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Foreword 

The International Energy Agency (IEA), founded in November 1974, is an autonomous body within 
the framework of the Organization for Economic Co-operation and Development (OECD) which 
carries out a comprehensive programme of energy co-operation among its member countries. The 
European Union also participates in the work of the IEA. Collaboration in research, development 
and demonstration of new technologies has been aƴ ƛƳǇƻǊǘŀƴǘ ǇŀǊǘ ƻŦ ǘƘŜ !ƎŜƴŎȅΩǎ tǊƻƎǊŀƳƳŜΦ  

The IEA Photovoltaic Power Systems Programme (PVPS) is one of the collaborative R&D 
Agreements established within the IEA. Since 1993, the PVPS participants have been conducting a 
variety of joint projects in the application of photovoltaic conversion of solar energy into electricity. 

The mission of the IEA PVPS Technology Collaboration Programme is: To enhance the international 
collaborative efforts which facilitate the role of photovoltaic solar energy as a cornerstone in the 
transition to sustainable energy systems. The underlying assumption is that the market for PV 
systems is rapidly expanding to significant penetrations in grid-connected markets in an increasing 
number of countries, connected to both the distribution network and the central transmission 
network. 

This strong market expansion requires the availability of and access to reliable information on the 
performance and sustainability of PV systems, technical and design guidelines, planning methods, 
financing, etc., to be shared with the various actors. In particular, the high penetration of PV into 
main grids requires the development of new grid and PV inverter management strategies, greater 
focus on solar forecasting and storage, as well as investigations of the economic and technological 
impact on the whole energy system. New PV business models need to be developed, as the 
decentralised character of photovoltaics shifts the responsibility for energy generation more into 
the hands of private owners, municipalities, cities and regions. 

IEA PVPS Task 13 engages in focusing the international collaboration in improving the reliability of 
photovoltaic systems and subsystems by collecting, analyzing and disseminating information on 
their technical performance and failures, providing a basis for their technical assessment, and 
developing practical recommendations for improving their electrical and economic output. 

The current members of the IEA PVPS Task 13 include: 

Australia, Austria, Belgium, Canada, China, Denmark, Finland, France, Germany, Israel, Italy, Japan, 
Malaysia, Netherlands, Norway, SolarPower Europe, Spain, Sweden, Switzerland, Thailand and the 
United States of America.   

This report focusses on test requirements, recording procedures, analysis methods and guidelines 
of infrared (IR) and electroluminescence (EL) imaging for PV field applications. This document shall 
help to identify, record and assess the most common failures of PV modules and components in 
the field. 

The editors of the document are Ulrike Jahn and Magnus Herz, TÜV Rheinland, Germany (DEU). 

The report expresses, as nearly as possible, the international consensus of opinion of the Task 13 
experts on the subject dealt with. Further information on the activities and results of the Task can 

be found at: http://www.iea-pvps.org. 
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List of Abbreviations 

BOS Balance of system  

CCD Charge coupled devices 

CdTe Cadmium telluride 
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DSLR (camera) Digital single-lens reflex (camera) 
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ROI Regions of interest 
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https://en.wikipedia.org/wiki/Electroluminescence
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Executive Summary 

In this report, we present the current practices for infrared (IR) and electroluminescence 
(EL) imaging of PV modules and systems, looking at environmental and device 
requirements on one hand, and on the interpretation of sample patterns with 
abnormalities on the other hand. The goal is to provide recommendations and guidelines 
for using IR and EL imaging techniques to identify and assess specific failure modes of PV 
modules and systems in field applications. 

Currently, two Technical Specifications for IR Imaging are developed within the IEC 
Technical Committee TC 82. They describe a test procedure, and are not intended to have 
pass/fail criteria for the PV modules being investigated. While IEC/TS 60904-12 (draft) 
describes general methods of thermographic imaging for laboratory or production line 
purposes, focusing on the infrared imaging techniques of the PV module itself, IEC/TS 
62446-3 describes investigations of PV modules and the entire plant in operation under 
natural sunlight.  This document gives guidance for preventive maintenance and fault 
diagnostics of PV plants by means of infrared imaging techniques while the plant is 
operating under natural sunlight. The subjects of the investigation include PV modules, as 
part of the array, as well as balance of system (BOS) components such as cables, fuses, 
switches and inverters. 

There are two different types of infrared or thermographic cameras, having cooled or 
uncooled detectors. The sensors of cooled thermographic cameras are made from narrow 
band gap semiconductors and while having very high sensitivity, are not commonly used in 
PV applications due to the cost and complexity of the associated cooling system. More 
commonly used thermographic cameras are those based on uncooled sensors that can 
work at ambient temperatures. These styles of sensors can be produced from a range of 
materials, however a common architecture is the micro-bolometer. This style of uncooled 
sensor is an appropriate thermographic camera type for PV applications due to its simplicity 
and affordability.  

There is a broad variety of infrared cameras with a range of specifications on the market. 
The most suitable type of camera will depend on the application at hand. For example, 
handheld cameras are suitable for field inspection of PV modules. However, the same range 
of specifications may not be available for other applications such as airborne (UAV) surveys 
of PV plants due to the different lenses and distances in use. An appropriate selection of 
an adequate class of IR camera for use or purchase depends on the various possible use 
cases and detailed inspection tasks for that camera. It is impossible to give a 
straightforward decision matrix. While high end IR cameras will allow more possibilities for 
the analysis of detected thermal abnormalities, we acknowledge that for a number of IR 
inspection cases, medium class cameras are fully sufficient. In this report, Section 2.1.2 
describes the types of cameras used for IR imaging. 

Stable environmental conditions are a pre-requisite for high quality outdoor IR imaging of 
PV modules and arrays. Weather fluctuations must be much slower than the thermal time 
constant of the PV module. A typical PV module takes 5 to 15 minutes to thermally stabilize 
for new environmental conditions such as change of global irradiation intensity, 
temperature, or wind speed. Furthermore, thermal reflections of clouds, buildings, trees, 
or other objects on the PV modules must be avoided or minimized as they may distort the 
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evaluation of the IR image. This is usually done by either waiting for more stable conditions 
or moving the position of the IR camera to avoid specific reflections. 

One important parameter derived from IR images is the temperature difference between 
different parts of the module or between modules and/or strings of modules. Inactive areas 
of a module or string usually appear hotter than surrounding active areas. When a PV 
module or string is not functioning, this energy is not converted to DC power and therefore 
remains as excess heat, which raises the temperature of the module or string. Inactive 
modules often suffer from one of the following defect types: disconnected PV modules or 
strings, PID effects or shunted cells, and short-circuited bypass diodes. These types of 
failures cause only a slight temperature increase between active and inactive parts, and 
this difference is often proportional to the irradiance. Thus it is more difficult or even 
impossible to detect these types of failures under low irradiance conditions. Hot spots that 
arise from poor electrical connections or severe mismatch within a module are another 
important type of failure that is usually easily detectable using IR.  

The aim of thermographic inspections is to detect failures before yield reduction or serious 
material damage will occur. Because outlined damages often have not developed yet, the 
objective interpretation of thermographic scans is not trivial. However, these defects have 
the potential to cause power degradation in subsequent years. Hot spots with strong local 
heat gradients can affect the performance of the PV modules significantly and even, in 
extreme cases, lead to smouldering fires. IR imaging is a valuable tool to detect power 
relevant, malfunctioning PV modules, module strings, and certain devices in a PV array if 
the presence of artefacts, like partial shading, dirt, can be excluded. For high quality images 
it is recommended to take the IR images at high solar irradiance (> 600 W/m²) and constant 
ambient conditions (no clouds, low wind speed, stable ambient temperature).  

The International Technical Specification IEC/TS 60904-13 (draft) specifies methods to 
capture electroluminescence images of photovoltaic modules, process images to obtain 
quantitative descriptors, and provide guidance to qualitatively interpret the EL images. EL 
images are obtained with camera detectors that are typically charge coupled devices (CCD) 
or complementary metal oxide semiconductor (CMOS). They may be cooled, usually with 
thermoelectric cooling, to achieve better signal to noise ratio by means of reducing device 
dark current originating from thermally generated charges. Relevant parameters in 
choosing detectors include number of pixels, noise, quantum efficiency at the wavelength 
of interest, and dynamic range. Silicon detectors are very often used and, for special 
applications, InGaAs detectors are employed. 

High quality images are best taken in darkened environment for a better signal to noise 
ratio. Precautions should be taken to eliminate stray light entering the imaging studio, such 
as with use of hard walls, curtains, baffles, and sealing of any gaps with material that are of 
light absorbing nature (black). Fixed mounting of the camera and a mounting rack for PV 
module(s) to be imaged are used so that the camera and the module positions are stable. 
In the field, an option is to use curtains supported by a frame to cover the camera and the 
photovoltaic module. Alternatively, images have to be taken at sunset or during night.  

There are a range of manufacturers in the market that produce cameras suitable for EL 
applications. The key specification for EL camera systems is derived from the need for the 
camera to be sensitive to the emission spectra of the material being tested. For a crystalline 
silicon solar module the emission spectra has a peak at 1150 nm, while for other 
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technologies such as organic PV the emission peak resides at a longer wavelength (1200 nm 
ς 1400 nm) as described by T. Fuyuki et. al. in Appl. Phys. Letters in 2005.  

