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Abstract

Maintenance and in this regard monitoring of PV modules is essential to enhance reliability,
maintain efficiency and ensure long-term performance stability. Defects in PV modules cannot
always be detected through system performance measurements alone, as detection sensitivity
depends on sting configuration and the interconnection of cells. To build on this gap, this case
study investigates the application of infrared thermography (IRT) as a non-destructive and non-
invasive tool for building-integrated photovoltaic (BIPV) systems. In this context specific attention
was directed toward CIGS-based facade modules, which are integrated into a ventilated curtain
wall system on the “Living Lab” of the Helmholtz-Zentrum Berlin (HZB). These modules were
subjected to on-site performance monitoring and characterization as part of the study.

While IRT is well established in the maintenance of large rack-mounted photovoltaic (PV) plants,
its use on building-integrated vertical installations introduces new challenges related to geometry,
structural integration and environmental influences. Results reveal that structural elements such as
metallic backrails dominate thermal patterns likely masking more subtle anomalies such as cell
degradation or electrical faults. The study demonstrates how IRT can visualize ventilation behavior
and thermal bridges offering insights on heat transfer phenomena neglected in many thermal
models. Temperature differences exceeding 10 K within module regions of interest suggest
possible performance loss due to cell mismatch. Measurements on damaged modules were
conducted in a separate measurement setup to examine the viability of PV module damage
detection through IR imaging.

While CIGS modules present low thermal contrast and require expert interpretation, damaged units
can still be distinguished from intact modules — the distinctness depending on the measurement
conditions. These measurements were combined with electroluminescence (EL) measurements
and electrical characterization of a damaged CIGS module for a more detailed classification of
thermographic images. The study concludes that IRT, when strategically implemented and
complemented by diagnostic tools such as monitoring of electrical and environmental parameters,
can significantly contribute to improve the maintenance quality of BIPV systems to ensure
longevity and safety of the modules.
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1 Introduction
The required decarbonization of the energy sector is no longer under discussion. Global CO>
emissions from the energy sector reached an all-time high of 37.8 billion tons in 2024, even though
the growth in emissions slowed down compared to previous years. However, a rapid and
uncomplicated introduction of subaerial energy technologies could avoid up to 2.6 billion tons of
CO» emissions every year. [1]

Decarbonizing the energy system is a major driver of land use competition on regional, national
and global scales [2]. The German government has set climate targets aiming to achieve climate
neutrality by 2045 by increasing the share of renewable energies from 54.4% to at least 80% by
2030 [3], [4]. Solar energy is expected to play a central role in reaching this goal [5]. Current
expansion scenarios for solar energy focus primarily on two technologies: rooftop photovoltaics
and ground-mounted photovoltaics (PV) on fields. Consequently, their exponentially growing
presence is generating a diverse array of new and challenging land use conflicts [6], [ 7]. Innovative
solutions have been found already, such as agrivoltaics (a combined use of land for agriculture and
photovoltaics), which unite the agriculture and the energy sector [8], [9]. Therefore, particularly
in urban areas, the implementation of building-integrated photovoltaics (BIPV) — embedding solar
modules directly into the architecture of buildings — has yet to be widely implemented, despite
offering considerable opportunities for energy generation and sustainable design. If fully utilized,
from an area potential perspective BIPV alone could provide more energy than required for a 100%
share of renewable electricity in Germany [10], [11], [12].

Several countries have already introduced regulations that promote or mandate the integration of
solar technologies in new construction and renovation projects. These directives are most
commonly applied in urban zones and can be found across Europe in countries such as Germany
[13], France [14], [15], Austria [16] and Switzerland [17], [18] as well as globally in regions like
California (USA) [19] or Tokyo (Japan) [20]. Thus, considering the capabilities and dynamics of
the construction sector, the economically viable share of electricity generation through BIPV in
Germany is estimated to reach up to 26%. Depending on the scenario, BIPV capacity could range
from 80 GWp in conservative projections to 160 GWp under more optimistic assumptions [11].

BIPV extends beyond electrical performance and sustainability, embracing significant
opportunities to the design and architectural level. The modules offer increasing flexibility and
autonomy, whether they are explicitly showcased as design elements or subtly integrated into the
building envelope to remain hidden and only discernable at second glance.

Stable electricity generation is in the best interest of all PV system operators. It is therefore
essential to identify whether the system or individual modules are operating at limited capacity or
may even be damaged. However, damage is not always visible at first glance — particularly for
large scale systems. Especially for copper indium gallium selenide (CIGS)-modules a cracked



front glass is often only visible from close proximity. Regular monitoring and inspection are
advised to ensure the optimal performance and productivity of PV systems [21], [22].

Infrared thermography (IRT) has been implemented lately as one of the most advanced techniques
for inspecting and maintaining solar PV systems, owing to its non-destructive and non-contact
characteristics. This allows for inspecting large-scale solar PV systems without interrupting their
operation [23], [24]. This is particularly convenient for BIPV, where inspection possibilities are
often limited, for example by a facade structure on the back side. However, as BIPV itself is still
a relatively unconventional concept, most efforts of thermal modelling and infrared imaging focus
on PV plants and not PV in buildings [25], [26], [27], [28]. Thermography is increasingly being
used as a method for detecting PV defects in photovoltaic power plants and often carried out using
drones equipped with thermal cameras [24], [27], [29], [30].

The objective of this research is to determine the feasibility and limitations of IR thermography as
a diagnostic tool for facade-integrated CIGS PV modules. In this context, it is assessed whether
IRT can meaningfully contribute to the maintenance of PV systems in building-integrated
applications. This case study is based on a detailed analysis of a monitored building — the “Living
Lab” at the Helmholtz-Zentrum Berlin (HZB) — equipped with facade-integrated BIPV, where IR
imaging was conducted under varying environmental conditions. As the building’s facade is
covered with CIGS modules, this work focuses on the application of outdoor infrared
thermography (IRT) for fault detection on CIGS technology under real-world operating conditions.
These measurements are complemented by obtaining electrical parameters such as
electroluminescence (EL) and current-voltage (IV) curves. The goal is to determine to which
extent IR thermography can reliably detect performance relevant anomalies in BIPV systems and
to identify the factors that influence its diagnostic value.

The structure of the thesis is as follows: Firstly, Chapter 2 introduces the principles of IRT and its
conventional applications in PV diagnostics. Chapter 3 provides an overview of BIPV technologies
and the specific characteristics of CIGS modules. To sum up the theoretical outline of the work
Chapter 4 elaborates on the relevance of temperature in module operation. Chapter 5 outlines the
experimental setup, including the reference building in the center of this works discussion, while
chapter 6 follows up on the acquisition methods. Chapter 7 presents the core results of IR imaging
and complimentary measurements and later discusses the relevance of these results to PV system
operation. The chapter further lists a range of sources for error in PV thermography visible
throughout the measurements conducted in this work. Finally, Chapter 8 and 9 offer a conclusion
and an outlook on possible future research directions.

This thesis addresses the gap in the implementation of infrared thermography for fault detection
in facade-integrated PV systems. By combining real-world measurements with electrical
characterization, this work improves the understanding of how thermal imaging performs in
complex building environments and how it can contribute to improved design, maintenance, and
performance of BIPV systems.



2 Infrared Thermal Imaging

Thermography, the short term for Infrared (IR) thermal imaging is a rapidly evolving field in
science as well as the industry [26], [31]. To understand how thermal imaging can be applied to
photovoltaic diagnostics, it is essential to first explore the physical principles that regulate
thermography.

2.1 Fundamentals of Thermography

Infrared radiation is constantly present in our environment, though it remains invisible to the
human eye. Any object with a temperature above absolute zero emits infrared radiation as part of
its thermal energy. The primary distinction between infrared radiation and visible light lies in their
respective wavelength: visible light spans the range of approx. 380 — 750 nm and carries higher
energy, whereas infrared radiation occupies longer wavelengths and therefore lower energy levels.
Figure 2-1 illustrates the distribution of various electromagnetic wavelength ranges.

IR radiation belongs to the electromagnetic spectrum with a wavelength range between 780 nm
and 1 mm. It is commonly divided into three subcategories: IR-A (780 nm — 1,400 nm), which
borders the visible spectrum, IR-B (1,400 nm — 3,000 nm), and IR-C (3,000 nm — 1 mm). The most
significant natural source of infrared radiation is sunlight with over half of its total energy output
falling within the infrared range. [32]

When electromagnetic radiation strikes the surface of an object it is partially absorbed and partially
reflected. At thermal equilibrium, the rate of absorption equals the rate of emission, where a good
absorber of radiation is also a good emitter. An idealized object that absorbs all incident
electromagnetic radiation — without reflecting or transmitting any — is referred to as a blackbody.
While no real material absorbs 100% of incident radiation, the blackbody serves as a theoretical
model in thermodynamics. At given temperature T, a body in thermodynamic equilibrium emits
radiation at the same time it absorbs it. The emission spectrum of a blackbody is visualized in the
following illustration. Electromagnetic waves emitted by a blackbody are called blackbody
radiation. [33]
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Figure 2-1: Intensity of blackbody radiation over the wavelength 1 of the emitted radiation for multiple temperatures. [33]

The intensity I(A,T) of blackbody radiation depends on the wavelength A of the emitted radiation
and on the temperature T of the blackbody (see Figure 2-1). The function I(A,T) is the power
intensity that is radiated per unit wavelength. Most real-world materials emit thermal radiation that
only approximately follows the idealized blackbody radiation curve. The spectral density of
electromagnetic radiation emitted by a blackbody in thermal equilibrium at a given temperature is
described by Planck’s law or Planck’s blackbody radiation law. [33], [34], [35]

Planck’s law leads to two important derived laws. One of them being Wien’s displacement law
which is visualized in Figure 2-1 as a dark blue curve connecting each temperatures’ wavelength
maxima, illustrating the peak wavelength of blackbody radiation shifts toward longer wavelengths
as the temperature decreases. Wien’s displacement law allows to estimate the temperatures of
distant surfaces by measuring the wavelength of radiation they emit and reads [33]:

AmaxT = 2.898-1073m - K 2-1)

Secondly, Stefan-Boltzmann’s law (see Chapter 4.1.2.2) describes the total power of a blackbody
radiation emitted across the entire spectrum of wavelengths at a given temperature and is
represented by the area under the blackbody radiation curve for a given temperature. Real bodies
emit less radiation than blackbodies defined by their emissivity. [33], [35]

2.2 Infrared Thermal Camera

Building on the theoretical framework, this section introduces the infrared thermal camera as a
central instrument for capturing temperature distributions. Thermal imaging provides a
noninvasive and sophisticated method for visualizing heat emissions from various objects,
transforming invisible infrared into a visible display. Infrared cameras detect radiation and present
imagery in the visible spectrum that allows observers to “see the heat”. Depending on their design,
they can either produce qualitative images or deliver quantitative temperature measurements. As



such, infrared thermography enables the assessment of the thermal condition or operational state
of a target or process. [31]

Infrared thermal imaging refers to the technique of generating radiometric digital images within
the thermal infrared wavelength range, typically between 0.8 - 25 um. In addition to visualizing
heat patterns, this method allows for accurate surface temperature measurement, making it a
valuable tool in diagnostics and monitoring. [35] [36]

To convert infrared radiation into meaningful temperature data, IR cameras apply physical models
such as Planck’s radiation law and the Stefan-Boltzmann law, incorporating emissivity correction
and sensor calibration. This enables the transformation of detected radiation intensity across a
range of wavelengths into electrical signals, which are subsequently processed to yield quantified
temperature values.

To effectively capture infrared radiation — primarily thermal emissions — the optical components
of IR cameras, such as lenses and filters, must be transparent to infrared wavelengths. Unlike
visible-light cameras, which use glass optics, IR cameras use semiconductors. The detectors used
are not silicon-based as in visual spectrum (VIS) cameras; instead, depending on their sensitivity
and the target wavelength region, they are manufactured using a wide range of materials, including
cooled photoelectron detectors and uncooled thermal sensors. Since pixel signals in thermal
imaging are typically not spectrally filtered, the raw output resembles monochrome imagery,
which is then processed into grayscales or false-color images to enhance interpretability. [35]

2.3 Surface and Environmental Influences on Thermography

To ensure reliable reproductible thermographic measurements, several key parameters must be
considered for a correct calibration of the measurement setup. Surface properties and surrounding
environmental conditions are among the most critical factors influencing the accuracy of
thermographic measurements.

2.3.1 The Role of Emissivity in Thermography

Real objects emit less radiation than ideal blackbodies, defined by their emissivity. Any
quantitative analysis requires knowledge of the correct emissivity of the objects, which is the most
important parameter affecting temperature measurement accuracy. Emissivity describes how
efficiently a surface emits infrared radiation compared to a perfect blackbody. For PV glass and
encapsulants, typical values range between 0.85 and 0.95. According to DIN IEC/TS 62446-3 a
value between 0.85 and 0.9 is a representable value for measurement perpendicular to the module
plane as seen in Figure 2-2.
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Figure 2-2: Dependance of module emissivity on viewing angle. [37]

Figure 2-2 illustrates the exponential decline in surface emissivity as the angle of view decreases,
alongside its dependence on the reflected temperature. The optimal viewing angle range is
highlighted in green, though it narrows as the demand for accuracy rises with the angle
approaching close to 90°. Outdoor analysis is often further complicated by the fact that each image
represents a combination of temperature variations and emissivity contrasts. As a result, minor
deviations in emissivity within the highlighted range are considered acceptable for outdoor
measurements. [35], [36], [38]

2.3.2 The Role of Albedo in Thermography

Albedo (A) describes how much solar radiation is reflected by surrounding surfaces such as
rooftops or facades, which can influence both module heating and IR measurements. The albedo
value is a dimensionless value between 0 and 1. While an ice surface or a snowy surface have high
albedo values between 0.8 and 0.9, green areas like forests possess albedo values of about 0.2, and
aquatic bodies reach albedo values below 0.1 [39]. While reflectance only describes the fraction
of incident irradiation reflected at a specific angle and wavelength, albedo describes the integrated
reflectance over all angles and wavelengths of incoming solar radiation. The albedo effect in PV
systems can be engineered to reflect non-usable wavelengths, while also allowing usable
wavelengths to be absorbed by the cells [40].

2.3.3 Other External Influences on Thermography

In addition to surface characteristics, several environmental parameters affect the accuracy and
interpretability of IR measurements. Ambient temperature and humidity influence radiative
exchange and sensor calibration, particularly in outdoor settings where fluctuations are common.
High humidity can attenuate IR radiation, particularly in the mid- and long-wave IR region, leading
to underestimation of surface temperatures and reducing image contrast, which can compromise
the accuracy of thermographic diagnostics. [41], [42]



Extraneous IR signals from reflective surroundings can interfere with precise thermal imaging.
The viewing angle and distance further affect measurement reliability. Oblique angles can reduce
apparent emissivity and increase reflectivity, while excessive distance may degrade spatial
resolution and introduce atmospheric interference. [26], [43]

To mitigate these effects, it is recommended to maintain a close to perpendicular viewing angle
marked green in Figure 2-2 as well as a consistent measuring distance.

Together these factors underscore the importance of a controlled and well documented
measurement setup, especially in outdoor PV applications where environmental variability is high.

2.4 Image Processing for Thermal Imaging

Once the thermal data is captured, it must be processed to exact meaningful
insights. The following chapter describes the methods used to convert raw
infrared signals into interpretable images.

Thermal imaging is distinguished between radiometric and non-radiometric
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images. Radiometric thermal images preserve pixel level temperature data,

enabling post capture analysis and calibration adjustments. Non-radiometric -
images by contrast are limited to qualitative visualization and cannot be used for
quantitative evaluation, which is essential for photovoltaic diagnostic to define
regions of interest (ROI), apply different color pallets, and even export

temperature profiles after the image was captured [44], [45]. ROIs isolate
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Figure 2-3: Manually
defined temperature
reduce the influence of background noise. Manually applying individual range /44].

temperature ranges, such as shown in Figure 2-3, allows specific temperature intervals to be

specific areas, such as individual modules, to perform targeted evaluations and

highlighted, making them stand out visually. Temperatures outside the defined range are typically
displayed in a uniform monotone, enhancing contrast and interpretability. [44]

The software used includes several image enhancement algorithms that optimize thermogram
contrast and clarity without affecting the temperature accuracy. Through its Automatic Gain
Control (AGC) settings, users can adjust how color is mapped to thermal data. The software offers
three AGC algorithms — Plateau Equalization (PE), Digital Detail Enhancement (DDE), and
Advanced Plateau Equalization (APE), which are each designed to improve image detail and
highlight temperature variations more effectively [46]. Further enhancement can be achieved by
applying thermal color palettes, which improve the effectiveness of temperature measurement by
helping to identify subtle differences within a defined temperature range. The choice of palette can
influence the visibility of subtle temperature gradients and should be selected based on the
diagnostic objective.



2.5 Infrared Thermography in Photovoltaic Systems

IR Thermography has become an indispensable tool for the monitoring and maintenance of solar
PV systems. It is particularly effective in identifying module defects that appear as thermal
anomalies, such as hotspots caused by cell cracks, shunting, or interconnection faults. By
visualizing temperature differentials across the module surface, IR thermography enables early
detection of performance issues. Its integration into routine maintenance practices has significantly
enhanced the system reliability, efficiency and operational lifespan. [28]

Depending on the PV technology analyses, IR thermography might behave differently in terms of
thermal response, defect visibility and optical absorption. CIGS modules tend to show more diffuse
thermal patterns due to their thin film architecture [47]. c-Si modules on the other hand often
exhibit localized hotspots that are easier to detect with IR thermography, especially critical when
faults such as cell cracks or interconnect failures are present. In addition, CIGS cells have a lower
temperature coefficient, which means they heat up less under the same irradiance and thermal
anomalies are subtler and harder to detect. Typical thermal signatures of PV-defects like cell
mismatch bypass diode failure or module glass breakage can be read up on in multiple studies [27],
[28], [29], [47].

