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Abstract

The rapid growth of BIPV technology has led to an increasing demand for visually harmonious
solar products that seamlessly integrate with conventional construction materials. This master
thesis aims to investigate the appearance comparison between BIPV products and traditional
construction materials, providing valuable insights into their visual integration.

The comparison is carried out using a setup capable of measuring the BRDF of the samples.
These measurements are then converted into color coordinates for the purpose of comparison.
Two distinct sets of samples are utilized for the comparative analysis: construction materials
from different manufacturers and BIPV samples. The comparison is conducted quantitatively
and qualitatively, with an additional focus on assessing the replicability of the results.

The findings reveal variations among the samples, highlighting a significant disparity between
the two fields. Samples with high reflectance exhibit angle-dependent results, leading to in-
creased variability in their measurements. Conversely, satin-finished and smooth samples
demonstrate consistent results across different viewing angles. Moreover, the study indicates
a high level of replicability even among the construction materials.

These outcomes suggest that there is still a substantial gap between the visual characteristics
of BIPV products and conventional construction materials. The results emphasize the impor-
tance of considering angle-dependent effects and surface finishes when evaluating their visual
integration.
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1 Introduction

1.1 Motivation

The world today faces a great challenge in the form of climate change, which has prompted
global efforts to reduce greenhouse gas emissions and move towards cleaner energy alterna-
tives, mainly in the occidental countries [1]. One of the key areas for reducing emissions is the
building sector, which accounts for a significant portion of global energy consumption [2]. In
this context, BIPV has emerged as a promising technology that can help reduce emissions by
generating renewable energy from building envelopes.

BIPV products can be integrated into the building envelope in a number of ways, such as solar
shingles, solar facades, and solar windows. These products not only generate electricity but
also offer additional benefits such as improved thermal insulation and noise reduction. How-
ever, the adoption of BIPV products has been slow due to a lack of awareness and limited
research on their performance and cost-effectiveness.

This thesis aims to contribute to the growing body of research on BIPV products by comparing
their appearance to existing building materials, being this the main objective. The compari-
son will be based on characteristics such as spectral reflectance, color, and color difference.
A matrix will be used to quantify the visual difference of BIPV products and traditional build-
ing materials, such as asphalt shingles, metal roofing, tile roofing, etc. This matrix will include
variables such as differences in chroma or lightness between BIPV and construction materials.
Additionally, the secondary objective of the thesis is to provide a methodology for the compari-
son, setting the ground for future research.

One of the key advantages of BIPV products is their ability to generate electricity from sun-
light, which is a renewable and abundant energy source. According to the International Energy
Agency (IEA), solar energy will have to grow at a rate of 25% per year in the period 2022-2030
in order to meet the Net Zero Emissions target of 2050 [3]. The use of BIPV products can help
reduce the dependence on fossil fuels and contribute to a more sustainable energy future.

Moreover, BIPV products can help reduce the energy consumption of buildings by generating
electricity on-site, thereby reducing the need for grid-supplied electricity. This can result in sig-
nificant cost savings for building owners and occupants, as well as reduce the strain on the
electric grid during peak hours.

In addition to their energy benefits, BIPV products can also enhance the aesthetic appeal of
buildings. With advancements in technology, BIPV products are now available in a variety of
colors and textures, which can be customized to match the architectural style and design of a
building [4]. This is particularly important in older neighbourhoods where the visual character
of the buildings is an important aspect of their cultural heritage.

In summary, this thesis aims to contribute to the growing body of research on BIPV products
by comparing their appearance to traditional building materials. BIPV products offer a num-
ber of advantages over traditional building materials, including the generation of renewable
energy and cost savings. Additionally, it presents some advantages over Building Applied Pho-
tovoltaics (BAPV), such as improved aesthetic appeal. The matrix comparison of the visual
appearance of BIPV products and traditional building materials will provide important informa-
tion for architects, builders, and designers considering the use of BIPV products in building
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design. This study will contribute to a better understanding of the potential and performance of
BIPV products, and help promote their adoption in building design for a more sustainable future.

1.2 Thesis structure

This scientific master thesis is structured into several sections to ensure a logical flow of infor-
mation and facilitate understanding. Section 2 provides the theoretical background, exploring
relevant frameworks, concepts, and literature that form the foundation of the study. Section 3
outlines the research methodology, including the design, approach, and data collection meth-
ods employed in the study.

Section 4 describes the sample utilized in the research, including the criteria and process of
sample selection.

Moving forward, Section 5 presents the results obtained from data analysis, utilizing visual aids
for clear interpretation and highlighting significant patterns or relationships. Section 6 discusses
additional calculations or statistical analyses performed, providing further insights into the re-
search findings. Section 7 interprets the results in relation to the theoretical framework and
existing literature, addressing any unexpected or contrasting findings and discussing their im-
plications. Additionally, it suggests avenues for further research.