While task specific EL camera can be prohibitively expensive for many users, it has been 
shown by K. Mertens that a relative simple modification enables consumer DSLRs to 
perform EL imaging. More recently non-reflex, mirrorless interchangeable lens cameras 
with large sensors can also be modified for EL application as demonstrated by J.S. Fada. 
The choice of the type of EL camera that is used when imaging PV modules is dependent 
on a range of factors. As with many types of camera equipment there is trade-off between 
cost, resolution and sensitivity. For example, silicon CCD cameras tend to have a higher 
resolution and lower cost than InGaAs CMOS sensors. While their high resolution makes 
silicon CCD sensors a popular choice, the InGaAs sensor would have a significantly greater 
sensitivity to crystalline silicon and some thin-film technologies. Despite the differing levels 
of sensitivity, with appropriate data collection intervals and methodologies, such as longer 
exposure times, filters and active cooling of the sensor, either camera type can be used for 
EL imaging of PV modules. This allows a great deal of flexibility in terms of the equipment 
used, but does make standardization of test images and measurements a challenge.  

The EL technique can be profitably applied to detect and distinguish between different 
failures modes. This type of non-destructive inspection includes the possibility to observe 
defects and attribute them to the different stages of the PV module lifetime. For instance, 
defects can be caused by production problems not noticed after quality control, wrong 
handling of the PV module without enough care during transport or installation, or can be 
induced by environmental loading and degradation in the field after installation. Clearly, all 
of these causes might have different implications in terms of warranty claims and operation 
and maintenance actions. EL images taken on a set of PV modules before their installation 
can be very useful in case of legal actions against producers, since production defects can 
be clearly distinguished at that time. However, in many cases EL imaging is requested by 
customers at a much later stage, after detecting an unexpected low power output of their 
PV parks. However, the amount of time required to take a good quality EL image of a PV 
module, adjusting the focus and finding the right time of exposure depending on the 
module type, is often still a limiting factor for large-scale applications of EL imaging in the 
field. 

In this report, Section 3.1.2 describes the types of cameras used for EL imaging and provides 
a discussion of sensors. Sensors with larger numbers of pixels per unit area typically yield 
better results for resolving image features, however, depending on the material, noise and 
quantum efficiency limitations can increase with higher resolution. Though with modern 
signal processing algorithms and image analysis software it is possible to mitigate a portion 
of the effects of noise on the resultant images. 

This report provides a comparison of the relative merits of EL and IR imaging techniques in 
Chapter 4. These types of optical measurement provide fast, real-time and high resolution 
images with a two-dimensional distribution of the characteristic features of PV modules. IR 
imaging measurements of the thermal behaviour of cells in a module allows a number of 
defects to be easily and quickly identified. These include short circuits in solar cells, shunts, 
inactive cell parts and PID. However, not all the failures of PV modules lead to an increase 
in temperature. Taking this into consideration the IR measurements alone cannot identify 
all the types of failures. On the other hand, PV modules with clear EL-images sometimes 
provide IR-images with hot areas. A combination of both techniques quickly detects the 
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most common defects in a PV module with high accuracy and provides a good indication of 
the health and reliability of the PV modules with a plant. 



 

12 

1 Introduction 

The quality assurance measures for PV modules are of fundamental importance for any PV 
power plant asset. The failure-free operation of the PV modules is a prerequisite for 
efficient energy production, long life, and a high return on the investment. During 
operation PV modules may develop defects which can be repaired if they are detected in 
time, but they can cause a severe drop in energy production and sometimes safety issues. 
To ensure the operation of the PV modules without significant losses, fast and reliable 
methods to evaluate the performance of the photovoltaic modules are required, both 
during the production process and after the installation of the PV modules. For that reason 
more and more EPC and O&M companies offer regular IR and EL imaging inspections of PV 
plants to ensure the safety and high performance of the PV array in addition to IV curve 
measurements and monitoring. IR and EL are two imaging techniques, which identify faults 
and problems developing with PV modules. 

The use of infrared (IR) imaging for the evaluation of PV modules has many advantages. 
First of all, a great number of failures developed on PV modules can be detected using IR 
imaging, from hot-spots to mismatch losses or installation failures. Furthermore, IR imaging 
technique can be applied for non-destructive testing and used to scan installed PV modules 
during normal operation. Finally, thermal cameras also allow scanning large areas within a 
short time frame. In Figure 1-1 (bottom) the required time for the inspection of a PV plant 
is shown, according to its nominal power, using a hand-held IR camera. For instance, a PV 
plant of 4 MWp nominal power will require approximately 15 to 20 hours of IR inspection 
taking into consideration that all the other factors that might affect the inspection are ideal.   

In Figure 1-1 (top) the required time for IR inspection using an IR camera attached to a 
drone, with respect to its nominal power, is shown. Due to the high resolution of IR cameras 
existing in the market today, such an inspection approach using drones, is possible. Using 
drones, for instance, a PV plant of 4 MWp nominal power will require approximately 5 to 
10 hours of IR inspection taking into consideration that all the other factors that might 
influence the inspection are ideal.   

The optimized operation of the PV cell is to absorb the light and convert it into electricity. 
However, due to reciprocity principle the opposite is also possible and offers the 
opportunity of Electroluminescence (EL) imaging. Electroluminescence is a phenomenon 
that has been used for a long time for other applications such as lightening, but recently 
has been introduced as an investigation procedure for PV modules and strings. It consists 
of applying a direct current to the PV module and measuring the photoemission by means 
of an infrared-sensitive camera. EL imaging provides insight into micro cracks and other 
defects within the cell material. This in turn helps identify faults and problems present or 
developing within the PV module.   
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Figure 1-1 The required time for the inspection of PV modules using IR cameras, attached 
to a drone (top), and hand-held camera at the ground (bottom) with respect to the nominal 
power of the PV plant. The colours are used to identify the different time ranges for IR 
inspections. 

 

In Figure 1-2 the required time for the inspection of a PV plant, with an EL camera attached 
to a drone, according to its nominal power is shown. In this case a PV plant of 4 MWp 
nominal power needs approximately 20 to 40 hours of EL inspection taking into 
consideration that all the other factors that might influence the inspection are ideal.   

 
In Figure 1-2 (bottom) the required time for the inspection of a PV plant, with one EL 
camera, according to its nominal power is shown. For instance, a PV plant of 4 MWp 
nominal power requires approximately 100 - 150 hours inspection taking into consideration 
that all the other factors that might influence the inspection are ideal.   
 
 

 

 

0 h 40 h 

20 h 0 h 
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Figure 1-2 The required time for the inspection of PV modules with EL Imaging, attached to 
a drone (top), and hand-held camera at the ground (bottom) with respect to the nominal 
power of the PV plant. The colours are used to identify the different time ranges for EL 
inspections. 

 

 
This report presents a review of current practices used in regarding IR and EL Imaging. In 
Chapter 2 an introduction in the IR Imaging is given as well as test requirements and 
examples. The-state-of-art technology and techniques are given.  Chapter 3 deals with the 
EL Imaging and has the same structure as Chapter 2. For both inspection methods an 
overview is given to include information about the current market. In Chapter 4, the 
advantages and disadvantages of both methods are compared and discussed. 

 80 h 0 h 
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2 Infrared Imaging 

 

2.1 State of the art of IR Imaging 

2.1.1 Review of existing standards/guidelines 

Within the IEC Technical Committee TC 82 (Photovoltaic), currently two Technical 
Specifications are developed: Technical Specifications (TS) approach International 
Standards (IS) in terms of detail and completeness, however, they usually describe a (test) 
procedure and do NOT include pass/fail criteria associated with the test results. 

The TC 82 system working group (WG3) was working on a new TS embedded in the IEC 
62446 series, dealing with system testing, documentation and maintenance of PV plants, 
IEC/TS 62446-о άtƘƻǘƻǾƻƭǘŀƛŎ modules and plants ς hǳǘŘƻƻǊ ƛƴŦǊŀǊŜŘ ǘƘŜǊƳƻƎǊŀǇƘȅά [1]. 
In this document guidance for preventive maintenance and fault diagnostics of PV plants 
by means of infrared imaging techniques is given, while the plant is operating under natural 
sunlight. The subjects of the investigation include the PV modules, as part of the array, and 
the Balance of System (BOS) components such as cables, fuses, switches, inverters. While 
IEC/TS 62446-3 describes investigations of PV modules under natural sunlight in operation, 
procedures that use external current sources - e.g. for indoor inspections in the dark - are 
also described. As mentioned above, it is a Technical Specification too, having an 
instructional purpose, and is not intended to have pass/fail criteria for the PV modules 
being investigated. 

A chapter in IEC/TS 62446-3 deals with the principles of heated and cooled regions in PV 
modules operated with and without irradiation applied, and how quantitative metrics of 
the severity of module failures/damages can be achieved. The TS closes with reporting 
requirements, and with a Table for qualitative interpretation of IR images and failure 
modes (from [3], with some modifications). In an Appendix additional information about 
optics and optical calculations are summarized.  