As part of this work, an attempt was made to adhere to the relevant standard protocols for the
thermography procedure. The main focus here was on DIN IEC/TS 62446-3:2018-04 [38], which
is the German version of the IEC/TS 62446-3:2017 standard for reasons of availability. Full Name
of the Standard is Photovoltaic (PV) systems - Requirements for testing, documentation and
maintenance - Part 3: Photovoltaic modules and plants - Outdoor infrared thermography and
“defines outdoor thermographic (infrared) inspection of PV modules and plants in operation. This
inspection supports the preventive maintenance for fire protection, the availability of the system
for power production, and the inspection of the quality of the PV modules. This document lays
down requirements for the measurement equipment, ambient conditions, inspection procedure,
inspection report, personnel qualification and a matrix for thermal abnormalities as a guideline for
the inspection.” [48]

To ensure valid measurement results the following conditions must be taken into account during
thermographic assessments:

- Irradiance in the plane of the module should be at least 600 W/m?.

- Windspeed should not exceed 4 Bft or 28 km/h.

- The coverage degree of a sky with cumulus clouds should not surpass 2 Okta.

- After a change in operating conditions, e.g. load or irradiance (e.g. due to cirrus clouds) of
>10% per minute, a waiting period of 15 minutes is recommended to regain stable
measurement conditions.

- The IR data should be captured as perpendicular to the surface of the PV module as
possible. If a perpendicular angle cannot be achieved, the viewing angle should at least be
greater than 30° to maintain measurement accuracy.



The Ross coefficient k is a parameter used in steady state PV temperature models to describe the
linear relationship between solar irradiance in the plane of array (or module) Gpoa and module
temperature Tm:

Trn = Tamp + k- Gpoa (2-2)

In the context of thermography for PV systems — particularly BIPV — it helps estimate surface
temperatures by correlating thermal imaging data with irradiance levels under varying
environmental and mounting conditions. [25], [49]

2.6 Difference between Indoor and Outdoor Thermography on PV

The IEC/TS 62446-3:2017 standard focuses specifically on outdoor thermographic measurements.
However, CIGS modules are often analyzed in indoor settings, as controlled conditions can
enhance the visibility and reliability of thermal anomalies. That said, it is important to address the
distinctions between indoor and outdoor thermography, particularly since indoor measurements
are simply not always feasible in certain applications. Thermal imaging conditions vary
significantly between controlled indoor environments and dynamic outdoor settings. The
following section highlights how outdoor parameters influence measurement accuracy and
interpretation. A study conducted on c-Si PV modules after 20 years of operation found that
outdoor IR measurements (illuminated) do not correlate with corresponding indoor IR
measurements under dark thermography conditions, indicating significant environmental and
operational influences on thermal imaging results [50].

In indoor thermography, current is supplied to the PV module in a dark environment. Degraded
cells or regions appear cooler in the IR image as current does not flow through them, resulting in
less heat generation. In outdoor thermography, no external current is supplied. Instead, incoming
solar radiation generates current within the cells. Degraded cells or regions show up as hotspots,
since they fail to convert solar energy into electricity efficiently and instead dissipate it as heat
[51]. High quality images are best taken in a darkened environment for a better signal to noise ratio
[26].

The following images compare the infrared thermography of the same module under indoor
conditions (left) and outdoor conditions (right). The results show significant visual differences,
which can quickly lead to misinterpretations, if environmental influences are not properly taken
into consideration.
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Figure 2-4: IR images of module in defective condition a) indoor, and b) outdoor. [51]

As shown above, even with the use of a professional-class camera in accordance with [26], some
defects are not detectable under outdoor conditions. The IR image in Figure 2-4 b) reveals several
hotspots near the bottom left corner, but these do not sufficiently correspond with the indoor IR
image. In addition, a warm zone appears near the top-right area in the outdoor image, which is not
present in the indoor image. The identified defect regions are marked in the figure above [51]. The
regions appearing as hotspots in b) may not actually exhibit elevated temperatures, but could
instead be the result of unaccounted for reflections from the surrounding measurement
environment.
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3 Building-Integrated Photovoltaic

Building-Integrated Photovoltaics (BIPV) present an efficient approach of generating renewable
energy on-site, while simultaneously satisfying architectural design criteria and serving one or
multiple functions in the building envelope. BIPV refers to photovoltaic modules/ systems that are
added seamlessly into the building envelope and replace conventional building components. As
such, they are required to meet both electrical and building requirements to ensure safety and
reliable performance. [52]

To fulfill theses architectural and constructional requirements BIPV modules have special features
compared to standard PV modules — the simplest BIPV structure consists of a PV laminate formed
by bonding the following layers: front cover (front sheet)/ encapsulant/ PV cells/ back cover (back
sheet). 1f both the front and the back covers are out of glass, the structure becomes a PV glass
laminate (PVGL). The mechanical properties of the laminate are determined by the characteristics
of the glass panes in combination with the encapsulant. Commonly used encapsulant materials are
ethylene-vinyl acetate (EVA) or polyvinyl butyral (PVB). [52]

3.1 Color of Building-Integrated Photovoltaic

As mentioned, BIPV is characterized by the fulfillment of the high architectural requirements and
therefore using color to conceal the PV cells. The realization of invisible PV technology can be
achieved either by monochromatic dark modules in cell color (e.g. black or blue) or by colored
layers, behind which the dark cell layer cannot be seen. For the former, the dark cell color is used
and all the other surfaces such as busbars or the back sheet of conventional modules are masked
by darkening them the same color [53]. To widen the color selection, another technical option is
to place semi-transparent, colored layers in front of the PV cell layer. A high transmittance of the
colored layers is necessary to reduce impact on the efficiency and thus the energy yield of the
BIPV modules.

For the following work, the focus will be on the option featuring a colored coating on the inner
surface of the front glass. These colors can be achieved by using ceramic pigments, spectrally
selective interference coatings, or other photonic structures. The use of organic materials is crucial
to ensure long service life. This approach limits relative efficiency losses compared to a black
module to less than 15%, and in some cases, even below 7%. [53]

The perceived color of an opaque object under sunlight depends on the spectrum of the reflected
light directed by the human eye. Highly efficient PV modules appear dark or black due to their
low reflectivity and high absorption. To make such modules appear white, their reflectance across
the visible spectrum must increase, which in turn reduces the amount of solar energy available for
conversion [54]. As IR cameras detect surface emitted radiation, the surface layer in contact with
the environment dominates the thermal signature. Consequently, the visible color of a module is
not directly recorded by an IR camera. Instead, the accuracy of thermography depends primarily
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on the emissivity of the outermost surface. Dark, high emissive surfaces provide more reliable
thermal data, whereas reflective or light-colored materials may distort measurements due to
ambient IR reflections.

In glass-glass BIPV CIGS modules, the color giving coating beneath the front glass has minimal
influence on thermal emission captured by IR imaging, as the emission is almost entirely governed
by the glass surface itself. Standard PV glass has a high emissivity (see Figure 2-2), so the
subsurface color layer is not directly visible in the camera. However, the color coating still affects
the module’s thermal behavior indirectly, as different colors absorb and reflect visible sunlight
differently. Darker coatings increase absorption and thus local heating, while lighter coatings
reflect more light and run cooler. These differences in absorption alter the internal heat distribution,
which can become apparent in IR thermography as temperature variations. Yet these variations are
the result of optical absorption differences and not changes in emissivity. [55], [56]

3.2 Installation Typologies for BIPV

The integration of modules often requires project specific customized BIPV modules in shape and
size, or as discussed above the color. When approaching the planning and design of BIPV systems,
it is helpful to distinguish between different types of installations, as each type imposes
fundamentally different requirements on the PV module [57].

According to EN 50583-1, BIPV application typologies are divided into categories A-E. In
summary, categories A and B include various roof integrations, categories C and D highlight
facade integrations, whereas category E refers to integrations that include an additional functional
layer, such as shading elements or balustrades [58]. Table 1 offers a more thorough overview of
the different categories and their requirements.

Table 1: Installation categories for BIPV. [52], [53], [58]

BIPYV system group BIPYV system BIPYV application BIPV performance requirements
category
BIPV roof systems Continuous roofing A) - Fire safety
Discontinuous roofing - Mechanical resistance and durability

- Electrotechnical
- Hygro-thermal performance

Atriums and Skylights B) - Fire safety
- Safety and accessibility in use
- Mechanical resistance and durability
- Electrotechnical
@ - Daylight and solar gains
- Protection against noise (if applicable)
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BIPV facade systems  Rainscreen or ventilated facade  C) - Fire safety
Double skin facade - Mechanical resistance and durability
Masonry wall - Electromechanical
- Hygro-thermal performance

Window D) - Fire safety
Curtain wall - Safety and accessibility in use
- Mechanical resistance and durability
- Electrotechnical
@ - Hygro-thermal performance
- Protection against noice (if applicable)
BIPV external Parapet E) - Fire safety
clements Balustrade - Safety and accessibility in use
Canopy - Mechanical resistance and durability
Solar Shading Device @ - Electrotechnical
@ - Daylight and solar gains (if applicable)

The dashed line symbolizes blocked accessibility from inside the building. EN 50583-1 also
describes further requirements for each category that will not be discussed in this context.

Well-known support systems for glass elements can be applied to mount BIPV modules. Figure
3-1 provides an overview of common support types for glazing elements that can be used to install
BIPV. However, national and local regulations for use, design and construction apply.

linearly structural local point
supported (one, silicone local edge supports
two, three or sealant supports (point
four-sided) (SSG) (clamps) fixings)
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Figure 3-1: Common support types for glazing elements. [53]

When analyzing IR data from a BIPV facade, it is crucial to account for mounting-related
influences to avoid misinterpreting thermal anomalies. Direct contact points can act as thermal
bridges altering local temperatures. These areas may appear cooler in IR images due to enhanced
heat dissipation potentially masking nearby hotspots or defects. Ventilated facades specifically
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allow air circulation behind the PV modules, which helps regulate their temperature. As a result,
IR images typically show lower and more uniform surface temperatures.

3.3 CIGS Solar Cell Technology

For the different integration forms for BIPV as described above, different module technologies are
eligible. Following crystalline silicon (c-Si) technology — both multicrystalline (mc-Si) and
monocrystalline (sc-Si), which are known for their high efficiency and reliable performance across
various conditions — thin-film photovoltaics represent the second most commonly used PV
technology for BIPV applications, although they are not as widely adopted. This category includes
variants such as amorphous silicon (a-Si), CIGS (copper indium gallium selenide), and CdTe
(cadmium telluride), and is characterized by its aesthetic versatility [52]. For the following work,
the CIGS technology will primarily be elaborated on more thoroughly.

CIGS stands for its components copper (C), indium (I),
gallium (G) and selenium (Se). One of the main
characteristics of CIGS technology is the defining
feature of the relatively thin semiconductor layer of
approx. 2 um, which is why CIGS belong to the group
of thin film technologies. Figure 3-2 shows the cross-
section of the layer structure from back to front in CIGS
technology, used in the modules examined in this
thesis. In this configuration, sulfur (S) is added to the
four base elements, modifying the absorber layer

Figure 3-2: Construction of a CIGS solar cell on a
composition. The bottom — orange — layer is the microscopic scale [59].

molybdenum (Mo) back contact layer deposited on the

substrate glass. It is followed by a molybdenum sulfoselenide (Mo(S,Se)>) layer — yellow in the
figure above — formed by the reaction of sulfur and selenium with the Mo back contact. [59] The
red colored positively conducting CIGS Se layer is the absorber layer. In this case, a thin buffer
layer consisting of zinc oxide sulfide (Zn(O,S)) is deposited on the CIGS absorber layer — colored
blue. The layer stack is completed by a transparent conductive oxide (TCO), in this case a
negatively conductive aluminum-doped zinc oxide (AZO) layer — colored green — which provides
good surface passivation, thereby reducing surface recombination. It also offers high optical
transparency in the visible and near-infrared wavelength regions. [59], [60]

3.4 Electrical Parameters in Photovoltaics

While IR imaging effectively reveals surface temperature anomalies such as hotspots, analyzing
the IV curve provides deeper insight into the internal condition of a PV module. Electrical
parameters such as short-circuit current (Isc), open-circuit voltage (Voc), current at maximum power
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point (Impp), voltage at maximum power point (Vmpp), maximum power (Pwmpp), fill factor (FF) and
resistive effects can indicate underlying issues such as cell degradation, shunting, or
interconnective failures that may not be visible through thermal imaging alone. Together they offer
a more complete diagnostic picture of both thermal and electrical performance. Figure 3-3 a)
illustrates the equivalent circuit module of a photovoltaic module, highlighting the key resistive
components that influence its electrical performance. The series resistance Rs, shown in line with
the current path, represents internal losses due to contacts and interconnections. In contrast, the
shunt resistance Rgh, positioned parallel to the diode, models leakage currents that bypass the p-n
junction. Together these resistances shape the IV curve seen in Figure 3-3 b) and serve as indicators
of the cell condition. [49], [50]
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Figure 3-3: a) Equivalent circuit model of a PV module with N;s cells connected in series and Ny parallel connected cells where Ipn
is the photogenerated current, I is the light generated current, and V1 the voltage across the load [61], b) Influence of series and
shunt resistance to an 1V curve. [62]

As Figure 3-3 b) shows, the IV curve is shaped by both Rs and Rgh. Efficient cells have a low Rs
and a high R, resulting in a steep, square shaped IV curve. Deviations such as a high Rs suggest
poor conductivity or aging while a low Rs, may signal defects such as cracks or contamination.
[49], [50]

3.5 Monitoring Technologies for Photovoltaic Systems

To collect meaningful data and interpret the introduced parameters accurately, selecting the
appropriate monitoring technology is the essential first step. Monitoring technologies are essential
to ensure PV systems operate efficiently and reliably long-term. PV systems experience different
unexpected faults do to human errors, temperature, humidity, mechanical load, shading, equipment
damage and degradation [63], [64], [65].

The most common monitoring method is electrical signature analysis (ESA), which involves
measuring current-voltage curves (IV curves), power output or string level performance. Tools
like IV curve tracers and electroluminescence (EL) imaging help detect microcracks, shunted cells,
or mismatched modules. They are frequently used during commissioning or troubleshooting and
increasingly integrated into automated monitoring systems, due to the low economic investment
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required to implement this approach into the diagnostic task [66]. Beyond classical electrical
performance monitoring and environmental and thermal analysis, building energy management
systems integrate BIPV data into overall building operations, enabling more comprehensive and
intelligent energy control.

The building envelope integration itself can be monitored as well through structural health sensors
or moisture and leak detection. But also, thermography, including drone-based inspections, known
as arial thermography, can be especially useful for identifying early-stage degradation and bypass
diode failures. The general focus of thermography on PV systems is shifting to autonomous fault
detection and classification of PV plants using visual, IRT and alRT (autonomous IRT) images
with accuracies up to 90%, though the autonomous procedure and classification task must still be
explored to enhance the performance and applicability of the aIRT method [24]. The IEC 61724-
1:2021 standard defines the key terms, required equipment, and procedures used to monitor and
evaluate the performance of photovoltaic (PV) systems, however, it does not specifically refer to
BIPV applications [67]. Additional literature provides more detailed insights into the monitoring
strategies for multifunctional BIPV products [68], [69], [70].
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4 Temperature Dependance of PV Modules

In real PV systems, weather conditions such as solar irradiance, ambient temperature, the local
wind speed, and the rear surface temperature of the module play a critical role in system
performance and are therefore commonly recorded as part of on-site monitoring applications. The
energy balance linking environmental variables to the estimation of a PV cell is given by [71]:

Qsolar,abs = Qr + Qconv + Ppy 4-1)

Where Qsolarabs 18 the solar irradiation absorbed by the PV front surface, Q: is the long-wave
radiation heat exchange, Qconv 1s the overall heat convection for the front and rear surfaces, and
Ppy is the output power. However, for building-integrated applications there is an additional heat
exchange between the PV modules and the building itself. The following Figure 4-1 illustrates the
schematic energy exchange between a PV module integrated into a ventilated facade and its
surrounding environment — including the building — highlighting differences between bifacial and
monofacial modules.
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Figure 4-1: Heat fluxes between the PV facade, bifacial (left) and monofacial (right) modules, and the outdoor environment. [72]

In this context, G is the solar radiation incident on the front surface of the PV modules, Guk
indicates the solar radiation reaching the rear side of bifacial modules. The terms qconv.fz and qrfe
refer to the convective and radiative heat fluxes at the front glass surface of the module. In addition,
gpl, qvg and qeed describe the radiative and convective heat exchanges occurring between the two
sides of the ventilated cavity. (qvg and qeed both describe heat fluxes dissipated from the modules
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rear side, while “bg” stands for back glass and “ted” stands for Tedlar® which is a widely used
backsheet material.)

4.1 Heat Sources of a PV Module

By encapsulating solar cells into a PV module, the unwanted alteration of the heat flow into and
out of the PV module causes the operating temperature of the PV module to slightly increase. This
reduces the voltage of a PV module, resulting in lower power output. Furthermore, elevated
temperatures contribute to various defect and degradation mechanisms in PV modules. As a
general rule, degradation rates tend to double with every 10 K increase in temperature, primarily
because higher temperatures intensify thermal expansion-induced stress within the module
materials [73].

