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ABSTRACT 

For a PV plant it is of fundamental importance that the operation of the PV modules is free 

from faults or at least that the faults can be detected early, to ensure efficient electricity 

production.  Some defects such as cracks can be seen in visible light while microcracks and 

damage to the silicon material can only be seen through special lighting. This study focuses 

on the most common defects in photovoltaic (PV) systems. Compare the infrared (IR) 

technology with the new ultraviolet (UV) fluorescence image technique for PV 

characterization, based on their accuracy and uncertainty factors under an experimental field 

investigation. In this study, first a literature study was conducted to the most common 

defects in PV system and their impact on electricity generation. Then a simulation model of a 

PV system was created in PVsyst and exported to Microsoft Excel which was used to evaluate 

how different defects at different stages of the PV cell's life cycle impact electricity generation, 

performance parameters and economic exchange. Furthermore, experiments with UV and IR 

was implemented at a PV system located in Dalarna and some PV modules at MDH.  

It was conducted that occurrence of snail tracks, delamination and hot spots in combination 

with bypass failures and non-functioning cell will affect the economic profitability in the long 

run and the payback time will increase since their impacts on electricity generation and 

performance parameters are huge. The worst case is when PV modules are affected by the 

fault in bypass diode and non-functioning cell which result to a payback time longer than the 

module's lifetime and huge amount electricity losses in different bypass diodes 

configurations. Since UV and IR are two different methods that are performed in two 

different ways, different errors occurred during the measurements. The biggest external 

factor was the weather that determined if the experiment could be implemented. The IR 

method gave decent results and was quicker to use, but the UV method highlighted some 

defect which could not be seen with the IR technology.  

Keywords: UV fluorescence, IR thermography, defects in PV modules, delamination, 

discoloration, hotspots, snail trails, cracks, fault in bypass diode, non-functioning cell in PV  
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SUMMARY 

For a Photovoltaic (PV) plant it is important that the operation of the PV modules is free from 

faults or at least that they can be detected early by fast and reliable methods, to ensure an 

efficient electricity production and a long life, which results in a high return on investment.  

The goal of this thesis is to study defects in PV module and to compare infrared (IR) 

technology with the new ultraviolet (UV) fluorescence technique for PV characterization by 

performing experimental field investigations with IR and UV imaging on some modules at 

MDH and the existing PV system at southern of Dalarna. In addition, simulate how different 

defects at different stages of the PV cell's life cycle impact electricity generation, performance 

parameters and economic exchange. Literature studies are performed to examine UV and IR 

technologies and the most common types of defects and their impact on power performance 

of PV modules. Furthermore, a standard model is built in simulation software “PV syst” and 

the system is simulated, and the result has been used for further calculations in Excel by 

considering three scenarios which are; 

• Occurrence of different defects in some PV modules during different years 

• Occurrence of different defects in one PV module 

• Occurrence of defect in the bypass diode and a non-functioning cell in some PV 

modules  

In addition, suitable equipment for IR and UV imaging are obtained for the examination of 

outdoor and indoor experiments with IR and UV imaging and an interview with the owner of 

PV system at Vanhälls Såg AB is performed to become more familiar with the selected PV 

system.  

 

The result from study showed that encapsulant delamination, encapsulant discoloration, hot 

spots, cracks, snail trails and fault in cell and interconnection ribbon are the most common 

defects for PV modules in the field. Occurrence of these defects in PV modules depend on a 

lot of factors such as pressure and vibrations during production, installation and 

transportation of PV modules or environmental stress such as heavy snow, high UV 

irradiation, wind etc. Using of poor-quality material, poor maintenance and processing, poor 

quality workmanship and design are other reasons. Improvement of production processes, 

using detection methods for detecting defects early in the production phase such as UV and 

IR, using of material with high quality, increasing the knowledge of the staff and continuous 

maintenance can reduce the occurrence of defects in PV modules. 

In scenario 1, delamination has the highest impact on electricity production, performance 

parameters and economic exchange where it reduces the production to 18.8 MWh and the 

performance ratio to 62 % in year 30. It will not be economically viable if the PV modules are 

affected by delamination because the payback time increases to 28 years and the value of 

NPV becomes negative (-4 159 $). After delamination, occurrence of discoloration, snail trails 

and hot spots have a big impact on the electricity generation, performance parameters and 

economic exchange. 



In scenario 2, the PV module is more affected by snail trails where it contributes to reduction 

in production to about 67 kWh in year 30 and performance ratio to 22.3 %. Payback time in 

this case increases to 25 years and the value of NPV ends up at – 50 $ which means that the 

investment will not be profitable. After snail trails, delamination and hot spots have a big 

impact on energy output of the PV module, performance parameters and economic exchange. 

In scenario 3, modules with three bypass diodes perform better compared modules with one 

and two bypass diodes when one cell stops working in some modules or there is defect in 

bypass diode. The amount of electricity losses is huge in all three bypass diodes 

configuration, especially for PV modules with only one and two bypass diodes. In both cases, 

the investment will not be profitable because the payback times become longer than the 

modules lifetime and the values of NPV are negative as well.  

UV and IR are two different technologies for detection of defects in PV modules. The UV-

experiment was implemented during night and the IR during the day. The measurement was 

more flexible with IR while that was a limitation in recording with the UV. The UV lamp had 

a limitation in the flashlight radius, which required a closer range than the IR and could only 

record almost one cell at a time. The IR- technology was easier to work with, during the right 

irradiations from the sun, especially for detection of hot spots in PV modules. The UV light 

highlighted what the eyes could not see in the visible light and detected some defects which 

could not be seen with the IR technology. But external lights and the weather could easily 

make the UV application more difficult. UV could detect cracks, snail tracks, snail tracks with 

microcracks, scratches and maybe beginning to failure in cell such as 

delamination/discoloration on the modules. But the UV method could not detect the hot 

spots. While the IR application on the modules could detect, hot spots, cracks and snail 

tracks with microcracks during the field application.  
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NOMENCLATURE 

Symbol Description Unit 

A Area  m2 

ADE grid Average daily energy injected to the grid kWh 

AHE grid  Average hourly energy injected to the grid kWh 

BA Total Revenues $ 

C  Cost  $ 
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D Power loss % 

E Energy  kWh 
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I Current  A 
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K insurance  Annual insurance rate % 

L  Missing income due to production losses $ 

n Life time of the project year 

OCPN Percentage reduction of performance averaged over 
the entire portfolio over 1 year 

% 

P  Power  W  

PR Performance ratio % 

PSC Installed capacity of the PV system kWp 

PL Performance loss, power loss % 

PPA Missing income from power purchasing agreements $ 

Rt Net cash inflow-outflows during a single period t $ 

RCE Missing savings generated by PV plants $ 

SCPN Total production of PV plant in absence of failures kWh 

t Time  h 

V  Voltage V  

Y Yield  kWh 

ƞ Efficiency % 

φ Poison factor - 

 

 

 



ABBREVIATIONS 

Abbreviation Description 

AC Alternating Current 

CEO Chief Executive Officer 

CPN Cost Priority Number 

C-Si Crystalline silicon 

DC Direct Current 

EVA Ethylene vinyl acetate 

EL Electroluminescence 

IRR Internal Rate of Return 

IR Infrared  

IEA International Energy Agency  

J-box Junction box 

kWh Kilo Watt hour 

LCOE Levelized Cost Of Energy 

MM Multimeter Measurment 

MWh Mega Watt hour 

NPV Net Present Value 

O&M Operation & Maintenance 

PID Potential induced degradation 

PV Photovoltaic  

PVPS Photovoltaic Power Systems 

PB Pay Back time 

STC Standard Test Condition 

SEK Swedish Krona 

Si Silicon  

UV Ultraviolet 



 

 

DEFINITIONS 

Definition Description 

Bypass diode A standard addition in a PV module where it reduces the occurrence of hot 
spots by letting current go through the influenced cells and decreasing the 
voltage losses. 

Capacity factor The relationship that is between the annual electricity generation and the 
theoretical maximum annual electricity generation. 

Efficiency Indicates how much of the obtainable solar energy is converted to 
electricity by the PV cells. 

Fill factor The relationship that is between the maximum obtainable PV cell's power 
to the product of open circuit voltage and short circuit current. 

Performance ratio A parameter for evaluating the efficiency of a plant, the relationship that is 
between the actual and theoretical electricity production.  

PVsyst A simulation program for studying, sizing and data analysing of PV system. 

Poor maintenance Insufficient or not cleaning of PV module, control of the PV components, 
vegetation management, removal of snow or sand etc. 

STC Performance test condition for electric output performance of PV modules 
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1. INTRODUCTION 

Tsanakas, et al. (2013) point out that Photovoltaics (PV) modules are the most important part 

of a PV system and the payback time and life cycle cost depends on most of the original 

power, power dissipation and module life. Furthermore, Tsanakas, et al. (2013) mention that, 

it is of the utmost importance to ensure operational reliability and quality in order to obtain 

profitability and ensure the investment after their guaranteed lifetime of about 25 years 

(Tsanakas, et al., 2013).  

Jacobsson & Edberg (2016) describes that visible defects such as cracks can be seen with the 

naked eye while microcracks and damage to the silicon material can only be seen through 

special lighting (Jacobsson & Edberg, 2016). Hence, this project consists of a theoretical and 

practical operation of defects in PV modules. Where two different methods (UV fluorescence 

and thermography) are compared and applied to characterize defects during field work and 

simulate how different defects at different stages of the PV cell's life cycle affect the electricity 

production and the economic exchange. 

1.1. Background 

Solar power system, also called PV system was already used in 1950 in astronomy to supply 

satellites with power and during the 60s and 70s, PV was already a competitive alternative 

especially in remote locations, according to Energimyndigheten (2013). After a study from 

the Norwegian research institute SINTEF, NyTeknik (2018) writes that the Nordic climate is 

ideal for PV installation. From the very first day, it is financially profitable to invest in solar-

generated electricity, provided you consume it yourself, according to NyTeknik. In recent 

years, the development of PV systems has been increased noticeably, and PV still represents 

one of the attractive technologies that have a big role in renewable energy systems. The wide-

spread apply of PV can help to decrease the greenhouse gas emissions and to get the EU 

target which is using of 20 % of renewable energies until 2020. PV was applied for small 

applications 30 years ago and today is a common electricity source where global capacity in 

2016 has increased to 303 GW and continues to increase (Masson & Kaizuka, 2017). 

However, there are still some obstacles that make the PV system's role in the global market 

not as strengthened as it would be. The obstacles don’t allow that PV technology develop in a 

high level that can facilitate the achievement of the local and global sustainable goals (Solar 

Power Europe, 2017). There has been tremendous pressure on the PV industry to decrease 

production costs due to high competition in the PV market during the past decade. In 

addition, there is a lot of demand for the modules' reliability, long-term performance, 

durability and efficiency to be improved (Eder, et al., 2018). 
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PV are usually designed to have a lifetime of about 25 years but different types of external 

pressure such as temperature, humidity, UV irradiation, rain, snow, hail, wind, sand etc can 

lead to degradation of the PV modules protective material and contribute to the different 

types of failures. Occurrence of different types of failures in PV modules lead to reduction of 

power performance of PV modules before meeting the manufacturer's guaranty (Omazic, et 

al., 2019). Furthermore, in the late of 1990s, the production of the PV module increased by 

about 15-25% per year contributing to decrease of PV modules prices (Khelifi, 2010). The 

price fall can lead to consequences such as the use of materials that are cheap or poor 

installation methods. In addition, some PV systems that have been installed in recent years, 

for example in Germany, give lower yield than expected (Mühleisena, et al., 2019). According 

to a study carried out by TUV Rheinland (2015), it has been found that approximately 30% of 

their PV system that has been examined shows defects where approximately 50% of the 

defects have been because of the errors in installation (TUVRheinland, 2015). In Saudi 

Arabia (Dhahran), the PV modules that was installed for 6 months in the field showed 50 % 

power drop when no cleaning was conducted on PV modules. In United Arab Emirates, a 

power drop of 10 % was shown after that the PV modules were installed for 5 weeks in the 

field. In Qatar the power drop for installed PV modules was 10 % after 100 days in the field 

(Walwil, Mukhaimer, Fahad, & Said, 2017).  

For a PV plant it is of fundamental importance that the system can operate without any 

defects. To ensure efficient energy production, long life and high return on investment, it is 

important to detect the defects early. In order to evaluate the performance of a PV plant, it is 

important to develop fast and reliable methods to evaluate the performance of the PV 

modules. Defects in the PV modules can occur during production, during transport or 

installation or can be developed through degradation during operation. There are many 

techniques for detecting the defect in the PV modules, such as visual inspection (VIS), 

thermography using infrared radiation (IR), electroluminescence (EL), Multimeter 

measurement (MM) and current voltage characteristics (Eder, et al., 2018). 

The temperature is an indicator that detects errors in the electromechanical installation and 

the IR technology is one of the more useful methods to use in analysing distributions of this 

parameter, which is added to industrial and commercial environments. King, Kratochvil, 

Quintana and McMahon (2002) describes that all materials emit infrared radiation, the 

temperature distribution at the surface gives an idea about the internal structure and 

properties of the object and inhomogeneity or defects in the object will show abnormal 

surface temperature. The IR method can be applied without having to disconnect the system 

but requires to be performed during the day. A completely new technique for characterizing 

the PV modules is to use UV fluorescence imaging to detect artefacts in the modules. Since 

the technology is new, there is no standard concerning how to perform and evaluate UV 

image processing. The UV-fluorescens method can also be performed without having to 

disconnect the system but requires a dark environment for the measurements. Fluorescence 

only happens while UV radiation is present, Voronko, et al., (2017) describes it as a form of 

luminescence and stands for the physical effect of the emission of light by a material that has 

absorbed light or other electromagnetic radiation.   
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Different defects can lead to early degradation in PV modules. Focusing on evaluation of 

different types of problems on the PV modules and their economic impact, can help develop 

theories and as well potentially informing future research of the impact of different defects 

during a PV cell's life cycle. To gain a fuller understanding of the IR and UV accuracy and 

uncertainty factors, qualitative research with field experiment is required. Addressing this 

problem will have practical benefits for the inspiration and future development of the UV 

application 

1.2. Purpose/Aim 

The aim of the thesis is to evaluate different types of PV defects, reasons as well as 

multidimensional effects. By simulating how different defects at different stages of the PV 

cell's life cycle affect electricity production, performance parameters and economic exchange. 

Further, compare the infrared (IR) technology with the new ultraviolet (UV) fluorescence 

technique for PV characterization, based on their accuracy and uncertainty factors under an 

experimental field investigation. 

1.3. Research questions 

• Which are the reasons, mechanisms and effects of the different defects in PV modules 

and how can they be rectified? 

• How is electricity generation, performance parameters and economic exchange 

affected by various defects at different stages of the PV module's life cycle? 

• What differentiates the UV and IR techniques and how are these applied in practice? 

• What external factors from the environment can affect the result of the experiment? 

1.4. Delimitation 

The work is only based on studies of the two different techniques IR and UV for artefacts and 

apply them in practice. A visible inspection is done before the other two methods, the visible 

inspection is excluded from the literature study. Because knowing how to make a synopsis of 

the modules is nothing complicated that needs to be explained in detail. The experiment will 

be performed on a PV plant at the company Vanhälls Såg AB located in southern Dalarna. 

Before the field applications the equipment will be tested on three PV modules in the 

laboratory at MDH. Mainly reason is because of the snow and to ensure that the equipment 

works. Equipment selection was mainly due to access to the existing equipment and the 

equipment through the purchase was within reasonable limits. Only the most common 

defects that occur on the PV modules in the resent years is included in the work, such as: 

• Encapsulant delamination  

• Encapsulant discolouration  
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• Hot spots  

• Snail trails  

• Cracks  

• Fault in cell and interconnection ribbon  

• Light induced degradation 

• Age degradation 

Calculations will also be performed on these mentioned defects. Contributions, subsidization, 

certificates and root deductions are neglected within the financial calculation. Since the work 

concentrates on economic exchange due to defects in different stages. 

1.5. Disposition 

In the introductory chapter, the study's background, problem discussion, issues, purpose and 

delimitation were presented. The study's continued disposition looks like this: 
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Method 

The method chapter presents the methods for the study. How to perform the study and 

what tools were used for the research.  

 

Theoretical framework/literature study 

The theoretical framework presents the theoretical studies which the study is based on. 

The chapter presents previous research on different kinds of defects, ultraviolet 

fluorescence imaging and thermography for photovoltaic applications.  

Results 

The results chapter presents the empirical results of the study. The chapter presents the IR 

and UV application on modules. Three different scenarios with different defects at 

different stages of the PV cell's life cycle and the how the electricity production and 

economic exchange get affected.  

Discussion 

The chapter discusses the study's results in relation to previous work. Assumption during 

simulations, defects in PV modules, calculations, UV and IR differences. It also discusses 

about error occurred during the experiment. 

Conclusions 

The final chapter presents the study's conclusions. Furthermore, the limitations of the 

study are also described, which later leads into suggestions for further work. 

Current study 

The current study presents the research philosophy and research approach that formed the 

basis for the study. The chapter also describes the study's empirical method, 

operationalization process and assumptions. 
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2. METHOD 

The work is based on literature study, experiments, calculations and an interview. 

2.1. Literature study 

The literature study consists of studies on the UV and IR technology for PV applications and 

studies on the different kinds of defects in PV modules, their mechanism, cause and effects. 

The literature study is also covered how different defects affect the performance of PV 

modules. Databases such as Diva, IEEE Xplore, ScienceDirect, Academic Search Elite, Scopus 

and other relevant websites are applied.  

The key words from the different sources during the study of UV and IR; application of UV-

Fluorescence in PV system, UV-Fluorescence for detecting of PV module failures, PV plant 

monitoring, PV thermography, PV thermography image, PV thermography measurement and 

application IR PV system.  

Regarding to the keywords for defects in PV modules; PV defect, Solar PV module faults, 

microscope defects PV, degradation photovoltaic module, defect on PV cell, defect and PV 

module performance and power output, cracks in PV cells, hot spots in PV cells, 

delamination, discolouration, snail tracks and corrosion in PV cells. 

The other key words are; Techno-economic analysis of PV, electricity prise and the price for 

PV components. 

2.2. Field Application 

Suitable equipment for outdoor IR and UV imaging was obtained for the examination of 

outdoor experiments with IR and UV imaging. Main equipment consisted of tripod, system 

camera, UV-filter, UV lamp, radiation measurement and an IR camera, depending on the 

experimentation. The equipment for both UV and IR was tested in the laboratory at MDH 

before the real experiment on the field. The testing in the laboratory was more like an 

introduction how to handle the equipment practically from the framework. The testing in the 

laboratory was done while there was snow on the modules in Dalarna. From the middle of 

April, the field experiment was implemented during several days, different times at morning 

and night.   
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2.3. Simulation 

A standard model was constructed in the simulation program PVsyst. PVsyst is a personal 

computer software simulation program for architects, engineers and researchers. For the 

study, sizing and data analysis for complete PV systems. This program was chosen mainly 

because the program is very effective and is specifically targeted at solar cells. In addition, the 

program contains several databases for example PV components and meteorological data. 

After the simulation in PVsyst, the data was exported and compiled into Microsoft Excel. 

Subsequently, Microsoft Excel was used for three scenarios for calculations of energy output, 

performance parameters and the economic exchange. The methods used to evaluate the 

economic part were Levelized Cost of Electricity (LCOC), Net Present Value (NPV), Internal 

Rate of Return (IRR) and Pay Back time (PB).  

The three scenarios are; 

1. Occurrence of different defects in some PV modules during different years 

2. Occurrence of different defects in only one PV module 

3. Occurrence of defect in the bypass diode and a non-functioning cell in some PV modules  

 

The reason for the study of the first scenario was to evaluate how much the whole PV plant 

would be affected in the long term if different kinds of defects appear in some PV modules, 

from an economic, performance and production perspective. The reason for studying of only 

one PV module in scenario two was to perform a deeper study of different defects and to 

evaluate what defect has the highest impact on the PV module. According to Stridh (2019), 

defect in bypass diodes and non-functioning cells contribute to losing one third of modules 

power in a standard PV module consisting of 3 bypass diodes. Losing one-third of the 

module's power is a lot so they are serious defects and therefore scenario 3 has been chosen 

to study how the entire PV plant would be affected if these kinds of defect occur in PV 

modules.  

 

2.4. Interview 

An interview with chief executive officer (CEO) for Vanhälls Såg AB was performed to 

become more familiar with the selected PV system and collect information about the facility, 

the characteristics of PV modules, energy production, angle placement, when and from where 

the PV modules was purchased. 
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3. THEORETICAL FRAMEWORK/ LITERATURE STUDY 

The literature study will cover the principle of solar cells and studies on the UV and IR 

technology for PV applications. Furthermore, it will be some studies about the common 

defects in PV modules, the impacts of the defects on the performance of the PV modules and 

how they can be rectified. 

3.1. Photovoltaic principle  

A photovoltaic cell is the basic component of a PV system and is a kind of energy harvesting 

technology where it converts the energy of the solar (light) to the electricity (voltage) via the 

photovoltaic effect (Saavedra, 2016). A PV cell consists of different layers of material which 

have different purposes. Semiconductor is the most significant layer of a photovoltaic cell 

where it is consists of 2 layers which are p-type and n-type and converting the light to 

electricity. There is a layer of conducting material in each side of the semiconductor for 

accumulating of the produced electricity. The other layer is a sort of anti-reflection coating to 

prevent the losses of light because of the reflection (Saavedra, 2016). The amount of energy 

generated by PV cells are limited and therefore many individual PV cells are connected in 

series or parallel in structure called module to generate higher voltage and current and 

therefore more electricity to meet the demand. A PV system or PV array consists of several 

modules that are connected to each other. The produced electricity by a single module is not 

enough to meet the demand specially in commercial approach so the modules can be 

connected in series to increase the voltage or parallel to increase the current (Khelifi, 2010). 