Finally, Section 8 offers conclusions drawn from the study.
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2 Theoretical background

This section provides a theoretical background for the analysis conducted in this research, fo-
cusing on colorimetry, the state-of-the-art in BIPV and construction materials, the BRDF, and
radiometry and photometry.

In Section 2.1, an examination of past studies on color comparisons between construction ma-
terials and BIPV products underscores the necessity for additional investigation in this field. The
subsequent sections focus on different aspects of color assessment. Section 2.2 delves into
radiometry and photometry, elucidating their importance in objective color assessment. Section
2.3 explores the BRDF and its role in modeling and analyzing surface appearance. Colorime-
try, which is crucial for evaluating color differences between materials, is introduced in Section
2.4. Lastly, Section 2.5 presents an overview of the state-of-the-art in BIPV and construction
materials, underscoring their influence on color assessment practices.

These sections establish a theoretical foundation for evaluating color differences between con-
struction materials and BIPV products, contributing to the advancement of knowledge in this
field.
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2.1 Previous research

A brief review of the prior research will be presented to provide an overview of the current state
of the field.

The first presents a comprehensive investigation of the solar properties of different types of
construction materials [5]. The study aimed to assess the directional and angular response of
the materials by measuring their BRDF. The authors used an experimental setup consisting of
a gonioreflectometer to measure the BRDF of different materials, including roof tiles, thermal
insulation, and plaster. The results showed that the materials have different BRDF curves de-
pending on the angle of incidence and the viewing angle. The authors also found that some
materials, such as roof tiles, have a strong specular reflection, while others, such as insulation,
have a diffuse reflection. Overall, the study concludes that the BRDF curves are an essential
tool for characterizing the solar properties of construction materials. The authors suggest that
the BRDF data can be used to improve the accuracy of energy simulations and optimize the
design of BIPV systems. The research provides valuable insights into the solar properties of
construction materials and lays the foundation for further investigations in this field.

Markus Babin’s master thesis, titled "Experimental characterization of angular dependent color
perception of colored Photovoltaic (PV) samples in combination with Incidence Angle Modi-
fier (IAM) measurements targeting building integrated photovoltaic products,” offers valuable
insights into the evaluation of BIPV samples. The thesis presents a thorough analysis of col-
oration technologies used in BIPV and provides references to expected values and distributions
of color and BRDF results. This research is particularly relevant as it validates the results ob-
tained from the BRDF setup employed in the current study [6]. Furthermore, it includes an
in-depth examination of colors for various BIPV materials, some of which will be utilized in the
ongoing research project. By leveraging Babin’s work, the current study aims to build upon his
findings and contribute to the advancement of knowledge in BIPV color assessment.

In relation to the absolute color difference thresholds, previous research [7] has established a
color difference scale ranging from 0 to 100. However, for the purposes of the current study,
which focuses on comparing the appearance of materials, the color difference needs to be mini-
mal and barely perceptible. As a result, the threshold for this study is narrowed down to a range
of 0 to 10, with the objective of keeping the difference below 2. This level of difference is only
noticeable under close scrutiny.

Furthermore, studies conducted on human teeth provide valuable insights for establishing color
difference thresholds. It should be noted that human teeth require a more stringent difference in
order to be considered acceptable by individuals. Therefore, the threshold determined in these
studies is narrower than what might be expected for building materials. For instance, research
indicates that the acceptability threshold for differences in lightness (AL*) is 2.5 points, with
perceptibility occurring at levels above 0.74 [8]. In contrast, when considering absolute differ-
ences, the perceptible difference is 1.9, with the limit for acceptability being 4.2 [9]. Based on
these findings, it can be concluded that the perceptible limit for color difference lies within the
range of 2-2.5, while the acceptable limit extends to approximately 4-4.5 for absolute values. It
is worth noting that these thresholds are particularly stringent for lightness values.

In conclusion, The absence of research on color comparison between construction materials
and BIPV products is noteworthy. Therefore, this study is the first attempt to evaluate the color
difference between these two materials. Prior investigations have examined the BRDF curves of
construction materials, evaluated the color of BIPV materials, and analyzed color differences in
other areas. However, this research provides a novel perspective on color comparison between
construction materials and BIPV products, initiating a new chapter in the field.
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2.2 Radiometry and photometry

This section draws inspiration and reference from Markus Babin’s thesis [6] and the book on
Radiometry and Photometry [10]. It provides a concise summary of the key characteristics
relevant to this project. For a more comprehensive understanding, it is recommended to refer
to the original sources.

2.2.1 Radiometric variables

To provide a comprehensive explanation of the calculation process, it is essential to introduce
the primary radiometric variables. Notably, it is important to emphasize the distinction in nota-
tion. The subscript ”s” will be employed when referring to the spectrometer, while the subscript
"n” will be used for the sample under test. Furthermore, the subscripts ”I” and "OAP” will be used
when referring to the light source or the Off-Axis Parabolic (OAP) mirrors. Table 2.1 shows the

variables in integral and spectral form.