4.1.1 Heat Generation of a PV Module
Incident sunlight on a PV module generates heat as well as electricity. Depending on the PV
technology, a module operating at its maximum power point typically converts only about 20% of

incident sunlight into electricity, while the majority of the remaining energy is transformed into
heat [74], [75].

Figure 4-2 a) shows the experimental and simulated external quantum efficiency (EQE) spectrum
of a CIGS solar cell, illustrating how efficiently a solar cell converts incoming photons into
electrical current across different wavelengths and is defined as [76]:

Number of electrons collected (4-2)

EQE =
¢ Number of incident photons

As seen in the graph, CIGS cells effectively convert photons within the range of approx.
400 — 1,100 nm. However, the full solar spectrum extends well beyond this, up to around
2,500 nm, meaning a substantial portion of incoming radiation is either transmitted through the
module or reflected, particularly in opaque configurations. Even within the active range, not all
absorbed photons are converted into charge carriers. Losses due to recombination and other
inefficiencies result in additional energy dissipation. Figure 4-2 b) presents the wavelength
dependent absorption coefficient of CIGS, revealing a discrepancy between the absorbed photons
and those contributing into electrical output. Photons that are absorbed but not converted, due to
sub bandgap absorption, recombination losses or parasitic absorption ultimately contribute to
heating the module. Thus, the EQE and absorption coefficient together indirectly provide a map
for the spectral origins of thermal energy, which is a key focus of this chapter.
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Figure 4-2: a) Simulated and Experimental EQE Spectra of a CIGS solar cell [77], b) Absorption coefficient of CIGS (for a
bandgap of 1.2 eV). [78]

The operating point and efficiency of a solar cell determine the proportion of absorbed light that
is converted into heat, with lower conversion efficiency resulting in a greater fraction of incident
solar energy being dissipated as thermal energy.

When incident sunlight strikes a module, it is either reflected, absorbed or transmitted. As light
reflected from the sunlight does not contribute to the electrical power generated, it is considered a
loss mechanism that should be minimized. Thus, the maximum temperature rise of a module is
calculated as the incident power multiplied by (1-r), assuming transmission is 0. For typical PV
modules with a glass top surface, the reflected light contains around 4% of the incident energy.
Depending on the angle at which the light meets the module, more or less light is reflected. Ideally,
the sunlight should meet the surface of a PV cell at a 90° angle to minimize reflection and avoid
losses due to an angle mismatch.

Light absorbed by the cells will be converted into electricity, if the energy is within that of the
bandgap of the solar cells. Light, which has an energy below that of the bandgap does not
contribute to electrical power, but rather contributes to heating. For PV modules that have an
opaque material at the rear side of the cells, infrared light tends to be absorbed here. For CIGS this
would be the Mo layer. In PV modules that do not have full rear-side coverage of the solar cells, a
significant portion of infrared light may pass through and exit from the rear, depending on factors
such as material composition, color, surface texturing, and the installation method. Moreover, non-
active components of the module — those not involved in electricity generation — can absorb light
across various wavelengths, contributing to the overall thermal load of the module.

PV cells and modules are specially engineered to absorb light with photon energies near the
bandgap, optimizing their ability to convert solar radiation into electricity. However, during
operation, the cells generate a substantial amount of heat — typically exceeding the temperature of
the module’s encapsulation and rear packing layers. A higher packing factor — meaning greater
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surface coverage of solar cells within a module — leads to increased heat generation per unit area
due to reduced heat dissipation capacity [79].

4.1.2 Heat Dissipation of a PV Module

A key factor influencing the temperature and performance of a PV module is the portion of solar
energy that cannot be converted into electricity. This initially absorbed but later “lost” energy is
primarily transformed into heat, contributing to thermal buildup within the module and affecting
its overall efficiency. The three main mechanisms of heat loss are convection, radiation and
conduction.

4.1.2.1 Convection

Convective heat transfer occurs when heat is transported away from a surface due to the movement
of a fluid, such as air or liquid, across that surface, facilitating thermal exchange between the
material and its surroundings. For a PV module, this would likely be wind blowing across the
module surface. The heat transferred by convection is given by equation (4-3):

Qconv = (hforce - hfree) “Apy * (Tamp — TPV) (4-3)

Where hforce and hiree are the forced and free convection heat transfer coefficients in W/(m? K) and
A represents the area of the module. The forced convection coefficient in the plane of the module
can be approximated as a function of windspeed vy proximate to the module as [80], [81], [82]:

hforce = 6.5+ 3.3v,, v, <6m/s (4-4)

The free convection for a vertical plane in air can be approximated to by [71]:

Rrree = 1.313/Tpy — Tamp (4-5)

4.1.2.2 Radiation

Any object will emit radiation based on its temperature. As a result, the PV module itself may
transfer heat to the surrounding environment through radiation. The power density emitted by an
ideal blackbody is given by Stefan-Boltzmann’s law mentioned in Chapter 2.1:

Amax = 0 ° T* (4-6)

Where qmax 1s the radiative heat flux or radiative power per unit area radiating from the blackbody
in W/m?, o is the Stefan-Boltzmann constant, which is 5,67 x 10 W/(m? K*), and T is the absolute
Temperature of the surface in K.
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However, a PV module is not an ideal blackbody. The equation is modified by a parameter called
emissivity € depending on the material of the object. Emissivity of a grey body lies between 0-1
with an ideal blackbody being a perfect emitter (and absorber) with an emissivity of 1.

The net power lost from a module due to radiation is the difference between the heat emitted from
the surroundings to the module and the heat emitted from the module to the surroundings.
Considering the area of the module, the power lost can be described as:

Qr=¢-0Apy " (Tpy — Tgmp) (4-7)

Where Q: is the net power loss of a module through radiation in W, Apy is the area of the module
in m?, Tpy is the temperature of the solar cell in K, and Tam is the ambient temperature. [83] [84]

4.1.2.3 Conduction

Heat losses through conduction occur due to thermal gradients between the PV module and
adjacent materials in direct contact. However, these losses are often neglected in simplified
models, as their magnitude strongly depends on the specific installation method. The ability of the
PV module to dissipate heat into its surroundings is determined by the thermal resistance of the
encapsulant materials used to integrate the solar cells into the module, the temperature difference
between two zones being the driving factor behind the conductive heat flow. Assuming that a
material is uniform and in a steady state, the equation between heat transfer and temperature is
given by:

AT = @ - Qcona (4-8)

Where AT is the temperature difference between the two materials in K, @ is the thermal resistance
of the emitting surface in K/W, and Qcona 1s the heat (power) generated by the PV module as
discussed in Chapter 4.1.1.

The thermal resistance of a module depends on the thickness and the thermal conductivity of a
material. This dependency is described by the following equation:

l (4-9)
b =
K- Apy

Where | is the length of the material through which the heat must travel, « is the material specific
thermal conductivity in W/(m K), and Apy is the area of the surface conducting the heat. [83]

However, the thickness of laminated PV cells is usually very small, around 3 mm. As a result, it
is commonly assumed that temperature variations across the module depth are neglectable,
allowing heat conduction within the module to be disregarded in thermal analysis [85], [86].
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4.1.3 Resulting Energy Fluxes around a PV Module

To better understand the behavior of energy fluxes around a PV module, Figure 4-3 from a study
conducted by the Frauenhofer Institute for Solar Energy Systems ISE — presents calculated energy
fluxes at both the front and the rear surfaces of a full-cell, glass-backsheet c-Si module. These
calculations are based on a module inclination of 45°, which is important to note when interpreting
the results.

In BIPV applications, additional thermal interactions occur between the module and the building
envelope or the air gap behind the module [72]. These interactions influence heat dissipation on
the rear side and must be considered for accurate thermal modeling in such contexts. Therefore,
while the results shown in Figure 4-3 offer valuable insight into the distribution of heat flow
between the module and its surroundings, they are only partially transferable to the BIPV
configuration analyzed in this work.

The simulation assumes a front side irradiance of 1,000 W/m? and no albedo. Of this, 892 W/m?

is absorbed by the module, while the remaining portion is reflected by the front glass, the solar cell
surface, or inactive areas of the module. The primary source of heat generation during operation
is a result of incomplete conversion of absorbed solar energy into electrical power. [75]
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Figure 4-3: Energy flux from radiation and convection at the module front and rear sides for different wind speeds at 1,000 W/m?,
45° module inclination and 25°C ambient temperature. [75]

Figure 4-3 illustrates the energy fluxes due to radiation and convection at front and rear surfaces
of a PV module under varying wind speeds (0 - 5 m/s), with ambient temperature held at 25°C.
While wind speed influences the module temperature, it does not affect the amount of energy
absorbed. The electrical output varies with the cell temperature and is calculated to range between
164 and 182 W/m?. Consequently, the remaining absorbed energy is dissipated primarily through
convection and radiation, while conduction is not considered in this particular calculation. An
analysis of the outermost interfaces reveals that the front side of the modules accounts for more
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than half of the total heat dissipation. As wind speed increases convective heat transfer becomes
increasingly dominant over radiative losses. [75]

4.2 Temperature Profile of a PV Module

IR measurements provide insight into temperature variations across the outermost surface of a PV
module, but they do not capture the full thermal behavior throughout its depth. The surface
temperature of a PV module is primarily influenced by irradiance, ambient temperature, and wind
conditions. These factors will first be briefly introduced and then examined in greater detail during
the presentation of the results. The internal temperature gradient on the other hand depends largely
on the thermal conductivities and heat capacities of the individual layers within the CIGS module,
as discussed in Chapter 4.1.

In ventilated facade installations modules often exhibit a temperature drop toward their edges,
where convective cooling is more pronounced. The overall temperature distribution across the
module plane is strongly influenced by the cell technology [26]. A notable characteristic of CIGS
modules is their typically homogeneous temperature distribution across the surface.

In the Frauenhofer ISE study mentioned in the previous chapter, researchers developed a 1-
dimensional thermal model to simulate the operational temperature profile of PV modules.
Although the model focuses on c-Si modules, its findings are partially applicable to thin-film
technologies. While the thermal conductivity of c-Si is relatively high, it is lower in CIGS thin-
film modules, which can result in localized heating and the formation of potential hotspots.
Structural differences also play a role: c-Si modules generally feature thicker cells and built-in
glass-glass or glass-foil configurations, whereas thin-film cells like CIGS are deposited onto
substrates such as glass or polyimide. [75], [87]

The CIGS modules examined in this thesis are glass-glass types, which are commonly used in
facade applications. Compared to polymer backsheets, glass exhibits a higher effective thermal
resistance. As shown in Figure 4-4 (data sets on the right), this leads to a greater temperature drop
across the rear glass (0.6 K, indicated by the red-toned data) compared to the backsheet (0.3 K
indicated by the blue/grey-toned data). Nevertheless, under conditions without albedo (A = 0), the
glass-glass module was found to be significantly cooler than the glass-foil variant, due to reduced
internal reflection effects. The thermal behavior of full-cell (FC) and half-cell (HC) modules is
comparable for both glass-glass (GG) and the glass-backsheet (BS) variations. All configurations
show a temperature decrease toward the outer layers, with a further drop toward the front glass
compared to the rear. This can be attributed to the increased potential for convective heat tranfer.
[75]
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Figure 4-4: Layer temperature in different module setups. [75]

4.3 Effects of Operating and Temperature on PV Performance

The temperature dependency of performance parameters such as open circuit voltage (Vc), short
circuit current density (Js), fill factor (FF) and the maximum power output (Pmax) or efficiency (1)
of multiple PV technologies is investigated in [88] for a temperature range of 273 - 523 K. As the
temperature rises, the reverse saturation current increases, causing Vo to drop, which lowers the
fill factor and overall efficiency. Meanwhile, the bandgap narrows slightly, which increases Jsc and
contributed to improved efficiency. However, since V. decreases more than Js increases, the net
effect is a reduction in solar cell efficiency at higher temperatures. [88]

The behavior of these parameters with changing temperature is quantified using temperature
coefficients, which each indicate the change of each parameter per unit change in temperature. A
distinction is made between four types of temperature coefficients — one for each Vo, Js¢/ Isc, FF,
and Pmax, where yre1 describes the relative decrease in power output and efficiency with increasing
temperature and will be used throughout this work. The temperature coefficient of CIGS is
generally about -0.36%/°C [89]. The modules used this work specifically exhibit a Y1 of -
0.39%/°C [90].

In practice, the bandgap of semiconductors changes substantially with the temperature. This is due
to modifications of the band energies caused by electron-phonon interactions and thermal
expansion of the lattice with rising temperatures [88]. There is no general relation between the
bandgap (Eg) and the temperature dependency of the bandgap (dE/dT). However, for most
semiconductor bandgaps an almost linear decrease can be noted with increasing temperatures.
There are only few exceptions (e.g. perovskite semiconductor compounds) where the bandgap
increases with the temperature. [91]

The temperature of PV modules is influenced by multiple factors, with the mounting type playing
a major role. Integrated facade systems demand careful design to ensure sufficient cooling, which
is typically achieved in PV curtain walls through rear ventilation gaps. Without such ventilation,
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facade-integrated modules tend to reach the highest operating temperatures, leading to the greatest
reduction in performance. [92]

4.4 Thermal Cycling Impact on PV Module Degradation

The commercial success of PV systems largely depends on their performance in the field, overall
cost and operational lifespan. To enhance viability, it is essential for engineers to investigate and
mitigate degradation and failure mechanisms throughout the system’s lifetime [64]. PV modules
are typically expected to maintain 90% of their power capacity for the first 10 years, and 80% after
25 years [64]. However, these projections are uncertain due to diverse environmental stress
encountered during operation. One of the common failure reasons for PV modules is thermo-
mechanical fatigue, which is among other things a consequence of thermal cycling. Thermal
cycling exposes PV modules to repeated temperature fluctuations, causing expansion and
contraction of their constituent materials. This cycle causes mechanical stress due to thermal
expansion and contraction of different materials. This mechanical stress is a key driver of long-
term degradation, as it can lead to microcracks in solar cells, delamination at module interfaces,
fatigue in solder joints, and general loss of electrical contact — all of which contribute to an increase
in series resistance. [64], [93], [94] CIGS in particular is affected by high day/ night temperature
gradients compared to other technologies [93].

A study investigating degradation mechanisms in CIGS modules through damp heat exposure and
thermal cycling observed a reduction in module efficiency in both cases, attributed to increased
resistivity in the AZO and CIGS layers. After damp heat exposure, a reduction of the optical band
gap was observed and associated with oxygen adsorption and generation of hydroxides in the AZO
layer. The increase in resistivity following thermal cycling was also linked to oxygen adsorption
as well as the formation of microcracks in the AZO films. [95]
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5 Experimental Setup

During the course of the work, the primary focus of the measurements was on the BIPV facade of
a particular building. In order to examine and discuss the measurement results from this building
in more detail the measurements were extended to additional measuring stations, which are
initially described in this chapter.

5.1 The Building - Living Lab PVcomB

5.1.1 The Building Setup

The measurements of the following thesis are carried out on the facades of the “living laboratory”
for building-integrated photovoltaics at the HZB in Adlershof, Berlin. This research building with
photovoltaic facades provides practical experience on the behavior of solar modules and the entire
PV facade system in different seasons and weather conditions over a longer period and is seen in
the following image from the southwest corner of the building. The building is divided into two
sections — an older part on the east side and a newer part, which houses the PV facade. The total
building dimensions are 61.45 x 18.92 x 9.90 m> [96].

Figure 5-1: HZB Living Lab in Adlershof, Berlin from the southwest corner of the building during morning hours.

The photovoltaic modules have been in operation since June 2021. Since then, the 120 measuring
points and sensors have been used to record not only electrical but also physical parameters like
temperature, air speed in the ventilation gaps and solar irradiation.

A total of 360 frameless and homogeneously colored CIGS modules (Avancis SKALA 7003) were
installed as a ventilated curtain wall. Across the south, west and north facades (south: 248 modules,
west: 56 modules, north: 56 modules) a total area of 378 m? is covered with blue tinted PV
modules. The north facade is equipped with only four columns of PV modules positioned near the
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west facade. This configuration was implemented primarily for research purposes rather than for
maximizing energy yield (see Figure 5-3 a)). The remaining area of the new sections north facade
is covered by similar shaded aluminum modules. Close to 50 kWp of installed output delivers an
annual yield of approx. 30 MWh [97]. The image above shows a varying color reflection
depending on angle of inclination — the light reflected towards the viewing person shifts and
consequently ranges from a blue tone from a perpendicular view to a purple tone from a near
parallel view.

The system features 6 inverters — one each for the north and west facades and four for the south
facade — which convert the DC current generated by the PV modules into AC current suitable for
feeding into the electricity grid. This approach enables the collection of as much information as
possible to be obtained about relatively small string groups. Each string consist of 7 to 10 modules.
The positions of the modules and the way the strings are interconnected can be seen in Figure 5-2
and Figure 5-3 in form of blue lines. The markings at each end symbolize which of the 6 inverters
each string belongs to as well as which end is the positive and the negative end of each string.
Areas of the facade that are not photovoltaically activated are marked in gray. These include areas
that are covered with aluminum modules or areas where windows are located. For clarity in
subsequent analysis, each facade is visually divided into a grid, with module rows numbered
sequentially from top to bottom and columns labeled alphabetically from left to right.
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Figure 5-2: String layout of south facade with modules with two temperature sensors on the back side marked yellow (one in the
center and one on the edge), with one temperature sensor on the back side marked green (in the center), and the irradiance sensors
marked with red circled numbers.
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Figure 5-3: String layout of a) north and b) west facades with two temperature sensors on the back side marked yellow (one in the
center and one on the edge), with one temperature sensor on the back side marked green (in the center), and the irradiance sensors
marked with red circled numbers.