Sunlight consists of particles named photon which are radiated from the sun. When these 

photons hit the surface of the PV cell, it is absorbed by the semiconductor material which is 

usually silicon. The electron in the semiconducting material are knocked loose by the energy 

of the light. The layers of the semiconducting material make an electric field which means 

that one side consists of net positive charge and the other side is comprised of net negative 

charge. Electrons are loosed by the electric field, starting to flow in the PV cell and 

contributing to an electrical current. Finally, when free electrons create to an electrical 

current, the electrons are accumulated by the metal conductive plates on the sides of each PV 

cell and transferred to the wires. The electrons are flowing such as electricity in the wiring to 

an inverter. (Narkhede, 2010) 
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The main performance parameters of a PV cell are short circuit current (ISC), open circuit 

voltage (VOC), efficiency (ƞ) and fill factor (FF). Short circuit current is the maximum current 

that is delivered by a cell and is the current when the voltage is zero. Open circuit voltage is 

the maximum voltage that is delivered by a cell when the current is zero. Fill factor is the 

ratio of the maximum power that is achieved from solar cells under normal operating 

condition to the product of open circuit voltage and short circuit current. By the fill factor the 

quality of the PV module can be showed if the fill factor closer to 1 shows a PV module that 

can contribute to more power. The typical value of the FF is 0.7-0.8. Efficiency is the 

relationship that is between the output energy by the PV cells and the incident energy in the 

form of sunlight (Alternative Energy Tutorials, 2018). Figure 1 shows the I-V (current-

voltage) characteristics for a typical silicon PV cell and the most significant parameters: short 

circuit current (ISC), open circuit voltage (VOC), maximum power point (Pmpp), current at 

maximum power point (Impp) and voltage at maximum power point (Vmp). 

 

Figure 1 typical I-V curve for PV cell (Köntges, et al., 2014) permission from IEA PVPS (International Energy 
Agency Photovoltaic Power Systems Programme) 

3.2. Defects and failures in PV modules 

A failure that occur in the PV modules can be defined as an impact that change the module 

power and contribute to the power loss or safety problem (Köntges, et al., 2014). In other 

words, failures can be in the form of performance related failures or it can be in the form of 

safety related failures. Injury to the components and personnel can be the consequences of 

the safety related failures and power loss is the consequence of the performance related 

failures (ee Publisher, 2018). The failures in PV modules can be divided into three categories 

which are infant, midlife as well as wear-out failures (Köntges, et al., 2014). 

Figure 2 shows three common failures that occur for crystalline PV modules. Various defects 

occur depending on which phase the module is in, infant-failure, midlife-failure or wear-out-

failure. LID in the figure stands for light-induced degradation, PID stands for potential 

induced degradation, EVA - ethylene vinyl acetate and j-box – junction box. 
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Figure 2 typical failures (Köntges, et al., 2014) permission from IEA PVPS (International Energy Agency 
Photovoltaic Power Systems Programme) 

3.2.1. Infant failures 

Infant-failures happens at the start of PV module's working life where loose frame, glass 

breakage, failures in J-box, cell- interconnection and delamination are the most significant 

failures for PV modules in the field. In this phase transportation damages contribute to 5 % of 

all failures. (Köntges, et al., 2014) 

How occurrence of failures has been distributed at the beginning of the PV module's working 

life according to the customer complaints are showed in Figure 3. The complaints have 

occurred two years after transfer of PV modules. This statistic in Figure 3 has been performed 

by a German distributor, which has delivered the PV modules from 2006 to 2010 and to a 

total volume of approximately 2 million delivered PV modules. (Köntges, et al., 2014) 

 

Figure 3 infant failures (Köntges, et al., 2014) permission from IEA PVPS (International Energy Agency 
Photovoltaic Power Systems Programme), originally from IEA but with modifications 
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3.2.2. Midlife failures 

Midlife-failures might be PID (potential induced degradation), failures in diode, cell 

interconnected breakage and degradation in glass (Köntges, et al., 2014).  

Figure 4 shows how failures have been distributed for different PV system (for 21 

manufactures) that has been installed in the field for 8 years according to a study of DeGraff 

Lacerda and Campeau (2011). The distribution is according to the total number of failures. It 

has been estimated that about 2 % of PV modules do not fulfil the manufacture's guarantee 

and that is 11- 12 years after that PV module have been in operation. According to this study, 

failures due to the glass breakage as well as interconnections defects dominate compared to 

the other midlife-failures. (DeGraaff, Lacerda, & Campeau, 2011) 

 

 

 

Figure 4 midlife failures (Köntges, et al., 2014) permission from IEA PVPS (International Energy Agency 
Photovoltaic Power Systems Programme), originally from IEA but with modifications 

3.2.3. Wear out failures 

Wear out failures is most common failure that occurs in the most PV modules and it is when 

the working life of PV modules is at the end. When a security problem occurs in a PV-module 

or when the power of a PV-module falls under 70- 80 % of the initial power, then the working 

life of the PV-module is finished. (Köntges, et al., 2014) 

Figure 5 shows the distribution of failures which have occurred for 272 PV modules that has 

been installed in the field for 15 years, from three various manufactures. As shown, 

delamination, cell part isolation because of the cell cracks as well as discolouring of the 

laminate are predominant failures in the PV modules where they contribute to about 0-20 % 
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drop in power. The red colour shows how much of PV modules having failure and the green 

colours shows the opposite. (Köntges, et al., 2014) 

 

Figure 5 distribution of failures (Köntges, et al., 2014) permission from IEA PVPS (International Energy Agency 
Photovoltaic Power Systems Programme) 

3.3. Common defects and failures 

In this section, the most common and important defects, their causes, effects and 

mechanisms in the PV modules are presented. 

The Figure 6 presents different defects and overall decryption of defects, which can be seen 

with various technologies, like thermography. It presents the description how to acknowledge 

it and what could be the cause of the defect. (Köntges, et al., 2014) 
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Pattern Description Possible failure 
reason 

Electrical 
measurements 

Remarks,  
Chapter 

 

One module 
warmer than 
others 

Module is open 
circulated – not 
connected to the 
system 

Module normally 
fully functional 

Check wiring 

 

One roe 
(substring) is 
warmer than 
other rows in 
module 

Short circuited 
(SC) or open 
substring 
-bypass diode 
SC, or 
-internal SC 

Sub-strings power 
lost, reduction of 
Voc 

May have burned spot 
at the module 
One diode shunted 

 

Single cells 
are warmer, 
not ant 
pattern 
(patchwork 
pattern) is 
recognized 

Whole module is 
short circuited 
-All bypass 
diodes SC or 
-wrong 
connection 

Module power 
drastically 
reduced, (almost 
zero) strong 
reduction of Voc 

Check wiring 
all diodes shunted 

 

Single cells 
are warmer, 
lower parts 
and closer to 
frame hotter 
than upper 
and middle 
parts. 

Massive shunts 
caused by 
potential 
induced 
degradation 
(PID) and/or 
polarization 

Module power and 
FF reduced. Low 
light performance 
more affected than 
at STC 

- Change array 
grounding conditions 
- recovery by reverse 
voltage (PID) 

 

One cell 
clearly 
warmer than 
the others 

Shadowing 
effects  
- Defect cell  
- Delaminated 
cell 

Power decrease 
not necessarily 
permanent, e.g. 
shadowing leaf or 
lichen 

Visual inspection 
needed, cleaning (cell 
mismatch) or shunted 
cell 
(delam.) 

 

Part of cell is 
warmer 

- Broken cell  
- Disconnected 
string 
interconnect 

Drastic power 
reduction, FF 
reduction 

 (cell cracks) (burn 
marks) 
(interconnects) 

 

Pointed 
heating 

- Artifact  
- Partly 
shadowed, e.g. 
bird dropping, 
lightning 
protection rod 

Power reduction, 
dependent on 
form and size of 
the cracked part 

Crack detection after 
detailed visual 
inspection of the cell 
possible  
(cell cracks) 

 

Sub-string 
part 
remarkably 
hotter than 
others when 
equally 
shaded 

Sub-string with 
missing or open 
circuit bypass 
diode 

Massive Isc and 
power reduction 
when part of this 
sub-string is 
shaded 

May cause severe fire 
hazard when hot spot 
is in this sub-string 

Figure 6 Summary of PV module IR image patterns observed in outdoor measurements, their description, 
possible failure modes and its influence on the electrical output (Köntges, et al., 2014) permission from IEA 
PVPS (International Energy Agency Photovoltaic Programme, originally from IEA but with modifications 
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3.3.1. Cracks  

Cracks in the cells may occur in different steps and during the different times of the module’s 

lifetime. Manufacturing is an important factor for cell cracking where e.g. soldering process 

lead to a high pressure on the PV cells. Handling and vibration during the transport from 

factory is another factor that can contribute to the cracks or expands cracks in PV modules. 

Natural factors such as weather conditions like heavy wind and snow loads also contribute to 

mechanical loads on PV modules in the field due to the vibrations and pressure that they 

perform and thereby create cracks on the surface of the PV modules (Kajari, Kunze, & 

Köntges, 2012). The wafer’s size of the crystalline has increased in recent years and on the 

other hand the thickness has been decreased which can increase the risk of breakage and 

cracking (ee Publisher, 2018). The cells parts of the PV module can be disconnected if cracks 

occur in the PV modules where it can contribute to the power drop in PV modules (Dhimish, 

Holmes, Mehrdadi, & Dales, 2017). A study performed by Käsewieter, Haase, Larrodé, and 

Köntges (2014), showed that cracks that occur in the silicon wafer material of PV cells 

contribute to 0- 2.5 % power drop in a standard PV module consisting of 60 cells if the cracks 

don’t separate cell parts. According to another study performed by the same authors, showed 

that of 250 PV modules that have been in the field for 15 year and more, a lot of insulated 

parts caused by cell cracks appeared in PV cells. These cracks together with Ethylene Vinyl 

Acetate (EVA) discolouration and delamination contribute a power drop of approximately 20 

% (Käsewieter, Haase, Larrodé, & Köntges, 2014).  

Cracks in PV modules can be divided into four different categories which are diagonal cracks, 

perpendicular to busbars crack, parallel to busbars cracks as well as multiple directions 

cracks. Diagonal and multiple directions cracks lead to a significant power loss compared to 

the other kind of cracks (Dhimish, Holmes, Mehrdadi, & Dales, 2017). According to a study 

performed by Kajari, Kunze, & Köntges (2012) showed that in 27 PV modules consisting of 60 

cells each, 667 cracked cells identified. In this study, about 50 % of the cracks detected as 

parallel to the busbar cracks and the risk for a separating cell parts estimated to be about 16- 

25 %. The crack can grow over time which means that if there is crack in one cell during the 

operation of PV module, the risk can be increased that this crack is grown into longer and 

broader cracks (ee Publisher, 2018). 

3.3.1.1. The impact of the cracks on the power performance of PV 

In a statistical analysis performed by Dhimish,Violeta, Holmes, Mehrdadi, & Dales (2017) 

different testes are used to identify the influence of the crack on the power performance of 

two different PV system located at University of Huddersfield (comprising of 10 

polycrystalline PV modules) and United Kingdom (comprising of 35 modules). The result 

from the statistical study demonstrated that about 15.6 % of the modules do not have cracks 

and 84.5 % of the modules had at least 1 kind of crack: diagonal cracks (26.7 %), multiple 

direction crack (28.9 %), parallel to busbars (20%) and perpendicular to busbar (8.9 %).  

This statistical approach showed that diagonal crack contributes to a power loss of 0.35- 0.44 

% influenced one cell of PV. The power reduction due to the parallel to the busbar cracks that 

impact 1 cell is 0.75 %-0.97 %. The maximum power loss for 8 busbars that influence 1- 4 PV 
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cells is between 4.1 and 4.6 %. Multiple direction cracks that impacted 5 PV cells contribute 

to a power loss up to 8.42 % and regarding to one cell the value of the power reduction is 1.04 

% (Dhimish, Holmes, Mehrdadi, & Dales, 2017). 

3.3.1.2. Actions for minimizing cracks in PV modules 

As mechanical and thermal stress are two important reasons behind the micro-cracks, it is 

significant that manufactures perform some laboratory tests on PV modules such as testing 

the PV modules during different mechanical loads, thermal cycles, shaking and humidities. 

Performing these tests can help manufactures to deliver a high reliability PV module that can 

withstand different kind of pressure. Improvement of the production processes can also help 

to reduce cracks in the PV modules. If the packages of the products are redesigned by more 

protection and padding, vibration during transport can be reduced. This in turn lead to 

mitigation of micro cracks in PV modules. Using better equipment such as automated 

soldering and increasing the knowledge of the staff, the microcracks during the production 

can reduce. Using methods such as Electroluminescence (EL) for detection of defects in PV 

modules in the production line before they leave the manufacture is other method that can be 

helpful (Winaico, 2016).  

3.3.1.3. Clamps  

“Clamps” is the one of the common reasons behind the glass breakage of the frameless PV 

modules that are in the field. One of the important reasons behind this kind of failure is at 

the planning and installation phase where the module has a poor clamp geometry such as 

very sharp edges or clamp that are very short or small. The second important reason that 

contribute to the glass breakage is due to the too tight screws in the mounting stage or clamps 

are positioned in the wrong way. The performance of the of the PV modules drop in time if 

there are glass breakage in the PV modules and that is because of the corrosion in the cells 

and electrical circuit. The most common and significant problem with glass breakage are 

electrical security problems. Furthermore, glass breakage can contribute to hot spots where 

the consequence is that the PV modules can overheat. (Köntges, et al., 2014) 

Figure 7 on the left side shows glass breakage due to the very tight screw and the second 

figure in the right side shows glass breakage due to the poor clamp. 

 

Figure 7 glass breakage (Köntges, et al., 2014) permission from IEA PVPS (International Energy Agency 
Photovoltaic Power Systems Programme) 
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3.3.2. Snail trails 

Snail trails also named snail tracks are discoloured lines that occurs in the front side 

metallization of PV cells (Köntges, et al., 2017). Snail trail appear after 3-5 months outdoor 

exposure and usually builds up over couple of years of power production on the field 

(Köntges, Kunze, Naumann, Berghold, & Roericht, 2012; Ganesh, 2018). Snail trails are 

discoloration, caused by moisture entering through the back sheet and diffuse to the cell 

surface (Ganesh, 2018). Water reacts on the cell rear side to hydrogen. Oxidized silver reacts 

with hydrogen and slightly above to pure silver and the hydrogen may lead to a slight colour 

change at the front side metallization (Köntges, et al., 2012). Mere existence of snail trails by 

itself does not affect power generation, but however snail trails correlated with micro cracks 

across cells may affect power generation (Ganesh, 2018). Mainly Silver nano-particles 

showing a typical brownish colour (Ganesh, 2018). A study from Meyer et al. (2013) indicates 

snail trails are always located at the cell edge or along cracks. Not every micro crack develops 

snail trails, but observation exhibited that snail trails within cell area, had habitually a micro 

crack at the same position.  

In a study performed by Guangda et al (2015), the mechanism of the snail trails in PV 

modules was analysed. The study showed that micro cracks, moisture and peroxide residue in 

encapsulant are significant factors contributing to snail trail in PV modules. Another study 

performed by Bouaichi et al (2018), the impact of the snail trails on the power performance of 

the crystalline PV modules that have been in the field for 3 years in Morocco investigated. 

The result of the study showed that about 58.5 % of the PV modules had been impacted by 

snail trails and it contributes to a degradation rate of about 2.36 % per year. According to this 

study, the snail trails and cracks are very close to each other and 0.12 % per year in power 

loss can be considered because of the snail trails/cracks (Bouaichi, et al., 2018). 

3.3.3. Encapsulation discolouring  

A PV module is consisted of different components which are frame, glass, encapsulant, solar 

cells, back sheet and junction box. Encapsulating materials protect the solar cells from heat, 

moisture and radiation of UV. It also arranges good adhesion and decrease the ingress of 

moisture. EVA (Ethaline vinyl Acetate) is the material that is usually used for encapsulation. 

The efficiency of the PV module decreases, and other failures can happen if faults occur in the 

encapsulation. (ee Publisher, 2018) 

Encapsulant discolouring is a common defect in PV modules that have been in the field for 

many years. Discolouration in PV modules is when the material get a colour of yellow or 

brown. This kind of defect decrease the light transmission to the PV cells which decrease 

short-circuit current (ISC). This contribute to less energy output and therefore loss of 

efficiency (Shashwata, et al., 2017). Beyond the reduction of light transmission contribute 

discolouration to production of acetic acid which leads to corrosion of metallic contacts and 

collecting of volatile gases which in term contribute to delamination and bubbles formation 

that reduce the performance of the module and reliability. The acetic acid also contributes to 

polymer degradation (Sinhaa, Sastryb, & Gupta, 2016). External factors such as high 

temperature, humidity and internal factors such as poor quality of encapsulant can be the 
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reason behind the discolouring of PV modules (Shapiro, Robbins, & Ross). The reduction of 

the PV modules prices in the market force a lot of manufacturers to use materials that are 

cheaper and have lower quality. This can accelerate the module discolouration as well 

(Shashwata, et al., 2017).  

In a study by Bouaichi et al (2017) the effect of discolouration in two years old PV modules in 

Moroccan is investigated. The result of the investigation shows that the maximum power of 

the PV modules has been decreased by 5.28 % compared to initial capacity due to the 

discolouration. They claim that the main reasons cause of discolouration in the investigated 

PV modules could be high temperature, UV light and bad module packing (Bouaichi, et al., 

2017). In a statistical analysis about the degradation of crystalline silicon PV cells under heat 

and temperature effect showed that EVA discolouration contribute to a power degradation 

from 2.08 to 3.48 % per year where the average is 2.60 % per year (Géraud, Basile, Macaire, 

& Vianou, 2018).  

In the EVA encapsulant, the formulations that have additives that can increase the risk for 

discoloration should be avoided. It is also important that encapsulant packages are tested 

during the high temperature and UV exposure. This is to be sure that the encapsulant is not 

sensitive for UV or temperature. It is also important that manufacturers of PV modules 

control and check their products in the field. When investigating the PV modules, it is 

important that the manufacturer provides with long-term test data (UV test results) to be 

sure that the short circuit current of modules do not drop and consequently the power output 

because of the discoloration. (Wohlgemuth, Kempe, & Miller, 2013) 

3.3.4. Delamination  

Delamination is one of the most common failure in PV module in the field that has been 

documented a lot. Delamination can appear in the encapsulant from the front glass, cells, 

back-sheet or the interconnected ribbon. Using of cheap material and wrong processing are 

two common reasons that can lead to delamination. Delamination in the front glass, where 

poor glass cleaning method in the manufacture process can be one of the reasons, reduce the 

capture of light in the PV module and therefore it leads to loss of efficiency (Schneller, et al., 

2016). This kind of defect becomes hazardous when humidity collects more in the void (ee 

Publisher, 2018). Bad cross-linking and polluted cell surface are two common factors that can 

contribute to delamination from the cell. This kind of defect can affect the cell negative when 

in laminate air bubble is created and lead to collection of the humidity and then short circuits 

(ee Publisher, 2018). Delamination is more common in a climate that is hot or humid. 

Moisture ingress in the PV modules due to the delamination lead to occurrence of different 

sort of physical and chemical degradation for example corrosion in the metal (Ndiaye, et al., 

2013). 
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Figure 8 shows some visible types of defects in PV modules in the field such as delamination, 

corrosion, glass breakage, snail trails, cracks and discolouration.  

Image Type of defect Image Type of defect 
 

 

Delamination 
has been 
occurred in a 
multi-
crystalline 
silicon (Si) 
module. 

 

Browned EVA with 
two cracks in a PV 
cell. 

 

Electrochemic
al corrosion 
occurred in a  
thin-film 
module where 
it is connected 
to 
delamination. 

 

Snail Track 
occurred in a PV 
cell. 
 
 

 

 
 

Delamination 
occurred in a 
c-Si module. 

 

Browned PV cells, 
where a single cell is 
browner when it is 
hotter compared to 
other cells. 

 

Glass 
breakage in a 
thin-film. 

 

Delamination 
occurred in the 
back-sheet. 

 

 

Discolouratio
n occurred in 
the center of a 
PV cell. 

 

Cracks occurred in 
PV cells. 

Figure 8 some types of defects in PV (Köntges, et al., 2014) permission from IEA PVPS (International Energy 
Agency Photovoltaic Power Systems Programme), originally from IEA but with modifications 
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In a study performed by Nochang, Jaeseong, Byungjun and Donghwan (2013) 

delamination and discoloration are analyzed in a 25-year-old module. The result from the 

study indicated that discoloration and delamination reduce short circuit current (ISC) and 

lead to a power loss of about 17.9 % of the PV modules in comparison to the initial value 

(Nochang, Jaeseong, Byungjun, & Donghwan, 2013). Delamination and discoloration occur 

first after 15 years Köntges el at. (2014). In a statistical analysis about the degradation of 

crystalline silicon PV cells under heat and temperature effect showed that delamination in 

back sheet lead to a power degradation from 3.17-3.63 % per year (Géraud, Basile, Macaire, & 

Vianou, 2018).  

