence of rain.

Nevertheless, in contradiction to this fact, observing that climates with a higher rel-

ative humidity of the air might end up increasing the adhesion of dirt on the surface
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of the modules. Considering this fact when cleaning the system, since dirt with greater

adherence and without a careful cleaning, can damage the surface of the module [11].

Figure 2.13: Difference Between a Clean and Dirty PV System. [44]

To understand the impact caused by the dirt on PV modules, performing several

studies, analyzing the difference between the types of dust that affect the surface of

the modules, being an important factor in the literature. Since the different sizes and

compositions of the dirt can cause different impacts on the modules, as analyzed in [12].

Among the impacts treated in this article, we can mention the drop in light transmittance

to the cells, caused by the different sizes of debris. In addition, the tilt angle of the system

can affect the reduction of dirt, causing the accumulation of debris to be reduced due to
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the greater ease of self-cleaning with the help of the external environment.

Modeling the soiling index is the most efficient way of identifying this drop in PV

generation, helping to maintain the system, which improves the system’s operating condi-

tions and increases its generation rates. According to the literature review, models were

found where they measure the level of dirt from climatic factors as a base [7], [8].

Being this one the method that presents the best results as was concluded in [6]. There

are also models that use the electrical behavior of the modules as a base [9].

The model presented in [7] calculated using an artificial neural network that estimates

the dirt index, using as a data source the climatic factors, such as solar radiation, wind

speed, wind direction, ambient temperature, relative humidity and rain, as showed in

Figure 2.14. Due to the high number of necessary inputs and the complexity of operation

of this model, it ends up being unfeasible for practical applications, as it needs several

sensors and the processing required in calculating the soiling index estimate is very high,

making the application cost more expensive.

Figure 2.14: Artificial Neural Network Architecture for Soiling Rate Estimation. [7]
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The model presented in [8] calculated using an artificial neural network, using climatic

factors, such as wind speed, wind direction, air temperature, relative humidity and, in

addition to climatic factors, the concentration of mass of dust. The architecture of this

artificial neural network as shown in Figure 2.15. This model has undergone two modi-

fications evaluated in the study. The first network named as ANN-5 because it contains

five variables. Then three more variables were implemented, corresponding to the aver-

age observed on the previous day of wind speed, concentration of dust mass and relative

humidity, corresponding to the ANN-8 model.

Finally, implementing two more variables, referring to the frequency of gust winds

and the cumulative exposure time, corresponding to the ANN-10 model. To assess the

accuracy of the artificial neural network, implementing a multiple linear regression model

was, as present in Figure 2.15.

Figure 2.15: Structure of the Employed Neural Network Model. [8]

As seen in the previous model present on Figure 2.15, the need for several sensors

and the complexity of processing the calculation to determine the soiling index. Make it

difficult to apply this model in practice, due to the cost that the sensors may incur in

conjunction with the need for hardware, with high processing, and the final cost of using

the developed software.

The model presented in [9] calculated using an artificial neural network in conjunction

with a multivariate linear regression model, with the objective of estimating the current
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efficiency conversion of the PV system, as a dependent variable, based on the accumulation

of debris, the ambient temperature, and the number of days of exposure, as independent

variables. A Feed-forward-layer networks architecture with a linear input layer, two hidden

layers, and using a linear output layer to predict the target value, as shown in Figure 2.16.

This model presented as a limiter for its application In practice, the complexity required

to calculate the dirt index, implying the need for more powerful hardware, to carry out

the necessary analyzes for the two proposed models to work together.

Figure 2.16: Feed-forward Networks with Two Hidden Layers and an Output Layer. [9]

As presented, the analyzed models have a very complex monitoring model, which can

make their application difficult. As they may have a high cost of application due to the

number of sensors required, and the demand for high data analysis processing since neural

networks and very complex calculations compose them, making these methods econom-

ically unfeasible [6] and making it difficult to insert this technology into the practical

environment.

2.3.3 Tilted Angle

The tilted angle of PV systems is one of the factors that can cause a decrease in the

performance of a PV system [27], [42]. This loss caused by the angle of incidence of

solar radiation with the surface of the module, because when the rays do not they strike

perpendicularly, a part of the light is reflected, so that there is no total absorption of the

potential that affects the modules [16]

As the year goes by, the Sun’s trajectory changes, as shown in Figure 2.17, making

it possible to identify that the duration of the system’s exposure for some seasons will

be longer than in others. Furthermore, the maximum height that the sun reaches varies
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for each day, causing the angle of incidence of sunlight on the modules’ surface to change

over time.

Figure 2.17: Solar Path [16]

The variation of the sun’s trajectory during the year causes fluctuation in the gener-

ation of energy, as it is possible to notice in Figure 2.18. It was studied in [26], [27], [42],

[43] that these fluctuations can be reduced with the projection of the system with the

analysis of the annual optimum angle, as stipulated in [26], [27], [42], [43], or causing the

system to suffer a variation in the angle of inclination over time to reduce the generation

drop, as presented in [27], [43].

Figure 2.18: Variation in Energy Production [26]
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In order to identify the ideal angle for the system, it is necessary to perform simulations

of the behavior of annual energy generation for different slopes, or to analyze the behavior

of the sun during the year. Due to the fact that this trajectory does not present a

significant variation over the years, it is possible to perform mathematical calculations

based on the geographic position of the installation, and define the ideal angle, as was

done in [43] comparing with real values, as shown in Figure 2.19.

Figure 2.19: Tilt Angle Theoretical Calculation [43]

2.4 Closing Remarks on Energy Efficiency

With the soiling effect and the tilted angle presented in this section, it is possible to analyze

the impact that this variables can cause in the PV systems. Concluding the importance

in realizing this SLR, to acquire more knowledge in these subjects and perform a better

soiling index modeling. In addition, the points raised through the analyze of the existing

modeling’s, shows different approaches that can be improved in a future study of the

soiling index modeling proposed in this work.