The TC 82 photovoltaic module working group (WG2) is - within the IEC 60904 
άtƘƻǘƻǾƻƭǘŀƛŎ 5ŜǾƛŎŜǎέ ǎŜǊƛŜǎ ƻŦ ǎǘŀƴŘŀǊŘǎΣ ŘŜŀƭƛƴƎ ǿƛǘƘ ƳŜŀǎǳǊŜƳŜƴǘ ǇǊƻŎŜŘǳǊŜǎ - also 
working on the proposed Part 12, IEC/TS 60904-мн άLƴŦǊŀǊŜŘ ǘƘŜǊƳƻƎǊŀǇƘȅ ƻŦ ǇƘƻǘƻǾƻƭǘŀƛŎ 
ƳƻŘǳƭŜǎέ [2]. It describes general methods of thermographic imaging for laboratory or 
production line purposes, focusing on the infrared imaging techniques of the photovoltaic 
module itself. Guidance will be given on how to capture thermal images of photovoltaic 
modules with sufficient quality, how these data can be processed to obtain quantitative 
metrics to gain further insight, and to provide guidance on how such images can be 
interpreted qualitatively.  

In introducing the chapters terms, definitions and acronyms are assembled that have to do 
with the (electrical) operation of a photovoltaic module, as well as basics about thermal 
imaging cameras, its lenses, resolution and aberrations. Common helpful post processing 
features are also briefly summarized and hints for the useful range of the angle of view and 
precautions to minimize reflections are given. 

http://www.linguee.de/englisch-deutsch/uebersetzung/completeness.html
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For (indoor) dark thermography using external power supply under forward bias 
conditions, it is recommended not to take only a single image for (almost) equilibrium 
conditions, but to take images in (predefined) time intervals. Typical values for the time 
span from applying the forward bias are given in brackets for a standard module that is 
viewed from the back sheet side, to: 

 have an initial thermal image including artefacts and reflections, useful for 
calculating differential images (0 s),  

 see where possible extreme heating points occur during heating process, (20 s),  
 image an equilibrium temperature distribution pattern, for e.g. the maximum 

power point current (2 min),   
 better image the less severe heating effects (4 min), for two times the maximum 

power point current - if that can be safely applied, and  
 list these points of time and the image numbers together with the current and 

voltage measurements in a tabulated form.  
 

If a PV module is operated in steady state under illumination within a string, the operating 
point is normally set by the inverter close to the maximum power point of the string, 
depending on the actual irradiation and temperature. If the I-V curve of a (faulty) module 
investigated differs from the I-V curve of the other modules in a string, the resulting 
operating point will differ from the operating point of a single module if a resistive load is 
applied. The string behaviour can be reproduced by a controlled power source applied on 
a single module with the maximum power point current set point calculated from the data 
sheet values considering the measured in plane irradiation and module temperature. As 
described above for dark conditions, an analogue procedure is described for irradiated 
outdoor conditions or in steady state solar simulators. 

 

2.1.2 Overview of camera types 

Infrared thermography (IRT) has been used for detecting shunts in solar cells under reverse 
bias in the dark since 1990 [4]. However, lately uncooled infrared detectors have gained 
wide attention for infrared imaging applications, due to their advantages such as low cost, 
low weight, low power and large spectral response compared to those of photon detectors 
[5]. 

According to the black body radiation law any object above absolute zero will emit infrared 
radiation and its characteristics can be used to measure the temperature. Therefore, 
infrared measuring devices acquire infrared radiation emitted by an object and transform 
it into an electronic signal [6]. The detected radiation from the objects can be imaged from 
the IR camera and abnormalities in the temperature of the objects can be observed. 

However, the IR camera does not receive only the radiation from the object but the 
reflection of surroundings as well. Emissivity, reflection radiation and absorption of the 
atmosphere are some parameters that influence the measurement of the temperature of 
the inspected object. Therefore, the following parameters have to be measured or/and 
entered into the camera software:  

1. Emissivity, which qualifies how much radiation is emitted compared to a 
blackbody. Typical emissivity values are 0.85 for the glass and 0.95 for the polymer 
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back sheet, respectively, if the angle of view is within 90°- 60° (glass) and 90°- 45° 
(polymer) 

2. Reflected temperature in order to compensate for the radiation reflected in the 
object 

3. Atmospheric temperature and humidity. 
 

There are infrared or thermographic cameras with cooled and uncooled detectors. The sensors of 
cooled thermographic cameras are made from narrow band gap semiconductors and while 
having very high sensitivity, are not commonly used in PV applications due to the cost and 
complexity of the associated cooling system. 

Commonly used thermographic cameras are based on uncooled sensors that can work at 
ambient temperatures. The most common sensor architecture is the micro-bolometer. 
These styles of sensors can be produced from a range of materials, however a common 
architecture is the micro-bolometer. This is seen in a range of consumer handheld 
thermographic cameras. This style of uncooled sensor is an appropriate thermographic 
camera type for PV applications due to its simplicity and affordability. There are a broad 
range of these styles of cameras available on the market. 

Some important characteristics for an IR camera system for PV applications are: 

1. Detector resolution, the higher the resolution, the higher the cost of the camera. 
Pixels are the data acquisition points for thermal measurements, and the data are 
used to create a visual image from the thermal profile. The more pixels and data 
points per investigated area, the more accurate the thermal interpretation and 
the higher the resolution of the thermal image. High resolution is particularly 
important because it allows identification of smaller image details and therefore 
more accurate temperature measurements, for the same field of view [7]. 

2. Noise equivalent temperature difference (NETD) or thermal sensitivity is 
considered to be of great importance for the process of evaluating and comparing 
performances of thermal imagers which are essentially non-contact temperature 
measurement devices [8]. 

3. Accuracy, including tools for entering emissivity and reflected temperature values. 
Those parameters, when have been correctly inserted, can produce accurate 
temperature measurements. 

4. Intercompatibility of the generated photos 
5. Screen resolution 
6. Ergonomic features: 

a. Weight 
b. Battery 
c. Interactive controls 

7. User Interface: 
a. Report generation 
b. Connectivity 

8. Warranty 
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Table 2.1.1: Overview of camera characteristics. 

 

An overview of the range of characteristics and specifications for IR cameras used in PV 
applications is shown in  

 

Table 2.1.1. As can be seen, there is a broad variety of infrared cameras with a range of 
specifications on the market. The most suitable type of camera will depend on the 
application at hand. For example, handheld cameras are suitable for field inspection of PV 
modules, however, there are recommendations on the minimum resolution required as 
described in section 2.2. However, the same range of specifications may not be available 
for other applications such as airborne (UAV) surveys of PV plants due to the different 
lenses and distances in use. 

 

2.1.3 Evaluation of existing practice 

A significant amount of published research studies have been reported in the literature 
through the last decade, reflecting the increasing interest in the application of infrared 
thermography (IRT) measurements and their potential for fault diagnosis of PV installations 
in the field [9]. 

In the early steps of such studies, [10] first investigated the applicability and practicality of 
IRT imaging of PV modules under outdoor conditions. For PV array-scale applications, [11] 
used IRT to assess the condition of a building integrated, grid-connected PV array. The 
investigated PV system presented abnormally low performance, which finally exhibited 
abnormal temperature profiles through the acquired thermal images. These abnormalities 
were due to either the panel material itself or the overall function. In terms of accuracy 
ŀƴŘ ǇǊŀŎǘƛŎŀƭƛǘȅ ƻŦ Lw¢ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ t± ƳƻŘǳƭŜǎΩ ƳŀǘŜǊƛŀƭǎΣ ǘƘǊŜŜ ŘƛŦŦŜǊŜƴǘ ŜŀǊƭȅ 
studies [12], [13], [14] discussed the infrared reflection errors related to the glass covers as 
ǿŜƭƭ ŀǎ ǾŀǊƛŀǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ŎŜƭƭ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǘƘŜ ƳŜŀǎǳǊŜŘ ƳƻŘǳƭŜǎΩ ǘŜƳǇŜǊŀǘǳǊŜ 
for different back sheet materials. In addition, [15] presented a procedure for accurate 
measurement of IR emissivity of the glass surface, in the spectral range of the thermal 
cameras that were used, proposing a necessary correction (offset) of the temperatures 
measured by such bolometer detectors. 

The importance of further interpretation of the thermal images and the correlation 
between performance degradation, fault types and thermal signatures of PV modules was 
introduced in [16], [17]. In particular, [16] showed that by the combination of several IRT 
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measurement methods typical defects in crystalline silicon (c-Si) PV modules and their 
influence on the I-V curve (e.g. the series resistance or the short- circuit current) can be 
explained. In particular, it was found that in the case of sun illuminated thermography 
several defects can be distinguished by varying the electrical load on the PV module. In 
another experimental study [17], daily profiles with one minute I-V field measurements 
were acquired from a range of defective PV modules. These were collected together with 
additional continuous IR imaging and meteorological data sampling. A direct relation 
between the power output (thus, energy yield) losses and the thermal differences was 
observed; however, in order to quantify the effective loss in kWh/kWp per year further 
evaluation is needed and is not published yet. 