It is important to be careful when choosing adhesives and primers which are more secure to 

humidity and UV light. The second important factor to eliminate delamination is to check the 

selected raw material and process and improve them if they do not meet the requirement. 

Another factor is to test the modules to detect if there are changes in material or in the 

process and try to eliminate them (Sungold, 2016). 

 

3.3.5. Hot spots 

A hot spot is a part of the PV module that has a very high temperature compared to the other 

area of module where it can injure cells or other components in PV modules. Hot spots occur 

if one or more cells of PV module are shaded or if the cells of PV module are mismatched and 

have a defect such as corrosion due to the moisture in back-sheet or defects in the 

interconnection between the cells. Bad soldered connection point and insufficient 

maintenance can contribute to hot spots in PV modules (Deng, et al., 2017). The result from a 

study by Kim and Krein (2016) about analysing and testing the performance of the failures in 

modules that have been performed for about 200 MW PV modules in the America, for 1 to 3 

years, shows that hot spots contribute to 25 % of the failures. Hot spots reduce short circuit 

current (ISC) and then decrease the efficiency and performance of the PV module and thereby 

the PV modules lifetime. Typical damages due to the hotspots are back-sheet bubbles, 

breakage of the cover-glass, corrosion and power loss. The produced current by the string is 

dissipated by the underperforming cells (shadowed or faulty cell) and these cells act such as a 

resistor where they convert the produced current into heat. Increase of the heat 

(temperature) in the cells contribute to the accelerating of degradation in the back-sheet and 

encapsulant material (Deng, et al., 2017). 

In a study conducted by Dhimish, Mather, & Holmes (2018) the impact of the hotspots on the 

performance of 2580 PV modules that had been installed from 2005-2007 in U.K was 

investigated. The result from study showed that about 92.15 % of the PV modules influenced 

by hotspots in north of U.K where PV modules were under conditions such as heavy snow, 

low temperature and hoarfrost. After analyzing the performance ratio of affected PV 

modules, it detected that hotspots had decreased of performance ratio of PV modules 

compared to initial value. The minimum differences in performance ratio that were between 

the healthy and hot-spotted PV modules were -0.83 % and the maximum differences were -

15.47 % (Dhimish, Mather, & Holmes, 2018). In another case, different type of failures 
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studied in 90 mono crystalline silicon that have been in the field for 22 years located at India 

by Rajput, Tiwari, Bora and Sharma (2016). The result from the study showed that 37 of 90 

PV modules were having hot spots. In these 37 PV modules, 15 modules demonstrated one 

hot spot, 12 modules had two hotspots, 9 PV modules had three and 1 module demonstrated 

four hot pots. It was found that the value for degradation of power for no hotspots was 0.29 

% per year.  4 hot spots contribute to a power degradation of about 2.16 % per year. (Rajput, 

Tiwari, Bora, & Sharma, 2016). 

The ways to decrease the risk for hot spots are to identify the situations that contribute to 

hotspots and try to prevent and remedy them by for example removing the object that leading 

to shading or performing cleaning cycle and optimizing the electrical connection. 

Furthermore, choosing material that are consisting of a high level of thermal stability 

(DuPont, 2017). 

 

3.3.6. Failure in conductor ribbon and joint 

Different kinds of metals such as stainless steel, aluminium alloys, copper, soldering agents 

and so on apply for frames, cables, fingers, connectors and grids in a PV system. Defects can 

occur in all these metals. Humidity in combination with gases or alone lead to corrosion for 

example corrosion of the ribbon at the solder joint. Failure and aging of the solder joint lead 

to rise of series resistance which in turn contribute to power drop and efficiency of the PV 

modules (ee Publisher, 2018). Higher temperature makes the reaction faster and mechanical 

loads due to the weather conditions such as wind and snow can also contribute to corrosion 

(Ferrara & Philipp, 2012). 

 

3.3.7. Degradation  

External factors like environmental condition or internal factors like manufacturing defects is 

the cause to degradation during the lifecycle of the PV-module (Kumar, Jena, Sinha, & Gupta, 

2017). Degradation rate is a factor which must be known, in order to predict power delivery. 

Several outdoor studies exceeding 20 years in length can be found of Crystalline Silicon 

technology (Jordan & Kurtz, 2012). The degradation rate for the modules at Natural Bridges 

National Park PV system in Utah (USA) had a degradation rate of 0.5 %/year (Quintana, et 

al., 2000). From over 11 years of exposure, an investigation of 192 monocrystalline silicon 

modules in Arcata, California and USA, proved to have an average degradation rate of 

0.4%/year (Reis, Coleman, Marshall, & Chamberling, 2002). According to a study of Jordan 

and Kurtz (2012), over 40 years of nearly 2000 degradation rates reports, measured on 

individual modules or entire systems show a mean degradation rate of 0.8%/year and a 

median value of 0.5%/year. The majority of 78% of all collected data, reported a degradation 

rate of <1%/year. There is no satisfactorily answer about the linearity and the precise impact 

of climate impact on degradation of PV-modules. But modules left in open-circuit conditions 
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exhibited lower degradation rates than modules connected to an inverter and for only glass 

modules, revealed larger degradation than glass-polymer modules. (Jordan & Kurtz, 2012) 

LID usually occurs in PV modules in the first hours or days after that PV modules have been 

installed (Wolf, et al., 2002).  

3.3.8. Defective bypass diodes 

Bypass diode is mounted in the junction box of a crystalline silicon (c-Si) PV module and is 

an important component to enhance the reliability of the PV modules. Bypass diode helps to 

reduce damage, maximize the efficiency and performance of PV modules via protecting the 

modules from hot spots and decreasing the losses during shading and mismatching (Suk., et 

al., 2017). For a standard module consisting of 60/72 cells and three bypass diodes, fault in 

bypass diode contribute to power loss of about a third per diode failure (Shiradkar, Gade, 

Schneller, & Sundaram, 2018). 

In a study by kato (2012), 1272 PV modules that var installed in Japan for 8 years were 

investigated. The result from study showed that about 47 % of the modules affected by diode 

failures where 3 % of PV modules (37 modules) demonstrated burn marks and 44 % (556 

modules) demonstrated no burn marks. Another study performed by Tamizmani et al (2014), 

2352 PV modules in Arizona were examined. The result from the study showed that in 26 

modules, diode failures were observed. 

3.4. UV (Ultra Violet) fluorescence technology  

Fluorescence is a phenomenon whereby a substance re-emits light within its emissions band 

after absorbing light or other electromagnetic radiation within its absorption band. The 

absorbed radiation (e.g. UV-light) has a shorter wavelength in comparison to the light that 

has been emitted. Fluorescence can be applied for observing, measuring or classifying 

chemical activity (Hibbs, 2004). The best way to perform the UV- fluorescence is to do it in a 

dark place (night), either on PV systems that are mounted outside in the field or inside in the 

laboratory. There are two methods to perform the UV- fluorescence which are UV- 

fluorescence imaging and UV- fluorescence spectroscopy (Voronko, et al., 2017).  

3.4.1. UV-fluorescence imaging  

The setup of UV-fluorescence imaging consists of a UV light source for example an UV-LED-

lamp for excitation and a photo camera for detection of UV fluorescence. The selected UV-

light is irradiated on the examined PV modules and a photo camera is used to take 

fluorescence images. A low pass filter is also used for cutting of the visible light. UV-

fluorescence imaging is not complicated to handle, not slow (it only needs about 30 seconds 

to get a good UV-fluorescence image of the PV module) and the method is not invasive as 

well. By this method, it is possible to discover cell cracks in the PV modules. If there are 
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cracks in the cells, they can be visible as dark bar on the PV cells in the fluorescence images. 

(Voronko, et al., 2017) 

Figure 9 shows some failures that have been detected by the UV-fluorescence inspection. The 

first image (A) showed that there are no failures in the examined PV module. In the second 

image (B) some cell cracks are visible. In the third image (C), the cell has been separated and 

the fourth image (D) shows the interconnection of the disconnected cell. 

 

 

 

 

 

 

 

 

Figure 9 failures detected by UV (Köntges, et al., 2014) permission from IEA PVPS (International Energy 
Agency Photovoltaic Power Systems Programme) originally from IEA but with modifications 

3.4.2. Relationship between UV -F and defects 

In a study performed by Voronko et al. (2017), the degradation effects in the 5 years old PV 

system in middle of Europe has been investigated using the method of UV-fluorescence 

imagining. In the performed study, the UV-source used was a self-made UV-lamp comprising 

of 3 LED-arrays with 380 nm at maximum emissions. A low pass filter was also used for 

cutting off the visible light. Furthermore, a digital camera having a high pass filter for cutting 

off the irradiation of UV is applied to detect the UV-fluorescence. (Voronko, et al., 2017) 

In other study performed by Kunze, Schröder and Köntges (2012), cracks are examined in 

Wafer-based silicon solar cells both indoors at the laboratory and outdoors in the field by 

applying the method of UV-fluorescence imaging. In the study, a black light source is emitted 

light at 310-400 nm in wavelength (375 nm at maximum). A camera of sort “Sensicam QE 

from PCO” is applied for measurement of the fluorescence light. The light intensity for the 

source lamp using for illumination the PV modules measured to about 100 W/m2. A long-

pass filter is used to avoid the excitation light of the black light to come to the camera. In the 

field-study, a power plant that has been in the field for two years and consists of 574 PV 

modules are investigated where each module is consisted of 60 cells. An exposure time of 10 

seconds is used to take the fluorescence images both in the lab and outdoors measurements. 

The result from the study showed that about 50 % of the PV modules in the field showed zero 

or one cracked cell, about 42 % of PV modules displayed 2-5 cracked cells and 13 % 

demonstrated more than 5 cracked cells. (Kunze, Köntges, & Kajari-Schröder, 2012) 

  
A B C D 
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3.5. IR (Infrared) thermography 

Infrared thermography is a non-destructive technique for detecting and characterization of 

variety of defects and degradation on PV modules. Objects above 0 Kelvin emits heat energy 

in form of radiation (Kumar, Jena, Sinha, & Gupta, 2017). The infrared heat emitted by a 

material is quantified by the Stefan-Boltzmann law, and the spectral distribution of the 

emitted energy is expressed by Planck’s distribution. (King, Kratochvil, Quintana, & 

McMahon, 2002) The IR radiations can be measured with infrared thermography technique, 

to see the surface temperature distribution profile. The temperature distribution at the 

surface gives an idea about the internal structure and properties of the object and 

inhomogeneity or defects in the object will exhibit abnormal surface temperature (King, 

Kratochvil, Quintana, & McMahon, 2002). The infrared bands in the Figure 10 

electromagnetic spectrum can be divided into five sections: 

• Near-infrared, NIR: 0.75-1 µm  

• Short-wave infrared, SWIR: 1-2.7 µm   

• Mid-wave infrared, MWIR: 3-5 µm  

• Long-wave infrared, LWIR: 8-14 µm  

• Ultralong-wave infrared, VLWIR: 14-30 µm 

The IR camera records the long wave radiation, from 7μm up to 14 μm. Sun's impact is 

weakest in the declared area and the camera can be freely used during daytime and the 

atmosphere area possesses up to 25 % less radiation in the long-wave infrared compared to 

the mid-wave infrared area due to the content of water vapour and related attenuation. 

(Glavaš, Vukobratović, Primorac, & Muštran, 2017) 

 

Figure 10 The infrared bands in the electromagnetic spectrum (Glavaš, Vukobratović, Primorac, & Muštran, 
2017) with permission from Hrvoje Glavaš. 

In order to see the differences with the IR-technology, it requires presence of at least 500 

W/m2 solar radiation. The measurement process can be carried out in an operational state 

without influencing the power plant operation, which is the most positive feature. (Glavaš, 

Vukobratović, Primorac, & Muštran, 2017) 

The measurement angle and position are important for good thermographic measurements. 

A proper camera alignment for measurement of a PV-panel is 60-90° horizontal alignment 

and the vertical alignment should be close to the angle of solar radiation. Viewing angle 

measurement errors can cause incorrect temperature and false reflections reading. (Testo, 

n.d) The glass reflection is a common problem, since the glass surface are extremely reflexive 

and behave differently for different wavelengths. Shadows from the surrounding can reflect 
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from a low angle. Sky reflection and the contours of mounting system can also occur. (Glavaš, 

et al., 2017) The Figure 11 (a) shows the sample of proper camera alignment. The green area 

is preferable for recording with infrared thermal camera. Figure 11 (b) presenting 5 °C 

difference between the cells, which indicates the angle is very important for correct 

recordings. (Glavaš, et al., 2017) Thermal images can be taken from the back of the panel if 

the PV panel is mounted on free standing solar racks. This method avoids measurement 

errors and eliminates heat source reflection. The heat transfer is sufficient to allow the 

determination of temperature distribution of the solar cells on the back of the solar panel. 

(Testo, n.d) 

 

 

Figure 11 Preferable angle for taking readings (a) and The influence of the angle of reading at the apparent 
temperature (b)  (Glavaš, Vukobratović, Primorac, & Muštran, 2017) with permission from Hrvoje Glavaš. 

A good software package is key to the reviewing, optimization and analysis of thermal images 

(Testo, n.d). The primary disadvantage of these systems is the cost for camera, multiple 

lenses, software, and other miscellaneous components may cost about $50,000 (King, et al., 

2002). 

3.5.1. Relationship between IR-technology and defects 

A study performed by Kaplani (2012) describes the degradation effects of PV cells and 

modules through IR thermography, to identify bus bars contact solder bonds, blisters, hot 

spots and hot areas. For the experiment, SIEMENS M55 and BP B 1233 c-Si PV modules 

where used with 18 and 22 years of field operation. Calibration settings for emissivity was set 

to 0.83 for the front glass side of the cell and 0.91 for the backside surface. With the IR-

technology, certain modules or cells could be seen to have experienced heavily induced 

degradation by external field factors. Hot spots experienced with a temperature increase by 

50%–80% compared to the temperature of the nearby cells and cells including these hot 

spots experienced an average temperature increase in the entire cell by 20–50%. (Kaplani, 

2012) Figure 12 are showing a large hot spot area at the front and increased temperature on 

the bus bar and blister at the back (Kaplani, 2012). 

a b 
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Figure 12 IR image (a) front and (b) back, of the cell (Kaplani, 2012) from Eleni Kaplani, licensed under CC BY 
3.01 

The emissivity is the ratio of energy from a blackbody under the same temperature 

conditions, normally have emissivity ranging from 0.1 to 0.95, the study from Salazar and 

Macabebe (2016) used a emissivity of 0.90 and 10°C according to the recommended setting 

of the camera manufacturer. The parameters compensate for the radiation reflected on the 

object and those between the camera and the polycrystalline silicon module. The distance 

was 1m from the camera to the PV module and had an angle between 20° to 35° to avoid 

casting shadows. The field application took place several time to eliminate effects of glare or 

temporary shading factors, like clouds. (Salazar & Macabebe, 2016) Inspection of the 

modules exhibiting the area with potential hotspot contains a crack, according to Salazar and 

Macabebe (2016). The region with the hotspot and the crack dissipate more power, which 

produce colors corresponding to higher temeprature (Salazar & Macabebe, 2016).  

                                                      

1 Chapter cover art: IR image (a) front and (b) back, of the cell from Eleni Kaplani, licensed under CC BY 3.0 

https://creativecommons.org/licenses/by/3.0/deed.sv
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4. CURRENT STUDY 

The current study describes the process of the field experiment, set up in the energy lab, 

modelling, simulation and calculation of electricity generation and economic exchange, 

affected for various defects at different stages of a PV cell's life cycle. 

4.1. IR-technology  

The measurements were performed with a handheld FLIR i50. The calibration setting in the 

FLIRi50 was set to an objective temperature range 0 to 350°C. The emissivity setting was set 

to 0.83 for the front glass side of the cell and 0.91 for the back side (Kaplani, 2012). The IR-

images was taken from a distance 1-2m, with a transversal angle between 20° to 35° and 60-

80° horizontal alignment. Measurements were conducted several times in April, during clear 

sky in Dalarna. 

Table 1 describes the imaging, detector and optical data.  

Table 1 characteristics of camera 

Field of view (FOV) 25° × 25° 
thermal sensitivity/NETD <0.10°C (<0.18 °F) @ 25°C (+77°F)/ 100 mk 
Image frequency 9 Hz 
Spectral range 7.5–13 µm 
IR resolution 140 × 140 pixels 
Image modes IR image, visual image, Picture in Picture, thumbnail  
Object temperature range –20 to +120°C (–4 to +248°F) 

0 to 350°C (32 to +662°F) 
Accuracy ±2°C (±3.6°F) or ±2% of reading 

 

Figure 13 shows the IR equipment. See Table 1 for the characteristic of the IR camera. Digital 

multimeter UNI-T UT33B with an irradiance sensor was used for the measure of insolation. 
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Figure 13 IR-camera equipment 

4.2. UV-technology  

The UV-lamp used for the UV- experiment was of the type “Coast Px10” consisting of six 

LEDs (3 white, 3 UV), with a luminosity of 59 lm. This UV-lamp selection was recommended 

by the police at an oral meeting. The police demonstrated how the UV flashlight highlighted 

the hidden florescence which indicated that a banknote was real.  

Table 2 displays the characteristics of the system camera. A system camera of type 

“Panasonic DMC-L1” was used for the documentation for the detection of UV- fluorescence 

and had contrast lens 2.8-22, zoom lens 14-50 and UV-filter with a diameter of 72 mm to cut 

off the visible light. The camera had a lens of 28-100 mm equiv. (3.6x) OIS and a dimension 

of 146 x 87 x 77 mm LUMIX.  

Table 2 charasteristic of system camera 

Contrast lens 2.8-22  

Zoom lens  14-50  

UV filter 72 mm 

Lens  28-100 mm 

Dimension  146 x 87 x 77 LUMIX 

 

The settings for the field application was set to 2-60a/B, ISO 100, WB sun, F2.8 and with 

speeds of between 1.6 and 20 sec. The distance from the camera to PV module was taken 0.5- 
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1 meter (sometimes closer than 0.5 m) and the angle of the flashlight was 32°. A contractible 

tripod Vanguard VT 152 was also used to maintain and adjust the position of the camera. MA 

Series Remote Controller for the night images (without a controller the photos will be blurry) 

and UV-protection glasses for the eyes. After the recording the UV-images were transferred 

to a computer via a USB cable. Then the result of images was analyzed and compared with 

literature studies. 

Figure 14 shows the used equipment for UV experiment. As shown, the equipment is a system 

camera with lenses, a UV-lamp, a tripod, protection glasses and controller.  

 

Figure 14 Equipment UV 

 

4.3. Lab set up 

In the laboratory at MDH, three different PV modules were investigated. The first PV module 

was a polycrystalline silicon consisting of 36 cells. The second configuration (also 

polycrystalline silicon) was a module consisting of 60 cells. The third module was a type of 

thin-film. See Table 3 for the characteristics of the three modules. The performance of the 

modules is tested during standard test conditions (STC) which are a cell temperature pf 25 

°C, solar irradiance of 1000 W/m2 and an air mass of 1.5 AM. 
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Table 3 module characteristics 

 Polycrystalline 
silicon 

Polycrystalline 
silicon 

Thin 
film  

Unit 

Module type  SY-M20W CNBM-230P -  
Open circuit voltage (VOC) 22  37 79.9 V 

Maximum power voltage (Vmp) 18 30 62.9 V 
Short circuit current (ISC) 1.21 8.18 1.701 A 

Maximum power current (Imp) 1.13 7.66 1.8 A 

Maximum power at STC (Pm) 20 230 99 W 

     
STC     
Solar irradiance (I) 1000 1000 1000 W/m2 

Mass of the air (m) 1.5 1.5 1.5 AM 

Temperature of the cell (T) 25 25 25 °C 
 

 

Figure 15 shows the examined modules at MDH. The modules in the figure A are of type 

polycrystalline silicon (on the right side in figure A) and thin-film (on the left side in figure 

A). The module in the picture B is a polycrystalline.  

 

Figure 15 Examined modules at MDH 

  

A B 
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Figure 16 shows the experimental set up for UV-test in the laboratory at MDH. The UV-light 

source illuminates the modules in darkness (lamps turn off) and then the system camera was 

used to capture the UV-images of the modules. The system camera was used for both UV-

experiment at MDH and Dalarna.  

 

Figure 16 experimental set up 
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4.4. Field set up 

The field application of IR and UV was examined at the PV plant in Vanhälls, located in a 

valley, 150 meters from a big road. The road is used for commuters and lorries. The solar PV 

plant consists of 26 modules (at the machine building) and 34 modules (array to left), see 

Figure 17. The PV array are angled from the machine building toward the road 66 and the 

railroad.  

 

 

Figure 17 PV plant at Vanhälls 

N 
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4.4.1. PV characteristics for Vanhälls 

The PV system are crystalline silicon, consisting of 60 modules and they have been imported 

from England, used and sold from an auction. The modules are about 2 years old and they 

deliver roughly 12 000 kWh/year.  

Table 4 shows the characteristic of the PV modules at Vanhälls.  