Table 2.1: Radiometric variables

Variable Integral Spectral
Symbol Unit Symbol Unit
Radiant Flux / Spectral Flux P W Dy W/nm
Radiant Intensity / Spectral Intensity Io W/sr I o W/nm/sr
(Spectral) Radiance Lo Wim?lsr | Lyq  WIinm/m?/sr
(Spectral) Irradiance E W/m? E\ W/nm/m?
Radiant Exitance / Spectral Exitance M W/m? M, W/nm/m?

The table presented highlights two distinct types of variables. Firstly, there are non-directional
variables, including radiant flux, which represents the total power received or reflected by a
surface. Additionally, there are irradiance and exitance, which denote the respective quantities
per unit of area.

The second type of variables pertains to directionality, specifically the solid angle from which
power is received or reflected. These variables encompass intensity and radiance, with the
latter requiring consideration of the projected area. Equation 2.1 illustrates the influence of the
projected area, where ¢ represents the angle between the surface normal and the respective
direction.

92

La(9) = 909 Acosep

(2.1)

2.2.2 Specular and diffuse properties

Reflections from the surface of a material can be classified into two main categories: specular
reflection and diffuse reflection [10].

Specular reflection refers to the mirror-like reflection of light from a smooth surface. When light
rays hit a smooth surface, they bounce off at the same angle of incidence, resulting in a well-
defined reflection. Specular reflections produce a clear and focused image or reflection.

Diffuse reflection occurs when light rays hit a rough or textured surface. The light is scattered
in various directions upon reflection, resulting in a diffused or scattered reflection. Unlike spec-
ular reflection, diffuse reflection does not produce a well-defined or focused image. Instead, it
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creates a more dispersed reflection with reduced intensity [11].

It's important to note that in real-world scenarios, surfaces often exhibit a combination of spec-
ular and diffuse reflection, with the proportion of each depending on the surface properties and
incident light conditions.

2.2.3 Lambertian reflectors

Lambertian reflectors, also known as Lambertian surfaces or Lambertian materials, are ide-
alized surfaces that exhibit a specific type of diffuse reflection. They are named after Johann
Heinrich Lambert, a mathematician and physicist who studied the behavior of light and surfaces
[12].

Lambertian reflectors are commonly used as reference surfaces in photometry and radiometry
due to their predictable and uniform light reflection characteristics. They serve as a standard
for calibration and measurement purposes, allowing for accurate comparisons and calculations
of light intensity and illuminance. For the present thesis, a white reference sample will be used,
presented in chapter 3.

Mathematically, Lambertian reflection follows Lambert’s cosine law, which states that the in-
tensity of reflected light is proportional to the cosine of the angle between the surface normal
and the direction of the incident light [10]. This relationship holds true for perfectly diffuse and
idealized Lambertian surfaces.

To determine the total reflectance of a perfectly Lambertian sample, a single measurement of
Lq , is sufficient, as indicated in equation 2.2. The detailed calculation procedure is illustrated
in [6]. This methodology enables the accurate assessment of the sample’s overall reflectance
properties, streamlining the measurement process and facilitating reliable results.

M, =7Lq, (2.2)

2.3 BRDF measurement

BRDF is a mathematical function that describes the way that a surface reflects light in a 3D
environment. It provides a quantitative measure of how light is reflected from a surface in dif-
ferent directions, and it can be used to model the way that surfaces look under different lighting
conditions [13].

BRDF is important in computer graphics, computer vision, and remote sensing, as it can be
used to create realistic images and animations, analyze images and extract information from
them, and model the way that surfaces reflect light in different environments.

The BRDF is usually represented as a 4D function which takes as input the incoming and outgo-
ing directions of the light and the surface reflectance properties (such as diffuse, specular, etc.).
Some models of BRDF are physically based and others are empirical, based on measurements
of real surfaces. As the main objective of this thesis is the color difference between objects, the
spectral BRDF will be the one of the most interest (B,). The valid equation for calculating the
BRDF is Equation (2.3), which requires some adjustments depending on the studied output.

. f. _ dLQ,T(¢T50T) . dLQ,r(¢r79r)
B(i, 05, r, 0r) = B0 ((00.00) ~ Toi((0n, 6:))dS% (2.3)

It is crucial to acknowledge that the BRDF is a complex function that can present challenges
in its comprehensive analysis and understanding. Nevertheless, for practical purposes, many
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surfaces can be effectively approximated using simpler and more manageable models [14].
Moreover, it is worth noting that the BRDF remains invariant when reversing the angles of inci-
dence and reflectance, which provides flexibility in its application [15].

A spectrometer is a device that is used to measure the BRDF of a surface. These devices are
used to measure the way that a surface reflects light in different directions, and they are typically
used in research and development for computer graphics, computer vision, and remote sensing
[16].