The next section will present the steps necessary to perform the soiling index modeling

proposed by this work, and the simulations.



Chapter 3

Definition of the Soiling Index

Modeling

The objective of this chapter is to define the soiling index model. Considering the reduced

number of sensors, it makes this modeling an essential tool for analyzing the impact of

the soiling index on PV systems, assisting maintenance companies and PV system owners

to create a cleaning routine based on the index provided by the modeling.

For the development of this section, a flowchart was made, describing the entire process

of theoretical application of the soiling index modeling for PV systems, presented in Figure

3.1. In section 3.1 it will be presented the necessary steps for the elaboration of the soiling

index modeling and the percentage error calculation used for validation. In section 3.2 the

bottom-up methodology was used to assist in the organization and following the necessary

steps to develop the simulations in the software. From the simulations, it was possible to

collect the data that constitute the database, the specifications of the modules and the

collection of irradiation in real-time.

The bottom-up methodology characterize the used for the simulation of the PV systems

by the analysis of the current behavior. An individual model was determined for each

part, correlated all to form a complete set. That is to say that this model starts from

the detailing of several variables from the base to the top, being the answer of the whole

35
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Figure 3.1: Flowchart of the Functioning of the Soiling Index Modeling

analysis.

The application of this model can be made from different scenarios, where the effect

occurred for each branch is analyzed, causing the final analysis to have more data from

different functioning, being able to be applied to different modes of operation.

The next section will approach the Soiling Index Modeling, detailing the whole process.

3.1 Soiling Index Modeling

Presenting the development of the soiling index modeling. For the modeling, it is necessary

to create a mathematical model that allows the determination of the PV system soiling

index. For the modeling, the mathematical models brought in [45], [46] were used as

the basis, which uses mathematical formulas to estimate the output current, based on

technical data from the PV system, which are found in the module’s datasheet. Along

with this development, taking the models already developed as a reference as well, which

was found in the literature in [7]–[9].

For a better understanding of this section, subsections were made, showing the devel-

opment of the mathematical part of the soiling index modeling, describing how the solar

radiation data used for this work was collected and the estimated current calculation, as

shown in the flowchart in the Figure 3.1.
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3.1.1 Model Mathematical Elaboration

With the focus on developing a simplified form of monitoring the impact caused by the

accumulation of debris, for the soiling index modeling for PV systems, it is necessary to

study other methodologies on this very purpose already developed, such as the models

[7]–[9] previously presented. It was also necessary to study the mathematical formulas

presented in [45], [46], as these studies use the equation 3.1, being part of the main

equation the calculus in 3.2 and 3.3 to determine the output current of the system, as

previously presented.

Iout = Isc ∗
[
1 − C1 ∗ (e

Vout−∆V
C2∗Voc − 1)

]
+ ∆I (3.1)

C2 =
(Vmp

Voc
) − 1

ln(1 − Imp

Isc
)

(3.2)

C1 = (1 − Imp

Isc

) ∗ e
−Vmp

C2∗Voc (3.3)

Based on equation 3.1 and the studies presented in section 2.1.2 and 2.3.2, it is possible

to conclude that the accumulation of debris causes a reasonably high negative impact on

the power generation of the modules. Furthermore, as seen that the PV cells work as

current sources from the incidence of solar radiation, it was determined that the variables

analyzed for this study would be current and irradiation.

Thus, in order to be able to make the equation meet the expected values, the analysis

of equation 3.4 carried out, observing where the need for temperature and irradiation

data.

However, when analyzing that the constant α is part of the product with the tem-

perature, it may end up canceling this constant, and because of the number of α is very

small, the impact of this constant in this part of the equation would be very small to the

final result.
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∆I = α ∗ S

Sref

∗ ∆T + [ S

Sref

− 1] ∗ Isc (3.4)

The changes previously expressed can be replicated for equation 3.5, because in the

same way as the previous one, the multiplied values result in a low impact on the final

result, as β and the variable Rs are very low values.

∆V = −β ∗ ∆T −Rs ∗ ∆I (3.5)

3.1.2 Data Acquisition

Considering that, this research work is a theoretical application and a simulation, data

collection use the software PVSyst software. Selecting this software because it provides

information from a meteorological database for the region of the study. Therefore, we

were able to collect data on solar radiation for each simulation performed, under ideal

conditions. The ideal conditions are a sunny day without shading by clouds, and with the

radiation value at high potential. Collecting the data when the sun was at its maximum

height during its daily trajectory. With the conditions for collection presented, the date

for data collection is 15th of June, at noon, time of the day when the Sun reaches the

maximum height.

As the radiation value that affects the modules can vary according to the system’s

angle of inclination. Collecting the solar radiation data from the cleaned modules surface

simulation only, having the same performance on the collected solar radiation data as

a pyranometer should do, being inserted to the soiling index modeling for each of the

simulations.

To collect the specification of the PV module, it is required to analyze the datasheet,

which contains all the necessary constants the modeling needs, like the Open-Circuit

Voltage (Vco) and Short Circuit Current (Isc). Considering that the datasheet present

only fixed values, it is possible to input all the values in the modeling as default.
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3.1.3 Calculus of the Soiling Index and Percentage Error Cal-

culation

With the entire calibration process made to the formulas 3.1, 3.2 and 3.3, done in section

3.1.1 and the collected data made in section 3.1.2, making it possible to perform the

mathematical operation idealized in this work. That will calculate the estimated current

of the system in ideal condition.

After calculating the current in ideal conditions, it is applied the same percentage of

dirt used for the simulations. Then, it was possible to identify what the current estimated

by the modeling would be for the same percentage of soiling. With the estimated current

response, molded to the values used in the simulation, it was possible to calculate the

percentage error between the simulated values with the values modeled from the system

responses, using the relative error, equation 3.6, as the mathematical method to calculate.