Table 4 PV-module characteristics at Vanhälls 

Model type ReneS la JC255M-24/Bb 
Maximum power (Pmax) 255 W 
Open circuit voltage (VOC) 37.5 V 

Maximum power voltage (Vmp) 30.4 V 
Maximum system voltage  1000 VDC 

Dimension (L*W*H) 1640*992*40 mm 

Short circuit current (ISC) 8.86 A 
Maximum power current (Imp) 8.39 A 

Maximum series fuse rating 20 A 
Weight 20 kg 

   
Standard test condition (STC)   
Solar irradiance (I) 1000 W/m2 

Mass of the air (m) 1.5 AM 
Temperature of the cell (T) 25 °C 
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Table 5 shows the average statistical climate data for the location at Vanhälls. Where: 

• Td=Dewpoint temperature 

• Gh=Global horizontal radiation 

• Ta=Air temperature (2 m above ground)  

• Bn=Direct normal radiation (DNI, beam) arising from a narrow solid angle of 6° 

centered around the sun 

• Dh=Diffuse radiation arising from the upper hemisphere reduced by the direct solar 

radiation from the sun's disk and its surroundings (6° aperture) sun's disk 

• V = Wind speed 

See Appendix 4 for additional diagrams. 

 

Table 5 Statistical climate data for proposed location, received from Metenorm at location Lat:60.12 and Lon: 
15.47 

 
Gh 
kWh/m2 

Dh 
kWh/m2 

Bn 
kWh/m2 

Ta 
°C 

Td 
°C 

V 
m/s 

January 9 6 21 -2,9 -5,9 3,7 

February 23 15 38 -3,4 -6,7 3,2 

March 63 34 86 -0,5 -5,6 3,3 

April 109 50 125 5,5 -1,4 3,2 

May 143 73 135 10,6 2,8 3,3 

June 154 83 133 14,6 6,5 3,2 

July 151 76 139 16,9 10,6 2,6 

August 109 69 83 15,7 10,4 2,7 

September 67 34 82 11,2 6,5 3,1 

October 30 22 33 5,4 2,4 3 

November 9 7 14 1,4 -1,1 3,4 

December 4 4 8 -1,9 -4,5 3,2 

Year 870 472 896 6,1 1,2 3,2 
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4.4.2. Examined modules 

First a visual inspection was conducted in order to see if any damages to the modules were 

visible. After the visible inspection, a whole inspection with IR-technology was performed to 

select the most suitable modules to compare the UV technology with. The selected modules 

had cells with various defects. The A16, A4, A5, A7, B13 and B8 was examined more 

accurately before the UV- technology application. Figure 18 shows all modules and the given 

numbers for the analyse. 
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Figure 18 examined modules 

4.5. PVsyst simulation tool 

A standard model was constructed in the simulation software PVsyst. After the simulation in 

PVsyst, the data of electricity generation from the built model was exported and compiled 

into Microsoft Excel. Subsequently, Microsoft Excel was used for three scenarios for 

calculations of energy output, performance parameters and the economic exchange during 

occurrence of different defects in PV modules. In the following sections, the assumptions, the 

selected parameters and the approach of the model in PVsyst are presented. 

14       15      16       17      18      19      20      21      22      23     24      25      26 

 

1          2        3        4        5        6        7         8        9       10       11      12      13 

18      19      20      21      22    23     24      25     26      27       28      29      30      31    32     33    34 
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4.5.1. Procedure in PVsyst 

The procedure in PVsyst was started by selecting the project design and then selecting a grid 

connected system. After that the model was designed by selecting the orientation, system, 

losses and shading.  

The PV-system was assumed to be located in Stockholm and with neglected shading effect. In 

the orientation, an optimal plane tilt of 44° and azimuth of 0° were selected, which will give 

an 0.0 % loss by respect to optimum, according to PVsyst simulation. In the system design, 

an available are of 200 m2 was assumed and the type of the modules and inverter were 

selected.  

The selected PV-module was a Generic, Mono 250 Wp 60 cells model. The PV module had a 

nominal maximum power of 250 Wp and a dimension of 1650 mm x 992 mm x 40 mm. 

Electrical specification under Standard Test Conditions (STC) with of irradiance of 1000W/m 

and cell temperature of 25℃ is found in Table 6.  

Table 6 Module properties 

Nominal Maximum Power (Pmax) 250 Wp 

Optimum Operating Voltage (Vmp) 30.7 V 

Optimum Operating Current (Imp) 8.15 A 

Open Circuit Voltage (Voc) 37.4 V 

Short Circuit (Isc) 8.63 A 

 

Direct current is produced by the PV modules and an inverter is needed to transform it into 

an alternating current. The Table 7 below presents the properties for the selected inverter, 

FreeSun FS0025 LVT by Power Electronics.    

Table 7 Inverter properties 

Pnom,inv 25 kW 

Vmax,mppt 900 V 

Vmin,mppt 450 V 

Imax 65 A 

 

The PV-array is consisted of several PV-modules, which was connected to one inverter 

through j-box. The PVsyst used data from Table 6, Table 7 and recommended 20 modules in 

series and 5 strings in parallel for the construction of the array, see Table 8. 

Table 8 Construction of the array 

Vmp 614 V 

Imp 40.75 A 

Voc 748 V 

Isc 43.15 A 

Pnom,array 25 kW 
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4.5.2. Array constrains 

There are some constrains during the process of the connections between the array and the 

inverter. The Table 6, Table 7 and Table 8 was compared with the criteria from Campana 

(2018): 

Maximum input voltage (𝑉𝑚𝑎𝑥,𝑚𝑝𝑝𝑡) of the inverter must be higher than the open circuit 

voltage (𝑉𝑜𝑐(𝑇𝑚𝑖𝑛)) of the PV- array and the minimum input voltage (𝑉𝑚𝑖𝑛,𝑚𝑝𝑝𝑡) of the inverter 

must be lower than the optimum operating voltage (𝑉𝑚𝑝𝑝𝑡(𝑇𝑚𝑎𝑥)) of the PV- array. 

 𝑉𝑜𝑐(𝑇𝑚𝑖𝑛)𝑃𝑉 𝑎𝑟𝑟𝑎𝑦 < 𝑉𝑚𝑎𝑥,𝑚𝑝𝑝𝑡𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 Equation 1 

 748 𝑉 < 900 𝑉  
 

 𝑉𝑚𝑝𝑝𝑡(𝑇𝑚𝑎𝑥)𝑃𝑉 𝑎𝑟𝑟𝑎𝑦 > 𝑉𝑚𝑖𝑛,𝑚𝑝𝑝𝑡  𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 Equation 2 
 614 𝑉 > 450 𝑉  

 

The nominal power from the inverter (𝑃𝑛𝑜𝑚𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟(95%)) must be less 95% than the 

nominal power output of the array (𝑃𝑛𝑜𝑚𝑃𝑉 𝑎𝑟𝑟𝑎𝑦) and the nominal power 

𝑃𝑛𝑜𝑚𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (115%) must be 115% bigger from the nominal power output from the array 

(𝑃𝑛𝑜𝑚𝑃𝑉 𝑎𝑟𝑟𝑎𝑦) 

 𝑃𝑛𝑜𝑚𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟(95%) < 𝑃𝑛𝑜𝑚𝑃𝑉 𝑎𝑟𝑟𝑎𝑦 < 𝑃𝑛𝑜𝑚𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (115%) Equation 3 
 23.75 𝑘𝑊 < 25 𝑘𝑊 < 28,75 𝑘𝑊  

 

The maximum current delivered from the array (𝐼𝑚𝑎𝑥,𝑃𝑉𝑎𝑟𝑟𝑎𝑦) must be lower than the 

maximum allowed current for the inverter (𝐼𝑚𝑎𝑥,𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟). 

 𝐼𝑚𝑎𝑥,𝑃𝑉𝑎𝑟𝑟𝑎𝑦 < 𝐼𝑚𝑎𝑥,𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟  Equation 4 

 49.75 𝐴 < 65 𝐴  

4.5.3. PV field detailed losses parameter 

Data loss-input for thermal parameter, Ohmic losses, module quality and soiling loss are 

presented in Table 9 below.  The ohmic loss for loss fraction standard test conditions (STC) 

and global wiring resistance was set to default value 1.5% and 225.9 mOhm. voltage drop 

across series diode was neglected. Deviation of the average effective module efficiency by 

respect to manufacturer specification, module efficiency loss was set according to the 

standard value 0.8 %. The Light induced degradation of crystalline silicon modules, in the 

first operating hours was 1.5 % according to Wolf, et al. (2002). Power loss at maximum 

power loss (MPP) and loss when running at fixed voltage was set to default at 1 % and 2.5 %. 

Yearly soling loss factor was neglected.  
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Table 9 PV field detailed losses parameter 

Ohmic losses for the array   

Global wiring resistance 225.9 mOhm 

Loss fraction STC 1.6 % 

Voltage drop across series diode 0 V 

Module quality   

Module efficiency loss 0.8 % 

Light induced Degradation (LID)   

LID loss factor 1.5 % 

Mismatch losses   

Power loss at MPP 1 % 

Loss for fixed voltage 2.5 % 

Yearly soiling loss factor   

Yearly loss factor 0 % 

 

PVsyst are using two equations for incidence angle modifier and field thermal loss factor. 

Manual input data was needed so the PVsyst could perform the calculations, see Equation 5 

and Equation 6 below. No input data means the PVsyst are using its embedded system.  

 𝑈 = 𝑈𝐶 + 𝑈𝑣 ∗ 𝑉𝑤𝑖𝑛𝑑  Equation 5 

 

Equation 5 shows field thermal loss factor where 

• 𝑈𝐶 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑙𝑜𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 (W/m2k) 

• 𝑈𝑉 = 𝑊𝑖𝑛𝑑 𝑙𝑜𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 (W/m2k/m/s) 

• 𝑉𝑤𝑖𝑛𝑑= wind velocity (m/s) 

 

Constant loss factor was assumed to be 20 W/m2k and the wind loss factor was assumed to 

be 0 W/m2k/m/s, so the wind velocity became negligible. 

 

 
𝐼𝐴𝑀 = 1 − 𝑏𝑜(1 cos ɵ −⁄ 1) Equation 6 

 
Equation 6 shows how incidence angle modifier can be calculated where 

• IAM=Incidence angle modifier 

• ɵ= incidence angle on the plane 

IAM is the decrease of the irradiance really reaching the PV cells's surface, with respect to 

irradiance under normal incidence. First reflection on the glass cover mainly contribute to 

IAM loss, which increases with the incidence angle. Bo for high refraction index on crystalline 

modules to was set to 0.05 %. (PVsyst, n.d) 

After the construction of the model in the PVsyst, the system was simulated, and the result 

was summarized in a report. The result from electricity generation was exported to Excel. 

Excel was used for calculation of three different scenarios which are presented in the in the 

next section. 
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4.6. Scenario 1  

In the first scenario, it was simulated how energy output from the PV model constructed from 

previous chapter, performance parameters and economic exchange were affecting by the 

various defects appeared in the PV modules. These defects were LID, age degradation, 

encapsulant delamination, encapsulant discoloration, hot spots, snail trails, cracks and fault 

in cell and interconnection ribbon. The simulation time was taken as 30 years because 

monocrystalline PV panels have a lifespan of 25-30 years (ecotality, 2019). Firstly, a 

literature study was conducted to see how much the production would affect when different 

types of failures appear in PV modules. After that, these studies were used during the 

simulation in scenario 1 to examine the impact of the different sorts of failures on the energy 

output, performance parameters and economic exchange of the constructed PV model. Table 

10 displays the most common type of failure and how much power can be affected if they 

appear in PV modules according to some studies in different countries. The same range in 

power performance loss are assumed during the simulation of scenario 1. For failures where 

the values of power losses are between a certain range, the average value have been taken. 

Table 10 different type of failures 

Failures type Power loss  Reference 

Light-Induced-Degradation 
(LID) 

1.5 %  (Gong, 2018) 

Age-degradation  0.5 % per year (Jordan & Kurtz, 2012) 
 

Hot pots 2.16 % per year (Rajput, Tiwari, Bora, & Sharma, 
2016) 

Diagonal cracks 0.35-0.44 % per cell (Dhimish, Holmes, Mehrdadi, & 
Dales, 2017) 

Parallel to busbars cracks 0.75-0.97 % per cell (Dhimish, Holmes, Mehrdadi, & 
Dales, 2017) 

Multiple direction cracks  1.04 % per cell (Dhimish, Holmes, Mehrdadi, & 
Dales, 2017) 

Glass breakage  10 % (Solar Bankability, 2017) 
 

Delamination  3.17-3.63 % per year (Géraud, Basile, Macaire, & 
Vianou, 2018) 

Discolouration 2.08-3.48 % per year (Géraud, Basile, Macaire, & 
Vianou, 2018) 

Fault in cell interconnection 
ribbon 

1.05 % per year (Rajput, Tiwari, Bora, & Sharma, 
2016) 

Fault in string 
interconnection ribbon 

1.65 % per year (Rajput, Tiwari, Bora, & Sharma, 
2016) 

Snail trails  2.36 % per year (Bouaichi, et al., 2018) 
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4.6.1. Assumptions scenario 1 

In the first scenario it was assumed that LID (light induced degradation) occurs at the first 

hours of PV modules installation according to Wolf, et al.,(2002). Furthermore, it considers 

that age degradation lead to a power loss of 0.5 % per year in all modules and that is a 

phenomenon that cannot be avoided (Jordan & Kurtz, 2012; Quintana, et al., 2000). 

Encapsulant delamination was assumed to occur at 15 modules of total 100 modules in year 

15 and then it increased to 20 modules after 20 years and increased to 25 modules after 25 

year. The same consideration was taken for encapsulant discoloration. The reason was 

because according to Köntges el at. (2014) and some other studies, delamination and 

discoloration can occur after 15 years and increase thereafter, delamination and discoloration 

can be categorized as midlife failures and wear out failures. Dan, Jiang, Betts and Ralph 

(2012) describes that PV modules in the field experience different kinds of environmental 

stress during their lifetime. These environmental stresses (wind, irradiance, temperature and 

humidity) increase the risk for degradation mechanism of PV modules encapsulant. So, the 

reason for the consideration can be assumed that delamination and discoloration can 

increase from 15 modules to 25 modules after five years.  

Regarding to the hot spots it was assumed that four hot spots occur first in 5 PV modules 

after 5 years and then it expands to 10 and 20 modules after 10 and 20 years. The same 

consideration for hot spots was taken for snail trails. In the studies presented in the literature 

study section, hot spots have been appeared as a midlife or wear out failures, but 

environmental conditions and occurrence of other defects increase the risk that hot spots 

occur as an infant failure also and therefore it has been considered that they occur first after 5 

years and continue over times. Furthermore, the reason for the consideration of increasing of 

affected modules during different years in the case of hot spots is that according to DuPont 

(2015) occurrence of hot pots can accelerate degradation (aging of material) (DuPont, 2015). 

Snail trails can appear in the PV module as an infant failure according to a study by Bouaichi 

et al. (2018), and that were the reason of consideration that they occurred in the PV already 

in year 5 and then continue to increase due to the environmental stresses during different 

times, according to Dan, Jiang, Betts and Ralph (2012). 

When it came to fault in cells and string interconnection ribbon due to corrosion, breakage or 

other reasons, it was assumed that fault occurred first in 5 PV modules in both cases after 5 

years and after that it increased to 10 and 20 PV modules after 10 and 20 years due to 

different environmental stress, wind, irradiance, temperature and humidity according to 

Dan, Jiang, Betts and Ralph (2012). The reason of these considerations was that in the study 

by Köntges et al. (2014) and other similar studies, fault in cells and strings has been occurred 

during different times of the module’s lifetime and therefore calculations were performed for 

different years to see their impact during different years.               
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A summary of considerations in this scenario are showed in Table 11.  

Table 11 konsiderations in scenario 1 

Failures type Number of modules Year 
LID (Light Induced Degradation) 100 1 
Age degradation 100 All  
   
Delamination and discoloration    
Stage 1 15 15 
Stage 2 20 21 
Stage 3 25 26 
   
   
Hot spots and snail trails   
Stage 1 5 6 
Stage 2 10 11 
Stage 3 20 21 
   
   
Fault in cell and string interconnection ribbon   
Stage 1 5 6 
Stage 2 10 11 
Stage 3 20 21 

 

4.6.1.1. Cracks in PV modules 

In scenario 1 three different cases of cracks (crack 1, crack 2 and crack 3) were simulated 

using a simulation time of 30 years. 

For crack 1, a combination of diagonal, parallel to busbars and multiple direction cracks in 

PV modules were simulated. The reason why a combination of these three kinds of cracks 

were investigated was that in the study by Dhimish, Holmes, Mehrdadi and Dales (2017) 

these types of cracks were most prevalen. For the first year it was assumed that these types of 

cracks occurred in 100 cells of total 6000 cells. The reason for this assumption was that 

according t0 Morlier, Haase and Köntges (2015) and köntges et al (2014) different types of 

cracks can occur in the PV modules as infant failure due to mechanical load during 

transportation from factory, production and installation (Morlier, Haase, & Köntges, 2015). 

Furthermore, it considered that the cracks increased to 400, 600 and 800 cells after 9, 15 and 

23 years and the reason was according to the same writers and other studies in the literature 

study’s section, cracks can subsequently increase as midlife or wear out failures due to the 

weather conditions such as storm, snow, temperature and humidity. Another reason was that 

cracks can grow over time (ee Publisher, 2018).  

For crack 2, occurrence of multiple direction cracks in PV cells were simulated and the reason 

was that this type of the crack was the most occurred in the PV modules investigated by 

Dhimish, Holmes, Mehrdadi and Dales (2017) and this kind of crack has the biggest impact 

on power output of PV modules. It was assumed that multiple direction cracks occurs at 50 
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cells in the first year and the reason was that different types of cracks can occur in the PV 

modules as infant failure due to mechanical load during transportation from factory, 

production and installation (Morlier, Haase, & Köntges, 2015). After that it assumed that the 

cracks increase to 100 and 300 cells after 9 and 21 years because cracks can appear in PV 

modules as midlife and wear out failures due to natural factors (Kajari, Kunze, & Köntges, 

2012). 

For crack 3, occurrence of parallel to the busbar cracks, diagonal cracks and glass breakage 

were simulated. It was assumed that parallel to the busbar crack occurred in 2 cells in the 

first year and the reason was that according to Kajari, Kunze and Köntges (2012) parallel to 

busbar cracks contributed to most of the originated cracks in their investigated PV modules. 

After that, it assumed that the cracks increased to 20 busbar and 15 diagonal cracks after 18 

years and finally 20 busbar, 15 diagonal cracks in combination with 11 broken cells after 24 

years. The motive of the consideration is that cracks can appear in PV modules as midlife or 

wear out failures together with other failures due to environmental conditions (Kajari, Kunze, 

& Köntges, 2012). Furthermore, if there is one cell crack or more cracks in PV module, the 

risk can be increased that the cracks are grown into longer and broader cracks (ee Publisher, 

2018). 

Table 12 shows a summary of different considerations for cell-cracks in scenario 1.  

Table 12 considerations of cracks in scenario 1 

Type of cracks Number of 
cells 

Year 

   
Crack 1 (Diagonal+ parallel to busbar+ multiple direction cracks)   
Stage 1 100  1 
Stage 2 400  10 
Stage 3 600  16 
Stage 4 800 24 

   
Crack 2 (Multiple direction cracks)   
Stage 1 50 1 
Stage 2 100 10 
Stage 3 300 22 

   
Crack 3   
Stage 1 (Parallel to busbar cracks) 2 1 
Stage 2 (Parallel to busbar cracks+ diagonal crack) 20+ 15 19 
Stage 3 (Parallel to busbar cracks+ diagonal crack+ glass breakage) 20+15+ 11 25 
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4.7. Scenario 2  

In scenario 2, it was simulated how the energy output from only one PV module, performance 

parameters as well as economic exchange were affected by the most common defects (LID, 

age degradation, encapsulant delamination, encapsulant discoloration, hot spots, snail trails, 

cracks and fault in cell and interconnection ribbon). The simulation time was taken as 30 

years because monocrystalline PV panel have a lifespan of 25-30 years (ecotality, 2019). The 

reason to do simulations on only one module was to study the defects deeper and see when 

exactly the module stops working after affecting of failures.  

In this scenario it was considered that encapsulant delamination and discolouration occur in 

year 15 and hot spots, snail trails as well as fault in cell and string interconnection ribbon 

occur after 5 years. The same procedure as scenario 1 was implemented in scenario 2. The 

reason why delamination and discolouration occurred in year 15 was that in the study 

performed by Köntges el at (2014) delamination and discoloration have been appeared in 272 

PV modules that has been installed in the field for 15 years. The reason for the consideration 

that hot spots, snail trails as well as fault in cell and string interconnection ribbon occur after 

5 years was that according to some studies presented in the literature study they can appear 

as infant failures.  

 

4.7.1. Cracks in scenario 2 

Such as scenario 1, three different cases of cracks (crack 1, crack 2 and crack 3) were 

simulated using a simulation time of 30 years. 

For crack 1, a combination of diagonal, parallel to busbars and multiple direction cracks in 

one PV module were simulated because in the study by Dhimish, Holmes, Mehrdadi and 

Dales (2017) these types of cracks were most prevalen. For the first year it was assumed that 

these types of cracks occured in 6 cells of total 60 cells where the reason was that according 

t0 Morlier, Haase and Köntges (2015) and köntges et al (2014) different types of cracks can 

occur in the PV modules as infant failure due to mechanical load during transportation from 

factory, production and installation. Furthermore, it considered that the cracks increase to 

12, 15 and 20 cells after 9, 15 and 24 years because according to the same writers and other 

studies in the literature study’s section, cracks can subsequently increase as midlife or wear 

out failures due to the thermal cycles. Another reason was that cracks can grow over time (ee 

Publisher, 2018).  