Focusing on more particular mechanisms of abnormal heat development in PV modules, in 
[18], [19], [20], the formation of hot spots and the early challenges upon their 
quantification and detection by means of IRT were addressed. Being focused on indoor IRT 
applications, the approach proposed by [18] shows that, through short-time illumination 
of c-Si PV modules at high irradiance (1000 W/m²), the location, the geometry and the area 
size of hot spots can be evaluated from raw IRT data. It was particularly concluded that hot 
spots with smaller area or higher leakage current densities, are more critical for a hot spot 
formation in a partially shaded PV module and present higher temperatures. On the other 
hand, in [19], [20] field IRT measurements and basic thermal image analyses were 
implemented toward the successful detection of hot spots corresponding to individual 
defective cells or group of cells. For such so-called regions of interest (ROIs) assigned to hot 
spot areas, the resultant increase of the operating temperatures was quantified in a fast 
and fairly accurate way. 

As more and more PV plants are installed and the existing PV modules age further (and, 
thus, more faults evolve) there has been increased scientific interest in this research field 
through the last ten years. This is added by the fact that IRT measurement equipment is 
more readily available for PV inspection applications, in terms of cost and usability. 

Recent studies focused not only on improving the already developed concepts, but also on: 

 Better understanding of the degradation/ageing mechanisms and their impact on 
the thermal behaviour of PV modules. 

 Classification of different fault types by correlating their thermal signature with the 
I-V characteristics. 

 Implementation of wide-areas measurement applications of IRT for large-scale PV 
plants. 

 Eliminating sources of measurement errors or uncertainties; understanding all 
characteristics of IRT measurements and developing standards and technical 
specifications).  
 

Further experimental data and preliminary analysis techniques were added during recent 
studies [21], [22], [23], validating and/or improving already suggested concepts. In [21] IRT 
was proved to be a fitting way for fast detection of invisible defects that were 
experimentally investigated in their first stages of development. Such an early detection of 
occurring faults allows the time needed for assessing the risk of potential domino effects 
from the evolving defects to adjacent parts of the installations and, thus, for adopting 
preventive maintenance actions and planning for the whole PV installation. On the other 
hand, in [22], [23], the use of basic thermal image analysis tools, such as temperature line 
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profile and histogram-based statistical analysis of ROI, applied to both outdoor and indoor 
IRT measurements, were proved easily-implementable and efficient tools for qualitative 
analysis of hot spots under short-circuit conditions.  

In particular, the thermal signatures of potential faults, such as hot spots, can be observed 
as bi- or multi-modal formed histograms, thus characterized by higher variance, standard 
deviation and skew values. Besides, line profiles have been proved useful to yield the 
temperature fluctuation across the abnormal thermal signatures of planar defects in PV 
module (Figure 2-1). Such simple techniques provide complementary qualitative 
information about the thermal signature of occurring faults in PV modules, which can be 
valuable for thermal modelling and classification of different failure modes in PV modules. 

 

 

Figure 2-1: Example of a simple analysis based on temperature line profiles of ROIs 

corresponding to hot spots in a PV module under short circuit conditions. 

Experimental results and observations presented in several recent studies focused on the 
need for better understanding of the degradation/ageing mechanisms and their 
interrelation with the resultant thermal signatures of PV modules, obtained by field IRT 
measurements. The degradation/ageing impact on the thermal signature can be 
investigated following either real-time exposure to field conditions [24], [25], [26] or 
accelerated-time ageing in an environmental chamber (e.g. thermal cycling) [26], [27]. 
Particularly, in [24], an IRT analysis was performed to study the degradation mechanisms 
in a 2 kWp c-Si PV installation after 12 years of exposure. One of the most significant 
findings following their analysis was the fact that all solar cells located close to the junction 
boxes typically feature operating temperatures about 3°C higher than the rest ones in the 
same cell matrix. Consequently, it can be assumed that the thermal degradation of these 
cells evolves at a higher rate. Besides, string-to-string mismatches were also observed in 
several modules with the help of IRT imaging. Surprisingly, despite the higher operating 
temperatures of some cells, no visible defects were observed, while modules with visible 
hot spot damage showed no abnormal thermal signatures. For such observations it was 
assumed that once the rupture of the cell occurs, the shunt resistance becomes sufficiently 
low for the temperature to increase significantly. Moreover, IRT observations of aged PV 
modules, after longer field exposure periods (18-22 years), were made in [25], [26]. IR 
thermography was proved an effective and reliable tool for diagnosis of occurring and 
propagating defects, particularly revealing the existence of hot cells, hot spots on the 
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busbars, and optical degradation in the form of colder bubbles (delamination). Accelerated 
ageing tests, by thermal cycling, were attempted in [27], in order to study the propagation 
of existing hot spots and the evolution of abnormal thermal signatures, through the 
ƳƻŘǳƭŜΩǎ ƭƛŦŜǘƛƳŜΦ ¢ƘŜ Lw¢ ƛƳŀƎƛƴƎ ǊŜǎǳƭǘǎ ƻŦ ǘƘƛǎ ǎǘǳŘȅ ƳƛƎƘǘ ōŜ ŀǎǎǳƳŜŘ ǎǳǊǇǊƛǎƛƴƎΣ ǎƛƴŎŜ 
the initial temperature differences (corresponding to hot spot areas) were decreased. It 
was concluded that such observations could be explained as a result of the expansion of 
the dissipated heat to the defective areas and the allocation of such areas to the whole 
surface of each defective module. 

The classification of different fault types by correlating their thermal signature with the I-V 
characteristics is of utmost importance for assessing the expected power output losses and 
scheduling the needed maintenance actions to prevent further failure or even safety risks 
for the PV system. [28] proposed hot spot evaluation procedures and well defined 
acceptance/rejection criteria, on the basis of several observations (among them IRT 
inspections) of 200 field exposed and defective modules. These evaluation procedures 
address both the lifetime and the operational efficiency of the modules. 

[29] presented an IRT-based temperature distribution analysis to analyse three different 
categories of faults in PV modules. The proposed methodology, which was validated by 
both simulation and experimental test results, was proved to be effective in establishing 
parameter-based electrical/thermal models and developing an optimized global maximum 
power point tracking (MPPT) algorithm. In their extensive experimental work, [14], [30], 
investigated numerous c-Si PV modules from 16 different PV plants with a range of field 
exposure times. The evaluated data from IRT measurements, together with electrical 
characterization and electroluminescence imaging, manifested various failure 
mechanisms, such as cell fracture, deficient solder joints, short-circuited cells and bypassed 
substrings. The impact of these frequently detected defects on the resulting temperature 
was discussed and differing defects could be diagnosed by characteristic temperature 
ŘƛŦŦŜǊŜƴŎŜǎΦ {ǳŎƘ ŘƛŦŦŜǊŜƴǘ ǘƘŜǊƳŀƭ άǇŀǘǘŜǊƴǎέ ǿŜǊŜ ǘƘŜƴ ŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ŎǳǊǊŜƴǘ 
voltage (I-V) characteristics at STC, and the resultant power output losses. In both of these 
two studies, the high reliability and usefulness of IRT mapping for PV plants for fault 
classification, were the main conclusion.  

Advances in the field of fault analysis and characterization for installed PV modules, based 
on IRT imaging, were recently reported in [31], [32]. The influence, in particular, of differing 
ambient conditions on the characteristics and the temperature profile of defects in PV 
modules is studied in [31]. All investigated faults were distinguished by the authors as three 
different types; areal/planar defects, cell defects (e.g. cell fracture and shunted cells) where 
an individual cell is heated up, and point-shaped defects which are considered much 
smaller (e.g. solder joints). 

Finite element analysis (FEM) and experimental measurements  were evaluated. As a result 
areal cell defects behave linearly with the solar irradiance, while the temperature 
development in point-shaped defects exhibits a less predictable behaviour due to the glass 
cell temperature difference, the limited resolution and possible material changes.  

The demonstrated reliability and effectiveness of IRT imaging also encourages the 
implementation of wide area measurements (WAMs) for large-scale PV plants, by means 
of aerial IRT [33], [34], [35], [36], [37], [38]. The general potential of aerial thermographic 
inspections for operating PV installations are briefly addressed in [34]. In early though 
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significant steps of such large-scale applications, in [35], an experimental set-up was 
implemented, based on a remote-controlled drone, to investigate 60 different PV plants of 
up to 1 MWp. With the proposed set-up, the performed aerial IRT inspections had a typical 
duration (net flight time) ranging from just few minutes to up to 1 hour, depending on the 
size of the PV plant. As it was concluded in the same paper, defects like disconnected 
strings, substrings, shunted cells, faulty soldering and cell fracture could be visualized and 
distinguished. Moreover, the impact of such faults was further studied and understood by 
means of electrical simulations. Furthermore, in [36], a novel concept was proposed for 
monitoring PV plants by using light unmanned aerial vehicles (UAVs) or systems (UASs) 
during their operation and maintenance, providing additional experience and solutions in 
the field of large-scale IRT.  