The string layout was designed to group together modules with similar expected performance
throughout the day, while also minimizing cable lengths. Accordingly, the assignment of strings
to the inverters was carried out in line with this approach. Apart from the module positions and the
string layout the figure above shows the positions of the temperature sensors on the modules
marked green and yellow. The green modules are equipped with one sensor in the middle of the
back side, while the yellow modules have one sensor in the middle and one sensor applied close
to the edge of the module. The positions and numbers of the irradiance sensors are indicated by
red circled numerals.

5.1.2  Surrounding Grounds and Spatial Limitations

The building is located at the southern end of the HZB research campus. The Teltow canal runs
parallel to the south facade about 50 m away from the building, separated by a tree-lined main
road as seen in Figure 5-4. With trees along the road and the considerable distance between the
water body and the building, the canal’s thermodynamic/ reflective effects on the building can be
neglected. The north facade faces a neighboring building approx. 9 m tall and situated about 10 m
away. Its facade, which is partially painted white and partially constructed from plexiglass, directly
faces the Living Lab’s north facade, which can roughly be seen in Figure 5-4. The west facade is
largely unobstructed apart from a small hill located further away from the facade. The satellite
image below shows the Living Lab from a southwest perspective with the PV-active facade area
highlighted in red. The resulting spatial limitations influencing the measurement setup are marked
blue.
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Figure 5-4.: Surrounding grounds of the Living Lab and spatial restrictions when measuring the facade. [98]

The variation in viewing angles due to spatial limitations plays a recurring role throughout this
work. While a consistent angle is preferred for all IR measurements, spatial limitations in addition
to the absence of a zoom function of the camera require manual adjustment of the camera’s
distance to the target surface. The north and south facades are enclosed by adjacent structures with
the consequential boundaries of these spatial constraints marked blue in the image above. The west
faced offers a broad open area, with an elevation of approx. 5 m at a distance of 15 - 20 m from
the Living Lab. This elevation, marked by the blue dashed line, allows for a full view of the facade,
when measuring from a raised level, though it introduces additional factors into the measurement
frame that may influence the obtained data.

5.1.3 The Modules and the Mounting System

As mentioned, the modules used are the Avancis SKALA in the shade blue (7003). The CIGS
modules are visually uniform under direct view but exhibit angle-dependent color shifts as shown
in the following picture. Additionally, their matt finish hides the CIGS cell structure.
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a)

Figure 5-5: Avancis SKALA Module in the shade blue 7003 from a) the front, b) the side, and c) the back view including part of
the mounting system. [99]

The modules are frameless, opaque glass modules, which is one of the key reasons for their
selection. Their nominal power of 130 — 135 Wp depending on the manufacturing batch (130 in
batch V 4.6.47 and 135 in V 4.6.6.) with a manufacturing tolerance of -5%/ +10% reflects the
dimensions of 1,587 x 664 mm with 135 cells running horizontally and connected in series [90].
The temperature coefficients of the modules are the following: yrel =-0.39%/°C, PBabs = -
230 mV/°C and aaps = 0 mA/°C, where Babs and oaps represent the absolute temperature coefficients
for the Vo and Isc [90]. As the mounting system is fully concealed — an additional reason for their
selection — the result is an even facade appearance. The installation uses a backrail system designed
for hock-in mounting within a standard facade substructure, creating a rear ventilated facade
configuration. The primary purpose of the modules is weather protection, which is why the air gap
on the rear side of the modules meets the unprotected insulation on the building side. The front
glass features a matt structure giving the modules a homogenious look and concealing the PV cells
from view, which only become visible at close range. Unfortunately, the matt structure of the front
glass surface causes diffuse radiation, which is not ideal for thermography. The modules have a
BIPV type approval, confirming that the product meets specific technical standards and legal
requirements for facade integration. Further detailed technical data about the modules used can be
found in Appendix A2.

According to the official datasheet and installation manual the SKALA module is a glass-glass
CIGS thinfilm module with the following structure: front and rear glass is a 3.0 mm thick tempered
safety glass providing mechanical protection and optical clarity. Avancis does not explicitly state
whether the color layer is directly behind the front glass or embedded deeper [90], [100]. Yet given
the matte and homogeneous surface, and the emphasis on color uniformity, it is likely that the
coloring layer is a thin coating applied directly to the inner side of the front glass. The active CIGS
layer is applied to a rear substrate, which means that thin-film modules only require an encapsulant
on the front side to ensure adhesion and moisture protection [12], [59].
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5.1.4 Obtaining Infrared Data on the PV Facade

This work focuses on the acquisition of infrared thermography data from a PV facade, with the
following chapter detailing the measurement procedure. As the majority of measurements were
conducted on the south facade, the setup described here is based on that orientation but structured
to be transferable to the east and west facades as well. For this specific experimental setup, the
camera does not have a zoom function in a way that the image section can be enhanced or vice
versa while the camera position remains the same. To ensure conditions in which the images are
obtained in a way to view the facade system completely, the following method was applied.

As emissivity has an enormous impact on the temperature reading captured by the FLIR (forward
looking infrared) camera, it is essential to consider the angle at which the camera is positioned
relative to the plane of the PV module. As discussed above, the emissivity value of glass varies
depending on the angle. As all recordings were taken from the ground level, a certain change in
angle must be accepted, however, taken into account as shown in the following Figure 5-6.

The following image depicts the measurement setup: on the left, the IR camera is mounted on a
tripod positioned approx. 5 m from the south facade, visible on the right side of the image. The
camera is connected to a laptop running the appropriate software for real-time data evaluation. The
tripod allows for adjustment along all three axes, enabling the camera to maintain a consistent
position when repositioning and adjusting the frame during measurements. The image was taken
during late morning hours, as indicated by the camera’s shadow cast by the sun positioned in the
southeast.

IR-Camera

Figure 5-6: Measurement setup for the south facade.

The image clearly shows that following the recommendation to measure perpendicular to the
module surface is only feasible for the lowest module row. For the top row, the angle drops below
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30°, as the ability to move further back is limited by the fence on the left side of the image above.
Maintaining an angle greater than 30° was only possible for the west facade, as access on the north
side is restricted by a neighboring building.

5.2 HZB Outdoor Performance Laboratory

As none of the modules installed on the Living Lab were damaged and the effects of a damaged
module were supposed to be analyzed, a damaged module that recently was removed from the
facade was inspected. It was mounted in the HZB outdoor performance laboratory on the roof of
the “Zentrum fiir Photovoltaik” (ZPV) building. The modules are installed on a substructure for
the examination of industrial PV modules at a 90° angle simulating a facade integration in terms
of their orientation for the IR measurements. The measurement setup can be seen in the following
image. This clearly demonstrates the different ventilation conditions on the backside of the
modules compared to an actual facade integration, as the rear surface is almost as exposed to
cooling wind as the front, with only the mounting rails providing some restriction.

Module 0688

Module 0069

Figure 5-7: Measurement setup at the HZB outdoor performance laboratory measuring module 0069.

When measuring on the roof of the ZPV the space was restricted by other modules, as they are
mounted in long-term test setups, and by the shape of the roof. What immediately stands out are
the modules with an incline positioned between the camera and the measured modules. These can
cause external reflection disturbing the image, yet they were not seen in the measurements taken.
Positioning the camera in front of these modules allowed close-up measurements of the relevant
modules.
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5.3 Measuring Tools

5.3.1 FLIR Camera and Software “FLIR ResearchIR Max”

The IR camera used during measurements is the FLIR
A6700sc by Teledyne FLIR LLC and is displayed in
Figure 5-8. This cryogenically cooled infrared camera
features a cooled indium antimonide (InSb) detector
operating in a wavelength range of 3 — 5 pm and therefore
measuring the short-wave area of the IR-C range. The
camera captures detailed data with 327,680 pixels and,
among other qualifications, is specifically designed for
non-destructive material testing — ideal for evaluating PV
modules. It allows both still images and movie recordings,

adaptable to various measurement requirements [101].
The camera is mounted on a tripod, providing maximum
Figure 5-8: FLIR 6700sc [101] flexibility in its orientation during measurements. (Further
details can be found in Appendix A2.)
The data can be evaluated in real-time using the camera or analyzed at any later point using the
FLIR ResearchlR Max software. This enables detailed data analysis at pixel level and the
generation of real-time graphical evaluations. The temperature scale can be adjusted to the
temperature range needed, with the pixel distribution visible in the image enhancement section. In
the following image a screenshot of the software interface is displayed with the image
enhancement section at the bottom.

FLIR Researc hIR Max - PIC-Test-000485.ats (A6700sc 640x512 ADBits: 14)

L3 LB

DEE e
. v EETEE

Figure 5-9: Sofiware environment to evaluate IR measurement data.
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Data can be recorded and saved or exported as .ats-data, allowing it to be reloaded into the software
at a later time while retaining most of the software’s functionality. While image enhancement
techniques can be applied retrospectively, object parameters must be set before measurement, as
they significantly influence the absolute temperatures recorded by the camera. The software
includes multiple image enhancement algorithms that improve thermogram contrast and clarity
while maintaining temperature accuracy. Its Automatic Gain Control (AGC) setting allows users
to regulate how color is mapped to thermal data. Among the three AGC algorithms the APE setting
was used continuously throughout this work. Image subtraction or addition is a further option to
amplify anomalies. This method is only suitable for extremely stationary measurements, which
were not performed in this study. However, it could be valuable in future work, as temperature
differences in a CIGS PV facade are often too subtle to be detected due to more dominant effects
— effects that could potentially be eliminated through image subtraction.

5.3.2 Built-in Sensors of the PV Facade

The temperature sensors used for installation on the rear of the module are the DS18B20
Programmable Resolution 1-Wire Digital Thermometer. The 1-Wire interface requires only one
port pin for communication and has an accuracy of 0.5°C between -10°C to +85°C [102]. Each
sensor measures the temperature at its respective measuring point every 2 minutes, with the data
then assigned to the corresponding sensor ID.

Ten irradiance sensors are mounted across the building’s facades: each attached to the front side
of the modules at the corners. They measure the plane of array irradiance (Gpoa), which is the
irradiance received directly on the surface of a PV module. This includes direct beam irradiation,
diffuse sky irradiation and reflected albedo irradiation from the ground and the surrounding
surfaces. The sensors are compact enough to be installed at the edge of the modules, positioned in
inactive areas to avoid shading the active cells and thereby prevent any impact on the module’s
performance. The sensor is displayed in Figure 5-10 with its dimensions.

20

7.5

2-42.6
Depth3

Figure 5-10: Irradiance sensor ML-02/ EKO-Instruments used on the Living Lab with dimensions. [102]
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Irradiance data was measured at 1-minute intervals with a sensitivity of approx. 50 pV/W/m?.
However, the sensors only measured within the wavelength range of 400 — 1,100 nm, rather than
capturing the entire solar spectrum [102].

5.3.3 Miscellaneous Measuring Tools

To tailor the object parameters to the specific measurement
conditions, ambient temperature and relative humidity were
recorded using a digital thermos hygrometer from TFA
Dostmann. This device (seen in Figure 5-11) is suitable for
temperature ranges between -30°C and +60°C and humidity
levels from 20% to 90% relative humidity. The sensor offers
an accuracy of £1°C within the 0°C to 50°C range and +5%
RH for humidity measurements between 30°C and 80°C
[103].

A type K thermocouple was placed at the edge of the

module’s front glass to provide a reference temperature for igwe 3-I1:  Digital thermo-hygrometer

. . 30.5048 from TFA-Dostmann.[103]
comparison with IR measurements. Type K thermocouples

are among the most widely used due to their broad operating range and reliable performance.
Constructed from nickel-based alloys, they offer good corrosion resistance and can measure
temperatures from -270° to +1,260°C. Within the relevant range of 0°C to 275°C the sensor
provides a typical accuracy of £2.2°C [104].

5.4 Flash Testing and Electroluminescence Measurements

In addition to IR imaging, the electrical parameters of selected modules were examined using a
flasher in collaboration with HTW Berlin, and electroluminescence (EL) measurements were
performed in the same setup.

Flash testing enables the measurement of module performance under standard test conditions or
low-light scenarios, ensuring comparable results. Flash testing is the process of exposing a PV
module to a short — in this case 10 ms — and bright flash of light from a xenon filled lamp, while
the spectrum of the lamp resembles the spectrum of the sun as accurately as possible. With correct
calibration this method allows to measure the modules electrical characteristics like current and
voltage at maximum power (Impp and Vmpp), open circuit voltage (Voc), short circuit current (Isc),
maximum power (Pmpp) and fill factor (FF). By varying the intensity of the flash the behavior of
these parameters can be mapped at different irradiation levels. [105]

The set-up of the PV module in the dark room for both measurements can be seen in the following
image. The dark room ensures that no external factors disturb the measurement.
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Figure 5-12: Construction of the module in the dark room of the flasher at HTW Berlin before closing the curtains.

Electroluminescence is the emission of light from a semiconductor when an electric current or
field is applied. It is caused by radiative recombination: when electrons in semiconductors are
exited to a higher level of the bandgap (to the conduction band), they leave behind holes in the
lower energy level (the valence band). When the electron falls back into a hole, it releases energy
in form of a photon (light). Consequently, light is emitted, when electrons and holes recombine.
Non-radiative recombination is energy released as heat or vibrations — its thermal consequence is
visualized by IR measurements.

For PV modules a voltage is applied in the dark to force radiative recombination. EL imaging
reveals microcracks, broken fingers, or bus-bar interruptions, as well as shunts, inactive (dark)
cells or strings, and cell-to-glass delamination. It is also used to identify early signs of potential-
induced degradation and other hidden defects in PV cells or modules [26], [106]. Combining flash
test measurements and EL measurements with IR measurements of the PV modules, allows to
identify electrical animalities and to quantify their impact on the module performance. By
overlapping IR and EL images, the precise locations of defects can be compared and discussed
with greater accuracy.
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6 Measurement Procedure

With the relevant measurement setups established, the following section outlines the methodology
used to acquire the infrared data. A clear understanding of the measurement procedure is essential
to later evaluate which factors may have influenced the results and to what extent. Particular
attention is given to environmental conditions, equipment handling and procedural consistency,
all of which play a critical role in the reliability of the thermographic data.

6.1 How to Interpret the Data

When interpreting IR images, it is important to recognize that observed effects may result from
external influences — such as mounting systems or reflections — or from internal factors like
damage or nonfunctional components within the module. External impacts that are visible in IR
images amount to various reflections, such as those from the horizon, clouds, surrounding
buildings, as well as surface contaminants like dirt or bird droppings.

Especially in thermography of BIPV systems — for example, on facades where modules are often
installed vertically, reflections play a key role and can significantly influence image interpretation.
In comparison to the typical 30°-orientation of roof and free-standing PV installations, the
reflective “clean” zenith of the sky is replaced by a disharmonious horizon for facade applications.

The following illustrations demonstrate this relationship with the IR measurement setup at the
south facade on the left in comparison to reflection angles for measurements on a tilted module on
the right.

Figure 6-1: Relevance of the vertical orientation of most facade modules for IR measurement, b) facade modules with reflection of
the horizon in comparison to a) 34°-angled modules with reflection of the (ideally cloudless) zenith, where the blue arrows
represent the reflected ambient radiation and the red arrows represent the actual module radiation.

The orientation and the weather conditions are thus crucial for the data interpretation. When
measuring exactly perpendicular to a module’s surface, a reflection of the camera and people
standing behind the camera is likely to obscure the image data as well and needs to be identified.
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This is why, following the recommendations of other studies, measurements taken close to 90°,
but not exactly at 90° [106]. In addition, the Avancis modules (seen in Figure 6-1 a)) in the facade
of the Living Lab have a highly structured surface and an increased proportion of nondirectional
reflection.

6.2 Absolute Temperatures

Thermography is a reliable technique for detecting relative temperature differences. However,
accurate absolute temperature measurements require consideration of environmental factors such
as ambient temperature and sky coverage. Emissivity is the primary parameter that can be directly
configured in most IR analysis software. Emissivity dependents not only on the material and
surface characteristics, but also varies with the angle of observation. For most common solar
glasses, emissivity starts close to 0.9 when viewed perpendicularly. However, as the viewing angle
decreases, emissivity drops significantly, causing infrared cameras to register a lower apparent
temperature. [36], [38]

When measuring PV modules on a facade, the main challenge lies in capturing each module from
the same angle, ensuring consistent emissivity settings across all measurements. Ultimately,
capturing the entire facade with accurate temperature readings is not feasible, as the infrared
camera is typically positioned at ground level, resulting in oblique viewing angles that affect
emissivity and temperature accuracy. When recording the entire facade, the camera is always
positioned at ground level (the change in viewing angle is illustrated in Figure 7-3 and Figure 7-4),
the impact of its positioning is discussed in greater detail during data interpretation. In each
measurement series, efforts were made to vary the viewing angles within a limited range, as
outlined in Chapter 7.1.2, to introduce a level of consistency across the dataset. This approach
facilitates more reliable comparisons between results.