For crack 2, the occurrence of multiple direction cracks in PV cells in one module were 

simulated because this type of the crack was the most occurred in the PV modules 

investigated by Dhimish, Holmes, Mehrdadi and Dales (2017) and this kind of crack had the 

biggest impact on power output of PV modules. It was assumed that multiple direction crack 

occured at 10 cells in the first year and the reason was that cracks can occur in the PV 

modules as infant failure due to mechanical load during transportation from factory, 

production and installation (Morlier, Haase, & Köntges, 2015). Furthermore, it was assumed 

that the cracks were increased to 20 and 30 cells after 9 and 21 years since cracks can appear 
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in PV modules as midlife and wear out failures due to natural factors (Kajari, Kunze, & 

Köntges, 2012). 

For crack 3, the occurrence of busbar cracks, diagonal and glass breakage were simulated. It 

was assumed that busbar crack occurred in 2 cells in the first year and the reason was that 

according to Kajari, Kunze and Köntges (2012) parallel to busbar cracks contributed to most 

of the originated cracks in their investigated PV modules. After that it was assumed that 

busbar cracks increased to 20 cells in combination with 15 diagonal cracks after 18 years and 

finally, 20 busbar, 15 diagonal cracks in combination with glass breakage after 24 years. The 

reason of the consideration was that cracks can appear in PV modules as midlife or wear out 

failures together with other failures due to environmental conditions (Kajari, Kunze, & 

Köntges, 2012). Furthermore, if there is one cell crack or more cracks in PV module, the risk 

can be increased that the cracks are grown into longer and broader cracks (ee Publisher, 

2018). 

 

A summary of considerations for cracks are presented in Table 13. 

Table 13 konsiderations in scenario 2 

Failures type Number of modules Year 

LID (Light Induced Degradation) 1 1 
Age degradation 1 All  
   
Delamination  1 15 
Discoloration    1 15 
Hot spots  1 6 
Snail trails 1 6 
Fault in cell and string interconnection ribbon 1 6 
   
 Cell  Year  

Crack 1   
Diagonal+ parallel to busbar+ multiple direction cracks 3 1 
Diagonal+ parallel to busbar+ multiple direction cracks 12 10 
Diagonal+ parallel to busbar+ multiple direction cracks 15 16 
Diagonal+ parallel to busbar+ multiple direction cracks 20 25 
   
Crack 2   
Multiple direction cracks 10 1 
Multiple direction cracks 20 10 
Multiple direction cracks 30 22 
   
Crack 3   
Parallel to busbar cracks 2 1 
Parallel to busbar cracks+ diagonal crack  20+15 19 
Parallel to busbar cracks+ diagonal crack+ glass breakage 20+15+1 25 
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4.8. Scenario 3 

In scenario 3, two different cases were simulated. In the first case, the simulation was based 

on the impact of a non-functioning cell for standard modules with one, two and three bypass 

diodes. In the second case, the effect of defects in bypass diode for standard modules with 

one, two and three bypass diodes were simulated. A simulation time of 30 years such as the 

other scenarios was taken.  

4.8.1. Case 1, defect on cell 

In the first case, electricity production by PV modules, performance parameters and 

economic exchange were examined if one cell stops working in 1, 2, 5 and 7 standard modules 

during the first and after 5, 10 and 20 years in the modules with one, two and three bypass 

diodes. The reason for this consideration was that fault in cells can be appear because of 

many reasons as presented in the literature study’s section and theses fault can be appeared 

in different times of the module’s life time and therefore different times of years has been 

taken in the simulation. The motive of the increased non-functioning cells is according to 

Dan, Jiang, Betts and Ralph (2012), environmental stresses during different times can 

increase the degradation mechanism of PV modules. 

The reason for taken 3 different types of bypass diodes configuration was that PV modules 

with different bypass diodes can perform in different ways (Teoa, Tan, 

Ramachandaramurthy, & Tan, 2017) and it would be interesting to study their impact. 

Table 14 shows a summary of different cases considered for one, two and three bypass diodes 

if one cell stops working in one or more modules in the PV array.  

Table 14 considerations of defect in cells 

Bypass diode configuration Defects Year  
   
One bypass diode   
Stage 1 Defect in 1 cell in 1 module 1 
Stage 2 Defect in 1 cell in 2 modules  6 
Stage 3 Defect in 1 cell in 5 modules  11 
Stage 4 Defect in 1 cell in 7 modules  21 
Two bypass diodes   
Stage 1 Defect in 1 cell in 1 module  1 
Stage 2 Defect in 1 cell in 2 modules  6 
Stage 3 Defect in 1 cell in 5 modules  11 
Stage 4 Defect in 1 cell in 7 modules  21 
Three bypass diodes   
Stage 1 Defect in 1 cell in 1 module  1 
Stage 2 Defect in 1 cell in 2 modules  6 
Stage 3 Defect in 1 cell in 5 modules  11 
Stage 4 Defect in 1 cell in 7 modules  21 
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4.8.2. Case 2, defect on the bypass diode 

In the second case, electricity production by PV modules, performance parameters and 

economic exchange were examined if there was a defect in bypass diode in 1, 4, 8 and 12 PV 

modules during the first year and also in year 10, 15 and 20.                                                        

The reason for this consideration was that in different studies fault in bypass diodes have 

been occurred as infant, midlife or wear out failures and therefore different years have been 

taken in the simulation. The motive of the increased fault in bypass diodes in PV modules 

was according to Dan, Jiang, Betts and Ralph (2012), environmental stresses during different 

times can increase the degradation mechanism of PV modules. 

The study of defect in bypass diode was performed for standard modules with one, two and 

three bypass diodes since PV modules with different bypass diodes configurations can 

perform in different ways according to Teoa, Tan, Ramachandaramurthy and Tan (2017). 

 

Table 15 shows a summary of different cases considered for defects in bypass diodes for one 

and several standard modules with one, two and three bypass diodes. 

Table 15 considerations of defect in bypass diode 

Bypass diode configuration Defects Year  
One bypass diode   
Stage 1 Defect in bypass diode in 1 module  1 
Stage 2 Defect in bypass diode in 4 modules  10 
Stage 3 Defect in bypass diode in 8 modules  15 
Stage 4 Defect in bypass diode in 12 modules  20 
Two bypass diodes   
Stage 1 Defect in bypass diode in 1 module  2 
Stage 2 Defect in bypass diode in 4 modules  10 
Stage 3 Defect in bypass diode in 8 modules  15 
Stage 4 Defect in bypass diode in 12 modules  20 
Three bypass diodes   
Stage 1 Defect in bypass diode in 1 module  2 
Stage 2 Defect in bypass diode in 4 modules  10 
Stage 3 Defect in bypass diode in 8 modules  15 
Stage 4 Defect in bypass diode in 12 modules  20 
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4.9. Theoretical background  

The theoretical background section explains the most important equations used during the 

calculation, after the construction of the model in PVsyst. Performance parameters of PV 

system such as capacity factor, performance ratio, efficiencies etc., are calculated, to 

evaluate the result from PV syst and defects in PV modules. In this section, the economic 

evaluation tools used for scenario one, two and three are presented. These economic tools 

are used to study how much they are affected when different kinds of failures occurred in 

PV modules. The rest of the equation is presented in the Appendix 1. 

4.9.1. Capacity factor 

Capacity factor is a measure of how much electricity is generated by a PV plant in comparison 

to its maximum generation. It is measured as a percentage by dividing the total annual 

energy output of a PV plant by the theoretical maximum annual energy output of the plant 

considering an operation at nominal power the whole year (NREL, 2018). The value of 

capacity factor for solar panels is between 10-25 % (Metrix, 2014). 

According to NREL (2018), capacity factor can be calculated as Equation 7. 

 𝐶𝐹 =
𝐸𝑔

𝐶 ∗ 𝑇
∗ 100   Equation 7 

Where  

• 𝐶𝐹= capacity factor [%] 

• 𝐸𝑔= actual energy generated/measured [kWh] 

• 𝐶= installed capacity of the plant [kW] 

• 𝑇= time, period [h] 

 

By Equation 7 the capacity factor for the constructed model in PV syst is calculated. A 

capacity factor is also calculated for scenario one, two and three to see how much the value of 

CF is affected if different kinds of failures occur in PV modules compared to the initial value. 

The installed capacity of the plant is 25 kWp. The period is the number of hours for one year 

which is 8760 hours (NREL, 2018).  

4.9.2. Performance ratio 

Performance ratio (PR) is a kind of quality factor which measure the quality and performance 

of a PV plant as percent. Performance ratio gives an information of how energy efficient and 

reliable the PV system is. PR is the ratio that is between the actual and theoretical electricity 

generated by the PV plant. The value of performance ratio is between 0.6-0.9 where the 

higher the value is the more efficient the system is (NREL, 2013).  

According to Prakhya and Reddy (2018), performance ratio can be calculated by Equation 8. 

 𝑃𝑅 =
𝐸𝑎

𝐸𝑛
∗ 100 =

𝐸𝑎

𝐺𝐼 ∗ ƞ𝑚 ∗ 𝐴𝑃𝑉
∗ 100 Equation 8 
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Where 

• 𝑃𝑅= performance ratio [%] 

• 𝐸𝑎 = actual energy output by the PV system [kWh] 

• 𝐸𝑛 = nominal energy [kWh] 

• 𝐺𝐼= irradiation in the plane of array [kWh/m2] 

• ƞ𝑚= the efficiency of the PV module  

• 𝐴𝑃𝑉= active area of PV [m2] 

 

By Equation 8 the performance ratio for scenario one, two and three is calculated to judge 

how much the value of performance ratio is affected if different kinds of failures occur in PV 

modules and then comparisons are implemented.  

4.9.3. Efficiency   

By performing comparisons between the total energy input and total energy output, the 

overall energy performance of the PV system can be evaluated. The relationship between the 

energy output and input is referred as electricity production efficiency (Keoleian & Lewis, 

1997).  

According to Keoleian and Lewis (1997), the electricity production efficiency is calculated by 

Equation 9. 

 ƞ =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
∗ 100  Equation 9 

Where 

• Ƞ= efficiency [%] 

• 𝑃𝑜𝑢𝑡 = maximum power output after conversion from the PV modules [kW] 

• 𝑃𝑖𝑛= input power [kW] 

 

By Equation 9 the output power efficiency for scenario one, two and three are calculated. 

After that comparisons are implemented to see how much efficiency are changed when 

different kinds of defects effect the PV modules.  

4.9.4. Performance losses 

According to Orkisz (2016) the total power loss is the difference between the reference 

maximum PV systems power for the nominal case and the maximum power obtained for PV 

system with stated defective panel(s) where it describes in the Equation 10. 

 𝑃𝑙,𝑡 = 𝑃𝑀𝑃.𝐺𝑜𝑜𝑑 − 𝑃𝑀𝑃.𝑏𝑎𝑑  Equation 10 
Where 

• 𝑃𝑙,𝑡= total power loss [kW] 
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• 𝑃𝑀𝑃.𝐺𝑜𝑜𝑑=reference maximum array power [kW] 

• 𝑃𝑀𝑃.𝑏𝑎𝑑=maximum power achieved from an array with specified defective panel(s) [kW] 

By Equation 10, the total power loss for scenario one, two and three is calculated. The 

calculated power loss is then used for calculation of poison factor presented in Equation 12.  

 

According to the same writer, the mean panel output is the ratio between the reference 

maximum PV systems power for the nominal case and the number of panels. 

 𝑀𝑒𝑎𝑛𝑠 𝑝𝑎𝑛𝑒𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 =
𝑃𝑀𝑃.𝐺𝑜𝑜𝑑

𝑁𝑝𝑎𝑛𝑒𝑙
 Equation 11 

Where 

• 𝑁𝑝𝑎𝑛𝑒𝑙 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑎𝑛𝑒𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑎𝑟𝑟𝑎𝑦 

By Equation 11, the mean panel output for scenario one, two and three is calculated. The 

calculated mean panel output is then used for calculation of poison factor presented in 

Equation 12.  

 

Poison factor 𝜑 gives an information of how much the total power output of PV system is 

reduced when the output of one module or more modules are reduced. It is the relationship 

that is between the array power loss and the failed panels normal power output which shows 

in the Equation 12 (Orkisz, 2016).  

 𝜑 =
𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑙𝑜𝑠𝑠

𝑀𝑒𝑎𝑛 𝑝𝑎𝑛𝑒𝑙 𝑜𝑢𝑡𝑝𝑢𝑡
 Equation 12 

 

Poison factor is calculated for scenario one, two and three and then comparisons are 

performed to see the differences between different defects and scenarios. 

4.9.5. Energy output scenario 1,2 and 3 

According to Keoleian and Lewis (1997), the energy output from the PV system is the 

differences between the sum of the electricity generated by the PV modules and the energy 

loss in components.  

Then, the energy output from the PV system in scenario one, two and three is calculated as: 

 𝐸𝑜𝑢𝑡 = 𝐸𝑔𝑒𝑛 − 𝐸𝑙𝑜𝑠𝑠𝑒𝑠 = 𝐸𝑔𝑒𝑛 − (𝐸𝑚𝑜𝑑𝑢𝑙𝑒 ∗ 𝐷 ∗ 𝑁)  Equation 13 

Where 

• 𝐸𝑜𝑢𝑡=Energy output from the PV system [kWh] 

• 𝐸𝑔𝑒𝑛= energy generated by PV module(s) [kWh]  

• 𝐸𝑙𝑜𝑠𝑠= energy losses due to occurrence of different types of defects 

• 𝐸𝑚𝑜𝑑𝑢𝑙𝑒= energy output from the PV module [kWh] 

• 𝐷= Performance (power) loss  
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• 𝑁= number of modules that have defects 

 

In scenario one and two the energy output from PV modules considering different defects 

(age degradation, delamination, discoloration, hot spots, snail trails and cracks) are 

calculated by equation13. In this calculation, first the energy losses caused by different 

defects are calculated where the amount of performance losses is taken from different studies 

in different countries presented in Table 10. How many modules that are affected by different 

defects are presented in previous section scenario 1. For scenario 2, it is only one module that 

is influenced by defects. Then the electrical energy delivered by the PV system is the 

difference between these two quantities.  

The same equation is used for calculation of the electrical energy output from the PV system 

in scenario 3. About 1/3 of the modules production is lost if one cell completely stops 

functioning or if there is a defect on the bypass diode in a standard module with three bypass 

diodes (Stridh, 2019). The number of affected modules is presented in previous section, 

scenario 3.  

4.9.5.1. Energy output by cracks 

When it comes to cracks, the energy output can be calculated as; 

 𝐸𝑜𝑢𝑡,𝑐 = 𝐸𝑔𝑒𝑛 − 𝐸𝑙𝑜𝑠𝑠𝑒𝑠 = 𝐸𝑔𝑒𝑛 − (𝐸𝑐𝑒𝑙𝑙𝑠 ∗ 𝐷 ∗ 𝐹) Equation 14 
Where  

• 𝐸𝑜𝑢𝑡,𝑐=Energy output from the PV system affecting by cracks [kWh] 

• 𝐹= number of the cells that are affected by different types of cracks  

• 𝐸𝑐𝑒𝑙𝑙𝑠= energy output from the PV cell [kWh] 

• 𝐷= Performance (power) loss  

 

In scenario one and two, the energy output from PV system considering crack one, two and 

three are calculated by equation 14. In this calculation, first the energy losses caused by 

different cracks are calculated where the amount of performance losses is taken from 

different studies in different countries presented in Table 10. How many cells that are 

affected by different cracks are presented in previous section scenario 1 and scenario 2.   

 

4.9.6. Net present value (NPV) 

The Net Present Value (NPV) is calculated by equation 15 and is an economic tool for 

evaluation of the project investment. It applies for budgeting and investment- planning and 

is a critical factor to consider for analysing project-profitability (Gua, et al., 2018). By NPV 

the profit of the investment is measured by estimating the present value of the future money 

and considering discount rate (Kabir, 2016).  

A positive NPV indicates that the investment of the project is economically profitable while a 

negative value indicates the investment would not profitable and lead to net loss. Higher NPV 
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means higher benefits. By NPV the project can be compared with different cost form and at 

the same time, the time value of the money is considered (Gua, et al., 2018).  

According to Kabir (2016), NPV can be calculated as Equation 15. 

 𝑁𝑃𝑉 =  ∑
𝑅𝑡

(1 + 𝑖)𝑡   

𝑛

𝑡=0

= ∑
𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠

(1 + 𝑖)𝑡 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 

𝑛

𝑡=0

 Equation 15 

Where 

• NPV = Net Present Value [$] 

• 𝑅𝑡  = net cash inflow-outflows during a single period t [$] 

• 𝑖= annual discount rate [%] 

• 𝑛 = life time of the project [year] 

• 𝑡= number of time periods [year] 

 

Equation 15 is used to calculate the NPV for 30 years in scenario one, two and three where 

the annual revenue is estimated by following Equation 16:  

 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 (𝑦𝑒𝑎𝑟 = 𝑖) = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑𝑖 ∗ 𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦 𝑝𝑟𝑖𝑐𝑒 Equation 16 
 

The price of electricity for a customer is consisted of following steps; 

• Nord pool spot market price: 43.76 SEK/kWh (elen, 2019) 

• Energy tax: 43.38 SEK/kWh (Vattenfall, 2019) 

• VAT: 25 % (Verksamhet, 2018) 

 

Which gives a total electricity price of 1.09 SEK/kWh which corresponds 0.1205 $/kWh. The 

price for selling electricity is taken as 0.95 SEK/kWh (Köpare solel, 2016) which corresponds 

0.104 $/kWh. 

 

During the calculation the real discount rate is considered where it is calculated by the 

nominal discount rate and considering inflation as shown in the Equation 17 according to 

Pillaia & Naser (2018). The lifetime of project is considered as 30 years (ecotality, 2019). 

 𝑖𝑟 =
𝑖𝑛 − 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛

1 + 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛
    Equation 17 

Where  

• 𝑖𝑟 = 𝑟𝑒𝑎𝑙 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 [%] 

• 𝑖𝑛 = 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 [%] 

 

The value of the nominal discount rate has been taken as 8 % (Gua, et al., 2018) and 

regarding to the inflation the value has been take as 2 % (Tradingeconomics, 2019). 
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4.9.7. Levelized cost of electricity (LCOE) 

The levelized cost of electricity (LCOE) is an economic evaluation metric which is the ratio 

between the expected total lifetime cost of the system to the total lifetime of the energy 

output of the system (Pillaia & Naser, 2018). 

𝐿𝐶𝑂𝐸 =
𝑙𝑖𝑓𝑒 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑝𝑟𝑜𝑗𝑒𝑐𝑡

𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑜𝑙𝑎𝑟 𝑝𝑟𝑜𝑗𝑒𝑐𝑡
=

𝑎𝑛𝑛𝑢𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝐶𝑂&𝑀

𝐸𝑛𝑒𝑡
   

Equation 18 

 

Where 

• Levelized energy cost [$/kWh] 

• 𝐶𝑂&𝑀 = Operations and maintenance cost [$] 

• 𝐸𝑛𝑒𝑡= electricity production by the PV system [kWh] 

 

In order to calculate the annual cost of the PV system a Capital Recovery Factor (CRF) is 

applied. By CRF the present cost of the system investment is adapting to an annual cost over 

the period of the system lifetime. (Pillaia & Naser, 2018) 

 𝐿𝐶𝑂𝐸 =
𝐶𝑅𝐹 ∗ 𝐶𝑖𝑛𝑣 + 𝐶𝑂&𝑀

𝐸𝑛𝑒𝑡
      Equation 19 

where 

• 𝐶𝑅𝐹 = Capital Recovery Factor [%] 

• 𝐶𝑖𝑛𝑣 =investment cost including VAT (25%) [$] 

 

According to Pillaia & Naser (2018), CRF can be calculated as Equation 20. 

 𝐶𝑅𝐹 =
𝑖𝑟 ∗ (1 + 𝑖𝑟)𝑛

(1 + 𝑖𝑟)𝑛 − 1
 Equation 20 

Where 

• CRF= Capital Recovery Factor [%] 

• 𝑖𝑟 = real discount rate [%] 

• 𝑛 = lifetime of the system [year] 

 

By Equation 19 the LCOE for scenario one, two and three are calculated and comparisons are 

performed to evaluate the effect of different kinds of failures on the LCOE. During the 

calculation real discount rate is considered which can be calculated by equation 17. The 

project lifetime has been taken as 30 years (ecotality, 2019). Operating and maintenance cost 

is taken as 1.5 % of investment cost (Kabir, 2016) and the total investment cost is presented 

in the Table 17. 
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4.9.8. Payback time 

The discounted payback period is an important decision-making indicator which can be used 

for evaluation of the profitability of an investment. It is the number of years that takes to 

return the initial investment cost to discounted revenues with discounted costs by 

considering the time value of money. A longer payback time indicated a higher risk of non-

profitability in investment. (Investopedia, 2019) 

According to Campana (2018), the equation for discounted payback period is as: 

 
𝐷𝑃𝐵𝑃 = −

𝑙𝑛 (1 −
𝑖𝑟 ∗ 𝐶𝑖𝑛𝑣

𝐵𝐴 − 𝑚 ∗ 𝐶𝑖𝑛𝑣
)

ln(1 + 𝑖𝑟)
 Equation 21 

Where 

• DPBP = Discounted Payback period [year] 

• 𝑖𝑟 = real interest rate [%] 

• 𝐵𝐴 =total revenues [$] 

• 𝐶𝑖𝑛𝑣 =Investment cost including VAT (25%) [$] 

• 𝑚 = operation and maintenance cost (O&M) [%] 

 

By Equation 21 the DPBP for scenario one, two and three are calculated and comparisons are 

performed to evaluate the effect of different kinds of failures on the DPBP. Operating and 

maintenance cost is taken as 1.5 % of investment cost (Kabir, 2016) and the total cost for 

investment is presented in the Table 17. 