The Im refers to the estimated current, and Is refers to the output current from the

simulation PV system.

Er = (Im − Is)/Is (3.6)

After calculating the percentage error, it is possible to validate the soiling index mod-

eling, using as a base the percentage error presented in [7]–[9].

Since the tariff of the energy varies among the companies operating in the region,

and there is no concrete information about the cleaning costs of the PV system and

the efficiency of low-cost autonomous cleaning. These factors prevent a review of the

autonomous cleaning trigger, considering this issue as a limitation of this study and a

topic to be studied in the future as a way of improving the application of this modeling.

3.2 Simulation

The simulation is used in this work to generate the database of the solar radiation and

the output current for the application of the soiling index modeling. Making this because
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this is a theoretical application of the proposed modeling, as we mentioned above, there

is no real system for the collection of this data.

To carry out the simulations in a more organized way, it was used the bottom-up

methodology, which stipulated the necessary procedures to be taken, to obtain all the

information necessary for the simulation, taking into account the necessary data to be

added to the soiling index modeling. For greater understanding, two diagrams were

elaborated, represented by the Figures 3.2 and 3.3.

The Figure 3.2 represent the diagram with the components needed to be evaluated in

the simulation software, to reach out the data of the energy produced.

Figure 3.2: Bottom-up Methodology Structure for Energy Generation.

The Figure 3.3 represent a diagram similar to the one used for the energy produced,

the difference in this diagram is that this one collect the data of output current and solar

radiation.

3.2.1 Determination Of The Annual Energy Generated

Taking the energy generated from the systems as a parameter, collecting this data as

a way of quantifying the energy that will be lost by a PV system. According to the

application of variables that may cause a drop in the optimization of generation, with all
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Figure 3.3: Bottom-up Methodology Structure for Output Current and Solar Irradiation.

this analysis performed in simulation software that presents the values as close to reality

as possible.

Based on the energy drop and analyzing the necessary components, it enables the

ideal condition for each simulation to collect the amount of annual energy produced by

the system. Besides, making the comparison of these values in the future for a possible

drop in system performance.

Below we highlighted the necessary components and the parameters established for

the selection of each simulation, as shown by the structure of the bottom-up methodology

in Figure 3.2.

Photovoltaic Module

As mentioned in section 2.1.2, there are several technologies for making PV modules, with

silicon as the main material, which represents 80% of the PV systems market [16]. For

this reason, the poly-Si is the technology used for this current study.

However, as there is a variation in the peak power of each panel, estimating the number

of modules, and the power of each one, to fit with the characteristics offered in the market,

based on law 162/2019 [47]. The estimation took into account the Portuguese legislation
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since the study was performed in Bragança, Portugal. When replicating in other global

regions, must be analyzed the local legislation and consider it.

Solar Inverter

PV inverters are found in two types for connections with the electric system, which are

responsible to convert the energy, giving a protection support to the system and some

of the have the Maximum Power Point Tracking (MPPT), which the name suggest is

responsible to track the best point to produce energy to the whole system.

The first type of inverter is responsible to connect a big amount of solar modules,

the modules can be connected in strings or parallel. The string is the connection of the

modules in series, while the parallel, as the name suggest, the modules are connected in

parallel, the connections depend on the limitations that this inverter had, such as the

power, the current and voltage that it supports.

The second type are called micro-inverters, which are responsible for the energy in-

version of a limited number of modules, having a slightly higher cost and requiring the

application of many micro-inverters if the system is very large.

Based on this information and seeking the practicality of installation, minimizing the

components and reducing the complexity of the system, deciding in use only one inverter

for the entire system.

Geographical Location

As some locations, do not have weather stations to store this data, but only present

estimates. Thus, to obtain a collection of climatic data with greater precision, it is

essential to define the location to carry the simulation. So that it will be possible to

correctly dimension the estimated potential that a system may present, allowing a more

coherent estimate of reality.
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Structure

To install the PV systems is necessary a previously dimension and determining the type

of structure. The structure may vary between various types presented in Section 2.1.3,

represented in Figure 2.6. Among the structures already presented, two structures will

compound as the object of this present study.

The selected structures are the fixed model and the single-axis tracker with inclined

NS axis type. The fixed model because it enables to analyze the amount of energy

produced by the equivalent system without the use of any tracker. The single-axis tracker

with inclined NS axis type, because this tracker can absorb an equivalence of 93.2% of a

double-axis tracker [25], demands less complexity structure, fewer components to compose

it and having a great energy production.

3.2.2 Determination of Instantaneous Current and Irradiation

With the current and the solar radiation parameters, it is possible to create a database

with these values, being able to identify the behavior of the PV system. As presented in

section 2.1.2, the PV cells function as sources of currents, being the main parameters of

the module that serving as the base for the determination of the soiling index modeling

for PV systems. To evaluate this behavior in the best way, it is necessary to determine

some parameters such as PV modules, inverter, geographic location, and the structure,

mentioned previously in section 1.2.1, it is essential to apply the variation in the soiling

index and solar radiation via software.

Below will be highlighted the necessary components and the parameters used stipu-

lated for the selection of each one, as shown by the structure of the bottom-up methodology

by the Figure 3.3.

Soiling Loss

The determination of the soiling index for PV systems represents the crucial point of the

work. Since this is the variable that causes impacts on the energy production of the PV
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system, and does not maintain a uniform behavior for the different regions with a different

climate [6].

To accomplish it is necessary to utilize a varying amount of soiling index, enabling the

analysis of the PV system behavior, which can be a uniform or not.

Solar Radiation

The solar radiation data have enormous importance to the project, as already mentioned

in section 2.1.2, the PV system produces energy because of the PV effect, which converts

the light energy into electrical energy, working as a current source fueled by the solar

radiation. This analysis reinforces the importance of this variable and serves as the

principal source of the modeling, because of the variation in absorption impact directly

the energy production.



