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AN INVESTIGATION OF POTENTIAL INDUCED DEGRADATION OF 

SOLAR PHOTO-VOLTAIC MODULES UNDER MALAYSIAN CLIMATE 

CONDITION 

ABSTRACT 

Photovoltaic (PV) modules experience unanticipated decline in lifespan due to high 

voltage stress (HVS) of large PV string recognized as potential induced degradation 

(PID). Real-time data on PID behaviour of PV module under the climate conditions of 

Malaysia is necessary to estimate the operating capacity of a PV plant which far 

deviates from the installed capacity after several years of aging. On-site degradation 

characteristics of PV module under the typical Malaysian climatic condition have been 

investigated. A quantitative characterization method of PV modules degradation by 

using electroluminescence (EL) imaging technique has been introduced in this research. 

About 42% degradation of PV module has been noticed due to nine years field aging 

under a negative voltage stress produced from 240 V string, whereas during the same 

period the PV module degrades about 17% over as a consequence of light induced 

degradation (LID). Shunt resistance of negative end PV module is found 75% lower 

than that of the positive end module. PV cell crack initiation is observed to be 

accelerated as a result of cyclic high voltage stress at on-site. The LID characteristics of 

different poly and monocrystalline silicon PV modules due to real field aging for 

various time spans have been measured by EL imaging along with the measurement of 

maximum power and analysis of dark I-V curve. Degradation values of PV modules 

obtained are 1.78, 7.06, 13.92, 17.04 and 17.42% due to aging for a period of 8 months, 

16 months, 4 years, 9 years and 11 years respectively. This degradation is due to the 

reduction in shunt resistance which declines gradually as a result of aging. 

PID of PV module depends on the leakage current characteristics. Effect of various 

operating parameters for example PV module temperature, wet surface condition, dust 
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and salt deposition on module surface and aging on leakage current behaviour are 

investigated by applying high DC voltage stresses in laboratory condition. Dust 

particles collected from the PV plant site are characterized by means of field emission 

scanning electron microscopy (FESEM), energy dispersive X-ray (EDX) spectroscopy 

and X-ray diffraction (XRD) techniques. It has been observed that, the leakage current 

increases with the increase of voltage stress at room temperature. An increase of module 

surface temperature causes a moderate increase of leakage current, but the rising trend is 

drastic in the presence of water film on module surface. Leakage current values under 

1500 V stress are found 7.8, 8.9 and 29.8 µA at 25°C (dry), 60°C (dry) and 45°C (wet) 

conditions, respectively. The leakage current increases linearly as a consequence of 

increase in salt existence. Slight amount (2gm/m
2
) of dust along with water film is 

found sufficient to trigger leakage current generation in PV module. Tiny dust particles 

as observed from FESEM are found to attain charged state and can easily attach with 

ionic compounds that exist in coastal areas, which further instigate the leakage current 

flow in PV module. Aging of the PV module causes dwindle in leakage current as well 

as PID resistance property of PV modules resulting from the decline of encapsulant 

electrical resistance. 

 

Keywords: potential induced degradation; PV module; leakage current; aging effect; 

EL imaging. 
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PENYIASATAN KE ATAS DEGRADASI TERARUH POTENSI BAGI 

MODUL SOLAR FOTO-VOLTIK DI BAWAH KEADAAN IKLIM MALAYSIA 

ABSTRAK 

Jangka hayat modul fhotovoltaik (PV) berkurangan akibat daripada tekanan voltan 

tinggi dari saiz tali PV yang besar; yang dikenali juga sebagai ‘potential induced 

degradation (PID)’. Data sebenar PID pada modul PV di bawah keadaan iklim Malaysia 

adalah perlu untuk menganggarkan kapasiti operasi sebuah jana kuasa PV yang jauh 

menyimpang dari jumlah kapasiti asal selepas beberapa tahun beroperasi. Siasatan 

mengenai kelakuan PID pada modul PV telah dijalankan di bawah iklim Malaysia yang 

tipikal. Proses pengukuran degradasi kuantitatif modul PV melalui pengimejan EL telah 

diperkenalkan didalam penyelidikan ini. Pemerhatian mendapati bahawa modul PV 

merosot sebanyak 42% akibat dari penuaan medan selama 9 tahun di bawah tekanan 

voltan negatif yang dijana daripada saiz tali 240V, manakala modul PV menurun 

hampir 17% dalam tempoh yang sama disebabkan oleh  cahaya degradasi teraruh (LID). 

Rintangan selari modul negatif adalah 75% lebih rendah daripada modul positif. 

Retakan modul dipercepatkan akibat daripada tekanan voltan tinggi siklik di tapak jana 

kuasa PV. Kadar cahaya degradasi teraruh pelbagai modul PV seperti silikon poli dan 

mono kristal akibat penuaan pada jangka masa yang pelbagai telah dikesan oleh 

pengimejan EL, pengukuran kuasa maksimum dan analisis I-V gelap. Nilai degradasi 

yang diperolehi daripada modul PV masing-masing adalah 1.78, 7.06, 13.92, 17.04 dan 

17.42% yang disebabkan oleh penuaan pada tempoh 8 bulan, 16 bulan, 4 tahun, 9 tahun 

dan 11 tahun. Faktor disebalik degradasi ini adalah disumbangkan oleh pengurangan 

rintangan selari yang menurun secara beransur-ansur akibat penuaan modul PV. 

Arus kebocoran adalah salah satu penyebab kepada PID. Kesan parameter seperti 

suhu permukaan modul, filem air pada permukaan modul, pengumpulan garam dan 
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habuk pada permukaan modul dan keadaan penuaan disiasat dengan menggunakan 

jumlah tekanan voltan tinggi yang berbeza-beza di dalam  kondisi makmal. 

Pengumpulan debu debu di janakusa PV telah dikategorikan melalui mikroskop elektron 

pengimbasan pelepasan bidang (FESEM), teknik spektroskopi dispersi sinar-X (EDX) 

dan teknik difraksi sinar-X (XRD). Dari pemerhatian, arus kebocoran meningkat selari 

dengan tekanan voltan pada suhu bilik. Arus kebocoran meningkat pada kadar 

sederhana  dengan peningkatan suhu pada dasar modul dan ianya meningkat secara 

drastik dengan kehadiran filem air pada permukaan modul. Arus kebocoran pada 

tekanan 1500 V ialah 7.8, 8.9 dan 29.8 μA pada bacaan suhu 25 ° C (kering), 60 ° C 

(kering) dan 45 ° C (basah). Kandungan garam juga telah meningkatkan arus kebocoran 

secara selari. Sejumlah kecil (2gm / m2) habuk di dalam filem air sudah mencukupi 

untuk mencetuskan kebocoran arus pada modul PV. Zarah-zarah debu kecil yang 

dijumpai melalui FESEM dilinat mengandungi cag dan mempunyai keupayaan untuk 

melekat dengan beberapa sebatian ionik dari kawasan pantai yang mendorong kepada 

kebocoran arus modul PV. Penuaan modul PV menyebabkan penurunan arus kebocoran 

serta sifat rintangan PIDnya yang mungkin disebabkan oleh penurunan rangkuman 

rintangan electrik. 

 

Kata kunci: degradasi teraruh potensi; modul PV; current kebocoran; kesan 

penuaan; EL pengimejan. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Potential Induced Degradation  

Potential induced degradation (PID) is the dilapidation in the performance of 

photovoltaic (PV) modules incurred by high voltage. Although factors (voltage, 

temperature, and humidity) that provoke PID to exist in isolated PV systems, PID 

mostly occurs in large PV power plants wherein transformerless inverters and/or PV 

modules with low resistance ethylene vinyl acetate (EVA) are employed. There is a 

clear trend in the PV industry to use transformerless inverter topologies because it is 

more compact and lightweight and provides higher conversion efficiency compared to 

the transformer based topologies (Kerekes et al., 2011). Moreover, PID is likely in 

modules with PID prone cell. In recent years, concern about PID is intensifying as the 

string voltage of PV modules is increasing rapidly due to fast growth in PV power plant. 

From both technical and financial viewpoint, PID has got an immense adversative effect 

on installation and operation of big scale PV power plants. Accordingly, much attention 

and effort to remove or reduce PID and its effect of PV module has been commenced by 

the researchers as well as the manufacturers and investors.    

This chapter relates the background and importance of PID study, an overview of the 

worldwide status of PV power generation, a brief description of PV module 

degradation, specific problem statement, and the objectives of the present research and 

realistic scope along with brief research method.  

1.2 Status of Photovoltaic Power Generation System 

Global energy demand is increasing enormously day by day due to population 

growth as well as rapid socio-economic development, advancement in human lifestyle, 

and industrialization of the developing countries (Saha & Rowley, 2015). The current 
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energy sector is mainly dependent on fossil fuels with their availability being site-

specific and reserve limited (Hossain et al., 2015). On the other hand, greenhouse gas 

(GHG) emission from the burning of fossil fuels is responsible for global warming and 

climate change, causing serious human health issues and dislodgement of inhabitation 

(Wu et al., 2016). Hence, safe and sustainable energy sources are essential to ensure an 

incessant supply of energy and to preserve the nature and environment as well (Kim et 

al., 2000). Solar energy is one of the most promising and prospective renewable energy 

resources that has the potential to be a sustainable candidate to solve the above 

problems. The PV system becomes promising due to its flexibility in design and size, 

moderate installation cost, long lifespan with low operating cost and environmental 

friendly service (Almasoud & Gandayh, 2015; Serrano-Luján et al., 2015; Solangi et al., 

2015; Yu et al., 2016). Since the last 10 years, PV industry has become one of the 

fastest growing industries in the world with an annual growth rate of 50% and its size is 

increasing day by day. (Jäger-Waldau, 2013). The global cumulative PV installation 

capacity from 2005 to 2015 is shown in Figure 1.1.  In 2005, the global PV installation 

capacity was only 5.1 GW and reached to a significant level of 277 GW in 2015 

(REN21, 2016).  Crystalline silicon (c-Si) PV technology captures the largest share of 

the worldwide PV installation. Some technologies such as thin film, dye-sensitization 

and perovskite etc. are very already proved to be potential to compete with the c-Si 

technology. Development of new materials and improvement in manufacturing 

expertise is making PV technology more and more cost-effective with other renewable 

energy technologies. However, low conversion efficiency, especially at high module 

temperature, is still a concern in PV power generation. Figure 1.2 shows the market 

share of three different PV technologies where the crystalline silicon (c-Si) modules are 

dominated. The mono and multi-crystalline Si solar cell were responsible for more than 

90% of the global energy generated by solar cells in 2015, with roughly 23% on mono-
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Si and 70% for multi-Si. The thin film technologies which include amorphous Si (a-Si), 

CdTe and CuInxGa(1-x)Se2 (CIGS) have market penetration around 7%. 

 

Figure 1.1: Growth of worldwide PV installed capacity from 2005 to 2015  

(REN21, 2016) 
 

 

Figure 1.2: Percentage shares of three PV technologies in global annual PV 

production  

(Fraunhofer, 2016) 
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1.3 Degradation Behaviour of PV Modules 

The two key factors that determine cost-effective energy harvesting from the solar 

radiation are: (i) efficiency at which sunlight is converted into power and (ii) how this 

conversion relationship changes over time due to aging. Along with system price and 

capital interest rate, PV module lifetime is the vital factor that determines the cost of 

solar electricity. The lifespan of PV modules are shortened by two phenomena, viz., 

light induced degradation (LID) and potential induced degradation (PID). 

Generally, PV solar modules are degraded due to longtime field aging of either the 

glass or encapsulant or cell materials. Several types of digression or degeneration can be 

observed at the module level, such as discoloration of encapsulant in some degrees and 

extend from yellow to dark brown, moisture intrusion, delamination of encapsulant and 

corrosion (Quintana et al., 2002), tears and bubbles in the back sheet etc. In cell level, 

performance of silicon-based PV (both crystalline and amorphous) decreases due to 

light socking which is known as light-induced degradation (LID).  While LID is the 

most common phenomenon responsible for PV performance deterioration, several other 

processes such as reduction of anti-reflective (AR) coating performance, the formation 

of hotspots (Simon & Meyer, 2010), and cracks in PV cell caused by mechanical stress 

etc. are also liable for degradation. In addition, optical/physical, electrical and thermal 

degradation effects may be linked with PV power and performance degradation 

(Parretta et al., 2005). It is to be noted that several causes of degradation effects may co-

exist in the same module, even in the same cell (Kaplani, 2012). Normally, the 

estimated lifetime of the PV modules is about 20–25 years. PV modules power should 

not drop more than 20% of their nominal power over this period (Thevenard & Pelland, 

2013; Bandou et al., 2015).   
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The number and the size of PV plant has increased quite rapidly in last decade 

(Mints, 2012).  Figure 1.3 shows the capacity of several large-scale PV power plant, 

e.g., 300 MW in France (2015), 345 MW in India (2012), 480 MW in China (2013) and 

the largest power plant installed in 2015 at California, USA has a capacity of 579 MW 

(Wesoff, 2015). In the PV systems, the modules are usually linked in series into the 

strings in order to increase the system voltage. The number of solar panels connected in 

series increases as a result of increase of PV plant capacity, and the system voltage is 

reached as highs of 1500 V (Moskowitz, 2015).  

 

Figure 1.3: Several large-scale PV power plant installations in the world 

 (Andrew, 2011; Wesoff, 2015; PVresources, 2016) 

 

The metallic casings of the modules are typically grounded. This prompts a voltage 

predisposition of the individual modules with respect to their frame resulting in a 

delineation of high potential difference to the panel in respect to ground which causes a 

high voltage stress (HVS). This phenomenon was pointed out and investigated by 
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Hoffman and Ross (1978). The sign and magnitude of HVS depend on the string length, 

type of inverter used for coupling the DC yield to the AC system and the position of the 

module in the string. HVS causes a gradual power reduction of PV system as a 

consequence of leakage current flow from module frame to the solar cell  (del Cueto & 

McMahon, 2002; Shiradkar et al., 2013; Dhere et al., 2014b). As a result of leakage 

current flow, ions are deposited on solar cell surface. Migrated ions alter the emitter 

performance of the solar cell. The ions also go into the emitter layer and produce one-

dimensional metallic lines by accepting an electron from the emitter, as a result, ohmic 

shunt is produced (Lausch et al., 2014b) and produces potential induced degradation 

(PID).   

In 2005, potential induced degradation (PID) was first detected in PV power plant by 

Sun-power in the n-type crystalline silicon solar cells when subjected to high positive 

potential (Swanson et al., 2005). A significant reduction of fill factor (FF), short-circuit 

current density (Jsc) and open-circuit voltage (Voc) were also reported. At high negative 

potential, p-type crystalline silicon solar cells are also affected by PID as confirmed by 

NREL  and Solon at 2010 (Koch et al., 2011) and the effect of PID can be accelerated in 

presence of high temperature and humidity (Hacke et al., 2010). Nowadays PID has 

become a vital issue because of the increment in the utility-scale arrangement of high 

system voltage installation in the large solar power plants which are near 1000-1500V 

(Ali-Oettinger, 2015; Ding et al., 2016). 

1.4 Demand of PID Research 

Potential induced degradation is becoming a matter of growing concern to the PV 

manufacturer because it can reduce the system power output as high as 70%, incurring a 

huge operation and maintenance cost of the PV system (Rutschmann, 2012). PID cause 

enormous power loss by shunting of cells in a PV module. A study on PID, directed by 
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PI Berlin, reported that PID in 20 power plants in Germany each with 12 strings of PV 

modules, demonstrated 10-15% power degradation in 39% of the strings. In another 

study in a 10.7-MW solar power plant in Spain, it was found that PID affected 41% of 

the modules (Singh, 2015). As reliability and durability are the key factors to make the 

PV system cost effective compared to other traditional energy sources, PID of PV 

modules has now become a great challenge for the module manufacturers. Therefore, 

researchers, industries, and policymakers are giving more attention to increase the PV 

module lifetime with a desirable performance. Figure 1.4 shows the different countries 

involved in PID research where United States dominates the share and Figure 1.5 shows 

the involvement of different famous research institutes involve in the PID research.  

 

Figure 1.4: Number of PID research conducted by different countries over the world 

taken from Scopus database  

(Scopus, 2018) 
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Figure 1.5: Different famous renewable energy research institutes involving in PID 

research data taken from Scopus database 

(Scopus, 2018) 
 

1.5 Problem Statement  
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conditions on the leakage current behaviour of PV module is encouraging because this 
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the degradation due to leakage current behaviour as a result of aging of the PV module 

at real field condition is important. 

In order to investigate actual PID characteristic of PV module, an on-site testing 

method is used. However, this process is very much lengthy and may take several years 

(del Cueto & Rummel, 2010). The extent of degradation of PV modules at a certain 

high string voltage (600V or 1000V or 1500V) after the lifetime is imperative for PV 

power plant. Before installation, the PV module should be tested according to the 

standard PID test procedure. International Electrotechnical Commission (IEC)  has 

published standards for PID testing in laboratory condition titled as IEC TS 62804-

1:2015 (IEC 62804, 2015). A relationship in-between the on-site PV module and IEC 

standard for laboratory PID testing is very much essential from which a prediction of 

power loss PV module due to PID in the real field can be obtained. At on-site, silicon 

PV module naturally degraded due to long-time light socking which is termed as light-

induced degradation (LID). Both PID and LID take place together in most PV power 

plants.  

The major problems has identified as research gaps regarding the PID behaviour of 

PV module are summarized as follows: 

 Investigation of the effect of operating parameters (such as temperature of PV 

module surface, wet surface condition, dust or salt deposition on the module 

surface etc.) on the high voltage leakage current. 

 Most of the investigations on PID behaviour of PV module have been done by 

using laboratory testing method. However, the investigation on on-site real field 

PID is rare in literature. So to explore the actual PID characteristic of PV 
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module, it is crucial to investigate the on-site degradation characteristic of PV 

module. 

 A comparative investigation in-between the laboratory PID test standard and on-

site PID of similar modules.   

 Investigation on the effect of long-time real field aging on performance 

degradation of PV module. 

  

1.6 Objectives of the Research 

The aim of the research is to investigate the PV module’s degradation behaviour both 

on-site and laboratory condition to establish a functional relationship between them as 

well as to study the impact of different environmental and operating parameters on the 

HVS leakage current which accelerates the PID phenomenon. The specific objectives of 

the present research can be enumerated as follows: 

1. To investigate the effect of different operating factors on the high voltage stress 

leakage current of PV modules; 

2. To investigate the on-site potential induced degradation behaviour of PV 

modules under Malaysian climate; 

3. To analyse  the light-induced degradation of PV module due to real field aging 

in Malaysia climate under certain condition; 

4. To examine the effect of field aging on the leakage current of PV module. 
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1.7 Scope and Limitation of the Research 

The current research covers the following specific works: 

1. To investigate the amount and rate of degradation of PV modules under a 

certain string voltage for a certain period of time. Degradation is related to 

the measurement of maximum power and shunt resistance of PV module.   

2. To analyse PV module degradation in terms of power output and shunt 

resistance due to different periods of field aging under a certain climate 

condition. In this case, PV modules are free of string stress and degradation 

occurs only due to the impact of different environmental impacts such as 

long-time sunlight exposure, ingress of moisture and dust deposition etc.  

3. To investigate the different environmental factors such as high surface 

module temperature due to exposure to sunlight, surface wetting due to rain 

or dew etc., deposition of dust and salt on the module surface. 

4. To evaluate the effect of different field aging periods on the high voltage 

stress leakage current as well as PID of PV module.  

There are some limitations in this research work as follows:  

1. The on-site PID degradation has been investigated only for 240V string size. 

Investigation of the effect of different higher string sizes like 300, 400, 500V 

etc. on the on-site PID is not possible due to existing of only one type string 

voltage size in the on-site PV plant. 

2. Laboratory PID test has been carried out only by aluminium foil method; 

chamber method has not been followed. So a comparative investigation in-

between on-site PID and laboratory PID by chamber method is a limitation 

in this work. 
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3. Light-induced degradation due to real field aging has been compared in 

between different PV modules made by different manufacturers.  

1.8 Organization of the Thesis  

In the present research work, investigation on the effect of high voltage stress (HVS) 

on PV module performances has been carried out through focusing the real field PV 

module degradation both in presence and absence of high string voltage stress 

conditions and then investigating the effect of different operating parameters on the 

HVS leakage current characteristics of different PV modules. The background, 

methodology and outcomes of the research have been detailed in six (6) chapters, the 

first chapter being a general introduction along with specific objectives and scope. The 

rest of the chapters are organized as follows: 

Chapter 2:  This chapter is the summary of the previous literature about the high 

voltage stress leakage current, PID, and other possible degradation of PV module due 

long time field aging. This chapter is ended up by re-counting with a summary of the 

research gap. 

Chapter 3: This chapter presents some theoretical background related to the 

fundamentals of PID and recovery process of PV module, PID detection techniques, 

IEC standard test condition of PID and a theoretical concept of the relationship between 

EL intensity with the PV module performance.  