4.9.9. Internal rate of return (IRR) 

Internal rate of return is the discount rate when net present value (NPV) is zero and it 

applied to evaluate the project and profitability of that. An IRR with higher value presents a 

project that has more potential to grow (Thesolarlabs, 2018).  

According to solarpowerrocks (2014) the IRR can be calculated as Equation 22: 

 𝑁𝑃𝑉 = 0 = ∑
𝑅𝑡

(1 + 𝐼𝑅𝑅)𝑡

𝑛

𝑡=0

 Equation 22 

Where  

• NPV = Net Present Value [$] 

• 𝑅𝑡  = net cash inflow-outflows during a single period t [$] 

• 𝐼𝑅𝑅= internal rate of return [ %] 

• 𝑛 = life time of the project [year] 

• 𝑡= number of time periods [year] 

 

By Equation 22 the IRR for scenario one, two and three are calculated and comparisons are 

performed to evaluate the effect of different kinds of failures on the IRR.  
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4.9.10. System cost  

In this section, the cost for different equipment and the total cost to install the PV system are 

presented.  

Table 16 shows the specific cost for PV modules, inverter, supporting structure, wiring, 

shipping in $/Wp and engineering and installation as well as vat in % of total component and 

investment cost. The price of inverter is in the spot market which varies from 0.15-0,25 $/Wp 

and in average it is 0.202 $/Wp. 

Table 16 Cost of components 

PV system components  Specific cost Unit  References 

    
PV modules  0.61 $/Wp (PV magazine, 2018) 

Inverter  0.202 $/Wp (Aguilar, 2015) 

Supporting structure  0.083 $/Wp (Kabir, 2016) 

Wiring  0.1 $/Wp (Aguilar, 2015) 

Shipping  0.1 $/Wp (Aguilar, 2015) 

Engineering and installation  15 % Total component cost (Energy informative, 
2019) 

Vat  25 % Total investment (Verksamhet, 2018) 

 

Table 17 displays the calculated cost for different PV system components as well as the PV 

system total investment cost. As shown the total investment cost for whole PV system is 39 

352 $ which corresponds about 376 992 SEK. 

Table 17 total cost 

PV system components  Specific cost Unit  

PV modules  15 250 $ 

Inverter  5 050 $ 

Supporting structure  2 075 $ 

Wiring  2 500 $ 

Shipping  2 500 $ 

Engineering and installation  4 106 $ 

Vat  7 870 $ 

PV system total cost 39 352 $ 
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4.9.11. Assessment of the economic impact of failures 

The CPN (Cost Priority Number) method was used for the assessment of the economic 

impact of failures occurring during the operation phase for the PV modules for scenario one, 

two and three. It is an evaluation method for analysing of the risk with regards to its 

economic impact. The CPNs ranking indicates how to prioritize, technical risks with impact 

on the energy yield can have a higher economic impact. By this method, the economic impact 

of technical risk that occur in the operation and maintenance of PV modules and the impact 

of the risk on the LCOE and business models can be estimated (Solar Bankability, 2017). The 

downtime and cost to fix the failures was calculated before the CPN, Equation 30, could be 

calculated. 

The downtime costs are estimated by taking into account the lead time to detect the failures, 

the lead time for repair or substitution and the time to for fixing the problems. According to 

Solar Bankability (2017), the downtime that is caused by a failure in the components can be 

calculated by Equation 23: 

 𝑡𝑑𝑜𝑤𝑛,𝑓𝑎𝑖𝑙 = (𝑡𝑡𝑑 + 𝑡𝑡𝑟,𝑡𝑠) ∗ 𝑃𝐿 ∗ 𝑀 + 𝑡𝑓𝑖𝑥 ∗ 𝑀 Equation 23 

where 

• 𝑡𝑑𝑜𝑤𝑛,𝑓𝑎𝑖𝑙= downtime because of a specific failure [h] 

• 𝑡𝑡𝑑= lead time to detect the failures [h] 

• 𝑡𝑡𝑟,𝑡𝑠= lead time to repair/substitution[h] 

• 𝑡𝑓𝑖𝑥=time to fix the problem [h] 

• 𝑃𝐿=performance loss, power loss [%] 

• 𝑀=multiplier to take into account defects that cause problem at higher level of component 

 

In the calculation M is taken as 1. The lead time to detect the failures is taken as 8760 h, the 

lead time to repair/substitution= 744 h and the time to fix the problem =2 h. (Solar 

Bankability, 2017) 

 

After calculation of downtime cost, the total downtime some number of the modules that are 

influenced by a specific failure can be calculated using Equation 24. 

 𝑡𝑑𝑜𝑤𝑛 = 𝑡𝑑𝑜𝑤𝑛,𝑓𝑎𝑖𝑙 ∗ 𝑛𝑓𝑎𝑖𝑙,1 𝑦𝑒𝑎𝑟      Equation 24 
Where 

• 𝑡𝑑𝑜𝑤𝑛= total downtime for some number of components that are influenced by failures 

over 1 year [h] 

• 𝑛𝑓𝑎𝑖𝑙= number of components that are influenced by a specific type of failure e.g. hot spot 
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Then the percentage reduction of performance is calculated by estimating the downtime 

because of a specific failures overall component using Equation 26.  

 𝑡𝑑𝑜𝑤𝑛,𝑐𝑜𝑚𝑝 =
𝑡𝑑𝑜𝑤𝑛

𝑛𝑐𝑜𝑚𝑝
        Equation 25 

Where 

• 𝑡𝑑𝑜𝑤𝑛,𝑐𝑜𝑚𝑝=downtime because of a specific failure, all components [h] 

• 𝑛𝑐𝑜𝑚𝑝 = total number of components 

 

 𝑂𝐶𝑃𝑁 =
𝑡𝑑𝑜𝑤𝑛,𝑐𝑜𝑚𝑝

𝑡𝑟𝑒𝑓
        Equation 26 

where 

• 𝑡𝑟𝑒𝑓=the equivalent hours per year, total number of the sun per year [h] 

• 𝑂𝐶𝑃𝑁 = percentage reduction of performance average over 1 year [%] 

 

 

The production losses due to the downtime is calculated by Equation 27. 

 𝐿 = 𝑂𝐶𝑃𝑁 ∗ 𝑆𝐶𝑃𝑁          Equation 27 
Where 

• L= Production losses because of the downtime [kWh] 

• 𝑆𝐶𝑃𝑁=Total production of PV plant in absence of failures 

 

Further, downtime cost as lost production or saving can be calculated using Equation 28.  

 𝐶𝑑𝑜𝑤𝑛 = 𝐿 ∗ (𝐹𝐼𝑇 ∗ 𝑃𝑃𝐴 ∗ 𝑅𝐶𝐸)         Equation 28 
Where  

• 𝐶𝑑𝑜𝑤𝑛= down time costs as missing production or saving [$] 

• 𝐿=missing income due to production losses (𝐿 [𝑘𝑊ℎ] ∗ 𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦 𝑝𝑟𝑖𝑐𝑒 [
$

kWh
] = [$]) 

• 𝐹𝐼𝑇 =missing income for feed-in tariffs [$] 

• 𝑃𝑃𝐴= missing income due to the power purchasing agreements [$] 

• 𝑅𝐶𝐸= missing savings produced by the PV system (retail cost of electricity) [$] 

 

In addition, according to Solar Bankability (2017), the cost to fix the failures is calculated as 

Equation 29. 

 𝐶𝑓𝑖𝑥 = (𝐶𝑑𝑒𝑡 + 𝐶𝑟𝑒𝑝/𝑠𝑢𝑏 + 𝐶𝑡𝑟𝑎𝑛𝑠) ∗ 𝑛𝑓𝑎𝑖𝑙 + 𝐶𝑙𝑎𝑏 ∗ 𝑡𝑓𝑖𝑥 ∗ 𝑛𝑓𝑎𝑖𝑙          Equation 29 

Where 

• 𝐶𝑓𝑖𝑥= costs to fix the failure [$] 

• 𝐶𝑑𝑒𝑡=cost to detect the failures [$/component] 

• 𝐶𝑟𝑒𝑝/𝑠𝑢𝑏= cost to repair or substitute [$/component] 
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• 𝐶𝑡𝑟𝑎𝑛𝑠= cost of transport [$/component] 

• 𝐶𝑙𝑎𝑏= labour cost [$] 

 

During the calculation, the cost to detect the failures taken as 0 and cost for transport=25 

$/components (Solar Bankability, 2017). The cost to substitute the PV modules is taken as 

152.5 $/components (pv-magazine, 2018) and labour cost is taken as 0.06 $/W which 

corresponds 15 $/component (Aguilar, 2015). 

 

The calculation of the Cost Priority Number is then given by Equation 30 according to Solar 

Bankability (2017). 

 
 

𝐶𝑃𝑁 = 𝐶𝑑𝑜𝑤𝑛 + 𝐶𝑓𝑖𝑥       
Equation 30 
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5 RESULTS 

In this section the result from simulation in PVsyst, calculations and experiment are 

presented 

5.1. Simulation result from PVsyst 

The simulation result from the PVsyst software presented a total annual energy of 25 382 

kWh injected into the grid, where the minimum calculated monthly predicted energy is 364 

kWh at December and maximum is 3648 kWh at Maj. The calculated monthly average daily 

energy injected to grid is about 70.5 kWh where the minimum value is 12.13 kWh at 

December and the maximum value is 112.03 kWh at Maj. The monthly average hourly energy 

injected into the grid is 2.94 kWh where the minimum value is 0.7 kWh at January and the 

maximum predicted value is 5.07 kWh at Maj. The calculated prediction of energy injected to 

the electric grid on an hourly, daily as well as monthly basis is shown in detail in Figure 19. 

 

 

Figure 19 energy injected to grid 
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The total annual production by PV array is about 26.88 MWh, where the energy output of the 

PV array differs from 558 kWh in January to 3 852 kWh in Maj. By an inverter system, this 

energy converts into alternating current (AC) energy. The total annual AC energy injected to 

the grid is about 25.38 MWh where it differs from 513 kWh in January to 3 648 kWh in Maj. 

There are some differences between direct current (DC) and AC energy outputs, these are 

because of the losses. The forecast energy output of the PV array and the energy that is 

injected into the grid displays in Figure 20. In Figure 20 an estimation of system and array 

efficiencies are also presented to understand the performance of PV system in a detailed way. 

As shown, the annual average efficiency of PV array that is forecasted is about 13.7 % where it 

differs from 13% in June to about 15 % in January. The annual average system efficiency is 

forecasted to about 12.9 % where it differs from 13.6 in January to 12.4 % in July. 

 

 

Figure 20 production and efficiency 
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Figure 21 (a) displays the PV array behaviour for each loss effect for an incident irradiance of 

800 W/m2 for the current-voltage characteristics. The resultant for the array results to be 

18.8 kW with a global loss of 16.4%. The Figure 21 (a) shows the major loss from temperature 

when it reaches a temperature of 51.1°C, see the light blue line. The red line in (a) explains 

the nominal temperature of the module during 25 °C. Figure 21 (b) exhibits the balances of 

the main results. The total annual production by PV array is about 26.88 MWh, but after the 

losses the energy injected into grid (E_Grid) results in 25.382 MWh. Temperature increases 

during June, July and August, which indicates in a Pv loss due to temperature (TempLss) and 

decreased effective energy at the output of the array. According to the simulation results, May 

is the month with the most effective energy output and energy injected into grid, see Figure 

20. There is a total 1.294 MWh PV loss due to temperature for one year. The module array 

mismatch loss (MisLoss) is smaller than PV loss due to irradiance level (GIncLss), the 

MisLosses are parallel to the E_Grid and exhibits larger loss during May. For one year the 

MisLoss results in 0.274 MWh and GIncLss in 0.378 MWh. 

 

Figure 21 PV Array behaviour for each loss effect (a), Energy injected into grid with losses (b) 
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The annual average CF of the PV system is about 11.8 % where the minimum value is about 2 

% at December and the maximum predicted value is about 20 % at Maj as shown in the 

Figure 22. The annual average value of performance ratio is calculated to about 84.4 % where 

the maximum value is about 90.3 % at January and the minimum is about 79.7 at July.  

 

Figure 22 capacity factor and performance ratio 

 

 

 

 

 

 

 

 

 

0

5

10

15

20

25

74

76

78

80

82

84

86

88

90

92

C
F 

%

P
R

 %

PR and CF

PR CF



61 

5.2. Electricity generation and performance parameters for various 

defects at different stages of the PV Cell's life cycle 

In this section the result for simulation of electricity generation and performance 

parameters, how they can be affected because of the various failures modes are presented 

for consideration of three different scenarios.  

5.2.1. Result from Scenario 1 

How electricity production by PV system are affected by light induced and age degradation 

encapsulant delamination, encapsulant discolouration, hot spots, crack 1, crack 2, crack 3, 

fault in cell and string interconnection ribbon and snail trails are shown in the Figure 23. As 

shown, delamination has the highest impact on production while age and LID have the lowest 

influence on output energy. After delamination, discolouration, snail trails and hot spots have 

the highest impact on the energy output. In year 30, the energy output of the PV system 

decreases from 25.38 MWh to about 18.8 MWh in the case of delamination. Regarding to 

discolouration, snail trails and hot spots the output energy are reduced to 19.6, 19.8 and 19.9 

MWh, respectively. There is a turning point for crack 3 after 24 years and the reason is 

occurrence of glass breakage in 11 modules which reduces the production slightly more 

compared the previous years. 

 

Figure 23 impact of different defect on production 
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How efficiency of electricity generation is influenced by different kind of defects displays in 

Figure 24. Efficiency decreases below 75 % in the case of delamination after 29 years. When it 

comes to discolouration and snail trails efficiencies reduce below 78 % after 29 years.  

 

Figure 24 impact on efficiency 
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Figure 25 poison factor 

 

How the values of performance ratio are affected by different failures are presented in the 

Figure 26. The lowest value of performance ratio is when delamination occurs in the PV 

modules. After delamination, discoloration, snail trails and hot spots have the highest impact 
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Figure 26 performance ratio 
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From Figure 27, the value of capacity factor considering different conditions can be observed. 

Such as other cases, the value of capacity factor is lowest in the case of delamination. After 

delamination, discoloration and snail trails have the highest impact on capacity factor. In 

year 30, the value of capacity factor decreases from 11.6 % in year 1 to about 8.6 % in the case 

of delamination. Regarding to discolouration and snail trails the value of capacity factor 

decrease to about 9 %. When it comes to age degradation, capacity factor decreases to 9.9 % 

after 29 years.  

 

Figure 27 capacity factor 
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5.2.2. Result from scenario 2 

In scenario 2, snail trails, delamination and hot spots are three defects that have the highest 

impact on the electricity production of the PV module. The impact is showed in detail in the 

Figure 28. Electricity production in the case of snail trails decrease from about 254 kWh in 

year 1 to about 67 kWh in year 30. Regarding to delamination and hot spots the reductions of 

production are 69.6 and 80 kWh, respectively. The turning point for crack 3 is due to the 

occurrence of glass breakage in the PV module which makes that the electricity production 

decreases much more after 24 years compared to previous years. 

 

Figure 28 impact of defects on energy output, S2 
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Figure 29 impact on efficiency, S2 

Figure 30 shows the calculated poison factor for various kinds of defects for only one module. 

In year 30, snail trails and delamination contribute to a poison factor of 0.86 and 0.85, 

respectively. After snail trails and delamination, contribute hot spots to a poison factor of 

0.8. For crack 3, occurrence of the glass breakage in the PV module lead to a turning point 

which makes that poison factor increases faster after year 24 compared to the previous years.  

 

Figure 30 poison factor, S 2 

0

20

40

60

80

100

120

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

%

Year

Impact on efficiency

Age Delamination Discolouration Hot spots Fault in cell

Fault in string Crack 1 Crack 2 Crrack 3 Snail trails

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

P
O

IS
O

N
 F

A
C

TO
R

YEAR

Poison factor

Age Delamination Discolouration Hot spots Fault in cell

Fault in string Crack 1 Crack 2 Crrack 3 Snail trails



67 

How performance ratio is changed due to different defects, displays in Figure 31. The worst 

case is when the module has been affected by snail trails, delamination and hot spots. The 

performance ratio decreases from 84.2 % in year 1 to 22.3 % in year 30 in the case of snail 

trails. Regarding to delamination and hot spots the reduction in performance ratio are 23 and 

26.5 %, respectively. The turning point observed for crack 3 after year 24 is due to the glass 

breakage. 

Figure 31 also demonstrates the impact of the defects in the PV module on the capacity 

factor. The three worst cases are snail trails, delamination, and hot spots where they lead to a 

reduction of capacity factor from 11.6 % in year one to 3.1, 3.2 and 3.65 %, respectively. 

 

Figure 31 performance ratio and capacity factor, S2 
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5.2.3. Result from scenario 3 

5.2.3.1. Case 1, cell 

When one cell stops working in some modules with one, two and three bypass diodes 

configurations, the energy output is more affected in the modules with 1 bypass diode 

compared to modules with three bypass diodes as shown in the Figure 32. The production 

will be zero after 23 years in the case of 1 diode model. The electricity generation is less 

affected in the modules with three bypass diodes where the value of electricity generation 

ends up at 10 MWh at year 30. 

 

Figure 32 energy output, s3 case 1 
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Figure 33 efficiency and poison factor 

 

Figure 34 shows how performance ratio and capacity factor decrease rapidly if one cell stops 

working in 1 module in the first year, in 2 modules after 5 year, in 5 modules after 10 years 

and in 7 modules after 7 years for one, two and three diodes models. The worst case is for 

modules with one diode model where the performance ratio decreases from 83.4 % in the 

first year to zero after year 23 and capacity factor decreases from 11.5 % in the first year to 

zero in year 23. Modules with three bypass diodes are less affected where the performance 

ratio decrease from 83.9 % to 34.27 % in year 30 and capacity factor has a decrease of 11.6 % 

to 4.72 %. 

 

Figure 34 performance ratio and capacity factor S2 
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5.2.3.2. Case 2, diode 

How efficiency of energy generation reduces over time and poison factor increases if there is 

defect in bypass diode in years 1 in one module and then it creases to 4, 8 and 12 modules 

after 3,7 and 11 years display in Figure 35. The efficiency decreases to zero and the poison 

factor increases over one after 21 years in the case of one diode model. The efficiency ends up 

at 18. 8 % in the case of three bypass diodes in year 30 and 0 % in year 28 in the case of two 

diodes model. The value of poison factor ends up at 0.95 in the case of modules with three 

bypass diodes in year 30 and over 1 after 26 years in the case of modules with two bypass 

diodes.  

 

Figure 35 efficiency and poison factor, S3 case2 
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Figure 36 energy output, S3 case 2 
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Figure 37 performance ratio and capacity factor, S3 case 2 
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5.3. Economical affected for various defects at different stages of the 

PV Cell's life cycle 

In this section the economical result for different scenarios are presented. 

5.3.1. Economic analysis, scenario 1 

The results for calculated downtime costs as missing production and cost to fix the failures in 

PV modules show in the Table 18. A CPN is also presented as the sum of down time and fix 

cost. As shown delamination caused the PV modules contribute to highest down time cost 

compared to other defects. The cost to fix the failures which is sum of the cost to replace the 

modules plus transport and labor are the same for fault in cell and interconnection ribbon 

and snail trails. The highest CPN value is for delamination.  

Table 18 down time cost, fix cost and CPN, scenario 1 

 C down [$] C fix [$] CPN [$] 

Fault in cell interconnection ribbon 2 364 15 550 17 914 
Fault in string interconnection ribbon 5 795 15 550 21 345 
Delamination  25 800 23 188 48 987 
Discoloration 13 267 23 188 36 455 
Hot spots 9 900 15 550 25 450 
Snail trails 11 809 15 550 27 359 
Crack 1 10 752 32 325 43 077 
Crack 2 603 19 953 20 494 
Crack 3 4 785 21 540 26 325 

 

 

Table 19 shows how the result for payback period, net present value, levelized cost of 

electricity and internal rate of return are changed for different cases if downtime costs as 

missing production are considered in the calculations.  

As shown, the highest payback time which is about 28 years is when delamination occurs in 

the PV modules. A negative NPV, a low IRR and a high LCOE can be observed in this case 

compared to other cases. After delamination, discoloration and snail trails in PV modules 

contribute to a high payback time of about 21 years, a low IRR of about 3 %, a low NPV of 

5 499 and 6 227 $ at 30 years and a high LCOE of 0.1158 and 0.1150 $/kWh, respectively. 
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Table 19 economic analysis considering down time cost, scenario 1 

 PBP [years] NPV [$] IRR [%] LCOE [$/kWh] 
No defects in PV modules 17  16 434 5 0.1080 
Delamination  28 -4 159 1.1 0.1232 
Discoloration  21 5 499 3.07 0.1158 
Hot spots 20 7 756 3.48 0.1138 
Crack 1  20 7 433 3.42 0.1144 
Crack 2 17 15 894 4.84 0.1083 
Crack 3 19 12 556 4.3 0.1108 
Fault in cell interconnection ribbon 18 14 008 4.55 0.1094 
Fault in string interconnection ribbon 19 11 099 4.07 0.1114 
Snail trails  21 6 227 3.21 0.1150 

 

 

Figure 38 shows cash flow when downtime costs as missing production are considered. Cash 

flow in the case of delamination decreases more compared to other cases where the value 

ends up at 6 408 $ in year 30. After delamination, the values of cash flow decrease most in 

the case of discoloration and snail trails in PV modules where the values end up at 19 756 $ 

and 20 752 $, respectively in year 30. The value of cash flow decreases less in the case of 

crack 2 compared to other cases where it ends up at 34 227 $ in year 30. 