Chapter 4

Case Study: Simulation with the

Soiling Index Modelling Application

This fourth chapter presents the application of the methodology described in the previous

chapter. The initial configuration for the application is presented. In the sequence, the

PVSyst software with his features, characteristics and operationality is explained, as well

as the reasons for using it. Next, the Simulation Scenarios and Modeling Application is

presented.

4.1 Initial Configuration

This fourth Section divides into two main topics. The first topic, 4.1.1 Components

Definition, will present the necessary components to perform the system simulation, as

described in Section 3.2, which also detailed the selection of the components and variables.

The second topic, 4.1.2 Soiling Index Modeling Parameters Definition, presents the

variables used to build the soiling index modeling, as described in section 3.1, depicting

how each variable was analyzed.

45
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4.1.1 Components Definition

Based on the needs in determining the values of annual energy generation and the instan-

taneous values of output current and irradiation, previously presented, we will make the

analysis of the components that will be part of the composition of the PV system and the

simulation variations.

Using all these components to compose the simulation in the PVSyst software, which

will be essential to generate the database for this study. Since there was no application in

real systems, making It is important to point out that the definition of the components

very important due to its high similarity factor mentioned above and because it is a

theoretical development, . In order to obtain the best results based on the components,

and taking into account the Portuguese legislation, more specifically the Decree-Law nº153

/ 2014 of 20 October [47], to choose the power of the system.

PV Module

For the choice of the module to reflect the reality of the Portuguese energy system, the

Self-consumption Production Units (UPAC) were used as the basis, which are energy

generation systems for own consumption. In addition, limiting the total power of the

system according to the decree-law nº153 / 2014 of 20 October [47], it was decided to

analyze the systems with a maximum of 1.5 kWp, which manage to produce a satisfactory

amount of energy. Furthermore, for the installation of a system with up to that power,

charges are not applicable, requiring only prior notice of exploitation.

Thus, making a search on self-consumption kits, with a power of up to 1.5kWp. Among

the modules found for this category and the database of the PVSyst software, analyzing

the manufacturers of the modules and their operating characteristics. Being possible

to observe the kits mostly had modules consisting of poly-Si cells, with a peak power of

around 275 Wp, which resulted in the choice of the JAP6-72-275 model from the company

JA Solar, which has similar operating characteristics to the models found. Finally, to

achieve the expected total power, using six modules.
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Solar Inverter

Similar to the PV modules, the inverter choice is based on the auto consume components

kits, comparing with the inverters presented in PVSyst software databases.

With the power defined as 1,5kWp, because of the law bureaucracy [47], the character-

istics of the inverter need to match with the PV modules, this way, the simulation would

produce better results if compared to real systems.

From these statements, it opted to select a single inverter. This type of inverter is

the most found among the auto consume kits. Comparing the characteristics of the other

inverters found, the result of the search indicated that the model Omniksol-1.5k-TL2-M,

from Omink, was the more compatible inverter with the PV modules used.

Geographical Location

The geographic location chosen was Bragança, Portugal. Making this choice for two

reasons: first, the researcher study at the Polytechnic Institute of Bragança, making it

more accessible to the author to collect data concerning the weather. Second, the data

concerning the weather on Bragança city already registered on the MeteoNorm database,

which is the database that the software PVSyst uses to make the simulations.

The precision of the weather information is very important not just because of the sun,

but also the temperatures and the wind velocity. These factors can change the amount

of energy produced by the system.

To present the data of the weather, MeteoNorm collect them from weather stations

located all around the world. One of the stations that feed the database is located in

Bragança, making the information more accurate and trustable. It is important to point

out that when the software is used to collect data for a random city that do not contain

a weather station that feeds the information on the MeteoNorm, the software makes an

interpolation with the data collected from the station presented around the geographic

point [48].



48CHAPTER 4. CASE STUDY: SIMULATION WITH THE SOILING INDEX MODELLING APPLICATION

Structure

The structure utilized takes into account the two types of structure selected in the previous

section. Implementing a fixed structure with the annual ideal tilted angle and another

with a solar tracker using various tilted angles. Using the PVSyst to establish the annual

ideal tilted angle for Bragança, and shaping the simulation steps to perform the data

survey.

These two models studied because the modeling proposed for this work is implemented

in a solar tracker, requiring this performance comparison to be made and also to perform

the tests of the functioning of the soiling index modeling for fixed systems.

To establish the ideal angle, considering that the system has only one tilt angle for

the continuous year of operation.

Considering the annual tilted angle, the suggestions to dimension the inclination as

using the same angle as the latitude of the system location, as shown by studies conducted

in Iraq [26], [43].

To analyze the applicability of this suggestion, performing simulations of the system

used in the study, varying the system’s inclination from 0 to 90 degrees, with the analysis

of the amount of kWh/year generated.

This simulation in the PVSyst software resulting in the construction of a graph based

on the results obtained, shown in Figure 4.1.

From the data obtained by the simulation, the suggestion of using the system location

latitude value, 41 degrees, is not the ideal annual angle for the system, since the 34 degrees

of tilted angle had a more satisfactory performance, as present in Figure 4.1, refuting the

latitude angle suggestion.

To establish the steps taken to simulate, considering the production graph presented

by Figure 4.1. This way, the simulation of the system’s angle inclination with the solar

tracker varies from 0 to 90 degrees, as previously done, but with a simulation step of

5 degrees. Considering the behavior presented in the previous simulation, enabling the

reduction of the simulations, but maintaining the production varies according to the
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Figure 4.1: Analysis to Determine the Best Tilted Angle.

behavior obtained with a reduced step.

Soiling Loss

The impact on the PV system caused by the soiling index justifies its selection. This

interferes with energy production, affecting the current, which can express a pattern, by

the growth of the amount of dust accumulation.