The glass structure of the modules front glass is a matt structure providing a diffuse reflection,
which is not ideal for IR measurements. To validate the recorded temperatures, a thermocouple
was mounted on the front side of the module, positioned at the edge where the surface is non-
active, ensuring it does not interfere with the active cell area (see Figure 6-2). The thermocouple
was mounted using insulating tape and thermal paste!. The temperature recorded by the
thermocouple was compared with the IR reading from the same region. On a module not exposed
to direct sunlight, the two measurements closely aligned: the IR camera registered approx. 24.6°C,
while the thermocouple measured 23.7°C on 02.06.25 at 12:08 in the west facade — yielding a
temperature difference of less than 1 K. In contrast, when measuring a module under direct
irradiance, the discrepancy increased. The thermocouple indicated 40.2°C, whereas the IR camera
showed 42.5°C on 20.05.25 at 12:37 in the same region of interest (ROI), resulting in a difference
exceeding 2 K. Although the observed deviation remains within the sensitivity limits of both the

'which is an arctic cooling silicon heat sink compound consisting of 50% silicone, 20% carbon, and 30% metal oxide
[107]
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IR camera and the thermocouple for shaded and unshaded regions, the temperature difference more
than doubles in areas exposed to direct sunlight. Comparable discrepancies have been observed
under similar conditions, suggesting that reflective effects may be influencing the IR
measurements.

Figure 6-2: Thermocouple setup on the inactive area of the module.

When comparing temperatures recorded by an infrared camera or thermocouples mounted on the
front glass of a PV module with data from temperature sensors installed on the back side, it is
important to account for the inherent temperature difference between the front and back of the
module. In a monocrystalline BIPV application used as a reference, the backside of the module is
typically about 0.5 - 1 K warmer than the front glass. The solar cell itself tends to be approx. 0.5 -
1 K hotter than the backside. These temperature differences become more pronounced when the
front side is windward, and conversely, may decrease when the wind has a less cooling effect. [49]

6.3 Image Processing after Measurements

During the measurement process, images were saved in form of .ats files, allowing the files to be
reloaded into the analysis software. This format preserves most processing options and enables
access to the raw data at any later point, ensuring the most accurate and flexible post-processing
possible. It is important to note that calibration must be performed prior to measurement, as it
cannot be adjusted retrospectively. To analyze specific data within a measurement, such as
isolating the temperature data of a single module in the facade, regions of interest (ROI) can be
marked using polygonal shapes to trace the module’s edges. ROI-specific data is displayed
immediately, allowing for initial assessments, as shown in Figure 5-9. Additionally, .csv and .tif
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files were saved to enable further analysis on devices that do not have access to the proprietary
software.

For measurements with a lot of background noise, for example a cloudy sky that could not be
avoided, the temperature scale was sometimes adapted manually to emphasize the modules
temperature range and make smaller temperature changes more visible. The exemplary result of
adapting the temperature scale can be seen later in Figure 7-21 b) cutting out all temperatures
below 37.8°C.

When visualizing infrared measurements APE was used constantly as an AGC algorithm together
with the default set color palette called “fusion”.

6.4 Limitations during Measurements

Due to previously discussed spatial limitations, capturing the entire facade in a single measurement
is not feasible without introducing extreme viewing angles, which distort the results. As discussed
in Chapter 5.1.2, specific spatial limitations around the building restrict the OR camera’s
positioning, allowing only relatively small sections of the facade to be measured at a time.
Measurement of the west facade with the most spatial freedom allows larger facade areas to be
measured at once with a close to perpendicular orientation. However, it is still not possible to
measure the entire west facade in a single recording.

As discussed in Chapter 2.5 specific weather conditions are suggested, when measuring, to exclude
as many external factors from the measurements as possible. This results in a certain dependance
on weather — especially regarding the degree of cloud coverage. Measuring with a minimum
irradiance of 600 W/m? in the module plane is not achievable during summer months for the south
facade, as the position of the sun is too high. Consequently, a clear sky was more important, to get
as close as possible to the desired irradiation minimum.

Surface interference was also an unavoidable factor. Since the effects of dust and other
contaminants, such as bird droppings, on the module’s temperature dependance were to be
analyzed during these measurements, these factors also emerged as very dominant influences.
Consequently, it is recommended by DIN IEC/TS 62446-3 to clean the modules prior to IR
measurements unless localizing critical pollution is the goal of the measurement.

Furthermore, there was limited access to the rear of the modules to verify any assumptions when
analyzing the measurement results, as they are part of an active system. Inspecting the rear would
require at least a lifting platform and the interruption of operation. The rear of the modules could
only be inspected in the setup of the ZPV roof. However, thermography on the module backsides
is ineffective due to highly reflective, almost mirror-like back glass, which primarily reflects the
camera’s background rather than revealing thermal features of the module itseld.
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6.5 Mitigation Strategies during Measurements
To minimize the impact of limiting factors, the following mitigation strategies were applied.

Since the entire facade could not be captured in a singular recording — which would have resulted
in varied viewing angles of each module regardless — each module was instead recorded from the
same or similar angle. This was done as much as possible by measuring each module from the
ground. As a result, each module was measured both from the front and from the side with an
offset of 45°, varying only the angle between ground plane and facade plane. This approach is
discussed more thoroughly in Chapter 7.1.2 as the procedure is essential to data interpretation.
Consistent measurement angles and their careful documentation contribute to limit the varying
factors needing consideration during the interpretation of anomalies. Calibration routines like
feeding the software with parameters such as the expected emissivity, ambient temperature and
humidity add to comparability between the individual modules.

If anomalies are measured, identifying them under varying conditions can exclude certain external
factors being the cause. Measuring at varying times and even seasons and weather conditions can
rule out most reflection factors surrounding the PV module if not stationary. In this case
documenting these influencing factors like clouds is crucial for later interpretation.

Image subtraction or enhancement techniques can be applied to reduce noise or isolate the patterns
discussed above. Nonetheless, these techniques are only meaningful for very stationary
measurements conducted over extended periods — typically several hours — and were therefore not
applied in this work.
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7 Results and Evaluation of Measurements (Analytics)

The discussion of the results will begin with data interpretation, followed by an assessment of their
significance for PV modules and systems. Finally, the measurement uncertainties identified during
the process are put into perspective as future guidelines.

7.1 Interpretation of Data

7.1.1 IR Measurement at Modul Level

To examine IR measurements at module level the upcoming chapter focuses on the measurement
of module P13 as a representative example. The position in the facade is low enough for a near
optimal viewing angle with the IR camera while avoiding edge effects. Modules located at the
facade’s perimeter tend to exhibit different thermal behavior due to increased convection and
reflective interactions. Additionally, the adjacent modules to the right and below are equipped with
temperature sensors for reference. Notably, placing sensors directly on the module’s back surface
itself would interfere with the IR image as seen in the bottom of Figure 7-1.

When analyzing an IR recording at module level (Figure 7-1), it becomes immediately apparent
that the most dominant factor in every IR measurement of the Avancis SKALA module is the back
rail mounting system. The main cause is the cooling of the regions in direct contact to the metal
backrails, as indicated by green arrows in Figure 7-1. Ultimately, the regions where the backrails
are glued to the back glass and the reduced convection in the areas between them, result in a
pronounced temperature difference. A more thorough discussion of the backrails can be found in
Chapter 5.1.3. The effect of this can be seen clearly in the following figures.

#

o

- ———

Figure 7-1: IR picture of module P13 along the south facade while P13 is marked with a white dashed outline and the line scan
analyzed in Figure 7-2 marked light blue.
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Figure 7-1 presents an IR image of module P13 taken from the front under ideal weather
conditions. The ambient temperature was 30.6°C, while the mean module temperature was 58.0°C.
The dominant pattern of the backrails running horizontally at the top and bottom part of the module
can clearly be observed. Also, the cabling running vertically along the center of the module can be
seen due to reflection of radiation on the back side of the module. The temperature behavior of
one pixel column from top to bottom is illustrated in the following picture for an area of the module
affected predominantly by this phenomenon. It is marked in Figure 7-1 by a blue arrow.
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Figure 7-2: Temperature course from top to bottom of module P13.

A clear temperature dip can be observed in the areas of direct contact having a cooling effect on
the area. In the “tunnel” of the backrail a temperature rise of about 2 K is visible due to less
convection as discussed above. However, a slight temperature increase in the regions immediately
adjacent to the contact areas on the outer sides (at positions around 10 mm, 170 mm, 470 mm, and
650 mm) can be determined — the reason likely being either reduced convection because of limited
air flow or reflection of the backrails in these areas. Overall, a temperature drop from the top to
the bottom of the module can be registered. This is likely due to the angle of the sun, the position
of the sun at the time of the recording (13:05) being very high.

Although the manufacturer Avancis has made several attempts to enhance air circulation and
thereby promote forced convection to passively cool the “tunnels” within the backrails, no
effective solution has yet been found to prevent excessive heating int these areas [108].

To put the absolute temperatures discussed into context, they are compared to the temperatures
measured by the sensors on module P14 (below P13) and on module R13 (to the right of module
P13). The sensors on module P14 measured 52.81°C at the center and 53.25°C at the edge on the
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rear side. Considering the typical temperature difference between the front and the back of the
module, approx. 1°K must be added to the reading for direct comparison with the front side
measurements. Furthermore, a temperature of 55.00°C was recorded at the edge of module R13,
while the central sensor on its backside was nonoperational at the time. Assuming R13 exhibits
similar thermal behavior to module P13 and the edge tends to be roughly 0.5 K cooler than the
center, the IR camera readings are about 1 — 2 K higher than those from the sensors. This aligns
with the thermocouple reference measurements discussed in Chapter 6.2. One possible explanation
for this discrepancy is the influence of reflected radiation from the surrounding surfaces, such as
the ground, which likely has an albedo of 0.17 — 0.26, but changes with every measurement
position. If the environmental conditions are unknown, a value of A = 0.2 is commonly used,
falling into the range of the albedo for this environment [39].

7.1.2 IR Measurement at System Level

To gain insight into the interaction between modules and strings at system level, the thermographic
data from each individual module along the south facade was compared. This chapter presents the
results by displaying the mean temperature value for each module across a facade.

7.1.2.1 Angle Variation during IR Measurements on the Facade

In order to more accurately distinguish angle related effects from actual thermal effects, each
module was measured twice: once at a 90° angle, in accordance with the relevant standard to a
limited extent [38] as well as with a 45° offset. The following illustration shows the measurement
setup with a perspective from the top for each measurement. In this illustration, the red module on
the left represents the unit captured by the IR camera:
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Figure 7-3: Top view illustration of the measurement setup with the module being recorded by the IR camera positioned on the
left side and marked red, a) being the setup as in Figure 7-5, and b) being the setup as in Figure 7-6.
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The measurements were conducted over the course of an entire day. Data was collected column
by column from right to left, with each column measured from bottom to top. The time stamp for
the start of the measurement of each column is noted at the bottom of Figure 7-5 and Figure 7-6
together with the corresponding irradiance measured by the closest sensor at that time.
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As mentioned before, all measurements were conducted from ground level. Thus, while the
recording angle relative to the ground plane remains constant — as shown above — the angle
between the camera orientation and the plane of the facade or module decreases as the module’s
height increases — as shown in Figure 7-4. Starting at around 90° to the center of the module — as
recommended in [EC/TS 62446-3 — the measurement angle for the lowest modules in row 14
gradually decreases to about 24° for the top row, as shown in Figure 7-4, with 814 = 90°> &;. Due
to the constraints of the measurement environment, it was not possible to maintain a precise
measuring angle of 90°. As a result, only an approximate angle could be achieved.

s

Figure 7-4: Visualization of camera angle changing according to height of module position, o represents the angle of the camera
to the plane of the module, and the index i indicating the position of a module in a column.

Figure 7-5 displays the mean module temperatures (in degrees Celsius) of each module across the
facade, based on measurements taken using the 90° setup illustrated in Figure 7-3 a). The color
gradient ranges from dark red, indicating the highest recorded temperatures, through yellow down
to green for cooler temperatures. For better orientation on the facade, the module positions are
labeled numerically and alphabetically as introduced in Chapter 5.1.1. Additionally, the figure
includes the locations of the windows (dark grey), temperature sensors (single frames for one
sensor and double frames for two sensors) and irradiance sensors (red circled numbers).
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Figure 7-5: Temperature distribution of south-facing facade recorded from the front (90°) at ground level over the course of the
day, visualized from hot (red) to cool (green) — the position of temperature sensors on the backside of each module marked by a
thin box for one sensor in the middle and a thick double-lined box for one sensor in the middle and one on the edge of the module,
the irradiance sensors are marked by red circled numbers.

The temperature recorded by the camera depends on the angle at which the camera is oriented
relative to the plane of the facade, since the emissivity of the modules varies with the observation
angle. As the angle between the camera the plane of the module decreases, the higher the modules
are positioned — i being 1 or close to 1 — the temperature recorded slightly decreases. This does not
match the results of another study conducted on the same facade in 2022 implying a change of
emissivity dominating the IR measurements [57]. The effect can be seen in the outer module
columns in Figure 7-5 and the far-right columns in Figure 7-6. The temperature measured by the
IR camera decreases with increasing height of the module position as the angle at which the camera
records is reduced. In reality, the air in the ventilation gap heats up and rises — known as the
chimney affect [57] — meaning the upper modules are actually warmer than those bellow.

For the data in Figure 7-6, the measurement setup was identical the one in Figure 7-5, except for
an offset of the camera position to record the modules at an angle of 45° (see Figure 7-3 b)). In
this case, the effect of the camera angle can also be observed horizontally: Due to time constraints
during the measurement as of 12:16, two parallel columns were recorded simultaneously whenever
possible. As a result, the measuring angle for the left module was slightly less 45°, while the angle
for the right module was slightly greater than 45°. Clear examples of this effect can be seen in
measurements starting at 14:21 (columns K and L) or 14:59 (columns H and I). For modules at the
same height, minor temperature differences of 1 - 2 K are typical, but these can increase to a AT
ofup to 7 K.
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Figure 7-6: Temperature distribution of south-facing facade over the course of the day, visualized from hot (red) to cool (green),
recorded at a 45°-angle at ground level — the position of temperature sensors on the backside of each module marked by a thin box
for one sensor in the middle and a thick double-lined box for one sensor in the middle and one on the edge of the module, the
irradiance sensors are marked by red circled numbers.

The jump in temperature between the left and the right sides of Figure 7-6 is due to a break of just
over an hour in the measurement process, as data collection was interrupted at around 13:00 and
resumed at 14:21. The extreme temperature differences are a result of the changing position of the

sun during this period, which will be discussed in more detail in the following section.

7.1.2.2  Sun Reflection during IR Measurements on the Facade

Contrary to the previously discussed theory, there are some columns in which the temperature of
the modules increases with height, even though the angle of the camera alignment decreases. This
is the case for the modules in the center to right area in Figure 7-5 and the modules in the center
to far-left area in Figure 7-6, and is due to the reflection of the sun on the modules. Even if the
pattern is not directly visible in the IR image, it is clearly recognizable in the data. During the noon
hours between 13:00 - 14:00 (during summertime — so 12:00 - 13:00 without daylight saving time),
the sun reaches its highest position. The sun was at its highest point at 13:13 [109] and in direct
line of reflection for a south-facing facade, as shown in Figure 7-5. The same applies to the
recordings in Figure 7-6 during the afternoon hours. When the sun moves to the southwest and the
camera is oriented toward the northwest and angled upward to record the top modules, the sun
reflects directly into the camera. This occurs when the angle of incidence and angle of reflection
are equal. The following illustration depicts this interaction for both cases, with the angle of
incidence and the angle of reflection both denoted as o.
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camera oriented north looking up camera oriented northwest looking up
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b) 9

Figure 7-7: Illustration of sun reflection on modules depending on time of day and camera orientation,
a) reflection for recordings in Figure 7-5 at around noon with angle of incidence and angle of departure denoted as Js for a south
positioned sun, b) reflection for recordings in Figure 7-6 in the afternoon with angle of incidence and angle of reflection denoted
Osw for a southwest positioned sun.

The obtained temperatures above of 70°C are not the actual temperature of the modules, but rather
a reflection. This is also confirmed when comparing the data to the data of the temperature sensors
on the back side of selected modules. The temperature differences between the mean values
recorded by the IR camera and those measured by the temperature sensors mounted on the backside
of the modules are presented in correlation with the timestamps shown in Figure 7-5 and Figure
7-6. These comparisons differentiate between sensors placed at the center and those positioned at
the edge of each module, allowing for a more detailed analysis of spatial temperature variations.

As discussed in Chapter 6.2 the assumed temperature difference between the front and back of a
module of 1 K has been considered and implemented to visualize the deviation of the results. The
values have been determined as follows:

ATIR,SBTISOT‘ = mean,IR — (Tsensor + 1 K) (7-1)

While ATIr sensor 1S the temperature deviance displayed in the following figures, Tmean,Ir 1S the mean
temperature of all pixels recorded by the IR camera for one module as displayed in Figure 7-5 and
Figure 7-6, and Tsensor 1S the temperature recorded on the back side of the module where the sensors
have an accuracy of 0.5°C.
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Figure 7-8: Temperature difference (AT) of mean temperature measured by IR camera as in Figure 7-5 and measured by
temperature sensor on module backsides of selected modules at the same time, a) with the sensor placed in the center of the module,
and b) with the sensor placed at the edge of the module.

The data in this figure supports the hypothesis that solar reflection influences the temperatures
recorded by the IR camera. This corresponds with the temperature pattern in Figure 7-5, where the
highest temperatures at the top center of the south facade coincide with the largest discrepancies
between IR-measured temperatures and those measured by the sensor on the backside. This can
also be observed for measurements with a 45° offset (as in Figure 7-6) as displayed in Appendix
Al.