 

Figure 38 cash flow considering C-down 
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5.3.2. Economic analysis, scenario 2 

The results for downtime costs as missing production, cost to fix the failures in the PV 

module and CPN for scenario 2 are presented in the Table 20. Snail trails caused the PV 

modules contribute to highest down time cost compared to other defects. The cost to fix the 

failures which is sum of the cost to replace the modules plus transport and labor are the same 

for all kind of failures because it is about 1 module. The highest CPN value is in the case of 

snail trails and then delamination. 

 

Table 20 downtime cost, fix cost and CPN, s2 

 C down [$] C fix [$] CPN [$] 

Fault in cell interconnection ribbon 11.91 207.50 219 
Fault in string interconnection ribbon 29.19 207.50 237 
Delamination  58.71 207.50 266 
Discoloration 30.19 207.50 238 
Hot spots  49.87 207.50 257 
Snail trails 59.49 207.50 267 
Crack 1 11.40 207.50 219 
Crack 2 4.42 207.50 212 
Crack 3 18.54 207.50 226 

 

 

Table 21 shows how the result for payback period, net present value at 30 years, levelized cost 

of electricity and internal rate of return are changed for different cases if the downtime costs 

as missing production are considered in the calculations. The worst case is when the module 

is affected by snail trails which results in negative NPV. Snail trails in the PV module also 

result in a very low IRR and high LCOE and PBP compared to other types of failures. 

Table 21 economic analysis considering downtime costs, s2 

 PBP [years] NPV [$] IRR [%] LCOE [$/kWh] 
No defects in the PV module 18 155.85 5 0.1098 
Delamination  19 14.89 2.36 0.1133 
Discoloration  19 63.57 3.35 0.1116 
Hot spots 23 -29.14 1.26 0.1127 
Crack 1  18 110.67 4.09 0.1107 
Crack 2 18 125.36 4.32 0.1102 
Crack 3 18 106.67 4.08 0.1109 
Fault in cell interconnection ribbon 18 74.95 3.52 0.1105 
Fault in string interconnection ribbon 20 21.06 2.48 0.1115 
Snail trails  25 -49.93 0.63 0.1133 
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Figure 39 shows cash flow when downtime costs as missing production are considered in the 

calculations. Cash flow in the case of snail trails is lowest compared to other cases where the 

value is ended up at about 28 $ at year 30. The next lowest value belongs to hot spots where 

the value is about 59 $ at year 30. Cash flow is highest in the case of crack 2 where the value 

is about 295 $ at year 30. 

 

Figure 39 cash flow considering C-down s2 
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5.3.3. Economic analysis, scenario 3 

The results for downtime cost, cost to fix the failures and CPN for scenario 3 are presented in 

Table 22. The downtime costs are very high in both cases and that is because of the huge 

production losses due to the defect in bypass diodes and non-functioning cell. The worst case 

is for modules with one bypass diodes where the downtime costs are highest compared to 

modules with two and three bypass diodes.   

Table 22 downtime cost, fix cost and CPN, s3 

 C down [$] C fix [$] CPN [$] 
Case 1, cell    
One bypass diode 214 357 2 713 217 069 
Two bypass diodes 122 274 2 713 124 986 
Three bypass diodes 74 444 2 713 77 157 
    
Case 2, diode    
One bypass diode 314 300 4 775 319 075 
Two bypass diodes 219 032 4 775 223 807 
Three bypass diodes 134 595 4 775 139 370 

 

 

Table 23 shows the result for the economical part when the downtime cost is considered in 

the calculation. As shown, payback periods are over the module’s lifetime and NPV at 30 

years are negative in both cases and in all bypass diodes configurations. 

Table 23 economic analysis considering downtime cost, s3 

 PBP [years] NPV [$] 
Case 1   
One bypass diode >30 -168 771 
Two bypass diodes >30 -88 971 
Three bypass diodes >30 -47 744 
   
Case 2   
One bypass diode >30 -242 544 
Two bypass diodes >30 -163 475 
Three bypass diodes >30 -93 040 
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5.4. Experimental result from the lab 

This chapter presenting the introduction from the testing of the equipment at the energy 

lab, before the field application. The lab results are mostly about some errors which 

occurred.  

5.4.1. Testing of UV-equipment in the laboratory 

The Polycrystalline silicon CNBM-230P in the laboratory showed no visible defects. Figure 

40 displays one cell in the middle of the PV-module, on the image there are no damage or 

defects. The recording was taken with visible light for the Figure 40. 

 

Figure 40 Visible inspection of CNBM-230P with hidden defect 

 

With the UV-technology a highlighted spot could be found, which the eye could not detect in 

visible light in Figure 40. Figure 41 presents the same cell in Figure 40. Figure 41 (a) shows 

the Coast PX10 angled so the flash reflection could not reflect into the PV glass and dazzle. 

Figure 41 (b) is the same cell in the PV-module, where an angle from below was tested. The 

highlighted defect could even be seen during this angle, but also some dust and impurities.   



78 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41 UV-fluorescence inspection of CNBM-230P(a), (b) 

 

a 

b 
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Applying UV-method on the thin film module resulted in reflection from the glass. Figure 42 

is an example of the reflection. Figure 42 (a) displays the flashlight reflection and the 

reflection from the equipment setups. The dark strings are the reflection from the equipment. 

By modifying the angle of the UV flashlight results in detection of dust and impurities on the 

glass, but the wavelength from the radiation did not reach the inner layer of the PV module, 

see Figure 42 (b).   

 

Figure 42 UV-fluorescence inspection of thin film 

 

One defect on one of the SY-M20W was easily detected with the UV-technology. Figure 43(a) 

shows the module in visible light while Figure 43 (b) is the same cell but in UV light. In the 

white background above and beside the cell in the middle, a green neon light can be observed 

in (b). It indicates there are cracks around the cell, but the cell quality has not been affected. 

Figure 43 UV-fluorescence inspection of SY-M20W, visible image (a), UV light (b) 

 

  

a b 

a b 
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5.5. Field application in Dalarna 

The visual examination showed tracks of parallel and horizontal scratches over most of the 

modules, dust shading and snail trails. No glass breakage, encapsulant discoloration or 

encapsulant delamination. The Figure 44 below displays some defects from the visible 

examination. The examined modules A4, A5, B8 and A16 had some snail trails. Snail trails 

from module A4 can be exhibiting in Figure 44 (b). The picture (a) presents bird feces and 

dust shading from spring pollen and some diagonal and horizontal scratch in the glass in (a) 

(d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44 Diagonal scratch seen as (a), snail trail (b), bird fece and dust shading (c) and vertical (d) 

  

a b 

c d 
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5.5.1. IR-technology application 

Figure 45 shows IR-images over A with an irradiance of 900 W/m2. Connection points on the 

back are highlighted by hotspots and the picture to the right (b) shows bird dropping on the 

module below to the left. The dark vertical strings which are lowlights between every 

secondary module is the results of the wooden stand.  

 

Figure 45 IR image: Some modules from array A 

Figure 46 is the IR image of dirt caused by bird droppings at the worst hotspot on module A7. 

Figure 46 (b) is a picture from the back of the panel, showing the wood and aluminium stand. 

The highlighted horizontal strings are the results of the aluminium stand on the backside of 

the module, while the wood stand represents the lowlight strings. The temperatures are 

higher near the aluminium stand and lower near the wood. 

 

Figure 46 IR image: Module A7, front (a), backside (b 
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Module A4 in Figure 47 (a), displays hot spots on the aluminium stand/ under and significant 

overheating of a part of a cell where a visible snail track can be examined. The area with 

potential hot spot can contain a crack. The dark spot in module A4 represents the end grain 

on the backside. Module A5 in (b) has a hot spot in the middle and on the upside and 

downside corner at the aluminium stand. It is possible be a crack but with the position of the 

three hotspots in (b), it is more likely to be the sun reflection.  

 

Figure 47 IR image: Module A4 (a) and module A5 (b) 

Module A16 was the module with most snail tracks. Uneven heat pattern or overheated at 

specific points in individual cells are randomly distributed and significantly hotter, Figure 48 

(a) was taken with automatically adjustment while (b) was adjusted manually. The manual 

adjustment indicates a clearer image for the defects of module A16. Thermal irregularities 

points to a possible loss of electricity yield. 

 

Figure 48 IR image: Module A16, Automatic adjustment(a), Manual adjustment(b). 
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Module B8 shows a hot spot in a cell during a irradiation of 810 W/m2, under the worst 

hotspot there is a large hot spot area at the front, see Figure 49 (a) and on the backside (b), it 

dissipate more power, which produce colors corresponding to higher temeprature. 

 

Figure 49 IR image: Module B8, front (a), backside (b) 
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Module B17 had the most visible scratches in the glass, Figure 50 (a) shows a hot spot area 

around one of the visible scratches. The image (c) highlighting the vertical scratch with 

manual adjustment, the visible scratch can be seen in Figure 50  (c). Picture number (b) is an 

overview of B17, module B34 displays a hot spot.  

 

Figure 50 IR image: Module B17, front Automatic adjustment(a), backside Automatic adjustment(b), front 
Manual adjustment (c), module B17 and B34 (d)  
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5.5.2. UV-technology application  

Figure 51 displays the vertical scratch which can be observed in Figure 44 (d). The vertical 

scratch highlights in the light from the UV flashlight, the image above in Figure 51 was taken 

with a close range with the flashlight to concentrate the UV light, while the image under in 

the same figure was taken with a larger distance to record the whole scratch. But the 

flashlight reflection can clearly be observed. The picture above with the closer range became 

more illuminated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51 UV-fluorescence inspection of Module B17 
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The Figure 52 can be seen visible in Figure 44 (b), it is the snail track at the bottom. The UV-

technology could detect the snail track and along the plate bracket, some small highlight can 

be seen where the snail track begins in Figure 52. (a) exhibits the reflection from the 

flashlight from an angle above, while the (b) displays an angle from below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52 UV-fluorescence inspection of Snail track1 in Module A4 
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There were several snail tracks in Module A4, many snail tracks were examined with the UV-

technology, some of them did not respond to the UV-light as well as the other. As the Figure 

53 exhibits, the UV-light could not detect the vertical snail track so easily. 

 

Figure 53 UV-fluorescence inspection of Snail track2 in Module A4 
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Figure 54 presents highlighted marks in one of the cells almost at the bottom of the left 

corner in Module A5. It is placed toward the aluminium stand. These marks in Module A5 

could not be seen with the visible light, but with the UV-technology it became visible.  

 

Figure 54 UV-fluorescence inspection of Module A5 
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Figure 55 shows a snail track in Module A5, where it clearly can be seen with concentrated 

UV light. The snail track extending from the bracket to the end of the cell. It might indicate to 

a microcrack, since it can clearly be examined with the UV light. The flashlight reflection can 

be examined at the upper corner. 

 

Figure 55 UV-fluorescence inspection of Snail track6 Module A5 
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6 DISCUSSION  

The discussion includes the study’s results in relation to previous work. Assumption during 

simulations, defects in PV modules, calculations, error occurred during the experiment, UV 

and IR differences.  

6.1. Defects in PV modules 

A lot of different studies was treated and analysed in this thesis, only the most common types 

of defects in PV modules (cracks, delamination, discolouration, hot spot, snail trails and fault 

in cell and interconnection ribbon) was documented. It is not easy to categorize these defects 

as infant, midlife or wear out failures because many factors both internal and external at the 

field affect the PV modules life and performance. Failures can appear in PV modules at the 

start of working life as an infant failure and then they can grow over time and continue until 

the working life of PV modules are ended as a wear out failure such as cracks. PV modules get 

different kinds of pressure already in the production phase and then the pressure is increased 

during the transport and installation. Improper choice of the components of PV, wrong 

system design, applying of poor-quality cells, less engineering knowledge, installation errors 

and using of bad quality material are some of the factors that do not allow to have a highly 

efficient PV system that can deliver good amount of energy.  Manufactures have the highest 

responsibly to deliver solar modules with high quality and reliability. 

It would have been good if the manager of the companies ensure that their manufacturing 

operations are managed in effective ways and that means to be sure that the quality of 

operations, from the PV cells design to transport and installation are high. It would also be 

good that the manager controls that the accurate material of PV cells are distributed in the 

correct quantity, at the correct place and also at right time. Furthermore, management of the 

time in an effective way by the manager allow them to monitor that they have used the right 

components in the PV cells design. It is also good that manufactures avoid overproduction, 

that they avoid producing PV modules based on anticipation of future demand and just focus 

on present demands. Continuous and preventive maintenance of PV modules in solar 

industries can increase and improve the quality of the manufacturing and operational 

managements. Maintenance is a key factor that can improve the overall performance and 

quality of PV modules. Using of different kind of tests for detection of defects in the PV 

modules such as UV and IR, before PV modules leave the manufacturing process and even in 

the field can be very helpful to deliver high-quality PV modules or fix the error quickly in the 

beginning before the defects become serious. Finally, working in different teams to develop 

new products with high efficiency and quality can enhance the place of PV modules at market 

and increasing the usage of solar cells which in turn can facilitate the achievement of the local 

and global sustainable goals. 
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6.2. Assumptions during simulations  

It has been taken a lot of considerations based on literature studies and if it can be 

reasonable. First, the performance losses that have been used during the calculation are 

taken from different studies implemented in different countries. This will be affecting the 

result a lot because there are many factors that play a role such as environmental conditions, 

the quality of the module, the way of the production, transportation and installation of the PV 

modules etc. On the other hand, in this study, only the impact of defects on some modules in 

different cases are simulated. In reality, it may be about more or less modules that have been 

affected by various defects. In the simulation, the occurrence of defects in the PV modules as 

infant, midlife or wear out failures are taken from different studies such as Köntges el al. 

(2014) but as mentioned before, a lot of factors can influence the occurrence of defects so that 

they can appear in the PV modules anytime depending on conditions and that can affect the 

result of simulations a lot. We did not find a study that would say that each specific defect 

occurs in a certain time, place and influence on the production. The studies used in the 

simulations are based on different investigations with different calculations method and 

considerations and how accurate the calculation methods and assumptions are affecting the 

result in this study. 

During the simulations, it has been considered that the occurrence of different kinds of 

defects increases in PV modules during different years. This consideration is taken because 

according to some literature studies, PV modules in the field experience different kinds of 

environmental stress during their lifetime which increase the risk for degradation mechanism 

of PV modules. This can affect result because it depends a lot on the environmental factors. 

The study is based on examining each specific defect on the PV modules individually. In 

reality maybe, different types of defects occur in PV modules together for example 

delamination+ cracks+ hot spots. The simulation time was taken as 30 years because 

monocrystalline PV panels have a lifespan of 25-30 years according to ecotality (2019). 

Although the life of the PV module is between 25-30 years, the PV module continues to 

generate electricity. 

6.3. Calculations   

In scenario 1, it can be observed that occurrence of delamination in PV modules leads to the 

highest reduction of electricity generation and performance parameters. After delamination, 

discoloration, snail trails and hot spots have the negative impact on the electricity 

generations and performance parameters. One of the reasons is because of the high-power 

loss that occurrence of delamination contributes in PV modules. These four defects are very 

serious in view of the losses they cause. The effect of delamination on the economic exchange 

is also huge where it will not be economically viable if the PV modules are affected by 

delamination. A negative NPV in this case indicates that the amount the cost is more than the 

amount of the revenues (cash flows) which means that the investment of the project is not 

economically profitable. A very low IRR in this case warns that there is no potential to grow 

in the project and this leads to loss. It takes 28 years in this case to recover the cost of the 
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investment and compared to the module's lifetime which is 30 years, the investment will not 

be profitable because it is a long payback period. Discoloration and snail trails in PV modules 

also contribute to longer PBP of 21 years but still there are 9 years left of the module’s 

lifetime and on the other hand the NPV is still positive in these cases, so it is still 

economically. 

In scenario 2 the impact of different defects on the production and performance parameters 

on only one module was examined. The impact of snail trails, delamination and hot spots on 

electricity production and performance parameters are very high. The reason why snail trails 

in this scenario contribute to the highest impact on the production, performance parameters 

and economic exchange compared to occurrence of delamination which has the highest 

impact in scenario 1 is that in scenario 1, it is a bout a whole plant but in scenario 2, it is 

about one module. In other words, delamination depends mainly on the quality of the 

material and occurrence of the delamination in PV modules increase the risk for the rest of 

the PV modules special if the PV modules are from the same manufacturers. 

In scenario 2, the module loses about 73. 5% of its output in the case of snail trails and 72.6 

and 69 % in the case of delamination and hot spots. The reason why snail trails contribute to 

the highest power loss compared to delamination, is that snail trails has been occurred in the 

PV module as an infant failure and already from year 6, it influences the amount of electricity 

generation while delamination begins its negative effect on production from year 15. Hot 

spots also start their negative impact on the production as an infant failure but the reason 

why snail trails and hot spots differ is the range of power loss where snail trails have a little 

higher value. These are also the reason for changes to performance parameters. It will 

definitely not be economically viable if the PV is affected by snail trails, hot spots and even 

delamination. The worst case is occurrence of snail trails in the PV module where it takes 

seven years more to recover the cost of investment compared to the payback time without any 

defects in the PV module. Furthermore, a negative value of NPV indicates that the mount of 

the cost will be more than the revenues. Furthermore, with a zero value of the IRR, an 

information that the investment has no potential to grow can be discovered. Hot spots also 

contribute to a negative NPV and longer payback time. The value of NPV is positive in the 

case of delamination but the value is very low. On the other hand, the LCOE is high and the 

value of IRR is very low, so occurrence of delamination is not either considered economically 

viable. 

Electricity generation and performance parameters are more affected in the case of modules 

with only one bypass diodes when one cells stop working or there are defects in bypass diodes 

in the modules. Modules with two and specially three bypass diodes perform better during 

defects in bypass diodes and non-functioning cell so different bypass configurations can 

present different performance. Modules with three bypass diodes perform better compared 

to two and one bypass diode. The worst case, as mentioned before is for modules with only 

one bypass diode where the productions become zero after 24 years in the case of non-

functioning cell and after 21 years in the case of defect in bypass diode. In the case of two 

bypass diodes, PV modules lose about 82 % of their production when one cell stop working in 

some modules and when it comes to fault in bypass diode, they do not deliver electricity after 

year 28. The reason why they differ is because the number of PV modules that are affected by 
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fault in bypass diodes are more than modules that are affected by non-functioning cell. In the 

case of modules with three bypass diodes, PV modules lose about 59 % of their production in 

the case of non-functioning cell and 81 % in the case of fault in bypass diodes. The investment 

will not be profitable in both cases. Payback period in both cases become longer than the 

modules lifetime which means that the cost of investment will not be recovered during the 

lifetime of the PV modules. A negative NPV indicates that the investment in that case will not 

be financially profitable due to the costs that will be more than the cash flow in. One of the 

reasons is because of the huge electricity losses in both cases. During the calculation, the cost 

of down time as missing production is considered. It is maybe better if the owner fixes the 

affected modules by replacing them or replace the bypass diodes when these defects occur 

otherwise, there will be large losses on the investment.  

6.4. UV and IR application 

UV and IR are two different technologies to detect errors or defects. An analogy thing 

between these two methods; they can both be implemented without disconnecting the 

system. Which means that in order to perform the tests, the system does not need to be to 

turn off or be taken apart. IR is a common method which are being used today and there are 

several scientifically articles about it, while the UV method is a completely new technique for 

characterizing the PV modules. Since the technology is new, there is no standard concerning 

how to perform and evaluate UV image processing, which were explained in the problem 

statement. The IR method was implemented during the day because IR measures the heat 

energy in form of radiation extracting from the object. The UV method re-emits light within 

its emissions band after absorbing light or other electromagnetic radiation within its 

absorption band. The experiment required to be performed in the dark, in order to recording 

electromagnetic radiation. The selected UV light was recommended at the police station, 

since this was a first attempt to perform a UV investigation in the energy lab at MDH. By 

using the UV flashlight on a e.g. banknote, highlighted the hidden florescence which 

indicated that the banknote was real. In a dark room the flashlight highlighted spots like 

water leaks, which could not be seen with the existing ceiling lamp.  

6.5. Snail tracks and microcracks 

King, et al. (2002) indicates temperature distribution at the surface gives an idea about the 

internal structure, which can be examined in example Figure 12 from Kaplani (2012). Figure 

47 (a) in results from the IR recording displays difference temperatures, which indicates for a 

possibility to defects. Every module in every array have a hot spot where the J-box is located. 

Part of the cell in Figure 47 (a) is warmer, the possible failure reason can be a broken cell, 

disconnected string/ interconnects. From the visible analyse the cell had a snail crack across 

the bottom. Figure 52 shows the snail track recorded with UV. There are some small 

highlighted spots where the snail track begins. Some snail track was harder to record than 

other, some of them were clearly discovered. Example Figure 55 displays a snail track of one 
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cell in Module A5, compare with Figure 53 in Module A4 of a vertical snail track, Figure 53 

were harder to detect. The UV light could detect the dark mark of snail tracks and highlighted 

some spots in some of the snail tracks, which was difficult to detect in visible lights.   

According to studies, mere existence of snail trails by itself does not affect power generation. 