To establish the steps to this variable performing a previous simulation, utilizing the

equivalent system as the utilized before for the tilted angle. Where the values vary from

0% to 50% with a 5% step with a Yearly Soiling Loss Factor. From this simulation, a

tendency line expresses an R2 of 98,68%, as presented in Figure 4.2. This value represents

a significant correlation, enabling to determine a 10% step, without losing reliability.

4.1.2 Parameters Definition for the Soiling Index Modeling

Based on the presentation of the soiling index modeling in Section 3.1, which present

the adaptation of the equations, by reducing the input variables to simplify the system,
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Figure 4.2: Analysis to Determine Correlation for Soiling Effect.

replacing the variables taken of by standard values.

In this way, describing the output current and irradiation variables, and which value

will be used instead of the Voltage and Temperature.

Output Current

As previously discussed, the operation of a PV system makes it possible to determine the

current as one of the most important values to the PV system. This situation shown in

Figure 4.2 occurs because energy production is greatly affected by the soiling index, as

presented in the studies [6], [11], [12].

With the study carried out in [44], it is possible to correlate that the energy drop

expressed in Figure 4.2 can be the same for the output current of PV systems. Besides, it

possible to observe how solar radiation affects the PV system energy production, directly

affecting the output current.

Solar Radiation

To establish a correlation between the output values of the system with the values that

the system should produce under ideal conditions, the solar radiation data collected just
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under ideal conditions. Therefore, the modeling calculates the output current that the

system should produce, making it is possible to estimate the system soiling index.

By doing it, all the output current estimates from the solar radiation absorption. This

evaluation corresponds to the amount of output current the system should produce with

no soiling on the modules, this way estimating the soiling index.

Voltage

Switching the output voltage on the formula, by the maximum power voltage value of the

module, present in the datasheet. Using maximum power voltage value, the formula still

presents the desired response, with a flawless calculation, allowing a consistent result, and

reducing the inputs, simplifying the model as expected.

Temperature

Similarly to the voltage, the temperature of the modules was replaced to reduce the

number of sensors applied to the system. The temperature values used in the modeling

equations were replaced by the reference temperature value, in which temperature is used

to perform testing on PV equipment at 25 degrees Celsius.

4.2 PVSyst

The version used for this work is the PVsyst 6.8.5, a free trial version, founded at the

official website for download. This software is a computational tool developed for the

study, sizing and simulation of PV systems. This software was created by the University Of

Geneva, Switzerland. Due to the specifications for the PV area, the software provides the

designer a comprehensive modeling, including several technologies of modules, inverters,

loss, 3D modeling, shading models and economics/financial analysis. This software is

very flexible and very intuitive. Can adding different data to the database, being capable

to develop projects for PV systems grid-connected, stand alone, pumping and DC grid.

Actually, PVSyst is one of the most used software in the world for a range of projects,



52CHAPTER 4. CASE STUDY: SIMULATION WITH THE SOILING INDEX MODELLING APPLICATION

either for residential with a small number of modules, or big generation fields with lots of

complexity [49]

4.2.1 How the Software Works

In order to perform a simulation in the software it is necessary to follow a sequence of

data to be inserted in the software until the end, where is possible to get a report from

the system simulated. At the initial stage for a simulation, it is necessary to indicate the

geographical location. In the case of Bragança, the data is already set in the database.

If the location does not exist in the database of the software, it is possible to create the

new location. Adding it manually or by the MeteoNorm. The difference between these

two options is the source of the data.

MeteoNorm is a software founded already installed in PVSyst. It provides the data

from weather station around the world. When a city does not contain a weather station,

the software interpolates the data from others station to provide some data. However,

if the user has data provided by a local weather station, it is possible to insert this

data manually. Presenting the page for the data insertion in the Figure 4.3, with all the

parameters that are possible to introduce.

As soon as the geographical location and the weather data set in the software, the

next step is defining the orientation of the PV system.

PVsyst is capable to simulate different types of systems. There are three types of

orientation: fixed, single-axis and double-axis.

Once selected the type, it is possible to set your kind of orientation in other subtypes,

in the area presenter. Presenting the configurations in Figure 4.4.

With the type of orientation select, the next step is to choose the components that

integrate the system in the simulation, as shown in Figure 4.5. PVSyst has a variety of

PV modules and inverters, from different brands, to enable the selection. The database

is filled with the data provided by the manufacturer’s datasheet. If the component is not

found in the database, the user can add it manually.
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Figure 4.3: Irradiation Window [49]

The software has some pre sizing modes to help the designer in the dimension of the

project. Using the data of the available area or the estimated power, the software can

help to choose the amount of the PV module and inverter. In the area of the PV module,

it is possible to filter the components by the year of manufacture, if the component is

bifacial and if the max voltage is 1500V, for instance. In the area of the inverter, it is

possible to filter by the year of manufacture as well, and whether or not the frequency of

the energy is 50 or 60 hertz. To complement, it is possible to determine the number of

strings and the number of modules in each one. With all this data selected it is possible to

have feedback from the choices. A sample interface of the software can be seen in Figure

4.5.

Using just this information is possible to run the software and simulate a PV system

in PVSyst.
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Figure 4.4: Orientation Window. [49]

4.2.2 Software Selection

As previously described, PVSyst software has a vast database and reliable sources of

information for composing PV simulations and can be adapted to different real projects

and theoretical simulations based on the analysis of system performance data. In addition,

to have a detailed area of loss analysis, it addresses all variables that may present some

significant energy loss. However, the most important for this decision is the analysis

performed by several works. When comparing the simulation systems existing in the

market and showing what PVSyst contains, we can notice that PVSyst presents the

closest results to a real PV system, bringing greater reliability to the results obtained

[49], [50].
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Figure 4.5: System Window. [49]

4.3 Simulation Scenarios and Modeling Application

To collect the data from the simulation, it was necessary to divide it into two main

scenarios. The first scenario is responsible to collect the data of annual energy production.