More recently, in [33], the preliminary results of an ongoing study were presented on an 
application for detection, diagnosis and classification of faults in large-scale PV plants, by 
means of both aerial IRT mapping and auxiliary diagnosis/characterization on the ground 
(i.e. IRT, I-V characterization and EL). The developed IRT mapping technique was proven to 
be efficient though practically limited to provide diagnosis only in qualitative terms and for 
small-scale plants. As the authors noticed, the advantage of large-scale applicability of 
aerial IRT, should be evidently exploited in a more efficient way. This can be achieved by 
implementing less complex qualitative diagnosis and by quantifying the radiometric data 
ƻŦ ŜŀŎƘ ŦŀǳƭǘΩǎ ǘƘŜǊƳŀƭ ǎƛƎƴŀǘǳǊŜ ƛƴ ǘŜǊƳǎ ƻŦ ǘƘŜ ŜƭŜŎǘǊƛŎŀƭ ǇƻǿŜǊ ƻǳǘǇǳǘ loss of the 
ƛƳǇŀŎǘŜŘ ƳƻŘǳƭŜΦ hƴ ǘƘŜ ōŀǎƛǎ ƻŦ ǘƘƛǎ άǎǘǊŀǘŜƎȅέΣ ŀ ƴƻǾŜƭ ƳŜǘƘƻŘƻƭƻƎȅ ƻŦ ōƻǘƘ ǉǳŀƭƛǘŀǘƛǾŜ 
and quantitative fault diagnosis for PV plants is under development by the authors.  

Towards the same research direction, in the field of UAV-based IRT mapping of PV plants, 
another two in-progress studies were also recently published [37], [38]. In the study of [37], 
several diagnosed faults in a PV plant of more than ten thousand modules, were 
quantitatively correlated with the generated currents of the associated strings, by means 
of aerial IRT imaging and monitoring data respectively. The correlation analyses indicated 
that one or more inactive submodǳƭŜǎ ŀǎ ǿŜƭƭ ŀǎ ǎŜǾŜǊŜ ŎŜƭƭ ŘŜŦŜŎǘǎ ǿƛǘƘ ǎƛƎƴƛŦƛŎŀƴǘ ɲʆ 
(>15̌/ύ ǎǘǊƻƴƎƭȅ ŎƻǊǊŜƭŀǘŜ ǿƛǘƘ ŀ ǊŜŘǳŎŜŘ ŎǳǊǊŜƴǘ ƛƴ ǘƘŜ ŀǎǎƻŎƛŀǘŜŘ ƳƻŘǳƭŜǎΩ ǎǘǊƛƴƎΦ Lƴ ǘƘŜ 
same study, the authors also attempted a preliminary techno-economic analysis in order 
to quantify the impact of such diagnosed module defects, in terms of energy yield and 
consequential financial losses, which could be balanced or even avoided by proper 
inspection/maintenance. As a general conclusion, coming out from all these preliminary 
studies and results, within such recently opened research field, the strategy of utilizing 
thermographic UAVs can be a cost-effective and much less time-consuming option for fault 
diagnosis of large-scale PV plants. 

Considering that IRT is a relatively new method, especially for fault diagnosis of PV 
modules, the need of reliable measurements and accurate interpretation of the inspected 
thermal signatures becomes increasingly important, especially when dealing with large-
scale PV plants and, thus, high PV investments. A missed fault diagnosis, either as non-
ŘŜǘŜŎǘŜŘ Ŧŀǳƭǘ ƻǊ ŀǎ άŦŀƭǎŜ ŀƭŀǊƳέ Ƴŀȅ ƭŜŀŘ ǘƻ ǿǊƻƴƎ ǇŜǊŦƻǊƳŀƴŎŜ ŀǎǎŜǎǎƳŜƴǘ ŀƴŘ 
maintenance decisions. For these reasons, the upcoming international standards and 
technical specifications of IRT for PV applications (IEC 60904-12, IEC 60904-14 and IEC 
62446-3) should be established and followed [39]. Moreover, sources of possible 
measurement uncertainties and incorrect interpretation of thermal image data should be 
further investigated, as in [40], and addressed in such technical specifications. Last but not 
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least, careful analysis and thermal image processing comprise key steps for efficient IRT-
based diagnosis, especially for large-scale measurements. 

 

 
 

2.2 Test requirements 

2.2.1 Camera requirements 

There is a broad variety of different IR cameras available on the market. As to provide a 
useful guidance in an appropriate selection of a specific IR camera product, we classified 
typical parameters of different IR cameras. Table 2.2.1 lists the main differences for each 
of the four camera classes we distinguished. No matter what camera class, a calibration 
certificate is a clear prerequisite. This prerequisite is therefore included in the overview 
given in Table 2.2.1 for completeness. The recalibration of the camera should be carried 
out on an annual basis. 

The stated temperature ranges listed in Table 2.2.1 are kept in italic letters, since these 
values are not reflecting actual prerequisites of IR quality assurance services of PV 
applications directly: It is clear that listed temperature ranges of up to 2000 °C are not 
needed for any type of PV application. HowevŜǊΣ άtǊƻŦŜǎǎƛƻƴŀƭ ǳǇǇŜǊ Ŏƭŀǎǎέ ŎŀƳŜǊŀǎ ƘŀǾŜ 
ƘƛƎƘƭȅ ǎŜƴǎƛǘƛǾŜ ƛƴŦǊŀǊŜŘ ŘŜǘŜŎǘƻǊǎ ǘƻ ŀƭƭƻǿ ŦƻǊ ǇŀǊŀƳŜǘŜǊǎ ά¢ƘŜǊƳŀƭ {ŜƴǎƛǘƛǾƛǘȅέ ŀƴŘ 
ά!ŎŎǳǊŀŎȅέ ǘƻ ōŜ ŀǎ ƘƛƎƘ ŀǎ ƭƛǎǘŜŘΦ Lƴ ǘǳǊƴΣ ǘƘƛǎ ōǊƛƴƎǎ ŀƭƻƴƎ ǘƘƛǎ ōǊƻŀŘ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜΦ 

The following paragraphs briefly summarize each parameter that is relevant for IR imaging 
tasks of PV systems, listed in Table 2.2.1. 

Table 2.2.1: General camera requirements.   

Camera 
parameter 

Lower class Medium class Professional class Professional 
upper class 

Calibration 
Certificate 

Yes 

Temperature 
Range 

-нлΧҌнрл ϲ/ -нлΧҌсрл ϲ/ -нлΧҌмнлл ϲ/ -плΧҌнллл ϲ/ 

Resolution 

(Super 
Resolution*) 

160 x 120 320 x 240 320 x 240 

(640 x 480) 

640 x 480 

(1280 x 960) 

Thermal 
Sensitivity 

<0.1 K <0.05 K <0.04 K <0.002 K 
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Accuracy +/- 2 °C +/- 1 °C 

Focus Fix focus Manual Manual and auto 

Digital Camera - 2 Megapixels 3 Megapixels 5 Megapixels 

Adjustable 
Emissivity 

лΦлмΧм 

Voice Recording - Yes (short) Yes 

Interchangeable 
Lens 

- Yes (telephoto 
and wide angle) 

Yes (telephoto, wide angle, 
macro) 

  

GPS Recording - - Yes Yes 

External Wireless 
Sensor** 
Function 

- - Yes Yes 

* Some cameras are equipped with an additional function that will increase the available 
resolution by combining multiple images. 

** Wireless current clamp, humidity or temperature sensor  

Resolution  

Pictures taken with an infrared camera have a specific resolution. Depending on the 
thermal abnormality of a PV module, a higher resolution might be necessary. Higher 
resolution images also allow pictures to be taken from a further distance and thus capturing 
a greater number of modules per image. 

Thermal Sensitivity 

Infrared detectors have their intrinsic thermal sensitivity. This thermal sensitivity correlates 
with temperatures differences that can be detected. This parameter therefore directly 
reflects the ability of the camera to detect a particular minimum temperature difference. 

Accuracy 

This parameter includes all errors for the internal technical process and calculations 
performed within the camera to identify the temperature value listed for each pixel in the 
obtained IR images.  

Focus 



 

25 

Each infrared camera is equipped with a focus unit, used to set the appropriate focus of 
the camera lenses, in order to obtain sharp images. In cheaper IR cameras, only a fixed or 
a manual focus mode may be available. For professional IR cameras, the auto-focus 
function is a given function.  

Digital Camera 

Many infrared cameras are often equipped with the feature of providing a regular, visible 
light, digital image, in addition to the IR ƛƳŀƎŜΦ {ǳŎƘ άǊŜŀƭέ ƛƳŀƎŜǎ ǇǊƻǾƛŘŜ ŦǳǊǘƘŜǊ 
information, which can be highly valuable in case of abnormalities found in the IR images. 
This feature is greatly beneficial for documentation and reporting purposes. 

Adjustable emissivity 

For different applications, the emissivity of the infrared camera must be manually adjusted. 
Only a manual adjustment allows the exact determination of the temperature next to the 
thermal abnormality.  It also may be possible to adjust effective emissivity in post 
processing using software provided by the manufacturer.  This allows the operator to 
determine the sensitivity of the temperature readings to the emissivity used as input. The 
ability for manual adjustment of the emissivity is important for PV applications. 

Voice Recording 

Infrared cameras can be equipped with an additional function for the storage of audio 
comments. The option for technical personnel to append audio comments to every IR 
image can be greatly beneficial for hands-on work and can help to speed up the process of 
time needed per MWp of IR tested modules. These comments may include for example a 
short description of the abnormality, a serial number or any other information deemed 
relevant. 