Example a study by Guangda et al. (2015) does the microcracks moisture and peroxide 

residue in encapsulant and contribute to snail trails. But according to Meyer et al. (2013) it is 

not always possible to find a crack behind a snail track. According to the results from the 

FLIR camera with the shifting temperature during multiple recordings, so is it possible to 

locate a microcrack in Module A4. Figure 48 presents the Module A16, it was the module with 

most snail tracks. By only examine the IR recordings for A16, individual cells are randomly 

distributed and significantly hotter, according from Figure 6 so can possible failures be 

defects in bypass diodes or connections errors. With the visible inspection, it indicates it is 

more possible to be microcracks causing the various temperature. But the occurrence of the 

snail tracks is something to discuss. All the 60 modules were imported for over 2 years ago 

from England. When the CEO told us that they were used and imported from England, we 

expected them to be full of defects. But with the IR and UV survey we got the opposite 

proved. The modules in Dalarna were in good condition. The visual examination showed 

tracks of parallel and horizontal scratches over most of the modules, dust shading and snail 

trails. No glass breakage, encapsulant discoloration or encapsulant delamination. The 

module with the most visible defects was A16, with the snail tracks all over. Microcracks 

mainly occur during production, by accident and according to WINAICO (2016); with poorly 

equipment and if operators do not have enough experience. But since the rest of the modules 

do not have the same pattern of snail tracks and the other modules was in good conditions 

without snail tracks, it can be established that the ReneS la uses suitable machines and tools 

for production. This microcracks in module A16 can contribute about a maximum loss of 

2.5% of the power loss according to Köntgers (2010), that if the microcracks have not 

damaged the electrical connection which is between the fragments and the cell.  

 

6.5.1. Hypothesis about snail tracks and delamination 

There were no traces of delamination, even if delamination is the most common failure types 

for PV module in the field. Probably because the plant has only been exposed for a few years. 

Schnelller et al. (2016) describes delamination as an origin from cheap material, wrong 

processing and where poor glass cleaning method in the manufacture process can be one of 

the reasons. Ndiaye et al. (2013) explain that moisture ingress in the PV modules which leads 

to different sorts of physical and chemical degradation for example inducing corrosion in the 

metal. Which leads to a hypothesis that the A16 can be exposed to delamination in the future. 

The are no scientifically answers about this reflection. But since snail trails is the cause of 

moisture enter through the back sheet and diffuse to the cell surface, according to Ganesh 

(2018). So, the discoloration of the snail tracks might expand and transforms into 

delamination. If this occur, it might lead to a power loss of about 17.9 % of the PV module, 

according to Nochang et al. (2013). During the UV experiment, a failure or at least a 
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beginning to a failure could be discovered in Module A5. The IR and the visible inspection 

could not discover the defected cell. But it may be a beginning to delamination/discolouring. 

6.6. Cracks and hot spot in the examined modules 

Some modules indicated to have a lot of cracks during the visible inspection, like B17. 

Applying the IR-technology at the knowing locations resulted in unexpected results. 

Inspection of the module displays the area with potential hot spot contains a crack, according 

to a study by Salazar and Macabebe (2016). The results from the IR camera during the felt 

application did not increase in temperature on the crack. A clearly vertical crack can be seen 

in Figure 44 (d), the same crack can be examined in Figure 50. The hot spot is highlighted 

beside the crack, the vertical crack is more suppressed, see Figure 50 (c). Applying the UV 

method illuminated the same crack, can be seen in Figure 51. Analyzing the UV images with 

similar studies indicates that there is a crack, unfortunately due to copyright reasons, the 

pictures in the electronic edition are missing from the two articles about UV. But comparing 

the IR images with similarity studies indicated that the crack actually resulted to be a scratch 

in the glass. 

Some recordings with the IR-technology showed hot spot in some modules. Applying the UV 

method at the known hot spot did not give any significant overview of the hot spot. The Coast 

PX10 did not have the possibility to highlight several cells. To locate a hot spot, 

electromagnetic radiation within its absorption band should differ in shades during the 

recordings. Example like  

Figure 9 where disconnected cell interconnect, where the UV light feature the different 

shades. A future study is to use the UV over a several cells at one time, by only recording one 

cell at the time takes a very long time. IR recordings was easier to make to detect the 

hotspots. But to give a more accurate results and take the measurement from a longer 

distance, it will require more expensive equipment and software. According to King, et al. 

(2002) the primary disadvantage of these systems is the cost for camera, multiple lenses, 

software, and other miscellaneous components will lead to a cost about $50,000. To make a 

such large investment in equipment is more profit for a company. With good equipment and 

education with IR, a survey under the right conditions can give a good overview of the plant, 

which means that several examinations are not necessary.  

 

6.7. Errors during recordings 

PV module can show abnormally surface temperature even without indication to 

inhomogeneity or defects. The angle and reflection from surrounding can be misleading. IR 

requires the sun as a heat source to reduce the sources of errors. All the field experiments 

were done several times over a couple of days, trying to eliminate the external factors. Like 

shadows from surrounding and reflection from the clouds. Taking IR recordings from the 
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backside of the PV module was recommended by Testo (n.d), to neglect the glass reflections. 

All the modules on the field was mounted on free standing solar racks, but the racks on the 

backside prevented the recordings. Dark vertical lines, spots and bright horizontal lines can 

be seen in all IR figures in the results. The wood stand and the aluminium stand indicated in 

errors in the recordings, which made it more difficult to examine the results. During one 

recording with the UV in module A5 over a hot spot caused by sun reflection and the 

aluminium stand in the IR study, turned out to have some defects. Figure 54 shows some 

highlighted marks in one of the cells almost at the bottom of the left corner, see Figure 47 (b). 

These marks could not be seen during the visible inspection. Even if some results indicated 

hot spots, it is hard to find a remedy. In a study of 2590 PV modules in U.K, 92.15 % turned 

out to have hot spots according to Dhimish et al. (2018). According to DuPont (2017) to 

decrease the risk for hot spots are to identify the situations that contribute to hot spots and 

try to prevent and remedy them by for example removing the object that leading to shading 

or performing cleaning cycle and optimizing the electrical connection. In this case in Dalarna, 

it could be to reconstruct the aluminium stand. 

Some car lightning was a disturbing factor when they drove by during the UV recordings. 

Fortunately, the PV modules was located away from a trafficking road, otherwise the car 

lightning would have been a big problem. Applying the UV method in a city or by a large road 

would have been a big problem, several errors would have arisen because of all the lights and 

shadows. With the wrong angle during the recordings occurred flashlight reflection in the 

glass, which can be seen if some figures in the results. A hypothesis for the solution to 

implement the UV method would have been to build like a tent to shield external factors. This 

may make it possible to perform the study during daytime. It was very cold to record during 

night and the experiment was interrupted several times. It was not possible to use gloves for 

protection from the cold, since it was hard to calibrate and change the settings of the 

equipment. IR recordings could be taken of the upper array in A and B, but it was not 

possible with UV. A more flexible application of the UV method is required. UV protection 

glasses was not necessarily but is highly recommended. The light from the UV flashlight 

reflected into the glass and after a while exposed, the eyes started to hurt. It can damage your 

heath by being exposed for a long time. But the UV method required manually calibration 

and adjustment for each recording, which made it difficult to see with the UV glasses through 

viewfinder.  
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7 CONCLUSIONS 

In this section the main conclusions of the study are presented. 

7.1. Occurrence of defects and actions for minimizing  

The most common defects that cause damage in the PV modules are encapsulant 

delamination, encapsulant discoloration, hot spots, snail trails, cracks, fault in cell and 

interconnection ribbon. Cracks in PV cells can occur in different forms during production, 

installation and transportation or due to the climate conditions. Snail trails can be caused by 

moisture which enters through the back sheet and diffuse to the cell surface. The occurrence 

of discoloration is due to thermal cycles and poor quality of encapsulant where it decreases 

the light transmission to the PV cells which decrease short-circuit current (ISC) and thereby 

less energy output. Furthermore, discolouration contributes to producing of acetic acid which 

leads to corrosion of metallic contacts and collecting of volatile gases. Delamination, which 

the reasons are using of poor quality of material, poor maintenance (such as insufficient 

cleaning of PV module, control of the components, vegetation management, removal of snow 

or sand etc) and processing, reduce the capture of light and lead to moisture ingress in the PV 

modules which contribute efficiency losses. Hot spots are caused by underperforming cells 

(shadowed or faulty cell) which act such as a resistor where they convert the produced 

current into heat where the reasons can be poor maintenance and processing. 

Improvement of the production processes such as more efficient packaging, testing the PV 

modules during different mechanical loads and thermal cycles, using better equipment such 

as automated soldering, increasing the knowledge of the staff and applying defect’s detection 

methods, the cracks during the production can reduce. By avoiding the formulations that 

have additives in the EVA encapsulant, testing encapsulant packages during the high thermal 

cycles and maintenance of PV modules in the field by manufacturers occurrence of 

encapsulant discolouration can reduce. Using of adhesives and primers that are more secure 

to humidity and UV light, checking and testing the selected raw material and process and 

improvement of them if they do not meet the requirement can mitigate the occurrence of 

delamination in PV modules. Continues maintenance of PV modules and selecting material 

that are consisting of a high level of thermal stability are factors that can reduce hot spots. 

7.2. Production, performance parameters and economic exchange  

The PV system built in PVsyst generates about 25.38 MWh/year, with a specific production 

of 1015 kWh/kWp/year and a performance ratio of 84.2 %. The fill factor (FF) is estimated to 

about 80 % and the capacity factor has been calculated to 11.8 %.                                                 

In scenario 1, occurrence of delamination in PV modules has the highest impact on electricity 

production, performance parameters and economic exchange while LID and age degradation 

have the lowest impact. Delamination in PV modules leads to the highest electricity losses at 

6.6 MWh in year 30 (26 % loss of initial production) and lowest efficiency, performance ratio 
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and capacity factor where the values end up at 75 %, 62 % and 8.6 %, respectively. 

Occurrence of delamination also contributes to a longer payback time of 28 years, a negative 

NPV (-4 159 $), a low IRR (1.1 %) and a high LCOE of 0.1232 $/kWh. After delamination, 

occurrence of discolouration, snail trails and hot spots have the highest effect on the 

electricity generation, performance parameters and economic exchange.  

In scenario 2, the electricity production, performance parameters and economic exchange are 

more affected when snail trails occur in the PV module. Snail trails lead to the highest 

electricity losses where the value ends up at 187 kWh in year 30. The efficiency of the 

electricity generation, PR and CF decrease a lot where the values end up at 26.5 %, 22.3 % 

and 3 %, respectively. Occurrence of snail trails in the PV module also contribute to a long 

payback time of 25 years, a negative NPV of -50 $, a low IRR of 0.6 % and a high LCOE of 

0.1133 $/kWh. After snail trails, delamination and hot spots have the highest impact.  

In scenario 3, in both cases, impact of the non-functioning cell and fault in bypass diodes are 

highest in the PV modules with one bypass diodes compared to PV modules with two and 

three bypass diodes. Modules with one bypass diodes perform the worst because no 

electricity production takes place after about 20 years which means that the efficiency of 

electricity generation, PR and CF become zero in that case. Modules with three bypass diodes 

perform much better but the investment is not profitable regardless due to the negative NPV 

and longer payback time than the modules lifetime. 

7.3. The differences between UV and IR techniques 

The UV and IR recording were implemented during night and day. UV was performed during 

night and the IR during the day. The UV experiment required more equipment than the IR 

recording. The IR was more flexible in the measurements and could record the upper array A 

and B, while the was a limitation in recording with the UV. Coast Px10 had a limitation in the 

flashlight radius, which required a closer range than the IR. The UV was manually adjusted 

for the recordings and was a bit more difficult to record, cause of the cold night weather and 

all calibrations. The IR- technology was easier to work with, during the right conditions. IR 

could discover hot spots easy, example at snail tracks. But it also recorded the wood and 

aluminum stand on the back through the front panel. The UV light highlighted what the eyes 

could not see in the visible light and even some small defects which the IR could not discover.  

Table 24 is the conclusion of defects which could be discovered on the modules during the 

experiments in the laboratory and field application. 

Table 24 Conclusion of detected defects with UV and IR 

Type of defect UV IR 
Hot spots no yes 
Cracks yes yes 
Snail tracks yes no 
Snail tracks with microcracks yes yes 
Scratches  yes no 
Beginning to delamination/discoloration yes no 
Dirt yes yes 
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7.4. The impact of external factors on the result of the experiment 

Applying the UV method in the laboratory highlighted some defects on the laboratory 

modules. The thin film indicated in more measurement errors than the poly, the shadows 

from the equipment could be examined in the recordings. The UV flashlight was easily 

reflected during the wrong angle. The light could be controlled during the experiment, but 

the UV application was more difficult to control during the field experiment. The flashlights 

from the cars which drove by, was reflected in the modules. Surrounding lights from houses 

or other lighting sources can easily be indicated in errors. The weather had the greatest 

impact during the recording. Both for UV and IR, but mostly for the IR application. Since 

reflection of the surrounding, like trees, clouds and shadow from house can indicate in 

errors. The temperature and time had an impact on the results. The external factors were 

something which could not be controlled during the field experiment.  

8  SUGGESTIONS FOR FURTHER WORK 

Applying the UV technology in future research would require more study and development. 

This study was performed with a small UV-lamp with a limited radius, to compare more than 

one cell at a time, it will require a stronger UV lamp. The UV can highlight defects that IR 

cannot detect. For the future research for the UV application would be to make it easier 

accessible to analyse even modules high up, over wide range and during daytime. The 

calibration and adjustment through computer to avoid eye injury.  
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APPENDIX 1: EQUATIONS 

By Equation 31 the energy of the array is calculated where it can be used then during the 

calculation of the specific energy of the array in Equation 32. The area of PV array is 163 m2, 

the efficiency of the array is about 16 % and effective global corrected solar irradiance is 1000 

W/m2. 

𝐸𝑎𝑟𝑟𝑎𝑦 = 𝐴 ∗ ƞ𝑃𝑉 ∗ 𝐸𝐺𝐶𝑆𝐼      [kWh] Equation 31 
 

where 

• 𝐸𝑎𝑟𝑟𝑎𝑦= energy output from PV array [kWh] 

• 𝐴=area of the array [m2] 

• ƞ𝑃𝑉= efficiency of the module under condition of STC [%] 

• 𝐸𝐺𝐶𝑆𝐼= effective global corrected solar irradiance [kWh/m2, year] 

 

By Equation 32 the specific energy of the array is calculated where the energy of the array is 

calculated by Equation 31. The installed capacity of the PV system is 25 kWp. 

𝑆𝐸𝑎𝑟𝑟𝑎𝑦 =
𝐸𝑎𝑟𝑟𝑎𝑦

𝑃𝑆𝐶
    [

𝑘𝑊ℎ

𝑘𝑊𝑝
] 

Equation 32 

 

Where 

• 𝑆𝐸𝑎𝑟𝑟𝑎𝑦=specific energy generated by PV array [kWh/kWp] 

• 𝑃𝑆𝐶= installed capacity of the PV system [kWp] 

 

 

The efficiency of the array is calculated by Equation 33 where the energy of the array is 

already calculated in Equation 31.  

ƞ𝑎𝑟𝑟𝑎𝑦 =
𝐸𝑎𝑟𝑟𝑎𝑦

𝐴 ∗ 𝐸𝐺𝐶𝑆𝐼
∗ 100       [%] 

Equation 33 

 

Where  

• ƞ𝑎𝑟𝑟𝑎𝑦= PV array efficiency [%] 

 

The specific energy of the grid is calculated by Equation 34.  

𝑆𝐸𝑔𝑟𝑖𝑑 =
𝐸𝑔𝑟𝑖𝑑

𝑃𝑆𝐶
     [

𝑘𝑊ℎ

𝑘𝑊𝑝
] 

Equation 34 

 

Where 
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• 𝑆𝐸𝑔𝑟𝑖𝑑 = specific energy generated from the PV system [kWh/kWp] 

• 𝐸𝑔𝑟𝑖𝑑= injected energy to the grid [kWh] 

 

System efficiency is estimated by Equation 35. 

ƞ𝑠𝑦𝑠𝑡𝑒𝑚 =
𝐸𝑔𝑟𝑖𝑑

𝐴 ∗ 𝐸𝐺𝐶𝑆𝐼

∗ 100    [%] 
Equation 35 

Where  

• ƞ𝑠𝑦𝑠𝑡𝑒𝑚= the efficiency of the system [%] 

 

 

The average daily energy injected to the grid can be calculated using Equation 36. 

𝐴𝐷𝐸𝑔𝑟𝑖𝑑 =
𝐸𝑔𝑟𝑖𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ
         [𝑘𝑊ℎ] 

Equation 36 

Where 

• 𝐴𝐷𝐸𝑔𝑟𝑖𝑑= average daily energy injected to the grid [kWh] 

 

 

The average hourly energy injected to the grid can be calculated using the Equation 37. 

𝐴𝐻𝐸𝑔𝑟𝑖𝑑 =
𝐸𝑔𝑟𝑖𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑜𝑢𝑟𝑠 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ
   [𝑘𝑊ℎ] 

Equation 37 

 

• 𝐴𝐻𝐸𝑔𝑟𝑖𝑑= the average hourly energy injected to the grid [kWh] 

 

 

By Equation 38, fill factor for constructed model in PV syst is calculated.  

𝐹𝐹 =
𝐼𝑀𝑃 ∗ 𝑉𝑀𝑃

𝐼𝑆𝐶 ∗ 𝑉𝑂𝐶
 [%] 

Equation 38 

 

Where 

• 𝑉𝑀𝑃 =voltage at the point of maximum power [V] 

• 𝐼𝑀𝑃= current at the point of maximum power [A] 

• 𝑉𝑂𝐶= open circuit voltage [V] 

• 𝐼𝑆𝐶= short circuit current [A] 
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APPENDIX 2: FIGURES  

The figure exhibits the calculated monthly specific energy which is the relationship between 

the energy output and the peak installed capacity. The annual calculated specific production 

from PV array is about 1075 kWh/kWp where December has the minimum specific energy 

prediction (15,92 kWh/kWp) and May has the maximum specific energy prediction (154.08 

kWh/kWp). The total annual specific production at the grid side is about 1015 kWh/kWp 

where the maximum production is in Maj (145.92 kWh/kWp) and minimum production is in 

December (145.92 kWh/kWp).  

 

Figure 56 specific energy 

 

 

Figure 57 presents how electricity losses grow over time due to defects in PV modules in 

scenario 1. Delamination in PV modules contributes to the highest electricity loss where the 

value ends up at 6.6 MWh at year 30. After delamination, discoloration, snail trails and hot 

spots lead to a high electricity loss where the values in year 30 end up at 5.8, 5.6 and 5.4 

MWh respectively. Age degradation contributes to an electricity loss of about 3.7 MWh at 

year 30. 
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Figure 57 electricity loss due to different defects 

 

Figure 58 shows how electricity losses grow due to different defects in the PV module. The 

three defects that contribute to highest energy losses are snail trails, delamination and hot 

spots. Snail trails lead to an electricity loss of about 187 kWh in year 30 and delamination and 

hot spots contribute to a loss of about 184 kWh and 174 kWh, respectively. 

 

Figure 58 electricity loss due to the different defects 
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From figure 60, it is observed how energy losses grow rapidly if one cell stops working in 

some modules with 1 diode model while energy losses are considerably less in the case of 

modules with 3 bypass diodes. The total energy loss from modules with three and two diodes 

models are about 15 and 20 MWh, respectively while in the case of one diode model, the 

losses become more than the production after 23 years. 

 

Figure 59 electricity loss, s3 case 1 

The energy losses (L) grow rapidly in module with one bypass diode compared to other 

bypass diodes configurations as shown in figure 61. The total energy loss at the end of year 30 

is about 20.6 MWh for modules with three bypass diodes while in the case of one and two 

diodes models, the losses become more than the production from 23 and 27 years, 

respectively. 

 

Figure 60 electricity loss, s3 case 2 
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APPENDIX 3: MODEL IN PVSYST  
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APPENDIX 4: INTERVIEW 

 

16/04/2019 recorded oral interview with CEO for Vanhälls Såg AB 

När inskaffades solcellerna? 

De köptes in för två år sedan, jag har byggt ut de efter hand. Jag började för två år sedan med 

Suntrackers och hade bara 12 paneler, sedan har jag byggt ut den. 

Du nämnde tidigare att den var begagnad, kan du berätta lite om den? 

Den är från stora installationer från England, de såldes ut från en auktion. Solmodulerna 

köpte jag från en man, boende i Stockholm, hans son körde lastbil mellan England och 

Sverige. 

Vet du hur många år modulerna var innan du köpte in? 

Den var helt ny, de var nya. 

ReneS la är de flesta efter komplettering. Men sen så köpte jag 19 som är av annat märke. Det 

är ungefär samma effekt på dem, men skiljer 5 watt, vilket gick bra att seriekopplade med 

varandra. 

Hur mycket producerade anläggningen förra året? 

12 000 kWh är de officiella siffrorna.  

Vilken vinkel har modulerna? 

Den närmast byggnaden är mot söder, den är 90 grader, medan den andra är mot öster och 

är runt 60 grader. 

Den är 15 000 kW, eller egentligen 15,6 på elförbrukningen. Invertern är på 10 kW, så jag har 

vridit solcellerna så att jag får elproduktion hela dagen, istället för att sätta mot söder i 42 

grader för att få optimalt. För då måste jag ha en större inverter och jag får en peak mitt på 

dagen. 

Är du nöjd med solcellsinvesteringen? 

Ja, den har betalat sig på 2 år och jag planerar att utöka till flera moduler. 
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APPENDIX 5: METEONORM 
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