Chapter 4:  The detail research methodology along with the meteorological 

condition of the PV plant site, specifications of different PV modules used to conduct 

the experiment, experimental setup, instrumentations and lastly the experimental testing 

conditions are described in this chapter. 
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Chapter 5: The experimental results along with corresponding explanation behind 

have been discussed in this chapter. The outcome of the experiments such as effect of 

different factors on the leakage current, on-site PID and performance degradation of PV 

module due to different field aging are detailed in this chapter.  

Chapter 6: The thesis wraps up with some concluding remarks and 

recommendations of future work in chapter 6.  
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Introduction 

Potential integrated degradation (PID) was first detected in 2005 (Swanson et al., 

2005). An extensive overview of such research works has been compiled in this chapter 

wherein integrative method has been followed to make critical scrutiny of the available 

hypotheses regarding PID that will be helpful to find the research gaps in this field. 

Relevant literature has been gathered basically from peer-reviewed journal articles, 

specialized conference articles, thesis reports, internet sources, and personal 

communications with the specialist in PID. This chapter starts with a description of the 

impact of high voltage stress leakage current on PV modules, followed by possible 

pathways of leakage current and different environmental factors that affect the PV 

module leakage current behavior. Then it contains the overview of different PV module 

PID mechanisms, testing, and prevention process. Finally, a brief description of possible 

research gap has been stated to set up the objective of the research. 

2.2 Leakage Current  

Generally, PV modules in PV power plants experience a high voltage stress (HVS) 

from the string voltage owing to the difference in potential between the frame of PV 

module and active circuit, HVS being dependent on the string size and module position 

within string. The HVS generates leakage current through the PV array, which has been 

identified as one of the primary cause behind PID (del Cueto & McMahon, 2002; 

Shiradkar et al., 2013; Dhere et al., 2014b).  

2.2.1 Impact of Leakage Current on PV Module 

The flow of leakage current through glass and EVA prompts the collection of 

charges on the surface of solar cells. As a consequence, the surface recombination of the 
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light generated minority carrier increases and finally drops the output performance of 

PV module. The higher the leakage current, the higher the amount of ions will deposit 

on the cell surface. Hence, HVS leakage current is an important parameter and a 

determinant of PID characteristics of PV modules. There are several pathways of a PV 

module’s leakage current (described in details in the following section) where some are 

not detrimental in initiating PID. Generation of leakage current is influenced by 

humidity and module temperature. There have been many attempts to correlate PID and 

leakage current. Kang et al. (2015) reported a mathematical relationship between the 

leakage current and PID is followed as: 

222

11

22221111

1

2

1

VHT

VHT

tVHTtVHT

I

I

t

t
PIDPID        (2.1) 

where 
1111

tVHT
PID and 𝐼𝑇1𝐻1𝑉1

 are the PID and respective leakage current of PV 

module at stress condition voltage V1, humidity H1 and module temperature T1 with a 

time period of t1.  
2222

tVHT
PID and 

222
VHT

I are the PID and respective leakage current for the 

stress condition of voltage stress V2, humidity H2 and module temperature T2 with a time 

period of t2.  

 

2.2.2 Leakage Current Pathways 

Leakage currents can flow along several different pathways for a typical c-Si PV 

module; these are described by the followings paths 1 to 6 and also shown in Figure 2.1 

(a) (Pingel et al., 2010; Luo et al., 2017). 

1. ModuleFrontglassFrontglasstEncapsulanSurface
FrameSurfaceBulkBulkCell   

2. ModuleSealantFrontglasstEncapsulanSurface
FrameBulkBulkBulkCell   
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3. ModuleSealanttencapsulanglasstEncapsulanSurface
FrameBulkInterfaceBulkCell 

 )(  

4. ModuleSealanttEncapsulanSurface
FrameBulkBulkCell   

5. ModuleSealanttencapsulanBacksheettEncapsulanSurface
FrameBulkInterfaceBulkCell 

 )(  

6. ModuleBacksheetBacksheettEncapsulanSurface
FrameSurfaceBulkBulkCell   

Leakage current pathways of a typical thin film PV module are shown in Figure 

2.1(b). Normally, in a thin PV module, a transparent conducting oxide (TCO) layer 

exists in between the glass and cell. Moreover, a glass cover is also often used as the 

back sheet in thin film PV module.  Despite the variances in the module assembly, thin-

film PV modules usually have the analogous leakage current pathways to those of c-Si 

PV modules, excluding that an extra pathway through the bulk of glass back sheet of the 

module. Among the leakage current pathways, the 1
st
 pathway is often exaggerated in 

outside operating conditions because the glass surface conductivity influences 

significantly due to change of different environmental factors such as dust deposition, 

rain, module temperature and high relative humidity (Hoffmann & Koehl, 2012; Dhere 

et al., 2014c). 
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(a) 

 

(b) 

Figure 2.1: High voltage stress leakage current pathway of (a) p-type c-Si (b) thin 

film PV module 

 (Luo et al., 2017) 

 

2.2.3 Controlling Factors of Leakage Current 

Leakage current of PV module relies upon a few factors, for example, (1) PV module 

factors (glass surface electrical resistance, composition of glass, encapsulant electrical 

resistance) (2) system or environmental factors (string voltage, module surface 

temperature, humidity, rain, dew or fog, dust and so on. The effect of module 

temperature and humidity on the PV module leakage current has been reported to 

observe under a HVS of 600 V (Hoffmann & Koehl, 2012; Dhere et al., 2014c)  Figure 

2.2 shows the leakage current characteristics at several voltage stresses and different 
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module temperatures and humidity; on the other hand, consequence of humidity on the 

HVS leakage current is presented in Figure 2.3. It can be observed that for very low and 

high humidity levels the leakage current tends to saturate; however, in the middle range 

25-70%, the leakage current linearly increases with relative humidity. At high humidity 

level, leakage current becomes saturated due to the fact that glass surface conductivity 

increases enough after certain threshold humidity.  

At high cell temperature, the diffusion of metal ions towards the cell surface is seen 

to increase. The volume resistivity of encapsulant materials decreases with the increase 

of temperature. For EVA the volume resistivity can be dropped 2 fold orders due to an 

increase in temperature from 23 to 75°C (Kapur et al., 2015).  

 

Figure 2.2: Leakage current as a function of the high voltage bias for different 

temperature/humidity conditions in the climatic cabinet 

 (Hoffmann & Koehl, 2012) 
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Figure 2.3:  Effect of humidity on the leakage current of PV module at the stress of 

300V and 85°C 

(Hoffmann & Koehl, 2013) 
 

Figure 2.4 shows an Arrhenius plot of the leakage current at 1000 V negative bias for 

three identical modules with different methods of contact: frame only (air), aluminium 

foil on the glazing (Al) and damp-heat exposure at 85% relative humidity (Hoffmann & 

Koehl, 2012). Koehl and Hoffmann (2016) reported that at outdoor under similar 

condition, the increase of PV outdoor exposure time causes to increase the leakage 

current of that PV module. The authors assumed a soiling effect which grew due to the 

deposition of salty aerosols and dust on the module surface which provides an excellent 

matrix for humidity, keep it stored, and in addition ions from the soil increases the 

surface conductivity of module surface. The mathematical relationship of relative 

humidity (RH), voltage (V) stress and module temperature (T) in the Arrhenius equation 

is given as (Kindyni & Georghiou, 2013): 
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Figure 2.4: Effect of module temperature on high voltage PV module leakage 

current  

 (Hoffmann & Koehl, 2012) 

 

]/[

0
exp

TkE

LCLC

baII


       (2.2) 

T
kEII

baLCLC

1
)/(lnln

0
       (2.3) 

where 𝐼𝐿𝐶  is leakage current, 𝐼𝐿𝐶0  is leakage current at 0K,  𝐸𝑎 is the activation 

energy, kb is Boltzmann’s constant (kb = 8.617 ×10
-5

 eV/K), T is the module’s absolute 

temperature in Kelvin. 

Deposition and accumulation of dust, and salt on the PV module surface is very 

much likely, especially in coastal areas. Rate of dust accumulation may vary place to 

place. Adinoyi and Said (2013) found 6.184 g/m
2 

of dust on PV module for an exposure 

period of ten months (February to December) at Saudi Arabia (Dhahran). Cabanillas 

and Munguía (2011) reported 2.326 mg/cm
2 

of dust within 20 days at México. The 

surface of glass become wetted as a consequence of rain, dew, fog or mist and the 
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presence of dust and salt in wet surface condition, the properties of glass become 

changed (Hacke et al., 2015a; Yilbas et al., 2015). Suzuki et al. (2015) observed that, as 

a consequence of salt mist preconditioning, the PID of PV module becomes accelerated.  

Performance of PV module is degraded because of field aging, too. Pozza and 

Sample (2016) reports age degradation behaviour of PV module due to 20 years field 

exposure, wherein the authors found an average power degradation rate of 0.22% per 

year. The authors concluded that the principal cause of PV module performance failure 

is yellowing of encapsulant material which might occur due to moisture ingresses, 

chemical leached out of the encapsulant materials. Moreover,  Sinha et al. (2016) 

mentioned that the electrical property of PV module deteriorates as a consequence of 

EVA discoloration. So that long-time field aging has a significant to alter the high 

voltage degradation of PV modules.  

Table 2.1: Leakage current at different conditions 

Author 
Experiment 

Site 
Experimental Condition 

Leakage 

Current 

Schutze et al. (2011a) 
Freiburg, 

Germany 

600V, Module temperature 

25°C, Wet surface 

condition 

0.95µA 

Hoffmann and Koehl 

(2012) 

Freiburg, 

Germany 

P-type c-Si PV module, 

600V, Module temperature 

10°C, Module surface 

humidity above 90% 

95nA 

Dhere et al. (2014a) Florida, USA 

60 cell multi  crystalline Si 

PV module, 600 V, 

outdoor 

Maximum 

~ 400nA 

Dhere et al. (2014c) Florida, USA 

60 cell multi  crystalline Si 

PV module, 600 V, 

outdoor 

~  4 µA in rainy 

condition 

Koehl and Hoffmann 

(2016) 

Canary 

Island, Spain 

60 cell Crystalline Si PV 

module, 100 and 150V 

stress outdoor condition 

Maximum 2µA 

and 3µA 

respectively 
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2.3 Explanation of PID Mechanism 

In order to mitigate PID, it is important to understand the degradation mechanism i.e. 

the root cause of PID, how it develops and from where it starts in solar modules. Some 

common phenomena such as polarization, electrochemical corrosion, ionic diffusion, 

and sometimes structural degradation occur in PV modules as a result of high system 

voltage exposure its material (Joh et al., 2011). In a PV system, during electrolytic 

corrosion electrolysis might occur due to high voltage, where water vapour acts as an 

electrolyte solution, the PV cell acts as an anode, and the frame acts as a cathode; 

consequently, material such as silicon nitride (used as anti-reflection coating or simply 

ARC), ethyl vinyl acetate (or simply EVA used as an encapsulant) and the active cells 

are degraded. Electrochemical corrosion causes the transport of ionic elements which 

results in leakage current flowing from the cell to the module exterior (Ross et al., 

1989). In the last couple of years, operative advancement has been accomplished in 

realizing the mechanism of PID. There are a few speculations concerning the main 

driver of this PID process. The overall PID process can be split into three different 

phenomena, such as (i) polarization of the PV module, (ii) ionic migration, and (iii) 

shunting of the PV cell p-n junction. The phenomena are explained in the following 

sections. 

2.3.1 Polarization Process 

Polarization is the development of dipole moment within the module component, 

such as glass, encapsulant or antireflection coating (ARC). This is a reversible and non-

destructive process. At high voltage, the surface of a PV module can be polarized 

because of the dielectric behaviour of module components and as a result, static charges 

accumulate on PV cell surface. Due to the exposure of the positive voltage on the 

module to the ground, leakage current will flow from the cell to the ground as a result 
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which a negative charge is left on the front surface of the cell (Swanson et al., 2005). 

This negative charge attracts positive charge carriers of n-type emitters on the front 

surface of p-type solar cells, where they recombine with electrons and are lost. In this 

way, the bands in the emitter are locally destroyed. However, when a module is exposed 

to a negative voltage the surface polarization reverses which has no adverse effects on 

the module, rather its performances may be slightly enhanced because the light-created 

holes are now repulsed by the front surface and gathered back into the junction (Koch et 

al., 2011). In case of n-type solar cells, the reverse phenomenon as described above will 

occur. 

2.3.2 Ion Migration Process 

In wet condition, the PV glass surface becomes conductive and PID susceptibility of 

a module exposed to high voltage is increased (Hoffmann & Koehl, 2012). In the 

presence of high voltage, the ionic species contained in the glass can migrate towards 

the cell through the encapsulant and accumulate on the cell surface (Naumann et al., 

2014). This creates an electric field and consequently ARC passivation or other 

passivation layer can be deserted; as a result, the surface recombination increases and 

the output power drops (Ogita & Tachihara, 2015).  

 

2.3.3 Shunting Process 

When ionic species accumulate on the ARC layer, there is a possibility that ions can 

diffuse into the emitter layer and act as donor atoms which neutralize the negative 

doping of the emitter. In this case, the junction is gradually diminished, and the PV 

effect of the cell decreased (Bauer et al., 2012; Naumann et al., 2012). The ionic 

diffusion occurring through the stacking faults, which normally generate within the 

solar cell during solidification, leads to a shunting of the p-n junction. As a result, a 

decrease in shunt resistance and power output is observed. The exact driving 
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mechanisms for the Na
+
 migration within the solar cell are still not fully understood. 

However, it is elucidated in some studies that a potential of a few volts across the 

silicon nitride (SiNx) layer is enough to trigger PID (Naumann et al., 2013). Sometimes 

lattice damage can occur by the accelerated positive charge due to high voltage over 

silicon nitride, which strongly reduces the parallel resistance (Rp) of the modules 

(Naumann et al., 2014). 

2.3.4 Clarification of PID Mechanisms by Na
+
 Ion Diffusion 

Recently, it has been reported that Na
+
 ions contained within the glass of PV 

modules have a crucial role in PID (Hacke et al., 2010; Stika et al., 2014). Soda lime 

glass, ethylene vinyl acetate (EVA) and the solar cell’s anti-reflective coating (ARC) 

are the main components of a typical commercial PV module. Sodium is normally used 

as part of the glass’ composition to reduce the manufacturing cost by reducing the 

melting point of glass (Min’ko & Binaliev, 2013). In the presence of water, liquid or 

vapour, Na
+
 can leach out by the following ion exchange reaction  (Sinton & LaCourse, 

2001).  

(𝑆𝑖 − 𝑂 − 𝑁𝑎)𝑔𝑙𝑎𝑠𝑠 + 𝐻2O → (𝑆𝑖 − 𝑂 − 𝐻)𝑔𝑙𝑎𝑠𝑠 +  𝑁𝑎+ + 𝑂𝐻−(𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) 

At high voltage stress, these sodium ions can diffuse from the front glass to the cell 

surface and precipitate at the ARC layer. They sometimes diffuse through the defect of 

the ARC layer and cell into the junction (Hacke et al., 2011). However, it is reported 

that the occurrence of PID is not only correlated with a specific ion, rather it can occur 

with any ionic species (Nagel et al., 2011; Schutze et al., 2011a). The rate of positive 

ion migration is mainly dependent on the applied system voltage electrical resistance of 

the encapsulant material, the humidity, and the temperature. 
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2.3.5  Microstructural Investigations of PID Mechanism 

For further clarification of the PID mechanism, microstructural features of PV 

modules before and after PID have been investigated by different researchers. Using 

secondary ion mass spectroscopy (SIMS), it was reported that during the PID process, 

Na
+ 

ions migrate towards the solar cell through the encapsulant (Hacke et al., 2010; 

Nagel et al., 2011; Stika et al., 2014). It was assumed that these Na
+
 ions gather on the 

interface between the ARC and silicon layers. By the time of flight secondary-ion-mass 

spectroscopy Figure 2.5, it was shown that during PID the concentration of Na
+
 ions is 

increased both at the ARC layer and the ARC-Si interface (Naumann et al., 2012). 

 

Figure 2.5: Na
+
 ion profile at EVA and cell layer of a solar module after PID  

(Kapur et al., 2015) 

 

Na
+ 

ions can diffuse into the SiNx layer, this diffusion process depending on the 

characteristics of the SiNx layer (i.e. density and refraction index). It is assumed that a 

distribution of positive charges within the SiNx layer (thickness ca. 70 nm) is formed 
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which induces negative charges at the ARC layer. These negative charges repel the 

charges in the n-doped emitter resulting in band bending in the emitter section as 

portrayed in Figure 2.6. The solid line represents the normal band structure before ionic 

deposition and the dotted line represents the bent band structure after ionic deposition. 

The built-in potential of the p-n junction vanishes due to band bending. 

Ec

Ev

SiNx

Na
+

Na
+

Na
+

EF

p-Si

p
+
-Si

n
+
-Si

Na
+

 

Figure 2.6: Surface charge induced band bend of a-Si solar cell before PID (solid) 

and after PID (dashed)  

(Naumann et al., 2012) 

 

Recently, through the lock-in electron beam induced current (EBIC) technique, 

Bauer et al. demonstrated the presence of a huge number of local spot shunts having 

diameters between 10 µm and 30 µmin on a PID affected cell (Bauer et al., 2012). This 

caused a sharp decrease in the parallel resistance, Rp, of the modules. To explain the 

mechanism of these micro-shunts, a model has been proposed (Raykov et al., 2014). It 

was assumed that a large accumulation of Na
+
 ions at the ARC layer created a charge 

double layer in the way that positive charges (Na
+
 ions) entice or form a negative charge 
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layer between the n+ emitter and positive charges layer. So, in the vicinity of the Si 

negative charge layer, an electrical field is created which repels the emitter electrons, as 

shown in Figure 2.7. The emitter might even be inverted to a p+ conducting region due 

to electrical field induction. 

 

Figure 2.7: Shunting of a p-n junction due to double layer charges at the ARC  

(Bauer et al., 2012) 

 

Moreover, the crystallographic stacking fault (SF) of Si can play an important role in 

the shunting mechanism of a p-n junction (Janghyosig et al., 2013), with sodium atoms 

precipitating inside the SF (Naumann et al., 2012). It is possible that stacking faults 

could be formed owing to oxidation during the manufacture of a p-n junction (Kumar & 

Park, 2014). Due to the low formation energy of SF in the (111) direction, it can extend 

throughout the p-n junction that provides a two-dimensional diffusion path. Naumann et 

al. (2014) experimentally revealed the Na
+
 ion diffusion through the SF using high-

resolution transmission electron microscopy (HRTEM). During the entrance to the SF, 

Na
+
 ions are supposed to be neutralized through acceptance of the emitter’s electron. A 

two-dimensional metallic layer is formed at the SF, in which an ohmic characteristic in 
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the p-n junction is observed. The presence of Na decorated SFs was further confirmed 

by Lausch et al. (2014b) by STEM analysis on the nanometer scale. They also reported 

that Na atoms diffused out during the recovery process (Lausch et al., 2014b). Figure 

2.8 shows the Na
+
 decoration (green line) at the stacking fault of a PID affected solar 

cell material.  

 

Figure 2.8: Na accumulation at the SF of a PID affected PV solar cell  

(Lausch et al., 2014b) 

 

The possibility to diffuse these Na
+
 ions or other metal ions into the other defects 

such as the grain boundary, the twin boundary or other boundaries is possible but has 

not observed thus far. The reason might be that the diffusion is easy in the (111) plane 

and the plane cannot possibly exist at the grain boundary and the twin boundary. Figure 

2.9 illustrates the Na
+
 ions migration process: in the presence of high voltage stress, Na

+
 

ions accumulated on the ARC SiN2 and SiO2 layers through migration from glass to the 
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cell surface. In the end, Na
+
 ions enter the emitter layer and are neutralized by accepting 

electrons. SFs’ presence in the solar cell is therefore decorated with Na atoms, which 

results in a metallic, conducting, two-dimensional layer in which shunting ensues. 

 

 

Figure 2.9: Schematic model of PID of a solar cell where Na
+
 (red dots) decorates 

the SF  

(Lausch et al., 2014b) 

 

The source of alkali ions (Na
+
 ions) is generally assumed to be from the glass front 

cover of solar cells. Furthermore, it has been theoretically (Ziebarth et al., 2014) and 

experimentally verified (by using a polymer instead of glass on the front side) that the 

commonly used glass is the main source of Na
+
 ions  (Liu et al., 2013; Schwark et al., 

2013). The source of metal ions can also be from the environment such as coastal areas, 

and it has been reported that these environmental ions increase the PID (Liu et al., 

2012). 