The second scenario is responsible for the collection of the output current and solar

radiation data on June 15th. This date was chosen for being the day with the highest solar

power, and the best solar radiation values, corresponding to a day without occurrence of

shading by clouds, as shown in Figure 4.6. Within each scenario, simulating three different

sub-scenarios, as described below:

• Scenario Fixed System with Ideal Annual Angulation: In this scenario, simulating

the system without changing the angle, and without solar tracking. However, in
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Figure 4.6: Behavior of the Best Day to Simulate [49].

order to visualize the energy drops needed for each main scenario, applying different

values of the soiling index, as previously presented.

• Solar Tracker Scenario with Ideal Annual Angulation: In this scenario, simulating

a system with solar tracking at the ideal annual tilted angle, but the soiling index

variation was made, allowing the comparison of the system’s performance in relation

to the tracking and the system’s behavior in relation to debris.

• Solar Tracker Scenario with Varied Angulations: In this scenario, performing the

simulation in a system with tracking for different angles, and the various soiling

indices presented above, allowing the comparison of the performance of the system

in relation to the angulation and making it possible to see the system’s behavior

regarding the accumulation of debris.
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Results Discussion

This fifth section consists of presenting the results together with their analysis. In this

section, the results obtained through the simulation and modeling will be presented, and

what was possible to observe about the system’s behavior for the different scenarios will

be discussed. The first part refers to the analysis of the results in an annual perspective

obtained from the simulation. The second part was the presentation of the results obtained

from the application of the soiling index modeling. Finally, at the end, the results will

be presented together in order to compare both results. The analysis of the modeling

behavior in relation to the simulated values was made, making it possible to identify that

the simulation modeling presented similar patterns for most cases.

5.1 Simulation Results

5.1.1 Annual Energy Generated

This first part aims to present the behavior of the PV system in relation to the variations

to which it was exposed, and how this behavior demonstrates the functioning of the

system. The results are presented in an annual perspective.

57
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Fixed System with Optimal Annual Tilted Angle

The variation of the annual energy production for the fixed system with an ideal annual

inclination with the incidence of the soiling index is represented in Figure 5.1.

Figure 5.1: Energy Generated by the Fixed System with the Annual Tilted Angle.

As it is possible to observe in Figure 5.1, the energy production had a progressive

drop, while the soiling index increase. This result confirms what was studied in section

2.3.2, that the soiling index can be observe as a progressive loss in the energy production

[5], [6].

Solar Tracker With Optimal Annual Tilted Angle

The variation of the annual energy production for the system with solar tracking, with

the ideal annual slope, and with the variation of the soiling index represented in Figure

5.2.

As it is possible to observe in Figure 5.2, the energy production present the same

progressive drop as the previous analysis made to the fixed system. Proving again that

the soiling index can be observed as a progressive loss.
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Figure 5.2: Energy Generated by the Solar Tracker System with the Annual Tilted Angle.

Solar Tracker With Various Tilted Angles

The variation of the annual energy generated for the system with solar tracking with

variable angles. Because it contains several angles, the graph presented in Figure 5.3

contains a small portion of the values to facilitate the visualization, containing the highest

and lowest value, showing the same pattern found in the other scenarios.

As it is possible to observe in Figure 5.3, the energy production present the same

progressive drop as previous analysis made. Proving that the theory present in [5], [6]

was true.

5.1.2 Instantaneous Current and Irradiation

This second part aims to present the behavior of the PV system in relation to the variations

to which it was exposed, and how this behavior demonstrates the functioning of the

system. The results are presented in an moment perspective, corresponding to June 15th

at noon.
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Figure 5.3: Energy Generated by the Solar Tracker System with Variable Tilted Angle.

Fixed System with Optimal Annual Tilted Angle

The variation in the output current of the fixed system with the ideal annual tilt angle is

shown in Figure 5.4, and the irradiation value under ideal conditions, 0% soiling loss, for

this analysis was 1031.79Wh/m2.

Figure 5.4: Output Current by the Fixed System with the Annual Tilted Angle.
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As it is possible to observe in Figure 5.4, the output current present the same pro-

gressive drop as the energy production, being able to observe the direct correlation the

current have with the energy.

Solar Tracker with Optimal Annual Tilted Angle

The variation of the output current for the system with solar tracking at the ideal annual

tilt angle is shown in Figure 5.5, the irradiation value under ideal conditions, 0% dirt, for

this analysis, was 1031.8304Wh/m2.

Figure 5.5: Output Current by the Solar Tracker System with the Annual Tilted Angle.

As it is possible to observe in Figure 5.5, the output current present the same progres-

sive drop as the previous analysis made to the fixed system. Proving again that the soiling

index can be observed as a progressive loss to the output current, used as a parameter to

measure the soiling index in [44].

Solar Tracker with Various Tilted Angles

The variations in the output current for the system with solar tracking at different angles

are shown in Figure 5.6, however, as occurred for scenario 5.1.1, the numbers represented
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were limited to facilitate visualization, containing the highest and lowest value, making

it possible to observe the limits, and how the system behaves. For the values repre-

sented below, the radiation in ideal conditions was 1058.402Wh/m2, 931.7712Wh/m2,

714.8285Wh/m2 and 419.3143Wh/m2 respectively.

Figure 5.6: Output Current by the Solar Tracker System with Variable Tilted Angle.

As it is possible to observe in Figure 5.6 the same progressive loss on the output

current happen to all of the cases in this section. Proving that the current is directly

connected to the solar radiation, and from this variables is possible to estimate the soiling

index.

5.1.3 Correlation of Both Scenarios

With the combination of the results of the output current and energy production, of

the fixed system in the same graph, presented in Figure 5.7, it is possible to notice the

patterns described above even more clearly, by limiting themselves to the maximum and

minimum values of each variable.