It typically consists of a light source, a camera, and a sample holder. The sample holder holds
the surface that is being measured, and the light source illuminates the surface from different
directions. The camera captures images of the surface as it is illuminated, and the images
are then used to calculate the BRDF of the surface. Some of these devices can also measure
absolute reflectance and can be used to measure surface reflectance properties at different
angles and different wavelength ranges. It is important to note that these characteristics can
vary depending on the type of construction material and its surface finish. Gonioreflectometry
is a powerful tool that can accurately measure these characteristics, providing architects and
builders with valuable information when selecting and evaluating construction materials [17].
The measurements obtained with a gonioreflectometer can be used to compare different con-
struction materials and help to choose the most appropriate one for a specific project in terms
of visual appearance, energy efficiency, and durability. Additionally, the BRDF measurement
device can be used to evaluate the performance of construction material over time, such as
how it ages and how it is affected by environmental factors, providing valuable information for
the maintenance and durability of the building.

2.4 Colorimetry

Colorimetry is the scientific study of color and the perception of color [18]. It involves measuring
and quantifying the characteristics of color, such as hue, chroma, lightness, brightness, and
saturation. These characteristics can be used to create a color space, which is a mathematical
representation of all the possible colors that can be perceived by the human eye.

The perception of color can be affected by various factors, including the lighting conditions,
the background against which the color is viewed, and the individual's own visual system [19].
For example, the same color can appear differently under different lighting conditions, such
as natural daylight versus artificial fluorescent lighting. Similarly, the same color can appear
different against different backgrounds, such as light-colored walls versus dark-colored walls.

To assess the difference between colors, it is first necessary to introduce the key parameters
that allow this comparison.

Hue is one of the main characteristics of a color and refers to the attribute that allows us to
distinguish between red, blue, green, yellow, and so on [20]. Hue is determined by the dominant
wavelength of light that is reflected or emitted from an object. In other words, it is the pure color
of the light, without any variation or shading. Hue is often described as a color’s name, such as
red, blue, or green. Although it is difficult to assess a number, hue can be quantified using some
of the existing color scales/spaces, such as the Munsell color system, which is a color space that
organizes colors based on three dimensions: hue, value, and chroma. In this system, hue is
represented by a circular arrangement of colors, with each color assigned a specific hue angle.
The hue angle is measured in degrees and represents the position of a color on the color wheel,
with red at 0°, yellow at 60°, green at 120°, and blue at 240°. Other hues fall in between these
primary and secondary hues, creating a continuous spectrum of colors. By assigning each color
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a hue angle, it becomes possible to numerically quantify the hue of a color [21].

LA
T

I| Ii | | |I.I

Figure 2.1: Munsell scale [22]

Saturation describes the intensity of a color in relation to pure grey [20]. It is a measure of
how vivid or intense a color appears. Chroma, on the other hand, is an absolute term that can
be measured on a scale and describes the purity or strength of a color. While both saturation
and chroma are measures of color intensity, they differ in their reference points. Saturation is
judged in proportion to brightness, while chroma is judged as a proportion of the brightness of
a similarly illuminated area that appears white or highly transmitting [23].

Perceived saturation can vary depending on factors such as wavelength and light level. For
example, colors of equal luminance may appear less saturated at medium wavelengths (green)
than at short or long wavelengths (blue and red). Additionally, saturation can appear most in-
tense at intermediate light levels.

Lightness and brightness can be assessed for any color [24]. Lightness refers to the relative
amount of light reflected by an object or its relative brightness normalized for changes in il-
lumination and viewing conditions. It is a measure of how light or dark something appears.
Brightness refers to how much light appears to shine from something. Understanding these
concepts can be useful for color appearance because they help us understand how colors are
perceived under different lighting conditions. For example, a bright red apple would have a
high level of both lightness and brightness because it reflects a lot of light and appears to shine
brightly. A dark blue object, on the other hand, would have a low level of lightness because
it reflects less light but could still have a high level of brightness if it appears to shine brightly.
Different wavelengths of light correspond to different colors. The human eye is most sensitive to
green light with a wavelength of around 555 nanometers (nm). This means that a given number
of green photons per second will appear brighter than the same number of red photons [25].

241 Color perception

Color perception is the process through which the human brain interprets and responds to dif-
ferent frequencies of light waves detected by the eyes. This complex process involves two
fundamental principles: metamerism and trichromacy.

Metamerism refers to the intriguing phenomenon where two colors can appear identical despite
being composed of different light wavelengths. It occurs because the human eye possesses
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three types of color receptors, or cones, which are sensitive to distinct parts of the visible light
spectrum. When different wavelengths of light stimulate these cones in the same way, they
create a consistent perception of color, even though the physical stimuli may vary [26].

Trichromacy, on the other hand, explains how the human eye can perceive millions of dis-
tinct colors by combining the responses of three different types of cones: red-sensitive, green-
sensitive, and blue-sensitive cones. The brain can distinguish between various levels of hue,
saturation, and brightness by adjusting the stimulation of each cone type [27].

The perception of color in an object can be influenced by the spectral distribution and intensity
of the light source. This can result in metamerism, where different light sources illuminate the
same object, leading to variations in color appearance. Therefore, when comparing and mea-
suring the color of materials and products, it is crucial to consider the lighting conditions.