7.1.3 IR Measurement at String Level

Although temperature distribution across PV modules is primarily influenced by irradiance
conditions, mounting orientation and ambient environment, the investigation of thermal gradients
along a string due to electrical and environmental factors can be insightful. This can be done, for
example, to detect string heating patterns due to inverter-related faults or to isolate localized
defects and assess their impact on neighboring modules within the same string. Due to previously
discussed effects (sun reflection and angle dependency) the temperature dependencies on string
level will be analyzed using the data provided by the temperature sensors placed on the module
backsides of selected modules. The positioning of the modules in the facade and the placement of
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the sensor (either in the center of the backside or close to the edge) is depicted in Figure 5-2 for
the south facade and Figure 5-3 for the north and west facades.

The following data was taken at 13:00 on 01.07.25 with the sun being close to its highest point for
the day and a time specific ambient temperature of 30.6°C. For this timestamp the south facade
was exposed to direct sunlight while the west and north facades were shaded and predominantly
received diffuse light. POA irradiance on the north facade ranged from 133 W/m? at the bottom
half of the building to 197 W/m? for the higher modules, on the west facade from 224 W/m? at the
bottom half up to 231 W/m? at the top. The south facade logged irradiance values in the range of
195 W/m? at the bottom left up to 318 W/m? at the top left, while the sensors located on the right
side of the facade recorded irradiance values between 272 W/m? and 306 W/m?. The exact
positions of the irradiance sensors can also be seen in Figure 5-2 for the south facade and Figure
5-3 for the north and west facades.

In the following visualizations, the data is organized sequentially from the negative to the positive
terminal of each string. Only sensor readings from the center of each module are included, for
strings where all three sensors (beginning, middle and end of each string) were fully operational.
Some of the data could not be used due to sensors either malfunctioning or failing to establish
reliable contact during measurements, often as a result of module de- and reinstallation.
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Figure 7-9: Temperature development of strings equipped with temperature sensors with 0.5°C measuring accuracy from negative
to positive pole a) for the north facade, b) for the west facade, and c) for the south facade.

The data in Figure 7-9 a) and b) shows a temperature degradation from the negative to the positive
pole of each string. Since all strings analyzed in Figure 7-9 a) and b) are oriented vertically — with
the negative pole at the top and the positive pole at the bottom — it appears reasonable to assume a
correlation between a module’s position within a string and its temperature for facades that are not
directly illuminated. However, this does not apply to strings fully exposed to the sunlight at the
south facade. Because some modules are installed around windows or doorways, the strings are
not always arranged vertically as in the other facades but also run horizontally or follow serpentine
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paths. The exact arrangement of the strings can be taken from Figure 5-2 and Figure 5-3
respectively.

Overall, the temperature differences between the modules within a string increase with greater
exposure to light. Also, the lower placed modules along the north facade are cooler than the top
modules. This pattern cannot be clearly observed in the data from the west or south facades, which
is likely due to sunlight reflecting off the facade of the adjacent building affecting the upper
modules.

Generally, the phenomenon of a universal correlation between a module’s position in a string and
its temperature is not widely established in literature — most studies focus on module-level
temperature modeling, thermal effects on efficiency or system wide thermal behavior [71], [75],
[85], [87]. Though, the absence of a clear trend in south-facing strings, where direct irradiation
dominates, strengthens the hypothesis that thermal uniformity is supported primarily under
diffuse-light conditions and the temperature drop might hint at electrical or thermal propagation
effects.

7.1.4 IR Measurement on Disconnected Strings

To complement the preceding analyses at module, string, and system levels, infrared
measurements on disconnected strings provide additional insights into their passive thermal
behavior. If a solar cell operates at either short-circuit or open-circuit conditions, it does not
generate electrical power. Consequently, all the energy absorbed by the solar cell is converted into
heat [79]. Consequently, a module in open-circuit conditions would be hotter than a module under
regular operating conditions. To assess the extent to which IR thermography can detect such
conditions in a PV facade, two strings — A3.4 and B3.4, both located in column D — were switched
to open-circuit. The results of these recordings are presented in the following figures, with the
disconnected strings highlighted using a light gray dashed outline.

52



Figure 7-10: IR recordings of open-circuit strings marked by grey dashed border, a) showing modules D2 to DS from the right, b)
showing modules D6 to D10 from the right, c) showing modules D10 to D13 from the left, and d) showing modules D1 to D7 from
the front.

The infrared images clearly reveal the expected temperature differential caused by the open-circuit
condition of the strings in column D, marked by light grey dashed lines in Figure 7-10. The
visibility of this thermal anomaly varies depending on the angle of incidence of solar radiation,
with the effect becoming more or less pronounced based on the sun’s position. Images a) and b)
show the temperature increase more clearly as these recordings are least affected by the sun rising
in the southeast at the time of the measurement. However, images ¢) and d) also show the
temperature increase from the front and left sides, each captured from different viewing angles.
The ability to observe temperature increases in disconnected modules from multiple positions —
including those affected by sunlight reflection — demonstrates that IR thermography is a reliable
method for identifying disconnected strings.

The exact times and temperatures recorded are presented in Figure 7-11, shown as the mean
temperature across the ROI of each module. The color coding is the consistent with that used in
previous chapters, ranging from green for low temperatures to red for high temperatures in this
context.
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Figure 7-11: Temperature effects of column D being in open-circuit, a) measurement of column C and D at an irradiance of
about 460 W/m? for the top half and 306 W/m? for the bottom half of the modules, and b) measurement of column D and E at an
irradiance of about 486 W/m? for the top half and 324 W/m? for the bottom half of the modules.

Due to the specific constraints, it is not possible to thermographically capture the entire facade in
a single infrared recording, resulting in the following procedure being the same as in Chapter 7.1.2.
Only the results of the recordings with an offset of 45° to the right are visualized in the figure
above, as these values are least affected by the sun’s reflection.

Across all measurements, a consistent mean temperature difference of approx. 1 - 1.5 K was
observed between two horizontally adjacent modules, based on their average module surface
temperatures — the hotter module always being in open-circuit condition. Consequently, it can be
expected that by converting the incident radiation into electrical energy and dissipating it through
the flow of current a cooling effect of the same magnitude is achieved. The effect of smaller angles
resulting from a higher module position can be seen, the reduced temperature with higher position
is clearly visible as well.

7.1.5 Integration of a Damaged Modules

The effect of a broken module could not be measured on the Living Lab building site, as all of the
modules on the analyzed facade are intact. However, a recently damaged module was demounted
and stored for further research. This module with the last digits of its serial number being 0688
will be called such in the following chapters. It was compared to an intact module — its serial
number ending with the digits 0069.

While module 0069 is an unused module that was stored under darkened and dry conditions,
module 0688 is a functioning but damaged module with the front glass completely shattered and
only held together by the characteristics of the safety glass (see Appendix Al). It was stored in
darkened dry conditions after being replaced in the facade.
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Measurements in the flasher were initiated with module 0069 that was exposed to approx. 25
flashes before usable data could be retrieved. Following the IR and flashing measurements,
electroluminescence (EL) recordings were taken of each of the modules, these will be compared
first.

7.1.5.1 Thermography and Electroluminescence of a damaged Module

Since no visible physical damage was observed on the modules currently installed in the
investigated facade, a previously removed damaged module was examined separately. Its
thermographic behavior was then compared to that of an intact module to gain deeper insight into
the thermal characteristics associated with module damage. These IR measurements were taken in
the measurement setup of the ZPV roof. To enable conditions similar to those for facade
integration, at least in terms of module inclination, the modules were installed at a 90°-angle as
described in Chapter 5.2. Yet the ventilation conditions are not comparable to facade integration.
These IR imaging results together with RGB images and the EL measurements of both modules
are compared to each other in Table 2.

The damage of the front glass is not always visible at first glance and often only becomes visible
at close proximity as seen in Appendix Al. However, identifying damage to the front glass at an
early stage is crucial. If the cells still work initially, apart from the safety measures not being met,
water damage and further microcracks due to less stability are likely to severely affect the modules
long-term. Consequently, identifying damaged modules through IR would be an efficient method
to determine defect modules in a big system without having to inspect each module individually
from up close. When analyzing the following IR images, it is important to note that they do not
share the same temperature scale, instead each scale has been adjusted to best visualize the
temperature behavior observed in each measurement.

The IR images in Table 2 demonstrate that the dominant features discussed in Chapter 7.1.1 are
also evident in a damaged module. Without the insulation on the back of the modules, additional
features — such as backrails and temperature sensors — become identifiable. Furthermore, elements
like adhesive labels on the rear side appear more pronounced. However, the overall image appears
blurrier and patchier due to the reflectance of the shattered glass. Additionally, an uneven hot area
can be observed on the lower left side of the module, extending up to the top left corner. This
indicates a localized temperature rise and likely damage that prevents the cells in this region from
functioning properly. Along the right side of module 0688 a yellow shaded patchy area becomes
visible in the IR measurement as marked in the image. When comparing this area to module 0069,
a similarly shaded but less patchy region can be identified, suggesting the influence of external
factors. However, the extent of the “hotter” area is much more pronounced in module 0688.

Additionally, the top edge of the damaged module appears to be hotter compared to the intact
module. This is likely due to the cracked front glass breaking away along the edges (see Appendix
A1), which results in intensified diffuse reflection of the sunlight. IR images including the
Temperature scale can be taken from Appendix Al as well.
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Table 2: IR and EL imaging of a damaged module 0688 in comparison to an intact module 0069.

Damaged module (0688) Intact module (0069)

--

Figure 7-12: Image of a) a damaged module 0688, and b) an intact module 0069 in an indoor environment with incident
irradiation coming from the right.

a) b

Figure 7-14: a) EL recording of a functioning module but with damaged front glass (module 0688), b) EL recording of an intact
module (module 0069).

Electroluminescence (EL) makes radiative recombination visible, which is when an electron
recombines with a hole in the semiconductor emitting a photon to release energy. The
measurements of an active module area of 135 cells per module, with a cell area of 4 x 1,570 mm,
were taken by inducing a 300 mA current which resulted in a 78.5 V operating point for the
undamaged module and a 76.9 V operating point for the damaged module. Figure 7-14 b) shows
the EL image of a perfectly intact module that has a darker bar on the top (positive connection) as
well as on the bottom (negative connection). These edge regions can also contribute to higher
effective series resistance (Rs), especially if carrier collection near the contacts is hindered due to
recombination losses. Consequently, higher surface recombination at the edges of a module, due
to edge related trap formation and caused by Shockley-Read-Hall (SRH) recombination, becomes
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visible in the EL images, but is a regular event [110]. Traps — typically crystal defects or impurities,
grain boundaries, or surface damage or roughness — cause the energy to not be released in form of
a photon but in turn lift another electron to a higher energy level. When an electron falls into a
trap, a free hole later fills the same trap, the electron and the hole then recombine without emitting
energy in form of light, but in form of heat through lattice vibrations. The impact lowering the
overall voltage output and the fill factor (FF). However, this heat cannot be detected in the IR
images, as it is likely to be drowned out but other more dominating factors, the heat increase is not
enough to be measurable and the edges are more likely cooled by the air flow.

In Figure 7-14 b) dark spots indicating shunts in the right center area of the module can also be
seen showing that even though a module is new and unused, it does not come from the
manufacturer in an absolute perfect condition. A shunt is an unintended low-resistance path
bypassing the p-n junction and thereby reducing the V., especially at low irradiance levels (see
Figure 7-18, where a saturation of the V. is observed with increasing irradiation), as well as the
fill factor. Thus, these two events are most likely the main reasons why the maximum power
calculated in Table 3 is only around 115 W, even though the data sheet specifies a nominal power
of at least 130 W.

Compared to the intact module, the damaged module exhibits significantly more shunts, most of
which are concentrated in the right central area. The most prominent feature is the entire lower
third of the module, which appears as a dark region. This suggests that the entire lower third section
of the module consists of nonfunctioning cells, which would typically result in the Vo dropping
proportionally by one third, since the cells in a CIGS module are interconnected in series. This
expected reduction does not occur in Table 3, where, surprisingly, the V. of the damaged module
barely exceeds that of the intact module. This counterintuitive phenomenon may indicate
measurement abnormalities, altered recombination dynamics, or enhanced carrier extraction from
the remaining functional cells due to uneven internal electric field distributions. This situation will
be discussed more thoroughly in the following chapter when analyzing the electric parameters of
the modules with flasher measurements. Furthermore, the staining observed in the remaining area
of module 0688, with some spots appearing extremely light, is likely due to the breakage of the
glass. In these regions, photons may be absorbed less by the fractured glass.

A study conducting postmortem analysis on a CIGS PV module after potential-induced
degradation, observed that the edges of the module were significantly more affected, as revealed
by EL measurements. The root cause of degradation in this case is assumed to be ion migration-
induced bulk defects and CIGS/ CdS (cadmium sulfide) interface defects. However, this
conclusion is based on current-voltage modelling, which predicts significant voltage and current
losses that are not expected to occur in the present scenario. Therefore, while this reasoning is not
directly appliable here, it remains a noteworthy consideration. [111]

The events seen in the IR images correlate with those in the EL images. The hot area in the lower
left corner of the IR measurement for module 0688 does not, by itself, fully explain why the lower
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third appears darker in the EL measurement. However, if both images are overlaid, the hotspot
aligns with a dark region that extends higher than the lower third area marked in blue in Figure
7-13 a) and Figure 7-14 a). Additionally, the hot area along the right edge of the module
corresponds to a cluster of shunts visible in the EL image of module 0688. These are marked in
green in Figure 7-13 a) and b), as well as in Figure 7-14 a). This special correlation between
thermal anomalies and electroluminescence features suggests localized electrical defects, although
further analysis is required to determine the exact nature and impact of these regions.

After analyzing the data in Table 2, it becomes evident that while EL and IR imaging highlight
fundamentally different mechanisms — carrier recombination in the case of EL, and thermal
dissipation in IRT — there are few direct correlations between the two image types. Nevertheless,
one observation is the presence of blotchy areas where cracked glass leads to uncontrolled light
reflection.

7.1.5.2 IV-Characteristics of a Damaged Module

To complement the insights gained from IR and EL analyses, this chapter presents quantitative
data obtained through IV characterization of both modules. The measurement setup is discussed
in further depth in Chapter 5.4. The following measurements provide a deeper understanding of
the damaged module’s electrical response under varying light conditions and help contextualize
the findings discussed preciously.

Each module was tested using a flasher under standard irradiance conditions of 1,000 W/m? to
obtain baseline IV curves. To further investigate module behavior in low-light conditions with
reduced irradiance, additional measurements were conducted at 700 W/m?, 400 W/m?, and
200 W/m?. For each irradiance level, both forward and reverse sweep methods were applied. The
forward sweep involved gradually increasing the voltage from 0 V to Vo 0of 91 V being the target
voltage, while the reverse sweep measured the module’s response under decreasing voltage.

The preconditioning of CIGS modules though light exposure plays a central role in determining
cell and module performance [112]. Prior to acquiring the data discussed below, module 0069 was
exposed to approx. 25 flashes. As the flasher was initially not calibrated for CIGS modules,
primary measurements resulted in current limitation (reverse) and saturation errors (forward) until
the flasher was then calibrated properly. The additional light exposure should be taken into account
during evaluation. However, its primary influence lies in altering the light-induced metastability
of the CIGS absorber layer [112]. While this effect is documented, it could not be sufficiently
verified with the available data in this study. The effects on metastability are discussed further in
Chapter 7.2.1.

Figure 7-15 shows the IV curves of both a damaged and an intact module at multiple irradiance
levels. When comparing the following IV curves of both modules at multiple irradiance levels, a
proportional drop Isc can be observed in both the damaged and intact modules. This behavior is
consistent with the expected linear relationship between irradiance and photocurrent generation,
and indicates that both modules are functioning as expected.
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Figure 7-15: a) IV curves of forward measuring method of module 0688 (damaged module) at varying irradiances, b) IV curves of
Jforward measuring method of module 0069 (intact module) at varying irradiances.

At second glance the comparison in Figure 7-15 shows that the curves of the damaged module are
clearly flattened, which suggests the presence of shunt and series resistive effects. This thesis is
initially supported by numerical evidence, as shown in Table 3, through a comparison of the FF
and additional electrical parameters of both modules. Additionally, a slightly higher Vo at an
irradiance of 1,000 W/m? is noticeable. However, this observation must be interpreted with
caution, as the two modules originate from different manufacturing batches — while the damaged
module 0688 has a listed Vo of 89.9°V the intact module 0069 only has a listed Vo of 89.3 V.
Modul specific data can be found in Appendix A2 for both module batches.

Table 3: Comparison of electrical performance data of measured modules 0069 and 0688 at 1,000 W/m>.

Damaged module (0688) Intact module (0069)

Prax 99.56 [W] Prax 114.99 (W]
Voe 87.92 [V] Voc 87.87 [V]
Isc 2.16 [A] Isc 2.14 [A]
Vinpp 60.68 [V] Vinpp 62.09 [V]
Linpp 1.64 [A] Linpp 1.85 [A]
FF 0.53 [-] FF 0.61 [-]

A reduction in FF of approx. 16.4% at 1,000 W/m?, attributed to damage to the front glass, appears
plausible and is visually represented by the dashed lines in Figure 7-16. This figure displays the
IV curves of both modules at 1,000 W/m? alongside their respective curves at 200 W/m?
highlighting the performance disparity under varying irradiance conditions. A similar reduction in
FF is also evident under low-light conditions, further supporting the impact of front glass damage
on module performance. The blue curves represent the more realistic average operating point of
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modules when integrated into a facade. Additionally, the curves would likely have a slightly higher
Isc and a lower V. at higher operating temperatures [113].
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Figure 7-16: IV curves of both modules at irradiances of 1,000 W/m? and 200 W/m?.