Contrary to the ideas purported thus far, Masuda et al. (2016) claimed that Na
+
 ion 

diffusion is not sufficient to cause PID because they have found no power loss of a p-

type crystalline Si PV module after a PID test with the following conditions: Al plate, 

60°C, 85% RH, -1000V and 72 hours.  Despite this claim, there was an increase of Na
+
 

ion concentration on the cell surface of the module. On the other hand, Hara et al. 
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(2015b) mentioned that Na
+
 ions are not a prime factor causing PID in n-type font 

junctions in PV modules. The authors have shown by SIMS that the Na
+
 concentration 

does not increase at the surface of PV cells, although power dropped at PID stress 

conditions of Al-plated, negative (-) 50V, 85°C and 2 hours. Thus, there is still 

ambiguity and further research is needed to ascertain the actual mechanism of PID. 

2.4 PID Testing Process 

According to system and measurement techniques, PID testing can be carried out in 

three ways: (1) on-site testing, where modules are tested at the PV power plant (Moreno 

et al., 2013); (2) testing outdoors but not on-site - single module or very small scale 

modules are tested outdoors by simulating the PV power plant situations by applying 

voltage stress from a DC power source (Schneller et al., 2014); (3) indoor testing where 

modules are tested in a laboratory within an environmental chamber by altering a range 

of environmental conditions to evaluate the effect of various parameters such as 

temperature, humidity, and voltage (Janghyosig et al., 2013). The detail of each testing 

procedure is presented in the following segments. 

2.4.1 On-site PID Testing 

On-site testing is the only way to evaluate the real degradation features of a PV 

module. However, very scarce information is available in the literature on this type of 

testing; only a few works have been reported to perform on-site PID test (Oh et al., 

2017; Yang et al., 2017; Bouraiou et al., 2018; Hylsky et al., 2018; Martínez-Moreno et 

al., 2018). In case of on-site PID testing generally the leakage current, EL image, IR 

image, I-V characteristics, and operating voltage of each module are measured and 

compared with their nominal values. All the experiments except EL imaging have to be 

taken during sunny weather, and EL images are taken during the night. Dark I-V 

measurements can be done by covering the module area with a blanket or other non-
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transparent cover to produce a dark environment for the specific module. The major 

problem of on-site testing is that it is a very lengthy process and may take several years 

(del Cueto & Rummel, 2010). That is why simulation of the power plant in laboratories 

and studying PID effect in environmental chambers is a better alternative (Hara et al., 

2015b).  

2.4.2 Outdoor PID Testing 

Outdoor tests normally carried out with a 60-cell standard module installed at the site 

where the PID test will be carried out. The extent of PID may vary according to climate 

of the test site, and environmental conditions such as solar irradiance, ambient 

temperature, relative humidity (RH) and rain (Hoffmann & Koehl, 2012). Generally, 

outdoor testing is performed by applying a DC high negative voltage (normally 1000 V) 

in the test module from sunrise to sunset. The leakage current between the cells and the 

frame/ground is measured before and after voltage application by using an ampere 

meter along with a data logger (Hoffmann & Koehl, 2013). The relative humidity is 

measured using a humidity sensor and the module temperature is measured by attaching 

a thermocouple to the PV back sheet and all parameters are monitored simultaneously 

(Schutze et al., 2011a). Rain can be identified through a rain sensor which monitors the 

duration and intensity of rainfall and also the surface wetness due to dew (Dhere et al., 

2014c). It was observed that leakage current without rain depends highly on the 

humidity. A high magnitude of humidity only appears at the module’s surface at 

temperatures below 30°C (Hoffmann & Koehl, 2013). Other module parameters such as 

I-V characteristics, dark I-V, operating voltage, EL and/or IR imaging are also 

measured before and after voltage application and are compared to assess the extent of 

PID (Schwark et al., 2013). Outdoor characterization of PID provides results closest to 
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those obtained at on-site characterization, but this process is lengthy, too (Schneller et 

al., 2014). 

2.4.3 Laboratory PID Testing 

The PID of a PV module has been tested in laboratories by simulating the real field 

features of PV power plants but under accelerated environmental conditions (Schutze et 

al., 2011b; Hacke et al., 2015b).  In the case of laboratory testing, there is more control 

over the temperature, humidity, and light than in other forms of PID testing. 

Furthermore, individual effects of voltage, temperature or humidity on the PID can be 

easily investigated in an environmental chamber. The reliability of a PV module in 

harsh climate conditions can also be tested indoors through the application of high 

voltage under elevated temperature and humidity (Dhere et al., 2009; Pingel et al., 

2010). Nevertheless, there is considerable difficulty in precisely reproducing the 

spectral distribution found in the natural sunlight. Filters can be used to obtain the 

spectral distribution as close as possible to the sunlight spectrum (Munoz et al., 2011). 

Usually, a single cell mini module or a 60-cell standard module is placed in the 

environmental chamber and a high negative voltage is applied at a controlled humidity 

and temperature (Pingel et al., 2010; Schwark et al., 2013). The front glass surface is 

normally wetted or covered with a wet blanket or aluminium foil to make it conductive. 

The leakage current from cells to the frame/ground is measured prior to and after the 

voltage stress being applied. The I-V performances of the module before and after the 

stress are measured at standard test conditions (STC). In most cases, both EL imaging 

and IR imaging are carried out, the most meaningful results of which are then presented 

(Pingel et al., 2010). The duration of applied voltage, stress, temperature and humidity 

depend on the laboratory PID test standards. 

Univ
ers

ity
 of

 M
ala

ya



33 

2.4.4 Different Laboratory PID Testing Procedures 

PID testing is significantly dependent on the tested operating conditions such as 

temperature, humidity, voltage, duration of testing period and grounding system. It was 

reported that the speed of PID increases tenfold if a metal contact is provided over the 

whole front glass surface (Koch et al., 2012b). On the other hand, if a PID test is 

performed on a single cell mini module at 1000V/85% RH and 60°C, the degradation 

level is very high. Yet, if temperature and voltage are taken as 25°C and 100V, 

respectively, then no degradation occurs at all (Koch et al., 2012b). Hence, selection of 

PID testing conditions is an important issue. Different organizations have investigated 

the PID of PV solar modules at different testing conditions and they proposed different 

test methods. Some common proposals are shown in Table 2.2. 

Table 2.2: Comparative testing conditions for different lab test methods to measure 

the PID resistance of PV modules  

(FCSP, 2012; Singh, 2015) 

 

A comparison of the environmental chambers’ climate conditions is as follows: at 

85°C and 85%RH, the PID speed is four times higher than at 60°C and 85% RH, and 

170 times than conditions of 25°C and 35% RH. Several reports on PID testing both 

outdoors and indoors by use of different methods with varying temperatures, humidity, 

 TÜV Rheinland PI Berlin Fraunhofer CSE 
Panasonic 

(Chemitox) 

Test 

Environment 

Temperature 

controlled 

laboratory room 

Environmental 

chamber 

Environmental 

chamber 

Environmental 

chamber 

Test 

Conditions 
Temperature: 25

o
C 

Temperature: 

85
o
C,  

RH: 85% 

Temperature: 

50
o
C,  

RH: 50% 

Temperature: 

60
o
C,  

RH: 85% 

Contacting 

Method 
Aluminium foil Frame grounding Aluminium foil Frame grounding 

Test Duration 
168 h 

(7 days) 
48 h 48 h 

 

96 h 

 

Test voltage ̶ 1000V ̶ 1000V  ̶ 1000V ̶ 1000V 

Pass-fail 

Criterion 

< 5% power 

degradation 

< 5% power 

degradation 

< 5% power 

degradation 

< 5% power 

degradation 
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and testing durations with water film or Al foil at the glass covers are shown in Table 

2.3 and Table 2.4. 

Table 2.3: PID testing outdoors in different environments 

Module type 
Condition and 

Location 

Characterization and 

Remark 
References 

Standard mc-Si 

module 

with water film 

Series string voltage  

160V within several 

months, Germany 

I-V, 

35% power drop 

(Swanson et 

al., 2005) 

60-cell mc-Si 

module 

˗600V 

one month 

Florida Solar energy 

centre, Cocoa, USA 

Leakage current, 

At 1000 W/m
2
 about 

400nA 

(Dhere et al., 

2014c) 

60-cell mc –Si 

modules 

˗600V 

Six  months 

Florida Solar energy 

centre, Cocoa, USA 

I-V/EL, 

Maximum 50% power 

drop 

 

(Schneller et 

al., 2014) 

P-type mc-Si 

module 

˗1000V 

690 day, 

Vienna, Austria 

EL, IR, IV, 

35% power drop 

(Schwark et 

al., 2013) 

60-cell  

standard  

modules 

˗600V Freiburg, 

Germany. 

I-V, EL, 

Leakage current 3µA 

below 30°C 

(Schutze et al., 

2011a) 

60-cell 

commercially 

available 

modules 

 

˗600V, RH varied 

10% and 95%, temp 

10°C to 90°C, 

Freiburg, Germany 

Dry day Leakage 

current 150nA, at 16°C 

and rainy day leakage 

current 3000nA 

(Hoffmann & 

Koehl, 2013) 

mc-Si solar 

modules 

˗1000 V at daytime, 

within 178 days, at 

Alzenau, Germany 

I-V, 

Maximum power drop 

51% 

(Nagel et al., 

2011) 

mc-Si modules 

applied ˗600V 

logarithmically with 

irradiance, within 

~10 months, 

Florida, USA 

I-V, EL 

Power drop 11% 

(Hacke et al., 

2013) 

mc-Si modules 

under  ˗1500 V after 

one year, in Florida, 

USA 

I-V, 

Power drop 25.7% 

(Dhere et al., 

2011) 

mc-Si modules 
100 hours, ˗1000V 

Berlin, Germany 

I-V, EL, 12% power 

degradation 

(Pingel et al., 

2014) 

 

From the Table 2.3, it is observed that different researchers have tested the PID of p-

type polycrystalline Si modules made of various manufacturers at different places 
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outdoors. The maximum power drop of 51% was found by Nagel et al. (2011) in 

Germany and a minimum power drop of 11% was reported by Hacke et al. (2013) in the 

USA.  

Table 2.4: Indoor/laboratory testing of PID in different conditions  

Module type Conditions Testing Remark Reference 

P-type Si poly 

crystalline 60-cell 

̶ 1000V, 100 h, 85°C, 

environmental  chamber 

I-V, high  

resolution 

EL camera 

Power loss 

32% (RH)50% 

99% (RH 100%) 

(Berghold et 

al., 2010; 

Pingel et al., 

2010) 

P-type Si 

polycrystalline mini 

module 

 ̶  600V, 50°C,  

RH 50%, 72 h, 

laboratory 

conditions 

LIT, EL, 

ToF-SIMS)  

and SEM 

with EBIC 

Parallel resistance 

Rp < 1 Ω. 

(Naumann 

et al., 2012) 

Si polycrystalline 

with PID resistant 

EVA 

̶ 1000V,60°C, RH 85% for 

96 h, environmental 

chamber, Al-foil wrap for 

grounding the entire module 

I-V, (LA-

ICP MS) 
Power drop 73% 

(Kapur et 

al., 2015) 

Commercial scale Si 

polycrystalline 

̶ 1000V,  85°C,  

RH 85%, 

192 h, without Al-foil 

I-V 88.5% power drop 
(Kapur et 

al., 2015) 

4-cell p-type Si 

polycrystalline 

̶ 1000V, 60°C,  

RH 85%, 

40 h,  Al plate pressed on the 

glass face 

I-V, SIMS 20% power drop 
(Kambe et 

al., 2013) 

P-type Si 

polycrystalline 60-

cell 

̶  600V, 57 h, 25°C, wet glass 

surface 

I-V, EL, 

DLIT 

Around 55% power 

drop 

(Schutze et 

al., 2011b) 

Si polycrystalline 

30-cell  standard  

module 

̶  600 V/, 25°C 

halogen lamp, 

illumination with  water 

cover 

I-V, EL 

Power drop  

9.4% (76h) 

46.8% (372h) 

(Schutze et 

al., 2011a) 

poly and mono 

p-type 

̶ 1000V,  60°C,  

RH 85%, 96 h, 

Vienna, Austria 

EL, Si-CCD  

camera, IR 

image 

Maximum 94% 

power drop 

(Schwark et 

al., 2013) 

P-type Si 

polycrystalline 

(one-cell mini 

module) 

̶  600 V, RH 85%, 

24 h, 85°C 

I-V, DLIT, 

EBIC, SIMS 

Steep decrease of 

Rp (from 240 Ω to 1 

Ω) during the first 

hour 

 

(Bauer et 

al., 2012) 

One-cell mini 

module with various 

encapsulants 

̶  600V, 85°C,  

RH 85%, 48 h, 

at STCs 

Isc, Pmax, 

Power loss 95.5% 

for EVA,7.23% for 

ionomer and 

12.5% for TPSE 

(Koch et al., 

2012a) 

Monocrystalline  p-

type Si 60-cell 

module 

̶ 1000V, 

(1) 85°C, 85%, 48 h (2) 

60°C, 85%, 96 h 

I-V, EL, IR  

images 

Power drop 74.82% 

(1) 

74.83% (2) 

(Koch et al., 

2012b) 
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Table 2.4: Continue 

Module type Conditions Testing Remark Reference 

Monocrystalline  

p-type Si  one-cell 

module 

̶  600V, 88 h, 65°-

85°C, RH 0%, 

adhesive Al-tape 

Light I-V, Dark 

IV, EL, IR, QE 

Power drop 70%,  

R-shunt = 0 Ω 

(Jaewon et al., 

2014) 

Single cell 

coupons and 

panels 

̶ 1000V, 60°C,  

24 h, Al-foil 
I-V, EL 

̶  80% PID for 

single cell module 

(Pingel et al., 

2012) 

c-Si p-type 

standard  modules 

̶  1000V, 50°C, RH 

50%,  

48 h, climatic 

chamber with Al-

foil 

I-V 
Max 99% power 

drop 

(Rutschmann, 

2012) 

a-Si p-type 

standard  modules 

̶  600V, 60°C,  

RH 85%,  

1340 h, 

environmental 

chamber 

I-V,  LC 52.2% power loss 
(Osterwald et al., 

2003) 

Commercial 

modules (Si-

polycrystalline) 

60-cell 

̶ 1000V, 25°C,  RH 

100%,  

120 h, Na
+
 ion rich 

environment 

I-V, EL 
5% power loss 

and 3.4% FF drop 
(Liu et al., 2012) 

60-cell modules 

p-type multi-

crystalline 

 ̶ 1000 V,  85°C, RH 

85%,  

96 h 

I-V, EL, 

(LA-ICP-MS) 

10 % power drop 

and  

15-20 % after 400 

hours 

(Pop et al., 2014) 

Monocrystalline 

Silicon module 

̶  600V and + 600V, 

85°C, 35 h for (+)ve 

V and 5 hours for (–

)ve V 

Dark I-V Light 

I-V, EL, IR 

< 5% for positive 

and 85% power 

drop for  negative 

voltage 

(Goranti & 

TamizhMani, 

2012) 

n-type single-

crystalline Si solar 

cell with soda 

lime glass 

Al plate (thickness 

is ca. 0.5 mm), 

 ̶ 1000 V, 85°C,  2 h 

I-V, EL, QE,  

D-SIMS 

Power drop 15% 

and QE drop 

from17.8% to 

15.1% 

(Hara et al., 

2015b) 

n-type single-

crystalline Si solar 

cell with CSG 

Al plate (thickness 

is ca. 0.5 mm),  

̶ 1000 V, 85°C, 2 h 

I-V, EL, QE,  

D-SIMS 

QE decrease from 

17.2% to 13.9% 

(Hara et al., 

2015b) 

One-cell mini 

module p-type 

multi-crystalline 

Al foil test, 1000V, 

25°C,  

68 h 

Rsh EL 

Rsh reduced from 

100 to near 1 kΩ- 

cm
2
 

(Koentopp et al., 

2016) 

Standard PV 

modules from 22 

companies 

̶ 1000 V,  85°C, RH 

85%, 100 h 
IV 

Maximum 58.3% 

power drop 

(Meydbray & 

Dross, 2016) 

 

Dissimilar weather conditions of different places produce different PID features such 

as in Florida, USA, the PID rates are 0.036% and 0.070% per day for negative ( ̶ ) 600 

V and negative ( ̶ ) 1500 V, respectively. In Vienna, Austria, the PID rate is 0.05% per 

day for negative ( ̶ ) 1000 V stress. Schneller et al. (2014) reported that the modules 
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from different manufacturers have different PID rates and they have found a maximum 

PID rate per day of 0.27% at  ̶ 1000 V stress in Cocoa, USA. A maximum power drop 

of 99% and a minimum power drop of 5% in PV modules are revealed in Table 2.4. 

Laboratory PID testing is highly dependent on some parameters such as the number of 

cells contained in the module (mini module degraded more rapidly than large 60-cell 

modules), applied voltage, temperature, humidity, the type of module surface (water 

film on the module surface or Al foil attached to module surface). The temperature has a 

much larger effect on PID than humidity. The effect of humidity, water and the metal 

contact on the rate of PID is in the order:  

Humidity < Water film < Al foil contact 

A comparison between the different stressing conditions was done using a 30-cell, 

polycrystalline Si p-type PV module, reported by Schutze et al. (2011a) as shown in 

Table 2.5. Leakage current and Pmax are compared for different PID stressing 

conditions. At the same voltage and temperature, modules with Al metal covers give 

higher PID stress as compared to modules wetted with a water film. On the other hand, 

when the voltage and temperature increase, both the power drop and leakage current 

increase rapidly. 

Table 2.5: Comparison of different conditions of PID stressing on a 30-cell, 

polycrystalline p-type module 

 (Schutze et al., 2011a) 

Conditions Duration of 

Stress 

Power Drop 

(%) 

Leakage Current 

(µA) 

-0.6 kV / 25°C / wet 372 h 46.8 0.95 

-0.6 kV / 25°C / metal 372 h 51.7 1 

-12 kV / 25°C / metal 8 h 37.55 55 

-0.5 kV / 55°C / metal 7.5 h 38.65 20 

-1 kV / 85°C / metal 0.5 h 40.75 360 
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2.5 Recovery of PID 

The whole power loss of a PID affected module cannot be recovered by simply 

applying the reverse potential; rather the amount of recovery depends on potential and 

environmental factors such as humidity and temperature (Schwark et al., 2013). The 

level of degradation is also an important factor because it is reported that the amount 

and duration of recovery are dependent on the level of PID of a particular module. Koch 

et al. (2012b) reported PID recovery levels at three different conditions on two different 

modules as shown in Figure 2.10. Negative (-) 1000V and positive (+) 1000V were 

applied for PID and recovery, respectively, to each module at conditions of 48 hours, 

85°C, R.H 85%; 96 hours, 60°C, R.H 85%; and 168 hours, 25°C, R.H 35%. 

The extent of PID of PV module varies according to PID resistance properties of the 

PV module constituting materials. On the other hand, PID recovery characteristic 

depends on the level of PID whether it is high, medium or low (Komatsu et al., 2018).  

A higher level of PID shows a lower the rate of recovery and the original power does 

not recover in this condition. On the other hand, the PV module contains a lower level 

of PID shows a greater amount of recovery (Koch et al., 2012b). Table 2.6 shows the 

various measures taken in PID recovery process which reveal that the extent of PID 

recovery vary according to PID history and the recovery process.  
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(a) 

 

(b) 

Figure 2.10: PID recovery behaviour (a) when extent of PID is high and (b) when 

the extent of PID is low  

(Koch et al., 2012b) 
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Table 2.6: Recovery process of PID affected PV modules 

Processes PID History 
Amount of 

Recovery 
Reference 

+ 600V/800°C 

200 h 

̶  600V/50h, Rp = 0 

Ω 

Rp not recovered 

fully 

(Lausch et al., 

2014b) 

Store at 

250 °C /25 h 

̶  600V/50h, Rp = 0 

Ω 

Rp not recovered 

fully 

(Lausch et al., 

2014b) 

+ 1000V, 40°C 

hot water, 100 h 

75% power 

reduction 
95% regeneration 

(Pingel et al., 

2012) 

Store at 18 

months 

50% power 

degradation 
97% recovery 

(Pingel et al., 

2012) 

+ 600V/88 

h/60°C/RH 0% 

Power reduced to 

30% and shunt 

resistance almost 

zero 

Power-93%, 40% 

shunt resistance 

recovered 

(Jaewon et al., 

2014) 

Store at 75 days 

30% power 

reduced and shunt 

resistance almost 

zero 

92% power with 

shunt resistance 

very poor 

recovered 

(Jaewon et al., 

2014) 

+ 1000V, 1 , 

water film 

35% power drop in 

outdoor 160V 
100% recovery 

(Swanson et 

al., 2005) 

+ 1000V/96 h 

60°C, RH 85%  

94% power drop 

at indoor 

70% recovery  of  

its  original  power 

(Schwark et 

al., 2013) 

+ 1000V/96 h 

60°C, RH 85%  

35% power drop at 

outdoor 

Recover 68% of its 

nominal power. 