Color vision deficiencies, also known as color blindness, affect a significant portion of the pop-
ulation and can cause reduced sensitivity to specific colors or an inability to distinguish certain
hues. This has implications for the selection and design of materials and products that rely on
color coding or identification.

To address the challenges associated with metamerism, trichromacy, and color perception, the
International Commission on lllumination (CIE) has played a crucial role [28]. The CIE devel-
oped the RGB and XYZ color spaces in 1931, enabling the replication of any perceivable color
by the human eye using three primary colors. Additionally, the CIE established the 1931 CIE
2° standard observer, which accounts for perceptive differences between cones and rods in the
human eye by assuming a view angle of 2°. This standard observer facilitated the conversion of
measured spectra into XYZ tristimulus values, forming the basis for modern color spaces and
measurement techniques.

In addition, it is essential to consider various color measurement techniques, such as colorime-
try and spectrophotometry, and their strengths and limitations in different applications. This
consideration helps in selecting the most suitable technique for measuring the color of con-
struction materials and BIPV products.

One widely used color system is XYZ, chosen primarily for its ease of conversion to other color
spaces and its widespread adoption in engineering and color science. By understanding the
principles of color perception and employing appropriate measurement techniques, researchers
and practitioners can accurately analyze and compare the colors of different materials and prod-
ucts [10].

2.4.2 Color matching

The CIE 1931 XYZ color space serves as a standard reference for describing colors in colorime-
try [29]. It is based on three imaginary primaries, X, Y, and Z, which mimic the human eye’s
response to color stimuli. These primaries are designed to be independent, allowing any color
to be represented as a combination of these three [30].

To calculate the XYZ coordinates of a color, the color’s Spectral Power Distribution (SPD) and
Color Matching Functions (CMFs) are needed. The SPD describes the light energy emitted or
reflected at each visible wavelength, while the CMFs represent the sensitivity of the three cone
cells in the human retina responsible for color vision.

To ensure normalization of the XYZ values, the CIE introduced the CIE Standard Observer,
represented by modified color matching functions (z()), 7(\), and Z(\)). These modifications
normalize the XYZ values, with the Y value representing the luminance factor of the color.

The CIE Standard Observer was established through experiments involving observers with nor-
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mal color vision. By matching spectral colors to mixtures of red, green, and blue primary lights,
the resulting color matching functions were standardized in 1931, forming the basis for colori-
metric calculations.

To calculate the XYZ coordinates, the spectral reflectance or transmittance of the color is mea-
sured. This data is multiplied by the CIE Standard Observer CMFs and integrated over the
visible spectrum, yielding the XYZ tristimulus values. The Y value is normalized using a con-
stant k£ to ensure equal luminance. The CIE has defined standard illuminants, with the most
commonly used being the CIE Standard llluminant D65, representing average daylight.

The normalization factor k is determined by transforming the XYZ tristimulus values to the CIE
1931 XYZ color space. The formula for k involves the spectral distribution of the standard illu-
minant (S(A)) and the spectral reflectance of the color (R(A)) [10].

X:k/RQanuuA

Y:k/RMWQMMMA
(2.4)
Z:k/RMﬁQyQMA

k—mw/éQmeA

The resulting X, Y, and Z values represent the tristimulus values of the color in the XYZ color
space. These values can be further utilized to calculate chromaticity coordinates (x, y) and lu-
minance (Y) for various color applications such as color matching and reproduction.

It's important to note that the calculation of XYZ coordinates is a mathematical model approxi-
mating human perception of color. While the XYZ color space serves as a useful standard for
color measurement and specification, it does not fully capture the complexity and variability of
human color vision.

2.4.3 Color spaces

The XYZ color space is a tristimulus color space that represents color as a combination of three
values: X, Y, and Z. While the XYZ coordinates are useful for color matching, they are not
intuitive or perceptually uniform. Therefore, they are not the ideal representation for color.

CIELAB and CIELUV are two color spaces that were developed by the CIE to address the
limitations of the XYZ color space [31]. They are designed to be more perceptually uniform,
which means that differences in color can be more accurately measured and represented. In
these color spaces, a color difference of a certain value corresponds to a perceptually uniform
difference in color.

CIELAB is a three-dimensional color space that describes color using three values: L*, a*, and
b*. The L* value represents the lightness of the color, with L*=0 representing black and L*=100
representing white. The a* and b* values represent the color’s position on the red-green and
blue-yellow axes, respectively. Positive a* values indicate redness, while negative a* values
indicate greenness. Positive b* values indicate yellowness, while negative b* values indicate
blueness. In order to calculate the CIELAB coordinates, a white reference is needed (X, Y,
and Z,,). Finally the hue h,;, and chroma C*,; are calculated too [32].