Interchangeable Lens 

Different applications of infrared thermography require the usage of interchangeable 
lenses. These interchangeable lenses are used for the documentation process of the 
spotted abnormality. Typical interchangeable lenses are, for example, at wide angle or a 
telephoto lens. 

GPS Recording 

Another feature of the IR camera is the internal storage of geographical coordinates for 
each infrared image. These GPS coordinates will be used for the additional documentation 
regarding the position of the detected abnormalities. 

External Wireless Sensor Function 

IR cameras using this function can be connected to external sensors. These external sensors 
are used for the record of surrounding weather conditions or other important parameters 
like ambient temperature, relative humidity or current flow through the modules or string. 

Some additional camera requirements can be defined as well. The additional requirements 
are listed in Table 2.2.2.  
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 Table 2.2.2: Additional camera requirements. 

Camera parameter Lower class Medium class Professional class Professional 
upper class 

Viewfinder - Yes 

Measurement modes 3 3 4 6 

Camera Software for 
update and inspection 
reports 

Yes 

Colour Palettes 4 6 6 

Display оΣрέ оΣрέ пΣоέ ǘƻǳŎƘ пΣоέ ǘƻǳŎƘ 

Operating Time 4h 4h 4h 4h 

Battery Charging Inside 
camera only 

Inside and with external charging unit 

Additional 
Accumulators 

- Yes 

 

Viewfinder 

Many infrared cameras are equipped with an externally mounted display. Installation sites 
often exhibit very bright environmental conditions, making it very hard to see what is 
ŘƛǎǇƭŀȅŜŘΦ ¢ƘŜ ΨƎƻƻŘ ƻƭŘ ǾƛŜǿŦƛƴŘŜǊΩ ƻŦŦŜǊǎ ŀ ŎƭŜŀǊ ǾƛŜǿ ƻŦ ǘƘŜ ƛƴǘŜǊƴŀƭ ŘƛǎǇƭŀȅ ƻŦ ǘƘŜ 
camera. 

Measurement Modes 

Infrared cameras are equipped with different measurement methods, such as for example 
ΨƛǎƻǘƘŜǊƳΩΣ ΨǇƻƛƴǘ ƳŜŀǎǳǊŜƳŜƴǘΩ ƻǊ ΨŀǊŜŀΩ ŦǳƴŎǘƛƻƴǎΦ ¢ƘŜǎŜ ŦǳƴŎǘƛƻƴǎ Ǉrovide various 
options to analyse the present abnormalities and temperature variations. The different 
ƳƻŘŜǎ ŎƻƴǘǊƻƭ ǘƘŜ ƛƳŀƎŜ ǇǊƻŎŜǎǎƛƴƎ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴΦ CƻǊ ŜȄŀƳǇƭŜΣ ǘƘŜ ΨǇƻƛƴǘ 
ƳŜŀǎǳǊŜƳŜƴǘΩ ƳƻŘŜ ŀƭƭƻǿǎ ǘƘŜ ǳǎŜǊ ǘƻ ǎŜƭŜŎǘ ƻƴ ŀ ǎƛƴƎƭŜ Ǉƻƛƴǘ ƛƴ ǘƘŜ ŦƛŜƭŘ ƻŦ ǾƛŜǿΦ ¢Ƙƛǎ 
mode allows the user to measure the temperature at a particular point in the field of view 
ƻŦ ǘƘŜ ŎŀƳŜǊŀ ƻǊ ƛƳŀƎŜΦ ¢ƘŜ ΨŀǊŜŀΩ ŦǳƴŎǘƛƻƴ ŀƭƭƻǿǎ ǘƘŜ ǳǎŜǊ ǘƻ ŘŜŦƛƴŜ ŀƴ ŀǊŜŀ ƻŦ ƛƴǘŜǊŜǎǘ 
and the camera calculates the temperature statistics for the area. Typically, this includes 
the calculation of maximum, minimum and average temperature within the selected area.  
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In addition to these two measurement modes the colour palette used to display the image 
can be user selected. This is often based on user preference but can be useful in visualising 
regions of the image within a narrow teƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜΦ ¢ƘŜ ΨƛǎƻǘƘŜǊƳΩ ƳŜŀǎǳǊŜƳŜƴǘ 
mode displays areas of the image with the same temperature in the same colour.  

Colour Palettes 

Each infrared camera is equipped with various colour palettes. These palettes are used for 
the easier visualization of the present abnormality.  Selecting different colour palettes can 
allow the use of isothermal measurements as mentioned above.  

Camera Software for update and inspection reports 

For the evaluation and presentation of infrared images, evaluation software is usually 
provided by the manufacturer of cameras. In addition to the evaluation of IR images, this 
software is typically also used for the preparation of an inspection report and to perform 
software updates on the camera. 

Display 

Each infrared camera is equipped with a display. This display is used for the presentation 
of the taken IR image. Depending on the class of camera, this screen is larger and is 
equipped with a touchable human interface. 

Operating Time 

Estimated time for the usage of the infrared camera before the accumulator has to be 
changed. 

Battery Charging and Additional Accumulators 

Batteries of each camera need to be recharged. An external charging unit is highly 
advisable, because otherwise the camera itself needs to be connected to a recharging unit 
and thus cannot be used during the time of the recharge for any inspection task. Additional 
accumulators can be very helpful for inspection tasks that last all day long. 

Which class of camera to use or purchase? 

An appropriate selection of an adequate class of IR camera for use or purchase depends on 
the various possible use cases for that camera. It is impossible to give a straightforward 
decision matrix (above paragraphs highlighted that it depends very much on the specific 
project case, the camera is used in). 

On a general note, one may distinguish a tendency of smaller PV power plants 
(e.g. <100kWp) and their related DC and AC zones and medium-sized PV power plants (e.g. 
multiple 100 kWp) and their related DC and AC zones to fit the medium and professional 
class cameras, respectively.  

Despite higher initial costs, the reasons for the selection of a professional class camera may 
outweigh the purchase of a medium class IR camera: 

¶ The auto focus functionality 

¶ The GPS recording function 

¶ The possible higher resolution of the IR picture 
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¶ The feature to connect external wireless sensors. 

In case of many thermal abnormalities during the IR inspection, manual focusing of IR 
pictures can impose large time penalties, which is both inconvenient for the technical 
personnel and costly in terms of labour costs. The GPS recording function will assist to 
identify the exact location of the spotted thermal abnormity, which eases the creation of 
detailed inspection reports once the on-site part of the PV plant inspection routines are 
finished. Since reports include GPS coordinates processed by machines and software, there 
is also little risk of errors induced by manual interaction. Last but not least, some thermal 
abnormalities demand a more detailed analysis. The super resolution function will help to 
get the required, more detailed IR pictures. The possibility to connect specific external 
wireless sensors to the IR camera will provide more possibilities for the analysis of detected 
thermal abnormalities. With these aspects considered, we would in principle advice the 
professional class over the medium class, however, with acknowledging at the same time 
that for a number of IR inspection cases medium class cameras are fully sufficient. 

CƛƴŀƭƭȅΣ ǘƘŜ ΨǳǇǇŜǊ ǇǊƻŦŜǎǎƛƻƴŀƭ ŎƭŀǎǎΩ ŎŀƳŜǊŀǎ ƻŦŦŜǊ ǘƘŜ ǘƻǇ-functions the present time. 
However, the high cost for such cameras is significant. So the decision of choosing the 
ΨǳǇǇŜǊΩ ǇǊƻŦŜǎǎƛƻƴŀƭ Ŏƭŀǎǎ ƻŦ Lw ŎŀƳŜǊŀǎ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ŘŜǘŀƛƭŜŘ ƛƴǎǇŜŎǘƛƻƴ ǘŀǎƪ όŀƴŘ 
potential supplementary tasks) and, last but not least, the available budget. 

 

 

2.2.2 Environmental conditions 

Stable environmental conditions are crucial for high quality outdoor IR imaging of PV 
modules and arrays. Weather fluctuations must be much slower than the thermal time 
constant of the PV module. The thermal time constant of the module is a function of its 
thermal resistance and capacitance. A typical PV module takes 5 to 15 minutes to thermally 
stabilize for new environmental conditions such as change of global irradiation intensity, 
temperature, or wind speed [41]. A common environmental change that affects IR imaging 
of PV arrays are clouds passing in front of the sun, which results in rapid changes of 
irradiance. Clouds also can produce thermal reflections on the PV modules which may 
distort the evaluation of the IR image. For this reason, thermal reflections of clouds, 
buildings, trees, or other objects should be avoided or minimized.  This is usually done by 
either waiting for more stable conditions or moving the position of the IR camera to avoid 
specific reflections, if possible.  

One important parameter derived from IR images is the temperature difference between 
different parts of the module or between modules and/or strings of modules. Inactive areas 
of a module or string usually appear hotter than surrounding active areas.  This occurs 
because a portion of the radiation hitting a functioning PV module is converted to DC 
power, which flows to the inverter and loads on the grid. When a PV module or string is 
not functioning, this energy is not converted to DC power and therefore remains as excess 
heat, which raises the temperature of the module or string.  Inactive modules often suffer 
from one of the following defect types: disconnected PV modules or strings, PID effects or 
shunted cells, and short-circuited bypass diodes. These types of failures cause only a slight 
temperature increase between active and inactive parts, and this difference is often 
proportional to the irradiance. Thus it is more difficult or even impossible to detect these 
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types of failures under low irradiance conditions. Hot spots that arise from poor electrical 
connections or severe mismatch within a module are another important type of failure that 
is usually easily detectable using IR.  