(Schwark et 

al., 2013) 

+ 600V/35 h 

/60°C with full 

carbon on font 

surface 

Power drop 84% 
27% recovery of its  

original  power 

(Tatapudi et 

al., 2013) 

+ 600V/5h/85°C 

Previous DH, 

1000 h 

85% power drop 
72% power  

recovered 

(Goranti & 

TamizhMani, 

2012) 

Storing/100 °C 

for 10 h 
23% power drop 95% recovered 

(Pingel et al., 

2010) 

+ 1000V/96 h 

/Al-foil 

Cyclic PID and 

recovery 

Maximum 97% 

recovered 

(Jaeckel et al., 

2014) 

 

During the PID recovery process, there is a certain PID level from which PID can be 

recovered 100%, any PID below this level is not fully recoverable. Interestingly, it is 

also observed that a module can self-recover at room temperature in the absence of high 

system voltage at a rate of 0.01% per day (Schwark et al., 2013). 
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2.6 Control and Prevention of PID 

Controlling or suppression of PID is now an important issue for manufacturers 

because the magnitude of PID is increasing  day-by-day with the increased string 

voltage of PV power plants (Hosenuzzaman et al., 2015) and, consequently, the module 

lifetime is seriously affected by PID (Sharma & Chandel, 2013). The mitigation process 

of PID can be separated at three different levels: the module level - altering the 

properties of the cover glass material and altering encapsulant material properties; the 

cell level - optimizing the antireflective coating, emitter material, and base material 

properties; and lastly the system level - proper grounding. 

2.6.1 Module Level Prevention 

Potential induced degradation is generally regulated by altering the properties of 

module construction materials, for example, glass, encapsulant materials, etc. (Pingel et 

al., 2010) in such a way that electrical resistivity between the active cells to the ground 

is increased and the leakage current paths are disturbed. 

 2.6.1.1 Modification of front glass 

The major cause of PID is the migration of metal ions (particularly Na
+
) from the 

front glass materials at HVS (Hacke et al., 2010). Normally, soda lime glass is used due 

to its low cost, and it contains a lot of sodium ions. By modulating the composition and 

properties of the front glass, PID can be controlled. It was reported that PID can be 

suppressed with the replacement of the front glass surface by a Na
+
 free font cover 

(Kambe et al., 2013; Kajisa et al., 2014). A module composed of quartz as a front cover 

glass shows excellent PID resistance properties due to the absence of Na
+ 

(Hacke et al., 

2010; Hacke et al., 2011; Schutze et al., 2011b). Sometimes, soda lime glass along with 

the SiO2 layer below the glass layer act as Na
+
 ion barriers. The use of quartz is not 

reliable due to its high cost and manufacturing difficulties.  
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Kambe et al. (2013) reports that chemically strengthened glass (CSG) offers better 

PID resistance characteristics as a substitute of tempered soda lime glass, wherein Na
+
 

ions are replaced by K
+
 ions. The mechanical properties of CSG was also enhanced and 

an absence of PID at the accelerated condition of 1000V/85
°
C/2h was reported (Kambe 

et al., 2013). But it is still a contentious dispute that whether the above-accelerated 

conditions are satisfactory or not with real field conditions. Hara et al. (2015b) reported 

that there is significant PID of n-type Si PV module with CSG. Cause of PID resistance 

behaviour of CSG might be due to the higher ionic radius of K
+
 than Na

+
 that required 

higher energy to ionic diffusion. The ionic radius of metal ions within the glass is as 

follows (Jambon & Carron, 1976; Schubert, 1997). 

Na << K <<Rb<< Cs<< Fr 

Metal ion diffusion can be controlled by replacing Na with the element having a 

higher ionic radius. Recently Oh et al. (2016) has reported a PID  controlling process by 

front glass surface disrupting through applying a Willow flexible glass film. Willow 

glass can be applied during the manufacturing process PV module and also in the 

modules existing in the PV plant which prevents further PID. Willow glass flexible film 

present below the front glass possesses better PID resistant although it reduces the 

transmittance of the encapsulant and as result, the efficiency of PV module is reduced. 

2.6.1.2 Modification of encapsulating material 

Encapsulating material has an important role in PID mitigation as encapsulants act as 

a pathway of Na
+
 migration. PID can be prohibited by modifying the encapsulating 

materials in such a way that ionic migration is barred. Ethylene-vinyl acetate (EVA) is 

normally used as encapsulant owing to its low cost. PID resistance can be enhanced 

either by improving the resistivity of existing EVA through cross-linking or replacing 
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EVA by other alternative materials. It is also reported that by increasing the thickness of 

encapsulant PID can be inhibited, because thick EVA will reduce the voltage stress on 

the cell and also delay the Na
+ 

transfer (Schwark et al., 2014) (de Oliveira et al., 2018). 

Through the cross-linking using curing agent during the manufacturing, EVA became 

PID resistant for example. Chen et al. (2014b) reported a PID resistant EVA having 

tremendous potential induced degradation opposition along with anti-adhesion 

properties and high impact resistance. The composition is shown in Table 2.7. Some 

other encapsulate materials have been reported such as polyolefin, polyvinyl butyral 

(PVB), silicone etc. those exhibit better PID performance (Koch et al., 2012a; Schwark 

et al., 2013). 

Table 2.7: Composition of PID resistant EVA 

Material 
Percentage 

(%) 

Cross-linking curing agent 0.6  ̶  0.8  

Antioxidant 0.3  ̶  0.4 

Mixture of hydroxyl benzophenone and silica in ratio of 3-5:1 0.5 – 1.0 

Ethylene-vinyl acetate (EVA) balanced 

 

Polyethylene-based polyolefin elastomer (POE) in both form either thermoplastic or 

cross-linking is now used as an encapsulant especially at thin film type solar module 

due to their excellent barrier of moisture vapour transmission along with high volume 

resistivity compared to EVA (Nagel et al., 2012; Lin et al., 2013). A typical cross-linked 

polyolefin material composition having anti-PID properties along with good light 

transmittance and adhesiveness and shock resistance has been shown in Table 2.8 

(Chen, 2014). 
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Table 2.8: Typical composition of polyolefin 

Materials Weight % 

Ethylene-acetylene copolymer 80  ̶  90 

Polyethylene 5  ̶   10 

Ethylene-methyl methacrylate copolymer 5  ̶  15 

Melamine 0.5  ̶  2 

Crosslinking agent 2  ̶  3 

Antioxidants 0.5  ̶   2 

 

Although POE seems to be a promising encapsulant material Reid et al. (2013) 

verified that only encapsulant replaced by POE is not sufficient for fully PID prevention 

because after 96 hours at 1000V/RH85%/85
°
C showed 60% power reduction. Ionomer, 

that means an ionic polymer which is partially neutralized e.g.(partially neutralized 

polyethylene co-methacrylic acid) also reported as an alternative encapsulant for PV 

module and shown excellent PID resistance (Kapur et al., 2013). Fully replacement of 

EVA by ionomer enhanced the cost of the module. Ionomer film laminated with 

standard EVA may be a cost-effective encapsulate with quite similar PID resistive 

properties (Kapur et al., 2013; Fujioka, 2014). Different layer thicknesses of ionomer 

and EVA were reported such as 100 μm ionomer/460 μm standard EVA show <<5% 

PID at up 400h testing (Pop et al., 2014). Ionomer/EVA bilayer module, having 50µm 

ionomer and 450 µm standard EVA with very little sodium accumulation at 

85°C/85%/1000V/425h PID stress (Kapur et al., 2015). Recently it is also studied on the 

ionomer encapsulant for the n-type solar module and excellent PID resistance is 

reported (Hara et al., 2015a). 

A comparison between the different encapsulant has been depicted in Figure 2.11. 

Relative power degradation of one cell mini-modules composed of different encapsulant 

such as Ethylene-vinyl acetate (EVA), Polyethylene (PE), polyvinyl butyral (PVD), 

thermoplastic silicone elastomer  (TPSE), ionomer  and  polydimethylsiloxane (PDMS) 
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etc. material after PID testing in condition of -600V /48h/85
°
C/RH85% were measured 

(Koch et al., 2012a). PE exposes best PID resistance behaviour, and then followed by 

Ionomer, TPSE, PVB, PDMS and lastly EVA display the highest degradation. 

 

Figure 2.11: PID resistance behaviour of different encapsulant at (˗600V 

/48h/85
°
C/RH85%) stress condition 

 

2.6.1.3 Use of thin film coating 

Although there are different alternative PID shielding encapsulant material to EVA, 

some other criteria need to account for, viz., cost, longer stability, and accessibility etc. 

Hydrophobic coating on the glass surface can be used to protect the cell from PID 

(Hwang, 2014). These coatings create passivation of electrical connection between the 

grounded frames to the glass surface by the exclusion of water on the surface of the 

glass. A thin layer such as SiNx, SiO2, and TiO2 etc. have Na
+
 diffusion barrier 

capability and can be used to prevent PID of the solar module (Zita et al., 2010; Aubry 

et al., 2012). It is reported that the TiO2 thin film undercover glass has a noble 

suppression effect of Na
+ 

diffusion and PID performance enhanced with the increase of 

the thickness of the TiO2 film (Nehme et al., 2014). But their testing period is not 

adequate. Recently, it is found that the polyethylene (PE) thin film has superior Na
+
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diffusion barrier property than the TiO2 and only 30µm thickness along with standard 

EVA can prevent PID for long period of DH test (Hara et al., 2015a).  

2.6.1.4 Modification of sealing materials 

By increasing the electrical insulating properties of the edge sealing material in 

between the solar panel and frame, PID can be controlled. Generally high industrial 

graded silicone seals or polyolefin based seals are used in PV modules (Hong et al., 

2014). Copolymerizing polyolefin resin with cyclopentenedione derivative also reported 

as good sealant for PID resistance (Oka et al., 2015). Some recently developed sealant 

materials are denoted in the below Table 2.9. 

Table 2.9: Different sealant materials composition used as PID resistance 

Composition Feature Reference 

Polyethylene-type resin, and has 

layers containing 4-10 %mass 

white pigments. 

The water-absorption rate 

0.2% or less 

(Moriyama 

& 

Yamazaki, 

2014) 

Ethylene-(alpha)-olefin copolymer, 

with 0.05-2 wt. % epoxy group-

containing silane coupling agent, 

and 0.6-2 wt. % acid acceptor. 

Excellent adhesiveness at high 

temperature, high humidity 

with suppressed potential 

induced degradation 

(Ikenaga & 

Ito, 2015) 

100 wt.% ethylene- alpha-olefin 

copolymer, an organic peroxide, 

and crosslinking adjuvant chosen 

from divinyl aromatic compound, 

cyanurate, diallyl compound, triaryl 

compound, oxime, and maleimide, 

and 0.1-5 wt.%. (meth) acrylate 

type monomer. 

Venerable PID suppression  at 

high voltage 

(Ikenaga et 

al., 2015) 

 

2.6.2 Cell Level PID Prevention 

Both p-type and n-type solar cells are prone to PID but their material composition 

and thickness of antireflection coating (ARC) have a great influence on the PID 

modulating aspect. Several parameters such as emitter sheet resistance; base resistivity 
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etc. can be controlled by doping concentration. It is reported that PID confrontation of 

the solar cell is enhanced by decreasing the emitter sheet resistance and increasing the 

base resistivity (Pingel et al., 2010).  An anti-reflection coating (ARC) has the capability 

to prevent PID and a highly PID suppression property is found for ARC with refractive 

index higher than 2.2 (Pingel et al., 2010). Actually, the polarization of solar cell will be 

extinct due to a conductive layer over the ARC  which will be connected with the base 

of the solar cell (Swanson et al., 2009) through which PID will be arrested. It is believed 

that driving force for the ion migration towards the silicon nitrides and then silicon can 

be eliminated by removal of electrical potential by using a conductive coating on ARC 

(Hacke et al., 2012). For example, with the increase of refractive index, the electrical 

conductivity of SiNx layer also increases, and the conductive layer can be also 

neutralized the Na
+
 ions that are the possible reasons of PID resistance of SiNx anti-

reflection coating with high refractive index.  Unfortunately, SiNx with higher refractive 

index deteriorates the conversion efficiency due to an increase of unfavorable light 

absorption (Shirazi et al., 2009). However, ARC layer of SiOyNx/SiNx exhibits better 

PID resistance compared to the stack as xSiNx single layer coating for multi-crystalline 

silicon (mc-silicon) silicon solar cell with the same efficiency (Zhou et al., 2015).  

Alterations of emitter diffusion and ARC layer have a large impact to reduce the cell 

efficiency relatively low impact on PID suppression.  Insertion of a thin film between 

the emitter and ARC suppresses Na diffusion into emitter, which can be an effective 

way of PID prevention although this layer may reduce the transmittance of the 

encapsulant, thereby hampering the cell efficiency. Nagel et al. (2014) have explored a 

PID suppression path by inserting a SiO2 layer in between the emitter and ARC layers. 

They have used two inline oxidation processes such as UV oxidation and thermal 

oxidation for the formation of the SiO2 layer. Thermally oxidized layer shows better 
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PID resistant than UV oxidized layer. Recently it has been reported that the SiO2 

amalgamated with the P2O5 layer is more effective to reduce the PID without hampering 

the efficiency of the solar cell (Du et al., 2015). The amalgamation produces a 

phosphorous silicate glass (PSG) layer [P2O5+ SiO2 → P2O5· SiO2 (glass)] in between 

the emitter and ARC layer.   

In the solar cell materials level, it has been reported that an elevation inhomogeneity 

of doping concentration, the sheet resistance of emitter and base resistivity reduces the 

PID of the solar cell (Pingel et al., 2010). Processing of solar cell in such a way that 

defect-free crystal structure obtained that control the PID effect. Texturing of cell 

materials in case of the monocrystalline cell has a significant influence on PID and a 

better PID resistance is shown by groove-rounded textured structure (Chen et al., 

2014a). Recently, Yamaguch et al. (2016) reported that a crystal orientation in (111) 

direction reveals more PID controlled rather than (100) orientation. Table 2.10 shows 

the summary of various reported PID prevention techniques and their respective 

performance.  
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Table 2.10: Summary of prevention and control of PID by changing different PV 

construction materials 

Prevention Technique Before PID After PID Reference 

Ionomer layer between the 

front glass and EVA(100µm 

ionomer + 460 µm std. EVA) 

10% power 

degradation with 

standard EVA 

Retain 99% of 

initial power after 

as long as 500 

hours PID 

(Pop et al., 

2014) 

Thin ionomer film (partially 

neutralized polyethylene co-

methacrylic acid) placed 

between the glass and front 

EVA encapsulant 50 µm 

ionomer + 450 µm std. EVA) 

PID-resistant 

EVA drops to 

11.5% power 

retain 98.5% of 

initial power after 

192 h 

(Kapur et 

al., 2015) 

CSG replaces soda lime PV 

font glass 

20% power drop 

within 40 h at 

˗1000V/60°C 

/RH 85% 

 

 

Retain > 95% of 

initial power after 

96 h 

(Kambe et 

al., 2013) 

Replacing with a strong PID 

susceptible EVA 

55% PID at 

˗600V/25°C/57h 

at wet surface 

condition 

Net zero 

degradation wet 

condition (25° C, -

600V) 1000 h 

(Schutze et 

al., 2011b) 

Encapsulant compose of 

polyethylene (PE) thin film (30 

µm) with the copolymer of 

ethylene and vinyl acetate 

(EVA) 

almost 

degradation for 

without film 

DH test for 4000 h 

(85°C/RH 85%) 

with a decrease of 

below 2%, 

(Hara et 

al., 2015a) 

Coating of TiO2-thin film inner 

side of cover glass 

applying ˗1000 

V at 85ºC for 2 h 

97% power drop 

(without 

coating) 

3% Power drop at a 

200nm thickness of 

TiO2 

(Nehme et 

al., 2014) 

Plasma enhanced chemical 

vapor deposition (PECVD) of 

SiNx thickness 80 nm. 

85°C/RH 85% 

/˗1000V /48 h 

Only 5% PID and 

no EL darkened 

area with cell 

efficiency gain by 

0.3% abs 

(Kuan et 

al., 2013) 

SiOyNx layer at the interface of 

SiNx / Si 

̶ 1000 V, 60
o
C/ 

24 h, 30% PID 

with only SiNx/ 

Si 

Nearly zero 

degradation after 

PID testing for 24 h 

(Zhou et 

al., 2015) 
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2.6.3 System Level PID Control 

Biasing of the PV solar cell at a certain polarity (negative bias for standard solar 

cells) is main cause to occur PID on a system level. By proper grounding scheme, this 

polarity can be prevented (Schutze et al., 2011b). However modern inverter technology 

does not allow the grounding of the negative pole due to their transformerless 

characteristics (Berghold et al., 2010). By installing grounded micro-inverters to each 

module PID can be prevented. High negative voltage bias to the cell is excluded by 

using micro-inverters, which are significantly more expensive to install and notoriously 

difficult to maintain and increases the installation and maintenance cost. PV power plant 

should be installed in places where the weather conditions having relatively low 

moisture and temperatures.  Module inclination is also important; it is said that more 

than 15° incline is favourable conditions for draining water away and washing off a 

portion of the dirt that contributes to the surface conduction (Jaeckel et al., 2013). 

2.7 Research Gaps 

Potential induced degradation of PV module is a challenging issue for module 

manufacturers and PV power industry, because there are great financial risks due to 

anomalous and unexpected reduction of module lifetime. Researchers on this issue are 

splitting as related to mechanism, characterization, and prevention level. The key 

findings and possible further researches are needed to address are as follows: 

 An investigation of compositional and microstructural changes of PV cell 

materials degraded in real field is very much essential to understand the 

actual mechanism of PID. 

 An investigation is required to clarify the partial recovery of PID of shunting 

type. 
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 A comparative investigation in-between the laboratory PID test standard and 

on-site PID of similar modules is readily needed.   

 A comparative investigation on the PID behaviour different type of PV cells 

such as (i) polycrystalline Si solar cell, (ii) monocrystalline Si solar cell (iii) 

amorphous Si solar cell and (iv) other thin film type solar cell is necessary.  

 A cost-benefit analysis of recovery process of different types PV modules is 

also required to find the best cost-effective PV module among the rest of 

others.  

 Appropriate prevention process for PID in cost effective and sustainable way 

is still an issue.   

In the light of literature review and the research gaps detected, it may be concluded 

that extensive research is still required to understand the PID phenomenon and an 

apposite protocol for its prevention and recovery is eagerly awaited.  
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CHAPTER 3: POTENTIAL INDUCED DEGRADATION: THEORETICAL 

FRAMEWORK  

 

3.1 Concept of PID in PV module 

In PV power plant, a number of modules are connected in series to develop the 

desired output voltage, while module frames are grounded for safety, producing a high 

potential difference between the module frame and the solar cell by virtue of which the 

module experiences a high voltage stress (HVS). On the other hand, inverters used in 

the PV system may or may not be grounded depending on whether the inverter is 

transformer based or transformerless. Depending on inverter type used, three different 

types of PV string configurations are possible, such as (i) grounded either only positive 

pole or (ii) only negative pole of PV system and (iii) both poles are ungrounded which 

creates floating potential difference as shown in Figure 3.1.   
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Figure 3.1: Three types of voltage stressing on PV modules in a string depending on 

the pole grounding 

 (Pingel et al., 2010) 
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In positive pole grounding system, PV solar cells are stressed by negative potential 

relative to module frame, while opposite happens in case of negative pole grounding 

system. In the latter case,  one part of the string has a  negative and the other part has a  

positive potential towards the ground (Pingel et al., 2010). The performance of PV 

module decreases unexpectedly within several months or few years due to HVS which 

is known as potential induced degradation (PID). Both types of potential difference can 

degrade the PV module performance depending on the module and cell materials (Luo 

et al., 2017). The root cause of PID may be different for different types of module 

technologies. The real causes in microscopic level are still under investigation. 

Nevertheless, some explanations have been proposed in the literature to understand the 

aetiology of PID. Ion migration process as a result of leakage current is one of the 

prevalent theories to understand the PID of silicon solar cell. The HVS instigates 

leakage currents to flow either from module frame towards the solar cell or from cell 

towards the frame depending on the positive or negative voltage stress. In the presence 

of negative HVS in silicon PV module, positive ions migrate towards the cell surface as 

shown in Figure 3.2. Migrated ions hamper the emitter performance of the solar cell by 

creating a charge double layer in the way that positive charges (Na
+
 ions) attract or 

create a layer of negative charges between the layer of positive charges and the n+ 

emitter. So in the vicinity of the cell, negative charge layer creates an electrical field 

which repels the emitter electrons (Raykov et al., 2014). The HVS also causes an 

electrochemical corrosion mainly in thin film module which is nonreversible (Fjallstrom 

et al., 2013).  
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Figure 3.2: Positive and negative ions migration in presence of high voltage stress in 

PV module 

(Vigdu, 2017) 

 

3.2 PID Characterization Techniques 

Assessment of the extent of the PID of a solar module is imperative, especially for 

large solar power plants. The evaluation of the degradation level of each module within 

the string and each cell within the module are both necessary. The extent of PID of a PV 

module can be detected by either measuring the different module parameters (such as 

open circuit voltage (Voc), operating voltage (Vop), I-V curve and dark I-V curve 

measurement, etc.) or surface imaging such as electroluminescence imaging, thermal 

imaging, and lock-in thermography.  