1?::116f(%;-—16) (2.5)

n
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CIELUV, on the other hand, is also a three-dimensional color space, but it uses different axes
than CIELAB. The L* value in CIELUV represents lightness in the same way as in CIELAB.
The u* and v* values in CIELUV represent the chromaticity of the color, with negative u* values
indicating a shift towards the red end of the spectrum, and negative v* values indicating a shift
towards the yellow end of the spectrum. Additionally, an equation for saturation s;,, is added.

uw* = 13L* (v — u)) (2.11)

v* = 13L*(v — ) (2.12)
, 4X

- 2.13

YT X 15y + 32 (2.13)

/ Al (2.14)

T X F15y 132

Cr, = Vu? + v*? (2.15)

*

v

= 2.16

huw arctang(u*z) ( )
C*

= Jwv 217

Suv = T, (2.17)

2.4.4 RGB coordinates

The conversion of CIELAB values to RGB coordinates is not a standardized process and lacks
a universal method. However, there are various software programs and online tools available
that facilitate this conversion. In this thesis, Matlab will be employed to obtain the normalized
sRGB values. Subsequently, to obtain the final RGB values, the sSRGB values will be multiplied
by 255 to eliminate the 1-scale and ensure compatibility with the RGB color space.

2.5 State of the art in BIPV and construction materials

BIPV is a type of PV technology that is designed to be integrated into the structure of a building,
such as a roof or walls. BIPV systems generate electricity while also providing protection and
insulation to the building, which allows them to replace traditional building materials such as
roofing or siding [33].

BIPV systems have several advantages. Despite that the electricity generation is lower com-
pared to a normal PV system (due to being integrated in a construction material and adding extra
layers or changing the color) [34], it can increase the energy efficiency of the building [35]. BIPV
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systems can generate electricity while also providing insulation and protection to the building,
which can reduce the overall energy consumption of the building. Aesthetics is one of the key
factors of BIPV systems against BAPV, which can be designed to match the appearance of the
building and can be used as a design element. Durability is another advantage, BIPV systems
are designed to last as long as the building itself, which can reduce the need for maintenance
or replacement.

However, BIPV systems also have some disadvantages. For a construction or energy-related
product, the cost is vital to decide. BIPV systems can be more expensive than traditional build-
ing materials and PV systems, which should be compensated with energy generation. The
flexibility is limited in BIPV systems, which are integrated into the building structure, limiting the
flexibility of the building design and the options for future expansion or renovation. Finally, BIPV
systems can be more complex to install and maintain than traditional PV systems.

Overall, BIPV systems are becoming a more popular option for generating electricity in buildings,
as they can help increase energy efficiency and reduce the environmental impact of buildings.
Figures 2.2 and 2.3 can show the different BIPV options discussed above.

Figure 2.2: BIPV roof example [36]. Figure 2.3: Transparent BIPV construction example [37].

BIPV products are a type of building material that can be used to substitute several traditional
building materials such as roofs, fagades and glasses. Roofing and facade materials are essen-
tial components of any building, providing protection from the elements and giving the building
its characteristic appearance. Here are the most commonly used materials for roofing and fa-
cade construction [38]:

+ Tiles: Tiles are a popular roofing material that can be made from clay or concrete. They are
durable, long-lasting, and offer excellent insulation against heat and cold. They come in a
variety of colors and shapes, which can add an attractive look to any building. However,
they are heavy and require a strong support structure.

» Concrete: Concrete is a versatile and durable material that is commonly used for both
roofing and facades. It can be poured into any shape or size, and is relatively inexpensive.
It is also fire-resistant and can withstand harsh weather conditions. However, it can be
heavy and require additional support, and may crack over time due to expansion and
contraction.

* Brick: Brick is a traditional material that is commonly used for facade construction. It is
durable, fire-resistant, and requires minimal maintenance. It also has a unique aesthetic
appeal that can add value to any building. However, it is heavy and may require additional
support, and can be expensive compared to other materials.
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» Stone: Stone is a natural material that can be used for both roofing and facade construc-
tion. It is durable, long-lasting, and requires little maintenance. It also has a unique and
attractive appearance that can add value to any building. However, it is heavy and may
require additional support, and can be expensive compared to other materials.

» Metal: Metal roofing and facade materials are becoming increasingly popular due to their
durability, low maintenance, and modern aesthetic appeal. They can be made of various
metals, such as steel, aluminum, copper, or zinc. They are also lightweight and easy to
install, which can reduce construction time and cost. However, they can be noisy during
rain or hail, and may dent or scratch over time.

+ Shingles: Shingles are a popular roofing material that can be made of various materials,
such as asphalt, wood, or metal. They are easy to install, relatively inexpensive, and come
in a variety of colors and shapes. However, they may not be as durable as other roofing
materials, and may require more maintenance over time.

In summary, each roofing and facade material has its own advantages and disadvantages [39].
The choice of material depends on several factors, such as budget, climate, building type, and
aesthetic preferences. In Denmark, concrete tiles, concrete, and metal are commonly used for
roofing and facade construction, while brick and stone are more commonly used for traditional
and historic buildings [40].