The lower FF in the damaged module, as illustrated by the areas marked with dashed lines in Figure
7-16 and detailed in Table 3, suggests the presence of internal losses. To better assess the impact
of the damaged front glass, both the FF and the V.. were plotted over irradiance, as shown Figure
7-17 and Figure 7-18.

Figure 7-17 demonstrates that the FF decreases with lower irradiance in the damaged module,
whereas this trend is not observed in the intact module. This likely indicates an increase in series
resistance Rs at lower irradiance levels, possibly caused by microcracks or contact degradation.
Since series resistance is influenced by carrier effects such damage becomes more pronounced
under reduced irradiance. The damaged front glass might also lead to uneven light distribution,
which might cause local hotspots and further FF deterioration.

At high irradiance levels, the difference in FF between the damaged and intact module (approx.
0.8 at 1,000 W/m?) highlights the extent of the series resistance (Rs) in the damaged module. The
increased difference in FF between the two modules at lower irradiances (approx. 0.16 at
200 W/m?) suggests a significant impact of shunt resistance (Rsn), as Rsn becomes more
pronounced at lower irradiance levels. The elevated Rs may also explain the darker cells observed
in the EL image of the damaged module. In contrast, the nearly unchanged V. suggests that the
Ve 1s predominantly influenced by the Rgh, which appears to be less affected in this case [114].
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Figure 7-17: Development of fill factors across irradiance for module 0069 and module 0688.

The increased influence of Rsy at low irradiance levels is also evident in Figure 7-18, where the
Vo 1s plotted against irradiance. For the damaged module, V. drops more significantly at lower
irradiances, indicating that the effect of Rsy becomes more pronounced compared to higher
irradiances [114]. The difference is small but clearly visible at 200 W/m?.
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Figure 7-18: Development of Voc across irradiance of module 0069 and module 0688.

These results suggest that the cells appearing darker in the EL image of the damaged module likely
have intact interconnections but are limited in current output, provided there are no significant
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shunts presents. These features are visible in the EL image in Figure 7-14 a), however, this
interpretation is only partially supported, as the Is is not reduced in the damaged module.

Both series and shunt resistance serve as key indicators for identifying factors that influence the
electrical behavior of PV modules. Their impact can be estimated from the previous diagrams in
Figure 7-17 and Figure 7-18. Both resistances were quantified by calculating the inverse slope of
the IV curves at irradiance levels of 1,000 W/m? and 200 W/m?, using equations (7-2) [114]. For
this analysis, 40 data points closest to Isc and Vo were used from a total of 1,700 data points. The
resulting resistance values for both modules at the two irradiance levels are summarized in Table
4 below:

Table 4: Rs and Rsn values calculated from IV curve slopes.

Module Irradiati av dv 7-2
oduie Triadiation a)R; = T near Vo, b) Ry, = T near I, (7-2)

0069 1000 W/m? 8.80Q 2500.0 Q

0688 1000 W/m?* 8.5Q 555.6 Q

0069 200 W/m? 2540 33333 Q

0688 200 W/m? 355Q 7143 Q

The decline of the Rs from the intact module compared to the damaged module is minimal, but
surprising, suggesting the series path is still physically connected and only the front glass is
physically damaged. This changes at low irradiance levels, where the R of the damaged module
increases by about 40% compared to the intact module during low-light measurements. The
decrease in Rsn between both modules to nearly one-fifth at both irradiance levels is severe and is
likely caused by local shunting due to cracks or water ingress prior to demounting the module from
the facade after it was damaged. That can also be observed in the EL measurement in Figure 7-14
a). The low Rgn can also result in hotspot formation where leakage paths are enhanced and the
current bypasses the cell structure [115].

These measurements demonstrate that, under the appropriate conditions previously discussed —
such as clear skies, low wind velocity, or optimal measuring angles — damaged yet still functioning
CIGS modules can be distinguished from intact modules using IR thermography. Although the IR
measurements were not conducted in a facade-integrated setup, the technique proved effective in
identifying physical damage — particularly shattered front glass — that may not be visually apparent
from mid-range viewing distances. Since such damage impacts parasitic resistances and leads to
measurable performance losses, electronic characterization provides additional support for damage
detection. However, the extent of degradation can vary, making a combined approach with
thermographic imaging together with electrical parameter analysis, a suitable method. Although
damaged modules may retain partial functionality, they pose safety risks and must be detected and
removed to meet applicable safety requirements.
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7.1.6  Localized IR Anomalies across the Facade

When measuring the facade of the Living Lab a few abnormalities could be made out, which will
be discussed. Throughout this Chapter modules are referred to using the letter-number
nomenclature established in Chapter 5.1.1. All occurrences discussed have been recorded at
different angles and/ or slightly varying weather conditions to avoid misleading reflections being
interpreted as hotspots. Some misleading effects can be seen repeatedly and are discussed in more
depth in Chapter 7.3, including the temperature sensor positions or lens damage.

7.1.6.1 North Facade Module B12

Starting with the north facade the hotspot circled in Figure 7-19 can be determined from multiple
angles on module B12. While the north facade was shaded, the overall temperature of the modules
is relatively low compared to a module exposed to direct sunlight. A hotspot, marked by a green
circle in each image, appears in the center of the module. It closely resembles the contact points
of the temperature sensors but exhibits a higher temperature difference. Both of the following
images were recorded on the same day (20.06.25) in the afternoon, but from different viewing

angles.

Figure 7-19: North facade with hotspot in module B12 circled green, measured on 20.06.25 a) at 16:41 and b) 16:21.

Due to its similarity to the sensor contacts, this feature suggests a related contact point. However,
it is unlikely to be a cable, as cables — while also identifiable — typically appear darker and cooler
in the image, rather than being visible as hotspots. If the source is not internal to the module, it is
possible that a component responsible for holding the insulation in place has loosened and is now
leaning against the module’s backside. However, a definitive cause can only be determined by
dismantling the module.

7.1.6.2 West Facade C10

The occurrence shown in Figure 7-20 was recorded on 20.05.25, 02.06.25, and 20.06.25, two of
these recordings displayed below. Although the hotspot is small, it exhibits a temperature increase
of 3 - 5 K in module C10.
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Figure 7-20: West facade module C10 with hotspot on top right corner measured a) on 20.05.25 at 14:01, and b) on 02.06.25 at
12:27.

The exact cause of this hotspot remains unclear. According to the manufacturer, it could be due to
excess adhesive from the backrail accumulating at the rail’s edge as a result of a manufacturing
defect. However, this seems unlikely as the connectors were attached to the back of the modules
upon delivery, the adhesive was not removed, and it can still be found on the module’s backside.
Nonetheless, these adhesive residues cannot be seen in the IR images.

7.1.6.3 West Facade D1

Module D1 in the west facade has a crescent shaped cooler area close to the corner of the facade.
This event was observed on at least three separate occasions — 20.05.25, 02.06.25, and 20.06.25 —
and is most clearly visible on the last day, with correct calibration as seen in the following images.
In Figure 7-21 b), the scale was manually adjusted to mask temperatures below 38°C, resulting in
those areas appearing blacked out.

s B o |

Figure 7-21: West facade crescent shaped cool area on module D1 measured on 20.06.25 a) at 15:50, and b) at 15:29.

The most likely explanation for this occurrence, again, is that the insulation was not properly
fastened and has fallen. The setup of the facade is discussed in Chapters 5.1.1 and 5.1.3. The
location at the corner of the facade makes this assumption plausible. Since the observed
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temperature difference is not greater than those caused by the backrails, for example, no harmful
consequences are expected.

7.1.6.4 South Facade A7, A8, A9

As the south facade has the most modules installed, a large range of reoccurring incidents was
recorded over the course of the measurement period. Nevertheless, the following occurrence is the
most noticeable, as it spreads over the larger module areas. Modules A7 and A9 both exhibit hot
areas on the left side of the module, located between the backrails. In contrast, module A8 displays
a cold, patchy area in the center of the module. It is important to note that module A7 has
temperature sensors in the center and at the edge of the module, each marked by a green arrow.
Module A8 also has a sensor mounted in the center of the module. All three of them are visible
through small hotspots. It is noteworthy that, while the temperature sensors in the facade
measurements presented in this chapter appear visibly hotter, the temperature sensors mounted on
the test facades in the outdoor performance laboratory — discussed in Chapter 7.1.5 to compare a
damaged and an intact module — appear as cooler spots. The reason for this difference is unclear,
but it may be attributable to the fact that the sensors applied to the modules in the outdoor
performance laboratory were connected only shortly before the IR measurements, whereas the

sensors on the facade are long-term installations.

Figure 7-22: South facade with a hot and cold spot pattern along modules A7, A8 and A9, a) on 20.05.25 at 13:30, and b) 20.06.25
at 14:02.

This thermal pattern was observed consistently across multiple days and from various
measurement distances and angles but is most clearly visible in Figure 7-22. This consistency
confirms a long-term anomaly. The module group is not part of one singular string, but the string
connection runs through the center of the pattern. While Module A7 belongs to string A3.1,
modules A8 and A9 are part of string B3 1. In this context, insulation appears to play a significant
role and cannot be excluded as a contributing factor. Particularly given that the air gap behind
columns A and B is only 5 cm wide, instead of 15 cm as in the rest of the facade [57]. However,
these findings did not appear to affect the performance of the strings.
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Given the limited means to confirm or refute these interpretations, the hypothesis discussed above
remains unsubstantiated. Further investigation may be warranted if the potential for severe damage
is anticipated. If the identified temperature difference is clearly lower than the temperature
differences caused by the backrail contacts, acute damage is not to be expected.

The preceding chapter examined the most significant anomalies identified during the
measurements. While additional irregularities, such as hotspots, were observed throughout the IRT
process, they were not discussed in detail, as the remaining cases exhibited recurring
characteristics.

7.2 The Significance of IR Measurement Results to BIPV Facades

The results discussed highlight that when conducting IR measurements on PV facades or any
vertically oriented modules, multiple factors must be considered to eliminate potential reflections
originating from the surroundings of the camera itself. These include varying the camera angle,
considering the time of day, and the position of the sun, as well as the weather conditions. To
ensure the most accurate interpretation of IR measurements, additional factors such as dirt,
staining, and the mounting structure on the rear side of the modules should also be taken into
account.

As a general rule, orienting the camera east during morning hours or west during afternoon and
east hours should be avoided when conducting IR measurements in Central European regions. For
vertically oriented modules, this also applies to northeastern and southeastern orientations in the
morning, as well as northwestern and southwestern orientations in the evening, due to the increased
risk of reflective interference. Furthermore, a north-facing or south-facing orientation of the
camera should be avoided during the noon hours. These guidelines are especially important when
the measurement site requires recordings to be taken from below at a shallow angle &; as illustrated
in Figure 7-4, since such configurations are particularly susceptible to reflective effects.

7.2.1 On Module Level

Localized temperature differences of up to approx. 10 K within a PV module, as measured in this
study, can lead to localized power losses. These losses reduce the overall power output and
contribute to electrical mismatch between individual cells. The backrails, which significantly
influence temperature distribution, run horizontally and parallel to the cell layout. This alignment
intensifies the electrical mismatch between cells by reinforcing localized thermal variations. Given
the temperature coefficient of -0.39%/K for the CIGS modules used in this study, a temperature
increase of 10 K would result in an efficiency loss of approx. 3.9% for the hottest cells compared
to the coolest cells within the same module [89], [90]. Since all cells in a CIGS module are
connected in series this is particularly important: localizes efficiency losses due to temperature
differences impair the performance of the entire module, not just the affected cells.
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Temperature variations within the operational range of PV modules can influence the thermally
induced metastability of the CIGS material (as opposed to light exposure-induced) and subtly
degrade overall module performance. It has been observed that under short-circuit light soaking,
both Vi and FF decline more rapidly at elevated module temperatures. This temperature-assisted
light-induced degradation (LID) is associated with enhanced trap-assisted recombination and a
reduction in the ideality factor under bias [112]. Additionally, a more rapid rate of defect detection
was observed when CIGS samples were subjected to light soaking during periods of rising
temperature [113]. However, thermal annealing intensifies at elevated temperatures, leading to a
continuous reduction in deep trap energy [113], [116]. The metastability of the PV cell material
serves as a useful tool to manipulate electronic defect density, thereby enabling the assessment of
its impact on the device performance. This also facilitates the stabilization of device parameters,
including chemical composition [113], [116], [117].

Morphological changes such as grain growth, pore closure or vacancy diffusion are typically
expected at temperatures well over operating temperatures. Such temperatures are not reached in
this specific setup and remain negligible below 200°C — above which structural changes affecting
optical properties like absorbance and transmittance have been observed [118]. Elevated heat-
treatment temperatures typically begin around 300°C with post-deposition annealing processes
often utilizing temperature ranges between 400°C and 600°C. [119], [120], [121]

Furthermore, due to the uneven heat load caused by the back rails, the morphological state of the
CIGS material may remain unchanged, however, the degradation process is likely to be accelerated
compared to conventionally roof-mounted modules [122]. In long-term research, it would be
valuable to investigate whether the heating and cooling effects caused by the backrails lead to
varying degradation rates across the cells, potentially preventing most cells from maintaining their
original performance levels. The thermal influence of the backrails — through both cooling at
contact points and heating due to stagnant air and lack of convection within their slots — is a
dominant factor, which is consistently visible in all IRT images, even under suboptimal conditions.
Module manufacturers have explored ways to mitigate the heating effect by promoting airflow to
enhance convection. However, this approach did not yield noticeable improvements [108]. A
potential future research approach could involve increasing the enclosed space closed within the
backrails to promote improved convection conditions, mitigating localized heating effects.

7.2.2  On System level

At the system level, infrared measurements offer valuable insights into the thermal dynamics of
BIPV facades, particularly with regard to long-term performance and degradation risks. It is
important to note that the elevated temperatures act as a key driver of accelerated degradation,
significantly influencing the rate and severity of material and performance deterioration. Although
south-facing modules generally receive the highest irradiation during summer months, the vertical
orientation of facade-integrated systems shifts peak irradiation to the winter months. This results
in higher energy yields, but not necessarily higher temperatures as the ambient temperature is much
lower during these months. [92], [123], [124]
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Although the vertical alignment of facade systems reduces direct solar irradiance during peak sun
hours by roughly 30 - 40% compared to optimally tilted modules [125], field measurements from
the University of Applied Sciences of Southern Switzerland (SUPSI) reveal that, particularly on
clear winter days, the average temperature of ventilated facade modules can be more than 20 K
higher than that of a roof added module [92]. High temperatures together with high humidity,
which is secondary in this specific case, are the main degradation accelerators [126], [127]. While
a larger ventilation gap might not may not significantly affect the module’s short-term performance
[57], long-term degradation is likely to be accelerated by smaller air gaps due to increased stress
and reduced cooling efficiency [128]. Faster degradation of facade modules, depending on their
orientation, can enhance electrical mismatch across the system. However, in this specific case,
these are trivial, as each facade orientation is assigned to at least one dedicated inverter.

IRT allows many modules to be thermally assessed at once, which is particularly convenient for
large systems. To enhance convection, ventilation strategies can be developed based on
thermographic images, or facade geometries can be adjusted accordingly. Conduction heat
dissipation, on the other hand, is often neglected in thermal models (see Chapter 4.1.2), as its
contribution is generally considered negligible. However, it appears to be high enough to dominate
thermographic images. The images show that the mounting design choice clearly has an impact on
thermal patterns of a PV module. Consequently, thermography enables manufacturers to research
and optimize extreme temperature differences within a PV module or system.

7.3 Measurement Uncertainties Resulting from Measurements

Especially in outdoor thermography, the list of sources for potential error is extensive due to the
numerous external factors that cannot be controlled. Nevertheless, these sources can and should
be minimized to prevent misleading results. In the following chapter, the main sources of
uncertainty are discussed in order to form future guidelines for reliable and reproducible IR
measurements.

7.3.1 Evaluation of Temperature Data at Pixel Scale

For a representative evaluation of pixel data, the data for module P13 is listed below. The data in
Figure 7-5 and Figure 7-6 represents the arithmetic mean of pixel temperatures in an IR image for
the region of interest (ROI) defined as the area of a single module. Due to factors such as sensor
noise, angle of view, and emissivity variations, each pixel is associated with a certain measurement
uncertainty. Thus, the ROIs examined had standard deviations (std. dev.) of up to 3.9 K. The std.
dev. helps quantify thermal uniformity of each module and in a more general context a std. dev.
this high might indicate defects or hotspots worth investigating. As discussed in previous chapters,
the large standard deviation and the high variability or noise in the data visualized in Figure 7-23
are primarily caused by the dominant effect of the backrails on the modules.
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Figure 7-23 a) illustrates the temperature distribution across individual pixels within a defined ROI
of one module (module P13). Pixel counts were gathered within 0.5 K intervals over a temperature
range from 50°C to 64°C. The resulting histogram reveals a broad spread of values, with a
pronounced peak occurring between 58°C and 59°C. This peak aligns closely with the calculated
mean temperature of 58.41°C, depicted in Figure 7-23 b). Figure 7-23 b) presents a box plot that
illustrates the temperature distribution of all pixels within the same ROI. While a substantial
portion of the pixel values clusters around the median (which is close to the mean value), the plot
reveals considerable spread, particularly toward lower temperatures. Notably, the difference
between the mean temperature and the minimum recorded pixel value within the ROI approaches
20°K, indicating significant thermal variation across the module surface.
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Figure 7-23: Temperature distribution across the radiometric thermal image of module P13 on the south facade on 01.07.25 at
13:30, a) pixels of the IR recording sorted by 0.5 K temperature ranges, b) box plot of the temperature distribution.