3.2.1 PID Detection by I-V Characterization 

 The shape of the I-V curve alters due to PID and sometimes Isc and Voc values also 

change. The change in shape of I-V curves of c-Si PV module does not always predict 

the PID, especially when the level of PID is low. So at a low PID level, the maximum 

power point (Pmax) measurement of each module in the string at STC is an effective way 

to detect PID (Moreno et al., 2013).  Pmax measurement at low irradiance is a more 

effective way to predict PID because the efficiency of solar at low irradiance is 

markedly reduced due to PID interrupt (Berghold et al., 2013; Braisaz & Radouane, 
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2014). The sequence of the PID affected parameters of crystalline Si PV modules is 

(Schwark et al., 2013): 

Isc<Voc<Imax<FF<Pmax 

Due to PID, the shunt resistance of a PV module decreases and the module has to 

operate at a lower voltage than the remaining, non-PID affected modules within a string 

to maintain the same current. Degradation is easily detected by measuring the operating 

voltage (Vop) under the loaded condition of a PV module. The change of different PV 

module parameters used to observe the extents of PID are listed in Table 3.1.  

The quality of a junction can be easily estimated through its dark characteristics 

(Bouzidi et al., 2012). To represent the PID of a PV module, sometimes dark IV 

characteristics taken in dark conditions (without illumination) cause the PV module to 

act as a diode. During dark IV measurements, modules are biased with about 20% of 

their datasheet Isc and current flow in the reverse directions to that of light. I-V 

measurements are usually normalized as Vbias/Voc nom (Moreno et al., 2013). 

The ability to detect PID by measuring Vop, Voc, Pmax and Vbias etc. is shown in Figure 

3.3 depicting PID behaviour of 24 modules connected in series within a string. The 1
st
 

and 24
th

 modules are positioned at the negative and positive terminals, respectively. 

Values of each of the module parameters (Voc, Vop, Pmax, and Vbias) are normalized by 

dividing them by their respective nominal values from a data sheet given by the 

manufacturer and are plotted according to the position of each module within the string.  

However, the 1
st
 and 2

nd
 modules were previously replaced by new modules due to 

severe PID. Modules positioned near the negative terminal had a greater PID level and 

lower values of Voc/Voc nom, Vop/Vmax nom, Pmax/Pmax nom and Vbias/Voc nom as compared to 

modules not positioned near the negative terminal. In Figure 3.3, it is clear that the Pmax 
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and Vop values provide more efficient information to detect PID than the Voc and Vbias 

values.   

 

Figure 3.3:  Normalized values of Voc, Vop, Vbias, and Pm of the 24 modules connected 

in series in a string affected by PID. Module 1 and 2 are newly exchanged 

 (Moreno et al., 2013; Martínez-Moreno et al., 2018) 

 

Table 3.1: Nature of different PID detection techniques 

PID Detection 

Techniques 
Operating Process Amenities Conditions 

Measuring 

operating voltage 

(Vop) 

Reduction of Voc 

due to PID is 

measured by simple 

voltmeter 

Simple 

Reduction is only 

noticed when the effect 

of PID is high (Moreno 

et al., 2013). 

Measuring  open 

circuit voltage 

(Voc) 

Normalized operating 

voltage (Vop 

/Vmaxnominal) is 

measured 

PID detection 

capability is 

higher than Voc 

measurement 

technique 

Measurement under 

loading condition 

Maximum Power 

(Pmax) 

Measuring through an 

I-V curve 

More efficient 

than Voc and Vop 

At low irradiance, is 

more effective at 

detecting PID 

 

3.2.2 PID Detection by Surface Imaging  

The electrical characterizations show the PID level of each PV module within 

strings, nevertheless, the PID of each cell within the module is quite difficult to identify. 

Univ
ers

ity
 of

 M
ala

ya



57 

Imaging of the module surface with a specialized technique is one of the reliable and 

fast tools used to identify the PID and possibly to detect the PID of each cell within 

each module. The surface imaging processes are 1) Thermal (IR) imaging, 2) Electro 

Luminescence (EL) imaging, and 3) Lock-in thermography (LIT).  These are described 

briefly in the following sections. 

 

 3.3.2.1 Thermal (IR) Imaging 

Detection of  PV module degradation (especially, on-site during operation) through 

IR thermography is a fast and reliable technique (Buerhop et al., 2012). Although IR 

imaging can be done without interference of the operation of the PV plant, sometimes 

the detection of temperature differences between the PID affected and the unaffected 

cell is hampered at low irradiation; that is why IR imaging has to be done at higher 

irradiation during sunny days (Moreno et al., 2013). A typical IR image of PID affected 

modules is shown in  Figure 3.4. The bright cells are highly degraded and possess high 

temperature.   

 
 

 Figure 3.4: Typical thermal image of a PV module with PID 

 (Tsanakas et al., 2016)  
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3.3.2.2 Electroluminescence (EL) Imaging 

Electroluminescence (EL) imaging is one of the most reliable methods to accomplish 

a detailed characterization of PID affected module (Moreno et al., 2013). A dark 

environment is requisite for EL imaging; hence, EL imaging is carried out at night for 

on-site PID characterization. A comparative view of EL and IR imaging is presented in 

Figure 3.5.  In the EL image, healthy cells show a bright appearance due to a high 

recombination rate, while degraded cells look dark. A module produces a PID pattern 

depending on the degradation level of each cell within the module. The IR image is in 

reverse contrast and dark cells possess a higher temperature due to a higher PID level. 

Both EL and IR images show similar patterns of PID. The immensity of EL imaging 

over thermal imaging is that EL imaging does not interfere with thermal distortion.  

 

Figure 3.5: EL image (left) and thermal (IR) image (right).of a PID affected module  

(Kaden et al., 2015) 
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3.3.2.3 Lock-in Thermography (LIT) 

Lock in thermography (LIT) is sometimes used to sense the localized shunting 

distribution of the PID affected cells (Schutze et al., 2011b). Normally, for PID 

characterization, LIT is performed in a dark environment (Breitenstein, 2012; 

Breitenstein et al., 2015). The PV module, without backside foil, improves the 

resolution of LIT by reducing the lateral temperature gradient extension (Naumann et 

al., 2012). EL imaging takes some minutes to perform, while LIT takes only a fraction 

of a second. Nonetheless, a common drawback of LIT is its disturbed three-dimensional 

resolution due to thermal distortion (Breitenstein et al., 2011). 

3.3 Recovery Processes of PID  

The degeneration caused by PID can be recovered where the extent of recovery is 

contingent on the level of degradation (Koch et al., 2012b; Pingel et al., 2012) and on 

the manner of the recovery system (Fjaellstroem et al., 2015). It was reported that the 

PID phenomenon is partially reversible excluding electrochemical corrosion or other 

heavy damages (Berghold et al., 2013). Therefore, by reversing the cause of PID, the 

degradation extent of a module can be recovered (Pingel et al., 2010). It is assumed that 

the recovery generally arises through regeneration of the p-n junction of the degraded 

cell and out-diffusion of Na
+
 ions from the vicinity of the p-n junction. The structural 

view of the PID recovery process is shown in Figure 3.6. During the recovery process, 

the metal atoms diffuse out of the SFs of the p-n junction to the oxide layer and SFs 

become free of metallic conduction. Hence, shunt resistance is recovered gradually 

(Lausch et al., 2014b). Since the PID regeneration process is a diffusion control 

phenomenon, it occurs at PV plants at night, when harmful high voltage stress is absent, 

but the process is very slow and the amount is negligible (Schwark et al., 2013). 

Generally, the diffusion process is accelerated by applying a voltage or increasing the 
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temperature, similarly, the PID recovery rate can be enhanced by applying a voltage or 

increasing the temperature. The recovery system can be separated as potential induced 

recovery and thermal induced recovery, which are briefly discussed below. 

 

Figure 3.6: Structural view of the PID recovery process 

 (Lausch et al., 2014b) 
 

3.3.1 Potential Induced Recovery 

Degradation of module due to PID can be recovered by applying a voltage to a 

reverse track of the high voltage stressed direction of the PV module; through the 

application of a negative voltage at the frame to the cell. Potential induced recovery can 

be done in the field or in the laboratory. In field recovery, a device is used that applies 

positive voltage during the night. There are several commercially available apparatus 

from different companies such as SMA solar technology, Ilumen, Padcon and Pidbull 

that apply a positive voltage to the PV modules for regeneration of PID affected PV 

modules. PID of a PV module can also be recovered using a grounding kit, where the 

negative pole of a PV module is grounded and a self-generated positive recovery 

potential comes from the string (Pingel et al., 2012). In the laboratory, PID recovery is 

normally done in an environmental chamber where the module is exposed to +600V to 
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+1000V. The recovery time can be controlled by regulating environmental factors such 

as humidity and temperature; at a higher temperature, the rate of recovery will increase 

(Berghold et al., 2010).  

3.3.2 Thermal Induced Recovery 

In the absence of high system voltage, positive ions accumulated during PID, then 

diffuse to the back and this diffusion process can be accelerated by thermal treatment. 

The junction characteristics of the PID affected cell can be regenerated after thermal 

treatment by storing the affected module at 250°C for 25 hours (Lausch et al., 2014a). 

Figure 3.7 shows EBIC images for development and recovery of a shunt site due to PID 

and the thermal induced recovery process. The shunt has been placed inside the dotted 

circle; the inset of Figure 3.7 (a) shows the shunt at an SF. The grain boundary is 

indicated by a dotted line. After recovery, the shunt site is clearly vanished. 

Nevertheless, it was reported that for generation of the initial power, a large amount of 

heat and time is needed (Lausch et al., 2014b). The high temperature can decrease the 

long-term stability of panel material by thermal stressing, a drawback of thermal 

recovery systems (Pingel et al., 2010). 

 

Figure 3.7: PID shunt site before (a) and after (b) a thermal recovery process  

(Lausch et al., 2014b) 
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3.4 IEC Standard for Laboratory PID Test 

Until July 2015, there was no acknowledged test standard available for PID testing.  

Recently,  the International Electrotechnical Commission (IEC)  published standards 

titled as ‘IEC TS 62804-1:2015’ for PID testing in laboratory conditions (IEC 62804, 

2015). In this standard, the following conditions are assumed: 

 In the wet leakage current measurement process, if a wetting agent (such as 

water) is used, then all faces of the modules shall be immediately and thoroughly 

rinsed following the wet leakage current test. 

 The water of resistivity not less than 0.05 MΩ cm. 

  In all cases, all faces of the module should be wiped dry with a clean cotton or 

paper towels and not air dried as the final step. 

Each module should characterize only one set of test conditions since PID is history 

dependent (Schutze et al., 2011b). The summary of the IEC standards for PID testing 

methods is given in Table 3.2 and the detailed procedure is shown in Figure 3.8. 

Table 3.2:  IEC TS 62804-1:2015 standards for PID lab test  

(IEC 62804, 2015) 

 
IEC TS 62804-1 

(Method A) 

IEC TS 62804-1 

(Method B) 

Test environment Environmental chamber 
Temperature controlled 

laboratory room 

Test conditions 
Temperature: 60

o
C  

Relative humidity: 85% 

Temperature: 25
o
C 

Relative Humidity < 60% 

Contacting 

method 
Frame grounding 

Front glass surface is 

covered with aluminium foil 

Test duration 96 h 168 h (7 days) 

Test voltage ±1000 V ±1000 V 

Pass-fail criterion < 5% power degradation < 5% power degradation 
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Visual 

Inspection

Maximum 

Power 

Determination

Performance at 

Low 

Irradiation 

Wet Leakage 

Current Test

Ground continuity test

(if frame is non 

metallic) 

PID stress by 

Method (A) or 

Method(B)

Maximum 

Power 

Determination 

Performance at 

Low 

irradiation

Wet leakage 

current test

Visual 

inspection 

Electrolumines

cence imaging

Electrolumines

cence imaging

Exposed to sunlight 

either real or 

simulated

(5.0-20 kWh/m
2
)

 

Figure 3.8: Flowchart of IEC 62804 PID characterization process  

(IEC 62804, 2015) 

 

3.5 Relation between EL Image Intensity and PV Performance  

Electroluminescence imaging is a useful and functional method for analyzing different 

degradations phenomena PV module. Several reports are available in literature regarding 

the characterization of PV module performances through EL imaging; for example, EL 

imaging was used for detecting series resistance and shunt resistance (Breitenstein et al., 

2008), microcrack (Kajari-Schröder et al., 2011), p-n junction minority carrier’s diffusion 

length (Takashi et al., 2005; Würfel et al., 2007). The diffusion length of minority carrier 

determines the performance of individual PV cell (Würfel et al., 2007). Takashi et al. 

Univ
ers

ity
 of

 M
ala

ya



64 

(2005) reported a relationship between the minority carrier diffusion length and 

electroluminescence image intensity. From this relationship, a measurable investigative 

technique for the finding of degradation of photovoltaic cells has been introduced 

(Takashi et al., 2005). Mochizuki et al. (2016) suggested the measurable open circuit 

voltage representing technique by means of electroluminescence image intensity of PV 

module. Rajput et al. (2018) reported the possibility of series resistance and dark 

saturation current extraction of individual cell of PV module by EL imaging. Recently, 

Bedrich et al. (2018) proposed a quantitative electroluminescence imaging process for 

performance estimation of PID-influenced PV modules. Electroluminescence intensity 

depends on the effective diffusion length and number of minority charge carrier and the 

photovoltaic cell performance likewise rely upon these parameters. So, therefore, the 

summation of entire pixel’s electroluminescence intensity of a PV module is 

correspondence to the power output of that PV module. The total number of pixels is 

equivalent to the cell area of the PV module. The average value (mean) of EL intensities 

of all pixels within the PV module is proportional to the power output (Pmax) per unit cell 

area.   The relationship is expressed as follows: 

cell

mean

A

P
E

max
          (3.1) 

cell

mean

A

P
CE

max
              (3.2)                        

where the mean of all pixels’ intensities is Emean, the maximum power output is Pmax 

and C is a calibration factor. The entire area of PV cell is Acell. From the 

electroluminescence images of new and non-degraded PV modules, the C value can be is 

determined.  
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CHAPTER 4: RESEARCH METHODOLOGY  

 

4.1 Introduction  

The underlying objectives of this research are to investigate the on-site PID behavior 

and its relationship with the laboratory standard test condition. To accomplish these 

purposes, two-fold research methodology has been adopted, viz., exploratory and 

experimental research technique. As the root cause of PID is still to be resolved, in 

order to gain further insight into this rather newly detected phenomenon exploratory 

research is essential. On the other hand, in order to examine the cause-and-effect 

relationships among various parameters that are involved with PID an experimental 

research method has been followed. Moreover, in order to facilitate extrapolation of 

laboratory-based experimental results to natural settings, field experiments have been 

carried out along with laboratory investigations. The following sections of this chapter 

contain the details experimental procedure along with the experimental setup, 

instrumentation, testing conditions and data collection processes.  

4.2 Meteorological Conditions and Module Specification of PV Plant Site  

The PV module degradation behaviour due to real field aging has been investigated 

by taking several PV modules aged in real field condition at different time of periods.   

The sample modules are taken from the 4 kW PV power plant. The plant was situated at 

the solar garden of UMPEDAC, University of Malaya and comprising of both mono- 

and polycrystalline types PV modules, which have been field aged for different spans of 

time. Features of PV module qualifications at standard testing conditions have been 

showed in Table 4.1. The climate conditions data of the PV plant site is shown in Table 

4.2.  
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Table 4.1: Different PV modules’ specification  

Module 

specifications 
Module  A Module B Module C Module D 

Manufacturer SHAIYANG ENDAUPV MITSUBISHI 
SHELL 

SOLAR 

Cell material  Monosilicon Polysilicon Polysilicon Monosilicon 

Number of cells 36 (4×9) 60 (6×10) 36 (4×9) 36 (4×9) 

Size (mm) 1200×545×35 1666×997×42 1495×674×46 1200×527×46 

Pmax (W) 90 W 250 W 125 W 85 W 

Voc (V) 22.03 36.96 21.8 22.2 

Isc (A) 5.30 8.8 7.9 5.45 

Vmp (V) 18.36 31.26 17.3 17.2 

Imp (A) 4.90 8.0 7.23 4.95 

Size of cell (mm) 125×125 156×156 156×156 125×125 

Temp coefficient, 

Pmax (%°/C) 
0.549 0.45 0.452 0.43 

 

4.3 Experimental Setup 

The Cell Solar Testing Laboratory at UMPEDAC, University Malaya, was used to 

carry out the experimental investigations. Investigations have been made to study the 

leakage current behaviour of PV module at different high voltage stresses and different 

environmental conditions, to carry out the laboratory PID testing, and to determine the 

different light and dark IV parameters of degraded PV modules.  

4.3.1 Leakage Current Measurement 

Different types of PV modules (A, B, C and D as given in Table 4.1) have been used 

in this experiment. Experimental setup for leakage current measurement is shown in 

Figure 4.1. 
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Figure 4.1: Leakage current measurement circuit 

 (Kang et al., 2015) 

 

In between DC power supply and the PV module frame, a resistor of 10kOhm was 

inserted in series. The leakage current was measured based on the determination of 

voltage developed across to the resistor.  
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Table 4.2: Monthly 22 years average insolation, wind speed and humidity of the PV 

plant site  

(NASA, 2017) 

Month Averaged 

Insolation 

(kWh/m
2
/day) 

Average Wind Speed 

(m/s) 

Average 

RH  

(%) 

January 4.79 3.64 77.40 

February 5.37 3.08 73.90 

March 5.42 2.68 77.50 

April 5.27 1.83 82.20 

May 5.11 1.80 83.00 

June 4.98 2.58 82.70 

July 4.92 2.63 83.10 

August 4.87 2.81 83.00 

September 4.88 2.25 82.50 

October 4.76 2.00 82.10 

November 4.36 2.67 83.10 

December 4.17 3.66 81.70 

Annual 4.90 2.63 81.00 

 

 

4.3.2 Solar Simulator 

A solar simulator made of halogen bulbs, has been used to investigate the PV module 

performance at different temperatures and irradiances as shown as in Figure 4.2. The 

halogen bulbs were 50W capacity having voltage and current rating of 12 V and 4.17 A 

respectively and manufactured by OSRAM. The irradiance has been altered by using 

variable AC power transformers. This simulator is designed to operate at indoor 

conditions. 
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Figure 4.2: Sun simulator used to investigate the effect of temperature and irradiance 

on PV module performances 

 (Rahman et al., 2015) 

 

 

4.3.3 EL Imaging Setup 

An electroluminescence (EL) imaging technique has been run to investigate the fitness 

of PV module’s by means of each cell performance as presented in Figure 4.3.  The 

setup consists of components like programmable DC power supply, CCD camera able 

to sense light in the infra-red range, dark room, and a computer integrated with the 

control system and EL image analysis software. The block diagram of the EL imaging 

process is as shown in Figure 4.4. 
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Figure 4.3: EL imaging set up 
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 Figure 4.4: EL imaging circuit connection 
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A Minolta MD W Rokkor objective with a focal length of 35 mm and a maximum F 

number of f/1.8 is equipped with the CCD camera. The camera is mounted on a tripod 

which can move freely through a tunnel as shown in the setup in Figure 4.3. The camera 

scans the entire module by taking several shots. A single shot cover 30 cm distance. 

Number of shot depends on the PV module length. The camera can move maximum 5.5 

m tunnel length allows the measurement of all common panel sizes of up to 2m x 2m. 

The photovoltaic module is placed inside the dark room and connected with the cable of 

DC power source for forward biasing. Doors of the darkroom are closed during the 

imaging process. 

4.4 Instrumentations 

In this research, various types of instrument have been used for example high DC 

power source (Hi-Pot Tester), multi-meter, thermos-couple, data logger, conductivity 

meter and digital high precision electric balance etc.   

4.4.1 High Voltage DC Power Supply  

A programmable high DC power supply has been used to measure the HVS PV 

module’s leakage current. The brand name of DC power supply is Hi-Pot Tester with 

the model number of DU-332 manufactured by Delta Instruments, Taiwan as shown in 

Figure 4.5. The capabilities of the power supply are 0 to 6kV DC and from 0 to 5kV 

AC. The cut-off current range of the device is from 0.0 to 15 mA for AC and from 0.01 

to 7.5 mA for DC system.  
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Figure 4.5: Programmable DC power supply (Hi-Pot Tester) 

4.4.2 Data Logger 

A data logger, Brand name: DataTaker; Model; DT80 Thermo Fisher Scientific Inc.) 

is used to measure different temperatures and solar irradiation. Its web-based dEX 

graphical interface can trace data rapidly and easily. The recorded data can be retrieved 

from a web browser or copied to any portable USB drive. The data logger uses a 

programming language that can interface with any complex system and communicate 

through a serial sensor port and other communication ports. It consumes very low power 

during operation. 