2.5.1 Color difference

Color difference is a measure of the perceptual difference between two colors. Itis an important
factor in assessing the difference between BIPV materials and construction materials because
the visual appearance of a building is an important consideration in architectural design. If the
color difference between the BIPV and construction materials is too great, it can affect the over-
all aesthetic of the building. It is important to assess the color difference in a quantitative way so
that architects and designers can make informed decisions about the color of building materials.
This can help to ensure that the building has a harmonious visual appearance.

In Denmark, as in other regions, color difference is an important consideration in architectural
design. In architectural practice, ensuring a uniform color for building materials is often a re-
quirement in compliance with regulatory standards and industry best practices. BIPV materials
are becoming increasingly popular in Denmark and other regions, and it is important to consider
the color difference between these materials and traditional construction materials to ensure that
the building has a harmonious visual appearance.

As color difference is a crucial aspect in color science, several numerical methods have been
developed to calculate it. Some of the most widely used methods are CIEDE2000 and one base
on the CIELAB color space. These methods consider the variation in lightness, chroma, and
hue between two colors. The CIELAB color space is the fundamental one used for computing
the color difference. It involves calculating the Euclidean distance between two points in the
space using the formula:

AE,, = V/AL? + Ad? + Ab? (2.18)

However, this approach doesn’t account for the human perception of color, which can vary
significantly [41]. To overcome this limitation, the CIE developed another formula, CIEDE2000,
which yields results that are more closely related to the human perception of color. This function
provides a more accurate differentiation in the Lightness (L*) and blue region of the space.
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Thus, the CIEDE2000 formula is often preferred for color difference calculations, especially in

industries where color accuracy is essential, such as textiles and graphic design [42].
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In conclusion, the CIEDE2000 function is a complex color difference formula that takes into
account the non-linear relationship between color differences and color perception. It provides
a better differentiation of color differences in the lightness and chromaticity regions of the color
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space. The formula includes various corrections, such as the hue rotation function, which helps
to solve the known hue distortion problem. The resulting value of the CIEDE2000 function
represents the closest numerical approximation to the perceptual color difference between two
colors. lIts implementation requires a precise knowledge of the initial and target colors, and
it is widely used in many applications, such as color quality control in the textile and printing
industries, colorimetric analyses in digital imaging, and color matching in graphic design and
interior decoration.
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3 BRDF methodology

The appearance of BIPV materials is critical in determining their acceptance in construction.
One way to assess their appearance is through the measurement of their BRDF. The BRDF
measurement provides a quantitative description of the way in which light is reflected from a
surface in different directions and is influenced by surface properties such as roughness, gloss,
and color. In this section, we present the methodology used to measure the BRDF of the BIPV
samples and compare it with that of the construction materials.

Part 3.1 describes the setup used for the BRDF measurements, including the instrumentation
and the measurement geometry. Part 3.2 details the BRDF calculations and analysis, including
the evaluation of the shape and symmetry of the reflectance profile. Part 3.3 explains the white
reference correction to remove any systematic errors in the BRDF measurements. Furthermore,
in Part 3.4, the transformations from BRDF measurements to colorimetry results are elucidated.
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3.1 Setup description

This section presents a comprehensive overview of the experimental setup utilized in this master
thesis. The setup construction and configuration have been extensively documented in Markus
Babin’s thesis, which serves as the primary reference for replication [6]. Only few modifications
have been applied for the present project.

3.1.1 Equipment description

The primary purpose of this section is to present a comprehensive overview of the equipment
and its specifications, enabling readers to understand the essential elements involved in the
measurement process. Table 3.1 presents the key characteristics of the instruments utilized in
the research, offering a concise summary of their main features [6].

Table 3.1: Laboratory equipment

Equipment Manufacturer Model Properties
LDLS Energetiq EQ-99X -
Secondary light source  Ocean Optics DH-2000 Ultra-Violet (UV)-NIR tungsten halogen and deuterium channels
OAP mirror Newport 50329AL RFL =2in
OAP mirror Newport 50338AL RFL =4 in
Reflective collimator Thorlabs RC04SMA-FO01 Table 3.4
Spectrometer Ocean Optics QE65000 operating at room temperature

Table 3.2: Parameters of the reflective collimator used as sensor

Sensor aperture diameter Numerical Aperture Reflected focal length
ds NA RFL
11 mm 0.36 15 mm

3.1.2 Setup

The initial setup was prepared to measure Bidirectional Scattering Distribution Function (BSDF),
so it was not enough to meet the required specifications [43]. The limitations and reasons
behind the inadequacy of the initial setup are thoroughly explained. Consequently, significant
modifications were implemented to enhance the setup, particularly in achieving well-collimated
light [6].

The resulting distribution of the setup is depicted in Figure 3.1, providing a visual representation
of the arrangement. Furthermore, Figure 3.2 showcases the assembled setup, offering a three-
dimensional perspective of its configuration.
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Figure 3.2: Real representation of the setup

Figure 3.1: 2D representation of the setup [6]

The setup description can be divided into three main sections: the sample holder, the spectrom-
eter, and the light source. The sample holder serves the purpose of securely positioning and
maintaining the desired orientation of the studied sample. It offers a 360° rotational capability
along its axis to accommodate different measurement angles.