The temperature differences of these failures define the minimum requirements for the 
weather condition, where a module failure can still be detected. The difference can be 
calculated if the electrical conversion efficiency of the module is known as shown in Figure 
2-2. The radiation power flux Iirr heats up the PV module. A part of Iirr is converted by the 
PV module efficiency into electrical energy and conveyed away from the PV module. The 
ambient temperature Tamb and the wind speed vwind cause further heat flux to the 
surrounding environment. Other heat fluxes (frame conduction, radiation flux to the sky 
and ground) are neglected in this simplified energy flux diagram of Figure 2-2. A more 
detailed heat flux diagram is given in the review of Skoplaki [42]. 

The electrical conversion efficiency of a module –25ºC can be taken from the datasheet of 
the PV module or calculated by the Area A (m²) and the peak power PMPP (Wp) of the 
module:  

–25ºC = PMPP / (1000W/m2 x A)                                      (ETA25)                 

The electrical conversion efficiency –25ºC is given for standard test conditions at 25 °C. To 
calculate the efficiency – for another PV module temperature Tmod the following equation 
is applicable: 

– = (1 - (Tmod ς 25 ºC) ω cT) ω –25ºC                                        (ETA)            

The power temperature coefficient cT can be found in the module data sheet. The value cT 
is the same for the module power and efficiency. However, one should be aware of 
deviating definitions for cT. 

 

Figure 2-2: Heat flux scheme of a PV module outdoors. 

For various module mounting conditions and module types [42] collected module 
temperature models. The easiest equation to calculate the module temperature (Tmod) for 
practical use is: 

Tmod = Ta + (GT /GNOCT)(TNOCT-Ta;NOCT)(1- –) ς f(vWind).          (MODT) 



 

30 

With Ta represent the ambient temperature in °C, GT the global irradiation intensity on the 
module plane, GNOCT the global irradiation intensity on the module plane used to measure 
the nominal operating cell temperature TNOCT at the ambient temperature Ta;NOCT. 

All parameters should be available from the PV module data sheet and the weather 
forecast, except for the function f of wind speed vWind. PV module datasheets typically 
provide the standardized value GNOCT for 800 W/m² and Ta;NOCT=20 °C. Eq. (MODT) is 
together with Eq. (ETA) an implicit equation, which can easily be solved e.g. by a data 
calculation sheet. 

For PV modules certified according to the new standard IEC61215-2:2016 the temperature 
is given in terms of the Faiman model for a module working at the maximum power point. 
For the parameters of the new standard, equation (MODT) cannot be applied. 
  
An active PV module behaves exactly like an inactive module except that a portion of the 
irradiation is converted into electrical power. Therefore, the difference in module 
temperature ɲT for active and inactive module parts is: 
 

ɲT= (GT/GNOCT)(TNOCT-Ta;NOCT)– .                                          (TDIFF)       

The parameter TNOCT is typically given in the datasheet for a free standing PV module. For 

other installation situation the TNOCT has to be exchanged by the NOCT temperature of a 

built-in solar module TINNOCT. The TINNOCT can be estimated by the values given in  

Table 2.2.3. 

Table 2.2.3: Estimation of TINOCT based on TNOCT [43]. h* is standoff, entrance, or exit 

height/width, whichever is minimum. If channelled, 4 °C is added. 

PV array mount type        TINOCT [°C] 

Rack mount        NOCT + 3°C 

Direct mount NOCT + 18°C 

Standoff/integral   NOCT + X 

h* [cm]                              X [°C] 

2.5                                       +11 

7.5                                       +2 

15 -1 
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Figure 2-3 shows the temperature difference for a typical multi crystalline silicon module 

with an efficiency of 15 % for various mounting situations given in  

Table 2.2.3. Eq. TDIFF can be used to estimate the expected temperature difference for a 

given PV module, mounting situation and weather conditions. Modules of high module 

efficiency such as 20 % will have a 1 K higher temperature difference for active and inactive 

parts compared to 15 % efficiency and are therefore easier to detect. It is recommended 

to use weather conditions which lead to temperature differences ɲT higher than 2.5 K. 

Temperature differences of up to 8 K may be found in a PV module caused by natural 

inhomogeneous temperature fields [44]. These natural inhomogeneities are almost seen 

as a gradient on the module. Defect features can be distinguished from these effects by 

showing cell or string or module wise temperature steps. The temperature gradients on 

modules and arrays increase linearly with the global irradiation. So the temperature 

gradients at 1000 W/m² global irradiation are higher than at 600 W/m². The natural 

temperature gradients are highest at the edges of the array.  

 

Figure 2-3: Example of temperature difference ɲT calculated with Eq. (TDIFF) for a 15 % 

efficient PV module with TNOCT=60 °C,  an ambient temperature Ta of 20 °C, for various 

installation situations and no wind having an active and an inactive part of the module. The 

red line represents a minimum temperature difference needed to assure that it is not an 

artificial effect. 

Actually, the estimation of temperature difference ɲT for an inactive module part is a rough 
approximation. However, the estimation for practical use only is based on easily accessible 
parameters, such as datasheet values. The temperature difference helps assessing the 
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observed temperature variation and gives a decision support for taking IR images for a 
given weather forecast. For most practical cases an irradiance of 600 W/m² is enough to 
detect failures in PV modules with inactive module parts. Equation (TDIFF) shows no 
dependence of the temperature difference of active and inactive parts in the module on 
the wind. However, wind should be avoided because the wind adds inhomogeneous 
temperature fields to the PV array which makes it more difficult to identify the temperature 
differences caused by inactive module parts. Cell cracks, hot spots or other additional heat 
sources in the module can also be identified at lower irradiance levels, because they 
generate local heat accumulations. With these kinds of defects the temperature is higher 
compared to normal active module parts. 

 

2.2.3 Recording procedures 

PV fields, especially large-scale ones, comprise a complicated target for monitoring and 
performance evaluation [28], [45], [46]. With the aim of establishing reliable and efficient 
IRT-based inspection services for PV installations in the near future, recording procedures 
should feature large-scale applicability and/or provide complete and accurate diagnosis 
(i.e. qualitative and quantitative) of occurring failure modes. 

Recent ideas on how to accelerate IRT inspection of PV plants and recording processes  are 
focused on open-ǎƻǳǊŎŜ ŦƭȅƛƴƎ ǇƭŀǘŦƻǊƳǎΣ ƪƴƻǿƴ ŀǎ ƳƛŎǊƻ ¦!± ƻǊΣ ƳƻǊŜ ǎƛƳǇƭŜΣ άŘǊƻƴŜǎέ 
[47], [48]. Indeed, given the development of new, safer platforms and effective sensors, as 
well as the improvement of data acquisition devices and automatic flight control systems, 
advanced aerial inspections are becoming sensationally easy, fast and feasible nowadays. 
Such rapidly growing technological trends, consequently widens the employment of UAVs 
for proximal sensing for both quantitative and qualitative imaging investigations [49]. 
Based on early studies and recent feedback from experience, net inspection times (raw 
aerial IRT imaging) can reach an impressive rate of 2 MWp or even 3 MWp (typically up to 
~12000 modules) per hour, depending on the desired detail in the recorded data [38], [33], 
[30].  

On the other hand, conventional IRT recording procedures on the ground, although being 
time-consuming compared can provide auxiliary information on the thermal signature of 
operating PV modules, especially when combined with geo-referencing techniques [50]. 

All IRT recordings, either aerial or terrestrial, which are taken into account for qualitative 
and quantitative analysis of operating PV modules, should be ideally performed in 
compliance with recommended specifications. Such recommendations, in experimental 
(e.g. hardware features, distance to target, angle of view) and environmental conditions 
(e.g. irradiance, cloud coverage, wind speed) are set to optimize the quality of acquired 
ǘƘŜǊƳŀƭ ǎƛƎƴŀǘǳǊŜǎΣ ƳƛƴƛƳƛȊŜ ƳƛǎƛƴǘŜǊǇǊŜǘŀǘƛƻƴǎ όάŦŀƭǎŜ ŀƭŀǊƳǎέύ ƻŦ ŀōƴƻǊƳŀƭ ǘŜƳǇŜǊŀǘǳǊŜ 
profiles and, ultimately, maximize the reliability of the recorded data. Further details on 
recommended experimental and environmental conditions for IR recording procedures, 
based on forthcoming IEC standards, are given in Subsections 2.2.1 and 2.2.2. Figure 2-4 
gives a brief overview of involved actions before, during and after the IR inspection of a PV 
plant.  
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Figure 2-4: Overview of involved actions before, during and after IR inspection of a PV plant. 

An important factor for any outdoor IRT recording procedure, is the distance between the 
camera lens and the target (surface of PV module or array). In principle, long-distance 
measurements involve unwanted variations of the atmospheric transmission and 
directional emissivity [40]. The latter and, most importantly, the limited spatial and lateral 
resolution at long-distance measurements have a negative impact on the accuracy and, 
thus, the reliability of quantitative results, compared to short-distance measurements. In 
both aerial and ground measurements, the future IEC 60904-3 standard is oriented to 
recommend a distance-to-target limit where the thermal signature of a single cell of an 
inspected module is depicted with ideally 5 × 5 pixels.  