 

Figure 4.6: DataTaker DT80 
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The DataTaker DT80 has five analog input channels; depending on the connection 

outline used, these channels permit the measurement of 5 to 15 separate voltages. Each 

analogue input channel is a 4-wire input, which allows the measurement of voltage, 

current, resistance, and frequency. These are the fundamental signal outputs of most 

sensors. 

4.4.3  I-V Tracer 

An I–V analyser as shown in Figure 4.7 is used to measure the PV module output of  

open-circuit voltage (Voc), short-circuit current (Isc), maximum power (Pmax), maximum 

voltage (Vm), and maximum current (Im). The NASA 2.0 I–V tracer, developed by 

UMPEDAC, can trace power up to 2000 W. The operating specifications of the I–V 

tracer is provided in Table 4.3. 

 

Figure 4.7: I-V tracer (Model: NASA 2.0) 

Table 4.3: Specifications of the I–V tracer  

Parameter Measuring Range 

Voc 1.00 – 600 V 

Isc 0.50 – 7.00 A 

Pmax 0 – 2000 W 
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4.4.4 Pyranometer 

A LI-COR PY82186 silicon pyranometer, as shown in Figure 4.8, is used in the 

experiment to measure the solar irradiance. This type of pyranometer is used for PV 

performance study to measure incident irradiation intensity as well as meteorological and 

agronomic research. The LI-COR pyranometer has been calibrated with a standard 

radiometer on a sunny day. This pyranometer can measure irradiance up to 1500 W/m
2
 

within a spectral range is from 300 to 1100 nm and its operating temperature range is 

from − 40 to 95°C.  

   

 Figure 4.8: Silicon pyranometer (Model: LI-COR PY82186)  

4.4.5 EL Imaging Dark Room and Camera 

Silicon charged couple device (CCD) camera LumiSolar Professional from Great 

Eyes GmbH, Berlin, Germany was used for capturing the electroluminescence images 

of the PV modules (Figure 4.9). The camera is equipped with enhanced VIS sensitivity 

to infra-red light.  
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Figure 4.9: EL imaging dark room and camera (Model: LumiSolar Professional) 

 

The specification of CCD camera and the dark room of the EL setup are shown in 

Table 4.4. 

 Table 4.4: Specification of the camera and darkroom of the EL-imaging setup 

Parameters Value 

Resolution of Image (PPI) 528 

Maximum PV module size Max. 1.1 × 2.0 m 

No of camera one CCD scientific camera 

Direction of scan Single  

Dark room size (W;D;H) 2.45×1.4×2.0 m 
 

4.4.6 PID Insulation Tester 

A PID insulation tester (Model: TOS7210S, Kikusui Electronics Corp., Japan), as 

shown in Figure 4.10, has been used for the PID laboratory testing purpose. The device 

can be to set from of 50 Vdc to 2000 Vdc with 1.0 V resolution. The polarity of applied 

voltage can be changed instantly by a switch provided on the front panel. 
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Figure 4.10: PID insulation tester (Model: TOS7210S)  

 

4.5 Experimental Testing Conditions 

4.5.1 Measurement of PV module’s HVS Leakage Current  

Different high voltage stresses within a range of 100 V to 1500 V DC, with a step 

100 V have been applied to measure the leakage current. The effect of module 

temperature on the HVS leakage current of PV module has been investigated by 

increasing PV module temperatures from 25°C to 60°C with a step of 5 degrees. Both 

top and bottom surface temperatures of PV module have been monitored and module 

temperature is the average of these two. The IEC 61215 test standard was followed 

during the wet leakage current test. By spraying 200ml/m
2
 distilled water on PV module 

surface the wet surface condition has been created. The effect of aqueous salt on the 

HVS leakage current has been investigated by using purified sea salt aqueous solution.   

The concentrations of aqueous salt solution are 1, 2, 3, 4 and 5 g in 200 ml/m
2
. The 

temperature during the leakage current measurement was room temperature (25°C).  A 

STARTER 3100C Brand named, conductivity meter has been used to measure the 

salinity and conductivity of the salt aqueous solution.   

The dust deposition effect at on-site on HVS leakage current characteristic of PV 

module has been investigated by taking three outdoor placed PV modules with duration 

of near about one year. The HVS leakage current characteristic has been measured at 
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wet surface and 25 °C temperature conditions. To investigate the effect of different 

amount of dust particle deposition on the PV module surface, numerous dust weights 

for example 2, 3, 4 and 5 g/m
2
 have been applied on the module surface as possible as 

homogenously and HVS leakage current characteristic has been measured at wet surface 

and 25 °C temperature conditions. The PV module was washed with distilled water and 

dried properly before running each test; so that effect of the previous experiment 

diminishes. The FESEM and EDX characterization of dust particles have been done by 

using a field emission scanning electron microscope, Brand- Hitachi, Model SU8220 

and an X-ray diffraction machine (Brand: PANalytical Model: EMPYREAN) with Cu-

Kα radiation has been used to take XRD. Scanning angle (2θ) range for XRD was 5° - 

85°. The effect of aging on the leakage current of PV module has been investigated 

measuring wet leakage current of PV module field aged at different time of periods.  

4.5.2 Laboratory PID Testing 

Laboratory PID testing has been carried out rendering to the IEC 62804 test standard 

(Method B) in a temperature controlled room of 25°C was maintained.  PV module 

front surface and frame were fully wrapped with aluminium foil. The high DC voltage 

stress was given by using a PID insulation tester. Leakage current in terms of resistance 

of the PV module was recorded from the of PID tester.  DC voltage of +ve 1000 V and -

ve 1000 V stresses were applied to the PV modules by changing the polarity of the PID 

tester for a duration of 168 hours (7 days) at a stretch, while room humidity was 

maintained below 60%. Before voltage stressing, the PV module was exposed to a real 

sunlight in outdoor for about 20 kWh/m
2
. EL imaging, wet leakage current 

measurement, and I-V characterization have been conducted both before and after 

voltage stressing.  
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4.5.3 Electroluminescence (EL) Imaging   

Before taking EL image, the module surface has been rinsed with distil water and 

isopropyl alcohol. The maximum current and voltage rating in course of EL imaging are 

set to 3 A and 50 V respectively for the DC bias. The each cell electroluminescence 

mean intensity value has been determined by selecting complete cell by marquee tool 

and taking the histogram data as shown in Figure 4.11(Bauer et al., 2017). Rectangle 

marquee tool is used to mark the EL images of polycrystalline PV modules, while for 

monocrystalline modules the rounded rectangle has been used.  

 

Figure 4.11: EL intensity measurement of individual cells with a polycrystalline 

(left) and monocrystalline (right) PV module 

 

4.5.4 Light and Dark IV Characteristics 

Light I-V (LIV) characteristics of different PV modules have been taken both in 

indoor and outdoor conditions. In indoor, a solar simulator has been used and different 

independent variables such as ambient temperature, module temperature (rear and top 

surface) and radiation are observed through the thermocouples and pyranometer 

connected with the data logger at a predefined time interval. The PV module outputs in 

terms of Voc, Isc, Vmax, Imax and Pmax are also measured by the I-V tracer with the same 

time interval of the data logger. In outdoor, the PV module I-V characteristics are 

measured during the sunny days at Solar Garden of UMPEDAC, University of Malaya, 
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Kuala Lumpur, Malaysia. The PV module surface has been cleaned with water and 

isopropyl alcohol to eliminate the error due to dust accumulation. At room temperature, 

25°C, the dark I-V (DIV) characteristic was tested by biasing the solar modules with a 

dc power supply. The biasing voltage was increased from 0.1 V up to the rated Voc of 

respective PV module with a step of 0.1V and corresponding currents were monitored. 

4.6 Mathematical Formulation 

4.6.1 Photovoltaic Module Degradation from EL Image 

The PV module degradation D has been determined as follows: 

%100/)(
)()(


STCmeanmeanSTCmean
EEED                (4.1)  

C
A

STCP
E

cell

STCmean


)(
max

)(                                               (4.2) 

where Emean(STC) is mean intensity of non-degraded PV module EL image,  Acell  is the 

total  PV module’s actual cell area, Emean is mean intensity of EL image of degraded 

module, C is a calibration factor.  

The value of calibration factor C has been determined by the several brand new PV 

modules [Pmax(STC)/Acell] value and mean value of EL intensity (Emean) from the brand 

new non degraded module’s EL image by Eq.(4.3) as follows: 

]
)(

[
max

cell
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A

STCP
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4.6.2 Temperature of the PV solar Cell and Temperature Coefficient of Pmax 

Solar cell temperature can be calculated by the following equation: (Rahman et al., 

2015):  

 

 
tsca

btascascscgsc

sc

UU

TUTUGp
T






)(
                                                         (4.4) 

Different parameters and their values for the determination of solar cell temperature 

is enumerated in Table 4.5 as below: 

Table 4.5:  Values of the parameters for the calculation of solar cell temperature  

(Dubey & Tay, 2013; Rahman et al., 2015) 

Parameter Value 

Glass transmissivity, τg 0.960 

Cell absorptivity, αsc 0.90 

Coefficient of heat transfer through glass, Usca 7.14 W/m
2
K 

Coefficient of heat transfer from top to rear surface, Ut 150 W/m
2
K 

 

The temperature coefficient of Pmax   ( ) has been determined as follows: 

%100)(]
25

)/1000,()(
[

max

2

maxmax





 STCP

CT

mWTPSTCP

sc

sc
           (4.5) 

The rate of degradation of  value (DRγ) is calculated by Eq. (4.6) where Yage is the 

aging period in year. 

%100
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


age
Y

STC

STC
DR




                                                               (4.6) 

4.6.3 Uncertainty and Sensitivity Analysis 

Uncertainty of an experiment is very important to determine the consistency of the 

experimental work. The standard error has been calculated by using following equation 

as below (Carrillo et al., 2017; Nasrin et al., 2018): 
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n

S
           (4.7) 

Where  

ε is the value of standard error  

S is the standard deviation 

n is the number of samples  

Standard deviation has been calculated by using following equation 

 
2

1

)(
1

YY
n

S

n

i

i
 



        (4.8) 

Where Yi is the i
th

 depended variable value  

Y  is the mean of dependent variable values.  

The sensitivity analysis has been carried out by measuring sensitivity index (SI). The 

below formula has been used to measure the sensitivity index (SI) as follows (Jakhrani 

et al., 2013):   

max

minmax

Y

YY
SI


          (4.9) 

Where  

SI is the sensitivity index,  

Ymin and Ymax are the minimum and maximum values of dependent variable.  
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CHAPTER 5: RESULTS AND DISCUSSIONS 

 

5.1 Introduction 

An investigation of PID behaviour of PV modules under real field condition and 

standard laboratory accelerated test condition has been carried out. The effects of 

different environmental and operating parameters on HVS leakage current of PV 

module as well as the effect of field aging on the performances of PV modules have 

been investigated experimentally. The results obtained are examined and analysed along 

with relevant scientific justifications and elucidations. The inception of this chapter is 

with impact of different operating parameters on HVS leakage current of PV module. 

The selected operating parameters are such as temperature of PV module, water film, 

and dust and salt accumulation on the surface of PV module. Results from the PV 

module’ degradations through different procedures, for example, maximum power 

detecting, EL imaging, HVS leakage current and dark IV have been detailed in the 

subsequent section. Finally, the degradation analysis of PV module due to LID effect, 

cell cracking, EVA discoloration etc. as consequence of different longtime field aging 

have been enumerated. 

5.2 Effect of Different Parameters on Leakage Current  

5.2.1 Consequence of PV Module Temperature  

The HVS dependent leakage current of PV module at different module temperatures 

is shown in Figure 5.1. It can be noticed that with the increase of voltage stress, the 

leakage current increases exponentially. Precise minor increase in leakage current has 

been observed by reason of module temperature escalation from 25°C to 60°C as shown 

in Figure 5.1  inset. This can be due to the consequence of resistivity decreasing of glass 

and EVA at high temperature. It has been reported that resistivity of soda lime glass 

Univ
ers

ity
 of

 M
ala

ya



83 

declines 0.002/°C (Dhere et al., 2014c). The consequence of module temperature HVS 

leakage current at 600, 1000 and 1500 V stresses is presented in Figure 5.2. The 

obtained increasing rates are 0.0295, 0.0125 and 0.0038 µA/°C at 1500, 1000 and 600 V 

voltage stress respectively. 

 

Figure 5.1: Effect of different HVS on the leakage current behaviour of PV solar 

module at different module temperature Univ
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Figure 5.2: Module temperature dependent leakage current of non-wetted PV 

module at 600, 1000 and 1500 V stresses 

 

5.2.2  Effect of Module Surface Wetting 

The surface of photovoltaic module become wet owing to the high relative humidity 

of the ambient, morning dew or mist and rainfall etc. The effect of wet surface condition 

at different module temperatures of PV module is shown in Figure 5.3. The leakage 

current at wet surface condition increases drastically with the a slight increase of 

module temperature. The inset of Figure 5.3 shows that the value of leakage current at 

60°C module temperature and dry condition is less than the leakage current value at 

room temperature and wet surface condition. In existence of wet condition, the metal 

content in the glass become ionized according to the following reaction and the surface 

conductivity increases as result leakage current also increases (Sinton & LaCourse, 

2001).  
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(𝑆𝑖 − 𝑂 − 𝑅)𝑔𝑙𝑎𝑠𝑠 + 𝐻2O → (𝑆𝑖 − 𝑂 − 𝐻)𝑔𝑙𝑎𝑠𝑠 +  𝑅+ + 𝑂𝐻− (𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)         

where R is alkaline metal contains in the glass composition.   

The high temperature and voltage stress at wet condition are very detrimental for PV 

module, because amount of leakage current increases drastically resulting in an 

escalation in PID rate. Table 5.1 shows a comparative feature of leakage current value 

obtained in the current investigation with the other published works.   

 

Figure 5.3: Effect surface wetting on the HVS leakage current of solar PV module at 

different temperatures 
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Table 5.1: Comparison of leakage current results of the present work with other 

published works in literature 

 Author 
Experimental 

Site 
Experimental Condition 

Leakage 

Current 
D

ry
  

L
ea

k
a

g
e 

C
u

rr
en

t 

 

Hoffmann 

and Koehl 

(2012) 

Freiburg, 

Germany 

600V, Module temperature: 

10°C, Humidity: > 90% 
95 nA 

Present 

investigation 

(2016) 

Kuala 

Lumpur, 

Malaysia 

600V, Module temperature: 

25°C, 

Humidity: ~ 80% 

128 nA 

W
et

 L
ea

k
a

g
e 

C
u

rr
en

t 

Schutze et al. 

(2011a) 

Freiburg, 

Germany 

600V, Module temperature: 

25°C, 

Wet surface condition 

0.95 µA 

Present 

investigation 

(2016) 

Kuala 

Lumpur, 

Malaysia 

600V, Module temperature: 

25°C, 

Wet surface condition 

1.5 µA 

 

5.2.3 Effect of Salt Deposition 

Near the coastal areas, the deposition of salt on the PV module surface commonly 

occurs. The effect of different salt concentration of water film of PV module surface at 

different high voltage stresses leakage current of PV module is shown in Figure 5.4. 

With the increase of salt concentration, the leakage current of PV module also increases 

significantly. It has been found that both conductivity and salinity of water film are 

increased with the increase of salt content as shown in the inset of Figure 5.4 as a result 

of which PV module glass surface resistivity drops. The ionization of salt content 

element in presence of water boosts the leakage current by increasing charge carriers. 

The increasing trends of leakage current due to increase of salt concentration at voltage 

stresses of 600, 1000 and 1500 V have been presented in Figure 5.5. The rate depends 

on the magnitude of voltage stress. At high voltage stress, the rate is also high. The 

leakage current increasing rates at 600, 1000 and 1500 V have been found as 0.469, 

0.861 and 0.930 µA/gm respectively.   
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Figure 5.4: Effect of different salt concentration on the HVS leakage current of PV 

module at wet surface condition 

 

Figure 5.5: Leakage current at 600, 1000 and 1500 V stress at different level of salt 

on PV module 
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5.2.4 Dust Deposition Effect 

The dust deposition effect has been investigated in laboratory by applying varing 

amount of dust on the sureface of type ‘A’ module. The wet leakage current dusty 

module has been measured. Figure 5.6 shows the HVS dependent PV module’s leakage 

current behaviour in the presence of mud containing different amounts of dust. Figure 

5.7 shows the leakage current at 600, 1000 and 1500 V stress at different dust amount 

on the surface of PV module. Highest leakage current has been found at 3 gm/m
2
 and 

leakage current values are 2.66, 7.88 and 16.06 µA at voltage stress 600, 1000 and 1500 

V respectively.  

 
Figure 5.6: Effect of dust deposition on the wet leakage current of PV module 
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Figure 5.7: Leakage current at 600, 1000 and 1500 V stress at different dust amount 

on the surface of PV module 

 

The effect of on-site dust deposition is shown in Figure 5.8. The values of wet 

leakage current of all unwashed modules are higher than that of washed modules. Table 

5.2 displays the wet leakage current values at washed and unwashed condition of three 

different PV modules at voltage stress of 1500V. For module B, C and D, leakage 

current values are increased by 12.5, 11.14, and 31.39 % respectively due to dust 

deposition.  
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Figure 5.8: On-site dust effect on the high voltage stressed leakage current of 

different PV modules Module B, Module C and Module D 

 

Table 5.2: Effect of on-site dust on HVS leakage current behaviour of different solar 

modules  

Module 

Type 
Cell Material 

Leakage 

Current with 

Dust at 1500 V 

(µA) 

Leakage 

Current 

without Dust 

at 1500 V 

(µA) 

Leakage 

Current 

Increase  

(%) 

B 
Polycrystalline 

silicon 
27.27 24.24 12.5 

C 
Polycrystalline 

silicon 
8.08 7.27 11.14 

D 
Monocrystalline 

silicon 
15.39 11.66 31.98 
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The FESEM images of dust particles at different positions are shown in Figure 5.9. 

The dust particles are heterogeneous in size distributed from small as 18 nm to large as 

several micrometres. Tiny dust particles are appended to the bigger dust particle. Small 

particles are brighter than bigger particles which show electron charging amid imaging. 

So tiny dust particles have charges that enable them to append to the bigger molecule 

(Yilbas et al., 2015). In the coastal region, these small dust particles can undoubtedly 

connect with ionic compound (salt) because of their charging nature. As an outcome, 

the salt is effectively kept on the PV module surface  (Schladitz et al., 2011). The 

elements contained in the dust particle are shown by the EDX spectra in Figure 5.10 

from which percentage of different elements are also revealed. The presence of oxygen, 

aluminium, silicon, calcium, iron, titanium, magnesium, carbon, potassium, and sodium 

etc. elements are explicit in the EDX spectrum. Different concentrations of these 

elements are obtained from different locations of dust which means elements and 

compounds are non-homogeneously distributed through the dust.  
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 Figure 5.9: FESEM images of dust particles at different resolution of (a) 10k, (b) 

20k, (c) 30k and (d) 70k 

 

Figure 5.11 shows the XRD pattern of the dust particles. XRD has done at a 

temperature of 25°C by using Cu anode. From the diffractogram, some possible 

compound can be predicted such as SiO2, CaCO3, MgO, Al2O3 etc.  

Univ
ers

ity
 of

 M
ala

ya



93 

 

 

Figure 5.10: EDX spectra at different location of dust 
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Figure 5.10, continue 
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 Figure 5.11: X-ray diffraction pattern of dust particles 

 

5.2.5 Aging Effect  

The impact of aging on the leakage current conduction of PV module has been 

investigated by considering PV module of different manufacturers, for example, C and 

D. Two C type PV modules dissimilar in aging periods (brand new and 8 years aged) 

and three type D PV modules (same aging period) are selected in the investigation. The 

aging condition of the selected modules is shown in Table 5.3.  

Table 5.3: Aging period of different PV modules 

Aging Condition Type of Module 

New unused C 

8 years field aged C 

10 years field aged D 
 

Figure 5.12 reveals the HVS dependent leakage current characteristics of PV module 

C type aged at the different time of periods. For the C type module, the new and aged 
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module leakage current values are 0.30 and 4.04 µA respectively at 1000 V voltage 

stress. The leakage current of the new module was 84.73% lower than that of the 8 years 

aged module at 1500 V stress condition. In case of D the type module, the average 

leakage current values have been executed as 2.9, 6.8 and 15 µA at voltage stress of 

600, 1000 and 1500 V respectively (Figure 5.13). Higher leakage current values have 

been obtained for type C module as compared with type D. This could be due to the 

higher aging period. Figure 5.15 reveals the ordinary visual appearance of C type 

module new and 8 years aged. There is a significant amount of EVA yellowing has been 

observed because of aging. Discoloration of EVA reduces the insulating property of 

encapsulant that increases the leakage current of the aged PV module (Sinha et al., 

2016).  
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Figure 5.12: Wet leakage current behaviour of ‘C’ type modules at different aging 

condition 
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Figure 5.13: Wet leakage current behaviour of ‘D’ type modules  
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Figure 5.14: Wet leakage current density of PV modules at different aging periods 
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Module C (new) 

 
 

Module C (8 years aged) 

Figure 5.15: Visual inspection of C type module new and 8 years aged 

 

The activation energy of wet leakage current has been calculated by using the 

Arrhenius equation as (Kindyni & Georghiou, 2013).  