Using the median value allows us to detect systematic patterns rather than being misled by isolated
abnormalities. Depending on the purpose of the IR recording, defining the arithmetic mean of each
module considers isolated anomalies like cell mismatch, bypass diode issues, dirt, reflection effects
or other incidents causing hotspots while the median helps analyze patterns on a system level. As
seen in Figure 7-23 b) the median (58.39°C) and mean value (58.41°C) only vary by 0.02 K. This
is well in the range of error for outdoor IR which is why the mean value could be used
interchangeably in the evaluation chapter.

A peak each at around 55°C and 62°C in Figure 7-23 a) shows just how much the heating and
cooling of the backrails affects the temperature distribution of the module. The temperatures of
each pixel recorded ranging across an area of almost 14 K visible in both diagrams show that
average temperatures must be used carefully.
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7.3.2 Camera

To ensure reliable measurement results, devices should be cleaned regularly — particularly during
outdoor setups, where dust and debris can accumulate on camera lenses and affect data quality.
The camera itself with 640 x 512 pixels has a very high resolution, which is important to identify
smaller temperature differences in the CIGS technology with a sensitivity of +2°C or £2% of the
measured value. Unfortunately, dirt or damage was registered on the camera lens that could not be
removed over the course of the measurement period. There are two areas in each picture which are

sometimes more or less visible, depending on the angle of the light. The following pictures show
these effects.

Figure 7-24: Effects of lens damage throughout the measurements recorded on different days circled green, a) on 20.05.25, and
b) on 02.06.25.

The lens was cleaned thoroughly in the hopes of being able to remove the dirt, which is not
uncommon after doing outdoor measurements, but the negative effects remained. A consequent
issue could be that because the camera registers this area as extremely hot/ cold, these pixels are
crucial for the program when defining the temperature scale. This issue can be lifted by manually
adjusting the temperature range and canceling out the edge ranges, where only a few pixels
artificially distort the temperature scale.

7.3.3 Reflection

Reflections from nearby surfaces — such as glass facades, metal structures, or water bodies — can
distort thermal readings by introducing extraneous radiation signals. These reflected components
may be misinterpreted as actual surface emissions if not properly accounted for. The reflection of
the surrounding buildings plays a critical role, especially for the north facade, and is not easy to
interpret in the IR images.

The effect becomes more apparent when examining the power output of the north facade over the
course of a representative sunny day, as shown in Figure 7-25. Between approx. 8:20 and 19:00
the facade received no direct sunlight. Nevertheless, as the sun’s height and the overall irradiation
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intensity gradually increased and decreased over the course of the day, a corresponding subtle rise
and fall in power generation was observed throughout the day. This power production is due to
solar irradiation being reflected onto the north facade from surrounding surfaces.
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Figure 7-25: Power generated by the north facade on 09.08.25 — an exemplary sunny day. [124]

Figure 7-25 shows the effect of the partially glass partially white painted facade of the building
across from the north facade reflecting the high standing sun when located in the south, allowing
the north facade to produce electricity, even when the facade is totally shaded, also if only in small
areas. The only periods during which direct solar irradiance reaches the north facade — and thus
influences power production — are around 7:00 £1h and 19:30 +0,5h (7:30 PM as shown in the
image). These increases in production are especially pronounced around the 21% of June of each
year which is the “longest day of the year” in the region of Berlin.

The reflection of the camera lens became visible in the image when the camera angle was too close
to the direction of incoming sunlight, often appearing as rings in the image. This would be the case
if measuring the west facade in the morning or early noon hours as seen in Figure 7-26 a) or when
measuring the north facade in the early afternoon hours as seen in Figure 7-26 b).
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Figure 7-26: Bad positioning of the camera in reference to the sun’s position causing reflection of the lens a) on the west facade
during morning hours with AGC algorithm: PE on 02.06.25, b) on the north facade during early afternoon hours with AGC
algorithm: APE on 20.06.25.

71



Nevertheless, achieving results without lens reflection depends on the operator’s ability to assess
and adapt the positioning conditions during measurement.

Clouds, rather than their reflections, can also obstruct infrared imaging, as they are registered as
significantly hotter due to their behavior as near-ideal blackbodies with an emissivity of close to
1, while the emissivity of a clear sky depends on the dew point temperature and usually ranges
between 0.7 - 0.8 in the region of Berlin [129]. Consequently, if any clouds are directly in the
picture, they obstruct the temperature scale of the measurement. As reflections, these artifacts are
only detectable to a schooled eye, which is why it is recommended to conduct measurements with
a clear and homogeneous zenith reflection.

If measured exactly perpendicular to the modules, surface it is likely that the camera itself might
be reflected as a “hot” dot in the image. Objects around the camera, such as people standing nearby,
can also be reflected in the module surface and appear as hot areas. Surrounding bodies of water
are likely to be a source of uncontrolled reflection, which can make IR measurements impossible.
The canal running on the other side of the road is far away enough and not a factor, yet the cars
and their reflections could lead to misleading interpretation and should be considered. By taking
multiple measurements just minutes apart, disturbing reflections can be considered.

7.3.4 Emissivity

Since emissivity depends on multiple factors — such as material, angle, and distance — it would
need to be determined separately for each measurement to achieve more accurate temperature
values. For the measurements in this study an emissivity of 0.9 was used as an approximate value,
which is typical for PV glass. Emissivity is also temperature dependent, meaning that its exact
value would vary across the module surface if measured precisely. However, in practice, it is
typically applied as a uniform value for the entire measurement frame. [38]

7.3.5 Sensitivity of Sensors

The sensitivity of sensors installed on the building is specified by the manufacturer, but this
specification is only guaranteed under ideal conditions. As mentioned in Chapter 7.1.3, not all
temperature sensors are fully operational, often due to insufficient contact with the back side of
the module. It is not unreasonable to expect that some sensors providing data may not be ideally
contacted, resulting in deviating measurements. The sensors used are programmable resolution 1-
wire digital thermometers. With ideal contact, these temperature sensors can accurately measure
temperatures from -55°C to +125°C (-67°F to +257°F), with a 0.5°C accuracy from -10°C to
+85°C.

The irradiance sensors used to measure irradiance in module plane operate within a wavelength
range of 400 — 1,100 nm. This covers the effective spectral range of the PV modules, but not the
entire solar irradiance wavelength range. Consequently, when analysing the impact of the unused
proportions of solar irradiance, the data used is incomplete. The sensors measure irradiance in the
module plane across a range of 0 - 2,000 W/m? with a sensitivity of 50 uV/W/m?, enabling precise
detection of irradiance within the defined spectral range.
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8 Summary and Conclusion

This thesis investigated the application of infrared thermography (IRT) to assess large PV facade
areas with focus on CIGS technology in BIPV. While thermography is established for large, rack
mounted PV arrays, applying it to vertical installations introduces distinct challenges related to
geometry, structural integration and environmental influences.

When conducting an IRT analysis on PV facades two primary factors must be considered: the
positioning of the camera as well as the position of the sun. The orientation of the facade, daytime
variations in ambient temperature and angle of solar incidence all effect module heating and
cooling dynamics. Ensuring the near perpendicular viewing angle of the camera to the plane of the
module minimizes emissivity errors and reflections of the measurement setup as established in
relevant standards [26], [48]. If building height, access limitations, or surrounding obstacles
restrict freedom to choose the measurement angle, an angle of at least 30° is recommended as the
emissivity remains relatively stable within this range.

IR measurements taken within this case study indicate that using a narrow observation angle to the
module plane will result in underestimation of absolute surface temperatures. More critically,
measurements taken with solar reflection on the module surface have shown temperature
overestimations of well over 20°C. Such distortions are not always immediately apparent and
typically emerge only upon closer analysis of absolute temperature data. To mitigate, upward
measurements taken at relatively shallow angles should be done at low sun positions or oriented
away from the direction of irradiation incidence to avoid direct solar reflection. Environmental
and seasonal variables such as ambient temperature, the degree of cloud coverage in the sky and
wind conditions should be close to stable to ensure steady temperature conditions measured.

Throughout IR measurements structural and mounting elements consistently appear as pronounced
thermal signatures, often masking more subtle anomalies related to cell degradation or electrical
faults. Temperature differences measured were more than 10 K within a modules ROI likely
causing cell mismatches and diminishing the modules’ performance. Thermal images have shown
intensive conductive heat dissipation in areas of direct contact between the mounting rails and the
module’s backsides, altering heat transfer patterns. This calls into question the widespread practice
of neglecting this type of heat dissipation in PV module temperature modelling (see Chapter 4.1.2),
as conduction is high enough to dominate IRT imaging.

In BIPV systems IRT can visualize ventilation behavior where areas with good air circulation
appear cooler due to increased convective heat dissipation. Notably, a temperature decrease along
the edges due to increased convection is also detectable. By identifying and mapping cooler zones,
air flow paths can be verified and areas with insufficient ventilation can be pinpointed.

Thermography is a viable method for BIPV system maintenance, but its effectivity depends on the
PV technology involved: IRT performs best on silicon-based modules with strong thermal
contrasts between ideally functioning and faulty areas. CIGS modules yield low contrast IR images
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making subtle anomalies hard to detect. Consequently, IRT on CIGS based facades require careful
handling as their inherently muted thermal contrast limits standalone IR assessments. Nonetheless,
the measurements conducted have demonstrated that physically damaged CIGS modules can be
distinguished from intact modules — even though they continue to operate at the majority of their
nominal capacity. Complementary diagnostics, such as monitoring of electrical parameters
enhance the reliability of fault detection in PV systems. Expert interpretation is recommended to
accurately identify and assess diagnostic findings. When embedded into a comprehensive
maintenance framework, IRT can reveal localized overheating, thermal bridges and ventilation
patterns, all of which are critical factors for sustaining the long-term safety and efficiency of BIPV
installations.

In conclusion, this thesis demonstrates that IR thermography holds significant potential as a non-
destructive diagnostic tool for facade-integrated PV systems if applied in combination with
complementary monitoring methods, such as electrical parameter analysis. While the vertical
orientation and structural complexity of BIPV installations introduce reflection challenges not
typically encountered in conventional systems mounted on tilted racks, these challenges can be
mitigated through careful measurement planning, contextual analysis and complementary
diagnostic methods. By carefully scheduling inspections around sun position, selecting optimal
camera angles and accounting for the thermal influence of mounting structures, practitioners can
extract thermal understandings. The insights gained from this work contribute to a deeper
understanding of thermal behavior in BIPB modules and support the development of more reliable,
efficient and maintainable solar building technologies.

As urban environments continue to evolve and the demand for sustainable energy solutions grows,
the relevance of BIPV systems will only increase. Ensuring their long-term performance and safety
requires robust diagnostic tools capable of operating effectively within architectural constraints.
IR thermography, despite its limitations, offers a promising pathway toward achieving this goal,
especially when integrated into a broader framework of system monitoring and predictive
maintenance. By bridging the gap between thermal imaging and electrical performance, this thesis
lays the groundwork for more informed, data-driven approaches to BIPV system management.
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9 Outlook

Throughout the thesis numerous avenues worth investigating beyond the scope of this work have
evolved. One of them would be to develop a technique to maintain a consistent camera angle
during facade inspections — even if spatial conditions do not allow for a complete examination of
the facade at once. In this context, experimental studies could be conducted to explore how a lifting
platform or drone based arial inspection might be employed, without introducing thermal
interactions between the measurement setup and the modules, which could affect the accuracy of
thermographic assessments. Establishing best practices for angle consistency could help develop
standardized IR inspection protocols for BIPV systems, particularly in urban environments where
access is limited.

Additionally, investigating the camera’s response to varying glass structures could provide
vulnerable insights for more accurate calibration of the camera and its software. The modules
investigated have a matt glass structure that causes diffuse radiation and reflection, resulting in
blurred IR images during thermographic measurements. Particularly in BIPV applications, it is
common for architects to incorporate a variety of glass textures and colors as aesthetic
considerations often take precedence over optimal energy performance. Evaluating and comparing
the behavior of different surface structures, coatings, and tinting techniques in IR thermography
could tailor calibration profiles for different surface types and improve diagnostic accuracy of
thermal data across a diverse range of facade module types.

In this context, examining whether physical damage on PV module surfaces, such as shattered
glass, can be reliably detected from viewing distances beyond 5 m remains a relevant question, as
this aspect was not addressed within the scope of the present study. If damage detection at extended
distances proves feasible, this could lead to more remote facade monitoring reducing the
measurement workload.

Finally, the incorporation of Al-assisted thermographic analysis and automatic defect detection is
growing as confidence in machine learning applications continues to rise [30], [130]. A dedicated
follow-up could focus on curating representative datasets and validating machine learning models
specifically for BIPV contexts, in order to improve the reliability and interpretability of monitoring
technologies. This could predominantly include combining high resolution optical imaging with
electrical parameter monitoring and environmental sensor data. Integrating Al-driven
thermographic analysis could enable real-time fault alerts and even calculate predictions, which
would shift PV maintenance from reactive to proactive, resulting in enhanced system productivity.
[28], [131]

By recognizing both the opportunities and limitations of these emerging approaches, this outlook
establishes a research agenda for advancing IRT in BIPV. Addressing these gaps through targeted
field studies will deepen the understanding of thermal behavior in facade-integrated PV systems
and enhance long-term reliability.
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12 Appendix
A1 Additional Data
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Figure 12-1: Temperature difference (AT) of mean temperature measured by IR camera, as in Figure 7-6, and measured by
temperature sensor on module backsides of selected modules at the same time, a) with the sensor placed in the center of the module,

and b) with the sensor placed at the edge of the module
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Figure 12-2: Close-up of damaged front glass in module 0688

bt

Figure 12-3: Entire IR recordings including temperature scale, a) IR recording of module 0688, b) mirrored IR recoding of module
0069
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A2 Technical Data
Acancis SKALA CIGS Modules

AVANCIS®

SKALA 7003
NOMINAL RATINGS

Nominal power (Ppom)* s 130W
Open-circuit voltage (Voc)* 89.3V

Short-circuit current (Igc)* 2.14A

Voltage at mpp (Viyg0)* 69.4V

Current at mpp (Ippp)* 1.87A
Maximum over-current protection rating 40A
Bypass diode 80A
Maximum system voltage (Veys) 1000 V
Intended loading 50 Ib / 2
Fire Class Rating Class C

* Ratings at Standard Test Conditions: AM 1.5 Spectrum « 1000 W/nv” madisnce - 25°C Ced temperature
* Al ratings -5% / +10% i

WARNING! ELECTRICAL HAZARD! ﬁ [EI
ATTENTION! RISQUE DE CHOC!
Belre starg 12 hande sl cperee and deneial e ;mt read, understand and follow ai

4 in the AVANCIS SKALA
Manual. Follow all applicable local, regional, nationaf

AVANCIS®

7003

NOMINAL RATINGS )

Nominal power (Poom)* 135 W
Open-circuit voltage (Voo)* 899V
Short-circuit current (lgc)* 2.14A
Voltage at mpp (Vi pp)* 71.0V
Current at mpp (Iy,o0)* 19 A
Maximum over-current protection rating 40A
Bypass diode 80A
Maximum system voltage (Viys) 1000 V
Intended loading 50 Ib/ f2
Fire Class Rating Class C

* Ratings at Standard Test Conditions: AM 1§ Spectrum » 1000 Wim? Imadiance - 25°C Cell tempereture
* Al ratings -5% /+10%.

@ WARNING! ELECTRICAL HAZARD! @

; ATTENTION! RISQUE DE CHOC! A

Befc tarting to handle, i, -if

inormaian cetied n (e AANGIS SKALK Phaiovois s San ocersand and folow ot

Manual. Folow all applicable local, reglonal, nafional and infernational regulations, code require
and standards, This module produces electicity when exposed to light When modules .:“comm

when module is exposed 1o fight. For fieid
mum o 80°C. Use copper wire only, System
| requirements o achieve a specified

ZERTIFIZIERT

1D 1111218737

SERIAL NUMBER: 1012007—2007070688 vése

Made in Germany - AVANCIS GmbH, Solarstrafie 3, D-04860 Torgau - www.skalatacade com

ID 1111218737 _
SERIAL NUMBER: 10120072011270069 V4647

vlade In Germany » AVANCIS GmbH, Solarstrale 3, D-04860 Torgau « www skalafacade.com

a) b)

Figure 12-4: Module label stickers of the modules used on the HZB Living Lab facade, a) module type as for module 0069, and
b) module type as for 0688

IR Camera: FLIR A6700sc

Resolution: 640 x 512

Spectral Range: 1.0-5.0 um

Pixel Size [Square]: 15 um

Detector Type: FLIR indium antimonide (InSb)

Camera f-number: /2.5

Frame Rate [Full Window]: Programmable: 0.0015 Hz to 60 Hz

Integration Time: 480 ns to ~full frame

Standard Temperature Range -20°C to 300°C (-4°F to 572°F)

[with band matched optics]:

Optional Temperature Range 45°C to 600°C/113°F to 1112°F (ND1);

[with band matched optics]: 250°C to 2000°C/482°F to 3632°F (ND2);
500°C to 3000°C/932°F to 5432°F (ND3)

Sensitivity: +2 °C or 2% of measured value

Filter Holder [Warm]: Behind lens mount for standard 1 inch diameter filters

Focus: Manual [101]
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