For the results of the system with a solar tracker, it is possible to observe a similar
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Figure 5.7: Output Current and Energy Generation for the Fixed System.

pattern. However, the energy production drop is greater than the fixed system. Demon-

strating the importance of having a soiling index modeling system for PV systems with

solar trackers. Since the increase of dirt in this type of application results in a greater

loss energy loss, as shown in the graph in Figure 5.8.

Figure 5.8: Output Current and Energy Generation for the Solar Tracker System.
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5.2 Soiling Index Modeling Results

To facilitate the visualization, the values resulting from the application of the modeling

are present in Annex A. in a table showing the values for each index, system, and slope.

In this section, the values presented in the graphs originate from the application of

the soiling index modeling, presented in section 3.1.

5.2.1 Fixed System with Optimal Annual Tilted Angle

The results obtained for the fixed system, with a fixed tilt angle from the estimation of

the output current, are represented by the graph in Figure 5.10.

Figure 5.9: Output Current for a Fixed System with Annual Ideal Tilted Angle.

As it is possible to observe in Figure 5.9, the estimated output current presents a

progressive drop similar to the simulation.

5.2.2 Solar Tracker with Optimal Annual Tilted Angle

The results obtained for the system with solar tracking, with a fixed tilt angle from the

estimation of the output current, are represented by the graph in Figure 5.10.
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Figure 5.10: Output Current for a Solar Tracker System with Annual Ideal Tilted Angle.

As it is possible to observe in Figure 5.10, the progressive drop in the output current

to this system, is similar to the simulation system and the previous analysis.

5.2.3 Solar Tracker with Various Tilted Angle

To present the values obtained for this scenario a graph was composed with a part of

the values, represented by Figure 5.11, containing the highest and lowest value for this

analysis, to facilitate the visualization of the system behavior, and as previously mentioned

the complete data are available in Annex A.

As it is possible to observe in Figure 5.11, the same progressive loss on the output

current happen to all of the cases in this section. Proving again, that the current is

directly connected to the solar radiation, and it is possible to estimate the soiling index

using this values as reference.
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Figure 5.11: Output Current for a Solar Tracker System with Varied Angle.

5.3 Correlation and Discussion Between Results and

Simulation

The correlation between the values presented in the simulation performed to create the

database and the values generated from the soiling index modeling is an important exer-

cise, because allows to analyze whether the values have any relation with each other and

present a valid error.

When plotting the values for the fixed system at an ideal annual angle, represented

in Figure 5.12, it is possible to notice that the response obtained by the modeling is

similar to the current decay behavior, presenting only a slight difference, which can be

easily arranged, showing how accurate the results obtained through modeling for this

configuration were.

Plotting the values for the system with solar tracker in ideal annual angulation, as

shown in the graph in Figure 5.13, the behavior of the current for both is similar, as well

as for the fixed system. This situation demonstrates that variation in energy production

may show a decay greater, as presented in Figure 5.8, because the annual production of the
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Figure 5.12: Correlation between Simulated and Modeling Values for Fixed System.

system with solar tracking is greater and suffers more intensely from this loss. However,

as expected, the behavior remains the same for different systems, which demonstrates the

model’s versatility, and how the answers obtained by the modeling are accurate, making

it more reliable.

Figure 5.13: Correlation between Simulated and Modeling Values for Solar Tracker Sys-
tem.

The values plotted for the system with solar tracker with varying angles, as before,
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presents a reduced portion of its values to facilitate visualization, represented in Figure

5.14. As with previous systems, the decay behavior maintains the same pattern observed

in the simulation, showing that the system simulation confirms the theory raised above

about the possible behavior.

Figure 5.14: Correlation between Simulated and Modeling Values for Solar Tracker System
with Varied Tilted Angle.

With the results it can be seen that there is actually a gradual decay in the current,

as well as the decay that occurs in energy production, presented by [6], making the

study simplify the analysis to just two variables, which have a greater impact in the final

response.

From the results, it is possible to calculate the relative error between the values ob-

tained through modeling and simulation, as shown in Figure 5.15. Based on these values,

it was possible to notice a standard error behavior for the largest angle interval, and with

a margin of error lower than that reported in the studies presented in [7]–[9], showing

how accurate was this modeling.
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Figure 5.15: Relative Error.

The behavior shown in Figure 5.15, demonstrates that for the largest range of angu-

lation, the error can be easily corrected taking into account the behavior of it. As for the

less usual angulation, such as the system at 90 degrees of inclination, this behavior can

be corrected, but with a lower degree of reliability, by the variation observed for 40% of

soiling loss.

Even the variation outside the standards tilted angle, the error is still accurate, not

exceeding the maximum 2.50%, a value close to those found in some of the experiments

of the studies [7]–[9]. Comparing those studies with the application of the modeling

developed in this work, the results had a more consistence response for different scenarios

of application, demonstrating the accuracy of the soiling index modeling developed, using

a simplified solution, less sensors and being easy to implement in embedded systems with

less processing capacity.

Therefore, it is possible to conclude that the soiling index modeling can provide re-

liability estimation when analyzed the behavior of the error and the similarity of the

simulation values with the estimated values. Then, this research has proved to be valid

and useful.
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Conclusions

The analyzed goals of the PNEC for Portugal show the importance of developing research

and implementation on renewable energy sources, making it possible to obtain energy

growth in the country, reducing its dependence on foreign energy sources, not to mention

the benefits that these implementations can bring to the environment. The production of

PV energy has gained a great prominence in recent years as seen its growth between 2008

and 2018, and with the guidelines presented, it has been receiving even more prominence

to present an even greater growth.

Basing the development of this work on the question-problem: How to improve or

how to optimize the energy supply PV systems? To improve the production of energy

by renewable sources to optimize its operation, making the stipulated objectives to be

achieved more effectively and with even better results than expected. Portugal has a

strong dependence on energy from an external source and, according to government data,

by implementing new sources of sustainable energy production. This problem reduces

over time, making Portugal more independent and adding more positive results with this

study.