]/[

0
exp

TkE

LCLC

baII


       (5.1) 

T
kEII

baLCLC

1
)/(lnln

)0
       (5.2) 

𝐼𝐿𝐶  is leakage current, 𝐼𝐿𝐶0  is the leakage current at temperature 0°K,  𝐸𝑎 is the 

activation energy, kb is Boltzmann’s constant (kb = 8.617 ×10
-5

 eV/K), T is the PV 
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module’s absolute temperature in Kelvin. Temperature dependent wet leakage current 

behaviour of two PV modules of same manufacture and different in aging period (i.e. 

new and near about 8 years field aged) in Figure 5.16 and Figure 5.17 respectively. 

Leakage current has been measured under 1500V stress. From the slopes of the curves, 

respective activation energy has been calculated. The activation energy is increased 

from 0.763 to 0.856 eV in course of 8 years of aging. This increase in activation energy 

is comparable to that reported by del Cueto and McMahon (2002) wherein rise in 

activation energy at high relative humidity (RH 95%) is from 1.0 to 0.8eV and at low 

relative humidity (RH 10%) is from 0.8 to 0.6 eV (del Cueto & McMahon, 2002).  

 

Figure 5.16: Inverse temperature dependent leakage current behaviour of new solar 

PV module type C 
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Figure 5.17: Inverse temperature dependent leakage current behaviour of 8 years 

aged PV module type C 

5.2.6 Comparison between different factors and sensitivity analysis 

A comparative depiction on the impact of different parameters such as module 

temperature, surface wetting, dust and salt deposition on leakage current density has 

been illustrated in Figure 5.18. The wet surface condition is more severe than the dry 

surface condition although the module temperature is as high as 60°C.  At surface wet 

conditions, module temperature shows higher impact on the HVS leakage current then 

followed by salt and then dust deposition. Sensitivity indexes of leakage current at 

1000V stress with respect to different factors are illustrated in Figure 5.19. The highest 

sensitivity index has been found for the aging effect with the sensitivity index of 0.95. 

The second most sensitive variable has been observed for the parameter module 

temperature effect at wet condition with the sensitivity index value of 0.77. The 

sensitivity index values of dust and salt deposition effects are observe as 0.50 and 0.38 
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respectively. The module temperature at dry condition has been found to be a lowest 

sensitive parameter with sensitivity index value of 0.13.  
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Figure 5.18: Comparative impacts of different operating parameters on HVS leakage 

current of PV module at 1000V stress 

Figure 5.19: Comparative sensitivity index of different operating parameters on 

HVS leakage current of PV module at 1000V stress 
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5.3 On-Site Potential Induced Degradation of PV Module  

5.3.1 Electroluminescence Images 

Electroluminescence (EL) imaging has been employed to examine the degradation of 

individual cell within a PV module. Degradation value of individual module is 

ascertained by comparing the mean values of intensity of EL image with that of brand 

new reference PV modules. To determine the calibration factor C in equation 4.3, EL 

images of three sorts of reference brand new PV modules are considered. The 

specifications of the reference PV modules have been shown in  

 

Table 5.4: Three reference new PV modules specification at (STC) 

Parameters EPV-72P/B3/CF-305 EPV 60P/B3/CF-250 YL275C-30b 

Cell material Polycrystalline  Polycrystalline  Monocrystalline  

Number of cell 72 (6×12) 60(6×10) 60(6×10) 

Pmax (W) 305 250 275  

Voc (V) 45 37.8 38.9 

Isc (A) 8.85 8.73 9.34 

Vmp (V) 37.8 30.6 31.2 

Inp (A) 8.34 8.17 8.82 

Cell area (m2) 1.46 1.46 1.47 

 

. Electroluminescence images of three brand new solar modules are presented in 

Figure 5.20. 

 

Table 5.4: Three reference new PV modules specification at (STC) 

Parameters EPV-72P/B3/CF-305 EPV 60P/B3/CF-250 YL275C-30b 

Cell material Polycrystalline  Polycrystalline  Monocrystalline  

Number of cell 72 (6×12) 60(6×10) 60(6×10) 

Pmax (W) 305 250 275  

Voc (V) 45 37.8 38.9 

Isc (A) 8.85 8.73 9.34 

Vmp (V) 37.8 30.6 31.2 

Inp (A) 8.34 8.17 8.82 

Cell area (m
2
) 1.46 1.46 1.47 
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(a)                                               (b) 

 

(c) 

Figure 5.20: EL images of new reference PV module (a) EPV 305W (b) EPV 250 W 

and (c) YL 275 W 
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Table 5.5 displays the EL image characteristics of three reference PV modules. The 

mean value of electroluminescence intensities of EPV-305, EPV-250 and YL-275 PV 

modules are 173.69, 169.39 and 186.23 respectively. It is revealed from the Table 5.5 

that the calibration factor ‘C’ is found to be 0.99 that is almost close to unity.  

Table 5.5: Electroluminescence image characteristics of three reference PV modules 

EPV-250W, EPV-305W and YL-275 W 

Photovoltaic 

module 

Pmax at 

STC (W) 

Total 

number of 

pixel 

Pmax/total 

cell area 

(W/m
2
) 

Mean value 

of intensity 

of EL image 

(Emean) 

Calibration 

factor 

(C) 

EPV-250W 250 
19450 × 

32432 
171.21 170.36 0.99 

EPV-305W 305 
19450 × 

38919 
174.06 173.69 0.99 

YL-275 275 
19450 × 

32432 
187.07 186.23 0.99 

 

The EL images of two outermost modules of the string, i.e., S1M1 (negative end) 

and S1M11 (positive end), are shown in Figure 5.21 and Figure 5.22. Each figure holds 

three different viewing modes and individual cell performances. As a consequence of 

long-time field aging, the EL images of both PV modules display lower illumination 

when matched with the new reference module. Although cracks have been noticed in 

both modules, the module at negative end contains more cracks compared to that in the 

positive end. This is due to the fact that crack propagation rate due to cyclic thermal 

stress is higher at the negative end (Goranti, 2011). In addition, some dark areas have 

been remarked in negative end modules representing localized shunting. However, 

localized shunting is not seen in positive end module, demonstrating the influence of 

PID in the negative end only. Table 5.6 displays electroluminescence image related 

characteristic of S1M1 and S1M11 PV modules. Amount of degradation of the modules 
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is calculated using the mean intensity value of EL image (Emean). The mean EL intensity 

of module S1M1 is 81.35 and that for S1M11 is 117.17. At the non-degraded state, the 

standard mean value of EL intensity (Emean(STC)) is calculated by employing equation 

4.2, wherein its value is found 141.25. The degradation value of the PV module has 

been determined by using Eq. (4.1). The obtained amount of degradation of modules 

S1M1 and S1M11 are 42.40% and 17.04%, correspondingly. The results are 

comparable with the other reports in literature.  For example, in Italy, the PV module 

degrades near about 11-22% due to normal aging at outfield after 10 years (Parretta et 

al., 2005). Normally PV module containing cells’ performance is varied due to different 

doping concentration. The average of all cells’ performance is the standard cell 

performance. The individual cell performances of each PV module are also presented in 

both figures. The performance is based on the percentage of deviation of cell mean EL 

intensity from the standard cell mean intensity (Emean(STC)) value of 141.25. The negative 

sign means lower performance and positive sign means higher performance compared 

to the standard cell performance. For example, in Figure 5.21 the darkest cell shows 

90% less performance than the standard cell performance.  

Table 5.6: Measuring the PV module degradation by EL imaging 

Module 

Total 

number  

of pixels 

Degraded 

Module’s 

EL 

Intensity 

Mean 

Value 

Pmax 

(STC) 

/Acell 

Calibration 

Factor (C) 

Mean EL 

Intensity 

of Brand 

New 

Module  

[Eq. 4.2] 

 Degradation 

(%) 

[Eq. 4.1] 

S1M1 
10395 

×23389 
81.35 142.68 0.99 141.25 42.40 

S1M11 
10395 

×23389 
117.17 142.68 0.99 141.25 17.04 
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*
Note: (+) and (-) value of individual cell performance indicate higher and lower performance than 

standard cell performance respectively 

Figure 5.21: Electroluminescence images in various viewing modes (Grey, Red, 

Rainbow) and individual cell performance of negative end module (S1M1) 
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*
Note: (+) and (-) value of individual cell performance indicate higher and lower performance than 

standard cell performance respectively 

Figure 5.22: Electroluminescence images in various viewing modes (Grey, Red, 

Rainbow) and individual cell performance of positive end module (S1M11)  
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5.3.2 Maximum Power Output 

The output of the PV modules increases with of the intensification of solar radiation. 

However, in the meantime, the cell temperature of the PV module also increases. As a 

consequence of high temperature, the band gap of the PV cell decreases and the 

efficiency of the PV module gradually drops. Maximum power (Pmax) and cell 

temperature for modules S1M1 and S1M11 as a function of solar irradiance have been 

illustrated in Figure 5.23, where both parameters are observed to rise with solar 

radiation. To calculate the temperature coefficient of maximum power (Pmax), the Pmax 

versus cell temperature curves have been drawn (Figure 5.24) and the temperature 

coefficient of Pmax (γ) for S1M1 and S1M11 from the corresponding linear fitted 

equation have been found to be 1.21% and 1.36% respectively. The temperature 

coefficient of Pmax due to longtime field aging experience noticeable upsurge (Figure 

5.25), where the γ value of negative end module S1M11 is observed to increase from 

0.45% to 1.37% after 9 years field aging which agrees well with results reported in the 

literature (Kaewkhao et al., 2012). On the other hand, γ value of positive end module is 

found lower (1.22%) than that of negative end module (1.37%) which also comply well 

with the results reported in (Spataru et al., 2015). 
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(b) 

Figure 5.23: Effect of outdoor solar radiation on the Pmax and cell temperature of PV modules 

(a) S1M1 and (b) S1M11 
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(b) 

Figure 5.24: Effect of cell temperature on the Pmax of PV module (a) S1M1 and (b) 

S1M11 (at 1000 W/m
2
 radiation) 

Univ
ers

ity
 of

 M
ala

ya



111 

The amount degradation of a PV module is normally determined through light I-V 

characterization under solar irradiance with 25°C module temperature. In the outdoor 

condition, module temperature exceeds far beyond 25°C under irradiations of 1000 

W/m
2
. Therefore, PV power output is adjusted at 25°C according to the following 

equation:   

)]25(1[

max,

25max,

CT

P

P

sc

T

C

sc







      (5.3) 

where 𝑃𝑚𝑎𝑥25 °𝐶 is the maximum power output at 25°C and 1000W/m
2
, 𝑃𝑚𝑎𝑥𝑇𝑠𝑐

is 

maximum power at 1000W/m
2
 at 𝑇𝑠𝑐 and 𝛾 is temperature coefficient of Pmax. The 

degradation of the PV module is then calculated by comparing the Pmax under 1000 

W/m
2
 irradiance at 25°C with the rated Pmax at STC.  

 

Figure 5.25: Effect of long-time real field aging on temperature coefficient of Pmax 

of positive end (S1M11) and negative end (S1M1) modules 

Outdoor light I-V measurement gives degradation values for modules S1M1 and 

S1M11 as 42.70% and 19.83% respectively. The degradations obtained from the light 

IV characterisation in outdoor and from EL imaging method are presented in Figure 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

S1M1 S1M11

0.45 
0.45 

1.22 

1.37 

T
em

p
. 
C

o
ef

fi
ci

en
t 

o
f 

P
m

ax
 (

%
) 

 

STC nominal Value

After aging

Univ
ers

ity
 of

 M
ala

ya



112 

5.26. There are very small amount of differences have been found. This ascertains the 

reliability of the EL imaging method for PV module performance degradation testing.  

 

 Figure 5.26: PV modules’ degradation obtained from EL image method and from 

outdoor light IV experiment  

 

5.3.3 Dark I-V Characteristics 

The dark I-V characteristics have been employed to determine the shunt resistance of 

the PV module. This is a useful technique because the output results are not influenced 

by the fluctuation of sunlight irradiance. The shunt resistance has been determined by 

taking the voltage very nearly zero in the I-V curve where it is almost a straight line. 

The slope of the linear fit line is ascertained and the inverse of the slope gives shunt 

resistance. The dark I-V and semi-logarithmic dark I-V of module S1M1 and S1M11 

are shown in Figure 5.27 (a) and (b) respectively. The S1M1 PV module shows higher 

biasing current compared to the S1M11 because of degradation due to PID. 
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(b) 

Figure 5.27: a) Dark I-V curves for modules S1M1 and S1M11 (b) Dark I-V curve 

in semi-logarithmic plane 
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Shunt resistance (Rsh) of modules S1M1 and S1M11 are found 1220 and 4891 Ω 

respectively. As a result of PID, shunt resistance of negative end (S1M1) module is 

found to drop by 75% more than that of positive end (S1M11) module. 

5.3.4 Wet Leakage Current under HVS 

 Leakage current due to high voltage stress (HVS) functionally influence potential 

induced degradation. Field aged PV modules (both positive end S1M11 and negative 

end S1M1) demonstrate drastic rise in leakage current generation compared to the new 

module (Figure 5.28). Kang et al. (2015) recommended the following relationship 

between the leakage current and PID:  

2

2

21

I

I
PIDPID

VV
                                       (5.4) 

where at voltage stress of V1 and V2 the PID values are PIDV1 and PIDV2 and leakage 

current values are  𝐼1 and   𝐼2 respectively. In the present investigation, the on-site PID 

value for negative end module has been obtained 42.40%, whereas the performance 

drop of positive end module due to normal aging (as a consequence of LID) is 17.04%. 

Thus the only PID involvement (without LID contribution) to the PV module 

degradation for the 120 V stress and 9 years is near about 25.36%.  The possible PIDs at 

onsite under different higher system voltage stresses have been projected according to 

equation (5.4) as shown in Figure 5.29. The overall PV module degradation is reached 

up to near about 64.75% at a system string voltage of 600 V. 
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Figure 5.28: Effect of different HVS on the wet leakage current of new and on-site 

aged module S1M1 and S1M11 

 

 

Figure 5.29: Assessed on-site PID of PV module at several high voltage stresses 
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5.3.5 Annual Degradation of PV Module  

The extent of degradation of both positive end and negative end PV modules at 

different 3 years has been investigated by using electroluminescence imaging technique. 

For the negative PV module (S1M1), EL images are taken time intervals of 9, 9.5, 10, 

10.5 and 11 years as shown in Figure 5.30. The intensity of EL image of PV module 

gradually decreases as a consequence of higher aging time. The dark amount of shunted 

areas and cracks also rises and become clearly visible as aging time increase. The rate of 

surface recombination of PV cell has been enhanced as a consequence of shunted dark 

regions and cracks. A newly formed cracking cell has been found in 9.5
th

 year that was 

not present at 9
th

 year aging period. That can be due to the cyclic high voltage and 

thermal stress on the negative end PV module. The amount of degradation at respective 

time of aging period has been presented in Table 5.7. The degradation versus aging time 

curve appears an exponential characteristic as shown in Figure 5.31 (a). The degradation 

curve has been drawn by extrapolating toward the initial zero degradation level 

according to a previously reported literature as shown in Figure 5.31 (b) (Hattendorf et 

al., 2012). For the positive end PV module (S1M11), EL images are taken at different 

aging time intervals such as 9, 10, and 11 years as shown in Figure 5.32. A small extent 

of reduction in of EL images; brightness has been detected as a result of on-site field 

aging under positive voltage stress. Localized shunting defect is not observed for the 

positive voltage stress on the PV module S1M11 that proves the absence of PID. 

Although, in positive end PV module, the cell cracks are observed, however, initiation 

of new crack within the monitoring period was not observed.   
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Figure 5.30: Electroluminescence images at several of aging periods of PV module 

(S1M1) situated at the negative end  
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Table 5.7: Measuring the extent of degradation through EL image of S1M1 negative 

end module 

Aging 

Period 

(year) 

Number of 

pixels 

EL Intensity 

Mean Value 

for S1M1 

Pmax(STC) 

/Acell 

EL Intensity 

Mean Value for a 

Brand New 125-

W Module 

[Eq. (4.2)] 

Degradation 

(%) 

[Eq. (4.1)] 

9 

10395× 

23389 

81.35 142.68 141.25 42.25 

9.5 78.97 142.68 141.25 44.09 

10 77.08 142.68 141.25 45.48 

10.5 75.60 142.68 141.25 46.15 

11 75.26 142.68 141.25 46.71 
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Figure 5.31: Effect of aging time on the degradation of (a) on-site PID (240V string 

size) in present study (b) laboratory tested module at different voltage stresses reported 

by 

 Hattendorf et al. (2012) 
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(a) 9
 
year 

 

(b) 10
 
year 

Figure 5.32: Electroluminescence images of positive end PV module (S1M11) at 

different aging periods of (a) 9 years, (b) 10 years and (c) 11 years 
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(c) 11 year 

Figure 5.29, continue 
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5.4 On-site PID and Laboratory Test Standard: Comparison  

In order to make a comparative appraisal between the laboratory standard test and 

on-site PID behaviour, the same brand new PV module has been used as a sample for 

laboratory PID test which is degraded due to on-site PID. The laboratory PID test is 

done according to IEC 62804 method: B (aluminium foil) method.  The PV module 

upper surface along with frame was covered with aluminium foil and a flexible polymer 

mat was used to provide weighting on the foil to follow the surface morphology of the 

module glass to achieve a uniform electrical electrode. Negative 1000 V has been 

applied to the PV cells respect to module fame by the PID insulation tester. The shunt 

resistance (Rsh) progression of both on-site and laboratory tested PV modules was 

monitored within a certain period interval through the DIV characterization.   

5.4.1 Dark I-V Characteristics 

The dark I-V (DIV) characteristics of on-site degraded PV modules have been 

monitored at the different aging period. The positive end PV module DIV and semi 

logarithm DIV are shown in Figure 5.33. There is a minor amount of change has been 

observed in DIV characteristics due to 2 years of field aging from 2015 to 2017 might 

be due to LID. A similar behaviour has been observed for laboratory PID testing as 

shown in Figure 5.34. There is no increase in biasing current in DIV characteristics for 

the laboratory tested PV module under the positive voltage stress. This indicates that 

PID impact does not occur on positive end  PV module or under positive voltage stress 

for the p-type c-Si PV module.  
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Figure 5.33: Effect of aging period on the dark I-V characteristics of S1M11 

module.   

 

Figure 5.35 shows the DIV and semi logarithm DIV characteristics of negative end 

S1M1 PV module. Dark IV and semi-logarithmic DIV curves at different aging periods 

of 9, 9.5, 10, 10.5 and 11 years are plated to evaluate the degradation of p-n junction 

properties. The semi-logarithmic curve gives the clear picture of current increment. The 

DIV characteristic of laboratory tested PV module under negative voltage stress 

condition is shown in Figure 5.36.  
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Figure 5.34: Effect of aging period on the dark I-V characteristics of PV module 

under positive stress condition (laboratory PID test) 
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Figure 5.35: Effect of aging period on the dark I-V characteristics of S1M1 module  
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Figure 5.36: Effect of aging period on the dark I-V characteristics of PV module 

under negative stress condition (laboratory PID test)  
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5.4.2 Shunt Resistance 

Shunt resistance has been determined from the dark I-V characteristic by taking 

reverse slope at the I-V characteristic near to the zero voltage, where I-V characteristic 

is a perfect straight line. The shunt resistance versus aging period curve of on-site PID 

affected module is shown in Figure 5.37. The curve follows basic exponential equation 

as shown in the fitted line. The exponential equation is as below: 

Bt

sh
AetR


)(          (5.5) 

where Rsh is shunt resistance, t is aging period, A and B are the constant depended on 

the PV module and environmental condition. The similar shunt resistance degradation 

model was reported by (Taubitz et al., 2014) as Eq.(5.6). The constant B is depended on 

module temperature Tm.   