In order to respect this empirical rule and to find the allowed maximum distance-to-target 
(dmax), a simple lens calculation should be performed, prior to recording and interpreting 
thermal images. For such analysis, the most important parameters to consider, are: i) the 
optical resolution of the output thermal image, ii) the field-of-view (FOV) of the thermal 
camera, as well as the instantaneous FOV (IFOV or spatial resolution) and the measurement 
FOV (MFOV) and iii) the physical surface dimensions of the target. For instance, we assume 
a typical thermal camera with a lens of FOV = 62°× 49°, optical (radiometric) resolution of 
382 × 288 pixels and temperature resolution of 0.04 °C; and a PV module with solar cell size 
of 160 × 160 mm, to be inspected. In this case, the 5 × 5 pixels/cell recommendation, is 
respected when the pixel size (i.e. the IFOV) is not more than 160/5 = 32 mm. Such cell size 
and resulting IFOV correspond to typical 60-cell PV module dimensions (i.e. ~1600 x 1000 
mm). Given these, Figure 2-5, presents a lens calculation example [51] where the allowed 
dmax is identified, for optimum IR recordings of operating PV modules. Thus, on the basis of 
the recommended IEC specifications, a distance dmax = 10.19 m is calculated for the 
mentioned module and camera parameters, as shown in Figure 2-5. Similar lens calculator 
example can be also found in [52]. 
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Figure 2-5: Example of lens calculation [51] and identification of dmax for an example case 

where IFOV Җон mm. 

However, recording of thermal images at d>dmax Ŏŀƴ ōŜ ŜŦŦƛŎƛŜƴǘ ŀǎ ǿŜƭƭΣ ŀǘ ƭŜŀǎǘ ŦƻǊ άǊƻǳƎƘέ 
detection of abnormal temperatures (possibly defective modules); especially where 
prŜƭƛƳƛƴŀǊȅ ƳŜŀǎǳǊŜƳŜƴǘǎ ŎƻǳƭŘ ƛŘŜƴǘƛŦȅ ǇǊƛƻǊƛǘȅ άŀǊŜŀǎ ƻŦ ƛƴǘŜǊŜǎǘέ ƛƴ ƭŀǊƎŜ t± ǇƭŀƴǘǎΦ Lƴ 
fact, it is highly recommended to obtain so-called "IR overviews" of a PV installation, even 
under lower image resolution, for a good orientation and visualization of large extended 
defects on string level, which might otherwise be undetected. 

Another significant issue to be considered, during a recording procedure in real field, is to 
accurately identify the exact location of each thermal signature. Such task can be very 
challenging, especially when dealing with numerous measurements and post-treatment of 
thermal imagery of large-scale PV plants, which consist of thousands of strings and 
modules. Towards tackling this challenge, IR recordings of PV plants may involve mapping 
techniques based on geographical information and/or photogrammetry, depending on the 
application (ground or aerial inspection). 

Two typical examples of IRT recording procedures, i.e. aerial triangulation and 
geo-referencing, were presented in a recent work [50]. 

 

2.2.4 Comments and recommendations 

Infrared thermography as an analysis method enables the detection of hot spots and other 
defects that cannot be detected by visual inspection due to the absence of optical effects. 
Thermography displays temperature differences that, depending on their intensity, 
indicate acute defects or cause performance degradation over the operating period. 

The aim of a thermographic inspection is to detect errors before yield reduction or serious 
material damage will occur. Because outlined damages often have not developed yet, the 
objective interpretation of thermographic scans is not trivial. Furthermore, defects found 
during a thermographic investigation do not inevitably lead to performance degradation. 
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However, these defects have the potential to cause power degradations in subsequent 
years. Hot spots with strong local heat gradients can affect the performance of the PV 
modules significantly and even, in extreme cases, lead to smouldering fires. 

IR imaging is a valuable method to detect power relevant, malfunctioning PV modules, 
module strings, and certain devices in a PV array if the presence of artefacts, like partial 
shading, dirt, can be excluded. It is recommended to take the IR images at high solar 
irradiance (> 600 W/m²), constant ambient conditions (no clouds, low wind speed, stable 
ambient temperature). The knowledge of the PV array data (inclination of the modules, 
orientation, string configuration, variations within the generator) is obligatory of 
evaluation of IR images. If monitoring data are available, they can be helpful for data 
interpretation within the accuracy of the inverter. However, when the installations are 
rather complex, e. g. on factory roofs with different roof installations, varying string 
lengths, different orientation, different inclination angle, the monitoring data tend to 
scatter and do not prevent clear indications for defective devices. IR images do. Modules 
with high local temperatures are visible clearly and indicate strong power losses and 
technical risks. In general, high temperature differences indicate strong power loss and low 
ones correspond to low power losses. 

IR images provide an overview of the solar park quality during operating conditions by 
checking easily 100 percent of the PV modules with respect to the presence of defects that 
can reduce the power output. 

 

2.3 Classification and evaluation 

2.3.1 Sample patterns with abnormalities 

PV modules can be tested using a thermal imaging camera without any operational 
interruption of the PV power plant. Using the InfraRed (IR) image gathering method, 
temperature sequences within a module or within a larger module field can be made 
visible. Damaged modules, such as for example hot spot effects on crystalline silicon 
modules, can be easily identified. Also other phenomena can be detected, such as active 
bypass diodes in the module junction box, inactive strings and similar effects. 

The main thermal abnormalities in PV power plants are: 

1. Hot cells formally named as hot spots by 
a. Breakage of front glazing 
b. External shading 
c. Internal cell problems 

2. Heated bypass diodes inside the PV module junction box 
3. Heated string fuses in combiner box 
4. Heated DC and AC cables and connections points. 

  

The IR patterns presented in the following section include examples for specific thermal 
abnormalities of PV power plants. For a better understanding, some of the IR images are 
shown together with the corresponding digital pictures. 
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2.3.1.1 .ǊŜŀƪŀƎŜ ƻŦ t± ƳƻŘǳƭŜ ŦǊƻƴǘ ƎƭŀȊƛƴƎ 

Figure 2-6 through Figure 2-9 show breakages of the front glass, caused by heavy impacts 
such as hail or other extreme mechanical stress onto the module frame, causing the front 
glass of the PV module to be damaged. The damage of the front glass often creates broken 
hot cells in the damaged PV module. 

 

Figure 2-6: Breakage of front glass. 

 

Figure 2-7: Breakage of front glass. 

  

Figure 2-8: Breakage of front glass. 
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Figure 2-9: Breakage of front glass. 

2.3.1.2  t± ƳƻŘǳƭŜ ǿƛǘƘ ƻǾŜǊƘŜŀǘŜŘ ŎŜƭƭǎ όƘƻǘ ǎǇƻǘǎύ ōȅ ƛƴǘŜǊƴŀƭ ŎŜƭƭ 
ǇǊƻōƭŜƳǎ 

The sample pictures presented in this category depict PV modules with overheated cells. 
These cells are overheated due to failures in the cell and module manufacturing process. 
Some examples for failures during these production processes are inaccurate cell sorting, 
local short circuits within the solar cell or an insufficient electrical contact. Most of the 
overheated cells derive from internal cell problems. 

 

Figure 2-10: On the left side front view and on the right hand side rear side view of a PV 

module with overheated cell caused by internal cell problems. 
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Figure 2-11: Rear side view of PV module with overheated cell caused by internal cell 

problems. 

 

Figure 2-12: Hot Spot > 20 K. 

2.3.1.3  t± ƳƻŘǳƭŜǎ ǎƘƻǿǎ ƻǾŜǊƘŜŀǘŜŘ ŎŜƭƭǎ όƘƻǘ ǎǇƻǘǎύ ŘǳŜ ǘƻ ŜȄǘŜǊƴŀƭ 
ǎƘŀŘƛƴƎ 

The previous sub-chapter showed IR patterns of overheated cells due to internal cell 
problems. In this subchapter, similar patterns of overheated cells are shown, which are 
caused by external shading. The IR pattern that can be observed strongly depends on the 
exact external shading source, which is usually distinguished into local shading and large-
scale shading. Local shading sources are for example bird droppings, small crops and small 
trees. Large-scale shading sources are high buildings, lightning rods, masts (pylons) or trees 
next to the PV power plant.  

When the operating current of the overall series string of cells approaches the short circuit 
current of the shaded cell, the overall current of the string becomes limited by the shaded 
cell. The extra current produced by the good cells then forward biases the good solar cells. 
If the series string is short-circuited, then the forward bias across all of these cells reverse 
biases the shaded cell. Hot spot occurs when a number of series connected cells cause a 
reverse bias across the shaded cell, causing the dissipation of power in the shaded cell. 
Essentially the entire generating capacity of all the unshaded cells in the string cells is 
dissipated in the shaded cell. 
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Figure 2-13: PV Module shows overheated cells due to shading by metal rod. 

 

 

Figure 2-14: PV module shows overheated cells due to shading by plants. 

 

Figure 2-15: PV module shows overheated cells due to shading by the medium voltage 

overhead lines and its pylon.  


































































