This scenario proposes the creation of a soiling index modeling, a capable tool that

measures the impact of the soiling index in the PV system. The advantage of this modeling

against the ones found in the literature was the approach. Which focuses on reducing the

number of variables and reducing the processing power necessary to the hardware. To
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construct this modeling it was necessary to study how the soiling affects the PV system.

From this, found that the output current and the solar radiation as the most significant

variables of the system. With the most significant variables analyzed, it was employed a

formula that calculates the estimated current for a PV system, and in this formula have

other variables not considered to be collected, making it necessary to calibrate the formula

to adjust on the modeling.

After the adjustment of the mathematical formula of the modeling, it was necessary

to develop the scenario for the testing and validation of the modeling. As this work is a

part of a project that will develop a solar tracker, the scenario used to test and validate

this modeling was comparing the efficiency of the system between a fixed system and a

solar tracker system. To estimate the maximum power of the system was used the current

legislation [47], which limit the power for domestic solar system with the less bureaucracy

to 1,5kWp. Nevertheless, because this work was only theoretical, without the resources

to implement this modeling to a real system, using all the data collected and tested from

the selected software PVSyst.

The results presented by the soiling index modeling values were very close to the

simulated, where the relative errors found ranged from 0.33% to 2.48%, and within the

most of the tilted angle, their behavior was practically constant, demonstrating certain

ease in correcting the values for real applications, which can bring a result with a high

degree of reliability, becoming an application to solve the optimization problems of PV

systems with the maintenance.

With the results, it is possible to conclude that the general objective of this work, in

creating a modeling of the soiling index in PV systems from simulations, starts from a more

simplified solution. The simplicity facilitates the insertion of this modeling in the practical

scope, because of the relation cost/benefit ends up representing an economy of natural

resources, when performing an adequate cleaning and the increase in the performance of

PV systems.

In addition to the results, it was possible to observe the behavior of the modules, to

facilitate the identification of their operation, in a more simplified way. In this way it is
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possible to find new solutions for PV systems, taking into account the practical perspective

for problem solving, analyzes that may end up making implementations feasible that will

bring many benefits in relation to energy production.

And according to the energy production data, the use of systems with solar trackers

brought a relatively high gain for energy production, since the values presented for the

system without this technology implemented represented almost half of the potential

observed for the system with the tracking solar applied.

Objectives

Taking into account the specific objectives raised, it was possible to achieve all of them,

and regarding the dependence that existed between them. The first specific objective,

achieved in Section 2, was to present and describe the characteristics of PV energy pro-

duction. Where the direct dependence of the current was raised for solar radiation, be-

cause the cells work as a current source and the solar radiation through the PV effect

converts the light into electrical energy, as demonstrated in the graphs presented in this

work, because of the behavior presented as the soiling rate was increased.

The second specific objective was to simulate, using the PVSyst software, implement-

ing the tilted angle, tracking and soiling loss, taking into account all the bureaucratic and

functioning issues of the systems found in Portugal [47]. This objective was achieved by

developing Section 4. The results presented outcomes as expected, in giving support to

the first specific objective.

The third specific objective was to analyze the energy production capacity of a PV

structure with a solar tracker using the PVSyst software. This objective was achieved

with the Section 4. Taking into account the goals imposed by the government with the

implementation of the PNEC [2], Portugal has the potential necessary to carry out the

implementation of this energy source. Since the gain presented when applying a solar

tracker almost doubled, concerning the fixed system, which would increase the need for

the idealization of a model like the one proposed in this work, to assist in obtaining the

maximum performance of the systems.
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The fourth specific objective was to identify how these variables affect the production

of solar energy. This objective was achieved with the development of the Section 4. When

the results showed how the PV systems behave with the different values applied to the

variables. Since the pattern of the output current was observed while the soiling index

was varied, and the difference in energy production due to the variation of the tilted angle.

The fifth and final specific objective was to characterize the conditions for the produc-

tion of PV energy from the structure analyzed in the work. This objective is responded on

Section 4 which presented the graphs of energy production for PV systems with ideal an-

nual tilted angle and the PV systems with solar tracking for various inclinations, enabling

the projection with the minimum loss for slope, and from modeling the identification of

the soiling index for the PV systems.

With the achievement of all the objectives, and with each expected result during the

work, developing the soiling index modeling, which is the general objective of the work. It

presented an expected behavior for all analyses previously performed. Nevertheless, what

could have improved an even more satisfactory result could have been the implementation

of this analysis in a functioning system, is possible to carry out the practical validation.

However, by the studies carried out in this research, it was possible to determine that the

answers demonstrate initially ideal values, since in [49], [50] the values generated by the

PVSyst software, have a certain similarity with reality.

Future Work

For the futures work, it is necessary to attend the points that limited the work. The lack

of studies regarding the incidence of debris in Portugal, as found for other regions, could

assist in improving the work. The dependence on simulation results, even if the software

results are close to reality. The real systems may present some variations, which in turn

may need to perform a new calibration of the modeling for a practical application. And

as well as the limitation of simulated data and the lack of real data for comparison, they

were also a limiting factor.

The study referring to the application of this modeling to real systems, may be an
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aspect that ends up confirming the results presented in the practical scope, enabling the

use of this technology in order to assist in the growth of energy production in Portugal and

PV technology, as being this is the source of focus for future country implementations.

The performance of studies regarding the behavior of the dirt index, determining the

patterns for occurrence, could be a source of information that could greatly improve the

determination of the dirt indexes for the region of the study in question, since its behavior

is very particular for each region.

A study regarding the ideal cleaning point in reference to the dirt indexes in the region,

which may end up in determining a cycle for carrying out a possible self-cleaning, making

the system itself identify the ideal time to clean the modules.
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