][
)( m

TB

t

sh
AetR



         (5.6) 

The shunt resistance versus aging period curve of laboratory PID tested module is 

shown in Figure 5.38. Initially, the shunt resistance decreases rapidly after then the 

curve follows the exponential characteristic in a similar manner to that of the on-site 

PID affected module.  The shunt resistance value of the PV module after laboratory PID 

testing (at negative 1000 V and for 7 days) is about 40.25 kΩ. On the other hand, the 

shunt resistance value of PV module degraded at on-site PID testing under negative 

voltage stress from the string size of 240 V and after 11 years fielded conditions, is 

about 0.91 kΩ.  Compared to the laboratory PID testing, the shunt resistance of on-site 

degraded PV module reduces about 44 times. Higher degradation of shunt resistance at 

on-site PID testing is happened as a consequence of long period of field stressing. 
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Figure 5.37: Effect of aging period on shunt resistance of degraded module placed at 

on-site and negative end of string 
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Figure 5.38: Shunt resistance decreasing profile of PID affected module in 

laboratory tested under negative voltage stress  
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5.4.3 Light I-V Performance 

The light I-V (LIV) performance of PV module degraded by PID has been 

measured at 1000W/m
2 

and 25°C condition under solar simulator made of halogen 

bulbs. The degradation of different I-V parameter of the negative end module (S1M1) in 

the PV module string at on-site and the PV module stressed under  ̶ 1000 V at the 

laboratory conditions has been illustrated in Figure 5.39, wherein the comparative 

degradation features of onsite and laboratory PID testing processes are highlighted. The 

laboratory PID test (IEC 62804 Method B) results for I-V parameters such as Pmax, Voc, 

Isc, and FF are degraded by 6.83, 1.9, 1.5, and 3.5% respectively.  A similar degradation 

sequence of different I-V parameters of p-type crystalline Si PV module has been also 

reported in the literature (Pingel et al., 2010; Schwark et al., 2013). Localized shunts in 

PID affected PV cell causes to decrease the FF and Voc and ultimately PV power drops 

(Naumann et al., 2014). In addition, the quantum efficiency of PV module is reduced as 

a consequence of localized shunting created by PID (Oh et al., 2015). Surface 

recombination of minority carriers occurs due to PID defect that causes the reduction of 

quantum efficiency of the solar cell (Yamaguchi et al., 2016). The decrease of quantum 

efficiency in sthe hort wavelength region (λ < 500 nm) indicates a high rate of surface 

recombination in front emitter side and consequently Isc of the solar cell drops (Sharma 

et al., 2007).  On the other hand, the on-site PID test result (after about 11 years of aging 

in a 240-volt PV string) shows that I-V parameters such as Pmax, Voc, Isc, and FF are 

degraded by 46.5, 7.15, 30.4, and 17.35% respectively. PV module I-V parameters 

decrease by higher extent at on-site PID compared to the laboratory PID testing. 

Although in lthe aboratory an accelerated PID stress condition (covered by Al foil and 

1000 V stress) has been used, still the time of field exposing in on-site PID testing is 

very much higher, almost 570 times compared to that of laboratory PID test. In addition, 

at on-site, the module temperature reaches near 60°C during sunny days (Rahman et al., 
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2017) which also accelerates the PID progression. To evaluate the comparison between 

on-site PID test and laboratory PID test, the ratio of degradation values different I-V 

parameters have been taken. 

 

Figure 5.39: Comparative degradation values of light I-V parameters (Pmax, Voc, Isc, 

and FF at 1000 W/m
2
 and 25 °C) of PV module due to on-site PID and laboratory test 

standard  

 

The degradation intensities of on-site PID (in terms of the ratio of on-site PID and 

laboratory PID) of different I-V parameters of PV module are shown in Figure 5.40. 

The ratio of on-site PID and laboratory PID for different I-V parameters such as Pmax, 

Voc, Isc, and FF are 6.81, 3.76, 19.54, and 4.92% respectively. The highest degradation 

intensity of on-site PID testing over laboratory PID testing has been observed for Isc 

then followed by Pmax, FF and Voc. Oh et al. (2017) also reported a significant amount of 

Isc degradation of p-type crystalline Si PV module after 3 years at on-site. At on-site, PV 

modules are stressed by a longtime field aging in outdoor condition. During the field 

aging, different phenomena can happen on the PV modules such as cell cracking, EVA 

discoloration, delamination, corrosion of bus bar or contact finger gridlines and light-
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induced degradation (LID) due to longtime sun-light exposing etc. (Chandel et al., 

2015; Kumar & Kumar, 2017). All these phenomena have a great impact to reduce Isc of 

PV module those do not happen in laboratory PID testing especially in Al foil method. 

Moreover glass transitivity of PV module can be reduced due to soiling effect at onsite 

that reduces the Isc of PV module (Yilbas et al., 2015).  In this laboratory PID testing, 

the PV module degrades more than 5% that does not satisfy the pass criteria of the IEC-

62804 standard testing process.  Failure of a PV module to pass the PID laboratory test 

according to IEC standard results in a serious power drop of PV module at on-site in the 

early stage of its lifetime. 

 

Figure 5.40: Immensity of degradation of different PV module’s I-V parameters due 

to on-site PID over laboratory test standard  

  

5.5 LID Behaviour of PV Module due to Real Field Aging 

5.5.1 Degradation Detection by EL Imaging 

Figure 5.41 shows the EL image of a type B EPV-250 brand new PV module. The 

mean EL intensity of individual cell is presented on the right side. Different values of 

mean EL intensities are obtained for different cells ranging from 140 to 200. This is due 
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to the dissimilar doping concentration of different cells. Average mean EL intensity of 

all the cells is 170.36 as previously presented in Table 5.5. The nominal value of 

“Pmax/total cell area” of the PV module is 171.21, from which the calibration factor C in 

the equation 4.3 has been calculated as 0.99. With this C value and “Pmax(STC)/Acell” 

value, the mean EL intensity of a brand new non-degraded different PV modules has 

been calculated by using equation 4.2. The mean EL intensity (ELmean(STC)) of type B 

nondegraded brand new module as by using equation 4.2 is 169.50. Figure 5.42 shows 

the EL image (left) and individual cell performance deviation (%) from the ELmean(STC) 

value (right) of an 8-month field aged PV module type A. It has been observed no crack 

in the PV module. Inhomogeneous individual cell performance has been obtained from 

the EL image. The negative and positive sign of cell performance indicates the less and 

more performance compared to the ELmean(STC). Overall degradation of the PV module 

has been calculated from the average performance of all cells within the module. The 

degradation value is 1.78% due to 8-month aging. Figure 5.43 shows the EL image 

(left) and individual cell performance deviation (%) from the ELmean(STC)  value (right) of 

a 16-month aged PV module of type B, wherein both dark and bright cells are seen. A 

very small amount of contact finger interruptions are observed throughout the PV 

module (Mansouri et al., 2012). This is the interruption of electrical conductance of the 

front side metalized fingers, that alters the ideal current flow path through the front 

metal grid, which results in both an increased effective series resistance and a decreased 

power output (Zafirovska et al., 2017). 
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Figure 5.41: EL image and individual cell mean EL intensity of the new unused and 

“B” type PV module  

 

*
Note: (+) and (-) value of individual cell performance indicate higher and lower performance than 

standard cell performance respectively 

Figure 5.42: EL image and individual cell performance (%) of the 8-month aged 

type B module 
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The highest negative and positive deviations of cell performance from the ELmean(STC)  

value are  ̶ 30.33% and + 20.86% respectively. Overall degradation of the PV module 

has been calculated from the average performance of all cells within the module. The 

average mean EL intensity of total module has been found 157.53 counts as presented in 

Table 5.8. The degradation value is 7.06% due to 16-month aging. Figure 5.44 shows 

the EL image (left) and individual cell performance deviation (%) from the ELmean(STC)  

value (right) of a 4-years aged PV type A module. The existence of contact grid 

problems, namely broken fingers have been revealed more clearly compared to 16-

month aged PV module. Dark lines indicate the presence of cracks. Also, a dark region 

is visible in some solar cells, which is indicative of the existence of a high 

recombination region (either due to bulk or surface defects) (Frazão et al., 2017). 

Highest negative and positive deviations of cell performance from the ELmean(STC)  value 

are  ̶ 32.23% and + 16.39% respectively. Overall degradation of PV module has been 

calculated from the average performance of all the cells within the module. The average 

mean EL intensity of total module has been found 136.35 counts as presented in Table 

5.8. The degradation value is 13.92% due to 4 years of aging. 
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*
Note: (+) and (-) value of individual cell performance indicate higher and lower performance than 

standard cell performance respectively 

Figure 5.43: EL image and individual cell performance of the 16 months aged type 

B module  

 

Figure 5.45  (a) shows the EL image (left) and individual cell performance deviation 

(%) from the ELmean(STC)  value (right) of 9 years aged PV module C type. The highest 

negative and positive deviations of cell performance from the ELmean(STC)  values are 

found  ̶ 46.87% and + 12.88% respectively. The average mean EL intensity of total 

module has been found 117.18 as presented in Table 5.8. The degradation value is 

17.04% due to 9 years of aging and the degradation rate is 1.89% per year which is very 

close to the reported rate of 1.87% per year in Italy after 10 years of aging (Parretta et 

al., 2005). Figure 5.45 (b) shows the EL image (left) and individual cell performance 

deviation (%) from the ELmean(STC)  value (right) of 11-year aged type D module. 

Maximum negative and positive deviations of cell performance from the ELmean(STC)  

Univ
ers

ity
 of

 M
ala

ya



136 

value are  ̶  48.18% and + 14.99% respectively. The average mean EL intensity of total 

module has been found as 123.53 counts and 17.42% degradation is occurred due to 11 

of years aging.  

 

*
Note: (+) and (-) value of individual cell performance indicate higher and lower performance than 

standard cell performance respectively 

 Figure 5.44: EL image and individual cell performance of the 4 years aged type A 

module  

The EL images of polycrystalline PV module contain some dark and bright spots, 

while the EL images of monocrystalline PV module show homogeneous brightness all 

over the module. This is due to the presence of grain boundary related dislocation defect 

in polycrystalline PV modules (Frazão et al., 2017).   
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(a) 

 
(b) 

*
Note: (+) and (-) value of individual cell performance indicate higher and lower performance than 

standard cell performance respectively 

 

Figure 5.45:  EL image and individual cell performance of the (a) 9 years aged type 

C module and (b) 11 years aged type D module 
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Degradation parameters and their respective values for different aged PV modules 

are shown in Table 5.8. The mean EL image intensity has been calculated from the EL 

image histogram. Pmax(STC)/ Acell obtained from the manufacturer data sheet. Mean EL 

image intensity of new PV module has been calculated by using equation 4.2. Finally, 

the degradation of respective PV module has been calculated by equation 4.1.  

Table 5.8: Measuring the degradation of PV module by means of EL imaging  

Module 

Type 

Aging 

Period 

Mean EL 

Intensity of 

Degraded 

Module 

Pmax(STC) 

/Acell 

Mean EL 

Intensity of 

Brand New PV 

Module 

Degradation 

(%) 

B 8 month 166.47 171.21 169.50 1.78 

B 16 month 157.53 171.21 169.50 7.06 

A 4 year 136.35 160 158.4 13.92 

C 9 year 117.18 142.68 141.25 17.04 

D 11 year 123.53 151.11 149.60 17.42 

 

Figure 5.46 shows the PV module degradation behaviour as a result of varying aging 

period. The extents of degradation are 1.78, 7.06, 13.92, 17.04 and 7.42% for 8 months, 

16 months, 4 years, 9 years and 11 years of field aging respectively.  At the initial stage 

of aging, the degradation rate is very high and the rate decreases gradually at the higher 

aging period.  Similar behaviour is also reported in the literature (Jordan et al., 2017). 

From the experimental data, a curve has been fitted to estimate the possible degradation 

at a high aging period in Malaysian climatic condition. The estimated degradation after 

21 years is 18.61%, which satisfy the manufacturer warranty (< 20%), the degradation 

rate being 0.86% per year. The rate is comparable with other reports such as 0.96% per 

year at Patras, Greece after 22 years (Kaplani, 2012) and 0.81% per year in Trinidad, 

California after 20 years of natural aging (Chamberlin et al., 2011). Table 5.9 

summaries the degradation rates of PV modules in a different location, which were 

published previously, together with the results of this work.  
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Table 5.9: Degradation rates of PV modules in different locations 

Location Type PV  Module 
Aging 

Period 

Degradation 

Rate 

(%/year) 

Reference 

Dakar, 

Senegal 

Monocrystalline 1.3 years 0.22 

Ndiaye et 

al. (2014) 

Polycrystalline 3.4 years 1.62 

Monocrystalline 4 years 2.99 

Polycrystalline 4 years 2.96 

Algeria Monocrystalline 28 years 1.22 
Bandou et 

al. (2015) 

Thailand 

Multicrystalline 4 years 1.2 
Limmanee 

et al. 

(2017) 

HIT 4 years 1.3 

Micromorph 4 years 1.8-6.1 

CIGS 4 years 1.7 

Algeria 

Monocrystalline 5 years 3.63 Charrouf 

et al. 

(2017) 
Monocrystalline 10 years 1.74 

Singapore 
Multicrystaline 3 years near 1.2 (Ye et al., 

2014) CIGS 3 years 6.0 

Kuala 

Lumpur, 

Malaysia 

Monocrystalline 

(module A) 
4 years 3.48 

Present 

study 

(2017) 

Polycrystalline 

(module B) 
16 months 5.30 

Polycrystalline 

(module C) 
9 years 1.89 

Monocrystalline 

(module D) 
11 years 1.58 Univ
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Figure 5.46 Effect of aging period on the degradation of PV module 

5.5.2 Dark I-V Characteristics  

The shunt resistance of different aged PV module has been calculated by measuring 

I-V at the dark condition. Semi logarithm current density (J) versus voltage (V) curves 

of different aged PV module is revealed in Figure 5.47. The obtained shunt resistance 

values of different PV modules are 125, 86.95, 60.39, 10.15, 4.04 and 3.36 kΩ.m
2
 for 

brand new, 8 months, 16 months, 4 years, 9 years and 11 years aging respectively.  

Shunt resistance gradually decreases with the increase of aging periods due to increase 

of different types of defects as revealed by respective EL images. The decrease of shunt 

resistance due to aging is also reported for crystalline PV module (Rabii et al., 2003).  

The possible cause of severe power loss due to aging is the low value of shunt 

resistance.  
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Figure 5.47: Effect of  different aging period on the semi-logarithmic dark J-V 

characteristics of PV modules 

 

5.5.3 Temperature Coefficient of Maximum Power 

The cell temperature dependent Pmax behaviour of different PV modules aged at 

different periods (such as 16 months, 4 years, 9 years and 11 years) are shown in Figure 

5.48. From the linear curve fitting and using Eq.4.5, the temperature coefficient of Pmax 

(γ) has been determined. The obtained γ values are 0.898, 1.164, 1.37 and 1.468% for 

the PV module of 16 months, 4 years, 9 years and 11 years aged respectively. PV 

module performance decreases at high temperature because of bandgap reduction at 

high temperatures (Singh & Ravindra, 2012). The γ value depends on the band gap 

reduction rate with temperature which depends on the semiconductor materials 

properties. Due to aging, the temperature dependent band gap shrinkage resistant 

property might be degraded and consequently γ value increases. Initially, the increasing 
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rate of γ per year is high and then at the higher aging period, the rate decreases 

gradually. The obtained degradation rate of γ values of PV module under aging at 16 

months, 4 years, 9 years and 11 years are 75%, 28% 22.56% and 25% per year 

respectively. 

 

Figure 5.48: Cell temperature-dependent maximum output (at 1000W/m
2
 irradiance) 

of PV modules aged at different periods Univ
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS  

 

6.1 Introduction 

Degradation of PV module under HVS leads to catastrophic failure of PV power 

plant which has become a principal concern for the PV industry. Investigation of the 

HVS degradation related issues of PV module has drawn notable interest of the PV 

researchers. In the present research, some critical issues such as the impact of various 

parameters on HVS leakage current, PID test both on-site and laboratory and LID of the 

solar photovoltaic module have been investigated. The PID characteristic of 

polycrystalline PV modules at on-site has been investigated under the Malaysian 

climatic condition. To assess and explain the PID occurrences, the PV modules are 

characterized in different methods. In addition, PV module leakage current has been 

investigated by applying high DC voltage stresses at different environmental conditions. 

Moreover, LID behaviour of different crystalline Si PV modules aged over different 

periods in Malaysian climate has been investigated through EL imaging, dark I-V, and 

cell temperature-dependent maximum power measurement processes.  

The major inferences drawn from the present investigation have been enumerated in 

following sections.   

6.1.1 Effect of Various Parameters on HVS Leakage Current 

 A nonlinear increase of leakage current has been observed due to increase of 

voltage stress at room temperature.  

 A remarkable consequence of PV module surface temperature, water film, salt and 

dust particle accumulation on the leakage current of PV module has been 

obtained. 
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 An almost linear increase of leakage current with the increase of temperature of 

PV module has been found.  

  The module temperature impact on the leakage current of PV module becomes 

massive in wet surface condition. The amounts of leakage current (45°C and wet 

surface condition) at voltage stress of 600, 1000 and 1500 V are 11.45, 20.00, and 

29.85 µA respectively. 

  A linear increase in leakage current due to the presence of salt on the module 

surface has been noticed.  

 Dust accumulation on PV module surface causes to increase the HVS leakage 

current of the PV module.  

 Resistance to leakage current generation of PV module deteriorates substantially 

due to long-time real field aging. 

 

6.1.2 On-site PID Behaviour and its comparison with laboratory test standard 

 A novel quantitative degradation detection method of photovoltaic modules 

through the EL imaging process has been presented for the first time in the present 

research.  

 The PV module degrades by 42% at on-site as a consequence of negative voltage 

stress from the 240 V string size at 9 years and PID is not observed in positive 

voltage stressed PV module. However, 17% degradation occurs due to LID under 

9 years of field aging. Then again, the values of shunt resistance are 4891 and 

1220 Ω for the positive and negative end PV modules respectively. 

 At on-site, the cell cracking of poly c-Si photovoltaic module is hastened as a 

result of cyclic thermal and voltage stress. 

 Negative voltage stress condition causes to occur PID of PV module in both on-

site test and laboratory test. 
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6.1.3 Real field Aging LID Behaviour  

 The EL images of both poly c-Si and mono c-Si PV modules showed that various 

sorts of defects in PV cells are conceivable, for example, contact finger grid 

problem cracks and dislocation related defect, etc.  

 The contact grid problems and cracks increase as a result of longtime field aging. 

 The degradation values due to 8 months, 16 months, 4 years, 9 years and 11 years 

of aging of PV modules have been found to be 1.78, 7.06, 13.92, 17.04 and 

17.42% respectively. One of the reasons behind this degradation is detected to be 

the reduction in shunt resistance which declines gradually as a result of aging.  

 Degradation versus aging period curve shows exponential characteristic. The 

estimated degradation of a PV module after 21 years of aging is obtained 18.61%.  

 The temperature coefficient of Pmax degrades as a result of field aging. Initially, 

the temperature coefficient of Pmax degrades at a higher rate, and then it becomes 

fairly constant. 

6.2 Contribution of the Present Research  

An all-inclusive investigation has been carried out to observe and develop an on-site 

PID detection technique and LID behaviour for PV modules along with the response of 

HVS leakage current. The key contributions of this research are summarized as follows: 

(1) Novel method for quantitative measurement of PV module degradation: In 

the present research, a new quantitative method to gauge PV module degradation has 

been presented by making use of EL image pixel mean intensity.  

(2) New mode of PV module degradation detected: A very new mode of module 

degradation has been detected in course of this research work. It has been observed that 

the crack propagation of poly c-Si PV module is accelerated by on-site cyclic HVS.  
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(3) Novel concept about the impact of different PV module’s operating 

parameters on HVS leakage current introduced: It has been confirmed through this 

research that PV module’s HVS leakage current is stimulated at the wet surface 

condition.  And the HVS leakage current increases furthermore salt and dust deposition 

and resistance to the leakage current of the modules is degraded by field aging.  

(4)  Established a relationship between on-site PID testing and laboratory 

standards: It has been confirmed through the present study that on-site PID and 

laboratory tested PID follow the similar degradation trend as a function of time lapse.  

6.3 Recommendation  

Experimental investigations on the consequence of various operating parameters on 

HVS leakage current characteristics of PV module, real field PID characteristics of 

silicon crystalline PV module and effect of long-time real field aging on the PV 

module’s performance have been done. Although some significant novel achievements 

like development of a novel method for quantitative measurement of module 

degradation, establishing a functional relationship between on-site and laboratory PID 

test procedure, etc. have been accomplished in the present research, the followings may 

be taken into consideration for future endeavours: 

 Potential induced degradation at on-site and different higher string voltages 

of the order of 600 to 1000 V and different periods of aging may be studied.  

 Real field PID of different thin-film PV modules (a-Si, CdTe, CIGS) is also 

necessary to make a comparative assessment.  

 Different microstructural characterization such as EDX, TEM, SIMS and 

SEM etc. of on-site PID affected modules to evaluate the root cause of PID of 

different types of PV module should be investigated.  
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 The root cause of PID can be investigated during the p-type c-Si PV module 

is stressed with a high positive potential relative to the frame.  

 Investigating the effect of different hydrophobic self-cleaning coating on the 

leakage current as well as PID process of PV modules and also the effect of 

different parameters such humidity, temperature, dust, and salt deposition etc. 

on the coated module to evaluate the sustainability of the coatings. 

 The lifetime  of PV modules can be prolonged by using several techniques as 

follows: 

i) Applying hydrophobic coating into the top surface of PV 

module. 

ii) Using high PID resistance encapsulant materials 

iii) Applying proper dust cleaning system. 

iv) Avoiding the areas of PV plant installation where salt can 

easily deposit on the module surface. 
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