The spectrometer, along with the sensor, plays the role of an observer in capturing the reflected
or emitted light from the sample. Afterwards the initial data will be converted using a code into
BRDF results and ultimately providing numerical color information for the material. Similar to
the sample holder, the spectrometer can rotate 360° along the rotational axis of the sample
holder, ensuring comprehensive data collection.

The light source is a broadband light source which illuminates the sample, in order to take mea-
surements. It consists of an arranged setup comprising three OAP mirrors and a Laser-Driven
Light Source (LDLS). The entire light source system is encased in a black-painted housing to
prevent the interference of stray light that could distort the results [6].

Two identical OAP mirrors are employed to generate collimated light, which is then directed
through a pinhole to eliminate most of the divergent components. The third OAP mirror is re-
sponsible for collimating the light that illuminates the sample. This system provides a consistent
and adjustable light source.

To ensure the safety of human observers, an UV filter is incorporated, reducing harmful radia-
tion. However, this filter results in an approximate 18% reduction in light intensity.

3.1.3 Measurement configuration

The focus is on the measurement configurations and considerations for this study. The mea-
surement range for the sensor angle «,, is from -90° to 90°, with data above |75°| being unreli-
able. The sample angles 6 are measured from 0° to 75° in 15° increments to examine reflectance
variations across different viewing angles. It should be noted that only positive angles are con-
sidered, as explained in Section 2.4.

Various measurement configurations are important to address in this research. The integration
time, typically ranging from 0.1 to 10 s, will be set to 0.2 s unless the signal saturates. To reduce
signal noise, the data will be averaged over 5 measurements. The spectrometer will be main-
tained at room temperature throughout the experiment. Background noise measurements are
also crucial for each configuration. This involves blocking the LDLS and capturing measure-
ments for all sensor angles to detect any ambient reflections. The obtained background noise
will be subtracted from the measurements to ensure accurate results.
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In BRDF measurements, the alignment of the measurement plane is a critical aspect to con-
sider. Specifically, it determines the level at which the spectrometer is positioned to receive the
reflected light from the sample. In this study, the sensor is placed at the same level as the light
source to maximize the capture of reflected light. Although this arrangement effectively blocks
the light source at an absolute 0 angle, the emphasis is placed on capturing the overall trend
of the results rather than the precise value at that specific angle. The position of the sensor
relative to the measurement plane is illustrated in Figure 3.3.
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Figure 3.3: Sensor position at the plane of illumination

3.2 Calculations

This section encompasses the complete process related to the analysis of BRDF measure-
ments, beginning from the acquisition of the raw data in the form of counts, and culminating in
the calculation of the final BRDF values. The following subsections provide a detailed account
of each step involved in this process, including the procedures utilized to transform the raw data
into usable form, as well as the algorithms employed for the BRDF calculations.

3.2.1 Raw data conversion

In order to begin the analysis of BRDF measurements, the first step is to convert the raw data
N, into a radiometric quantity. This raw data, which is acquired in the form of counts, represents
the number of photons detected by the instrument within a given time frame. To convert these
counts into a radiometric quantity, it is necessary to apply a calibration factor that relates the
counts to the incident radiant flux:

Spectrometer calibration

In order to ensure accurate measurements, the spectrometer utilized in this study is calibrated
using an external setup, which yields a calibration factor denoted as C', and expressed in units
of %/%s”ts This calibration factor enables the calculation of the spectral flux by apply-
ing equation 3.1 to the raw data obtained from the measurements. However, in addition to the
calibration factor, several other parameters must be considered when using this formula, includ-
ing the integration time of the measurement ¢;,,;, the integration time of the external calibration

measurement ¢;,,; ., and the aperture area of the sensor A,:

1 1
Dy s(a) = Ny s(a)Cy A (3.1)

tint,c tint
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When measuring the spectral flux emitted by the sample, it is important to note that the sensor
receives light not only from the « direction, but from all directions within the field of view between
the sample and the sensor. To account for this, it is necessary to consider the distance between
the sample and the sensor (r;) and the solid angle of the sensor’s field of view (€2;) [10]. These
factors play a crucial role in accurately interpreting the measured data.

The reflective collimator, serving as the sensor, effectively captures incident light within angles
below its divergence half angle ¢;. Consequently, when calculating the solid angle (2, the
entire sensor aperture area A, becomes irrelevant. Furthermore, under the assumption that
the sensor is situated in the far field, the solid angle €2,, formed by the active area of the sensor
as perceived by the sample is equivalent to the solid angle 2, formed by the apparent sample
area A/, as perceived from the sensor’s vantage point. This relationship is illustrated in Figure
3.4, highlighting the shared divergence half angle for both solid angles [6].

ds OAP

optical fiber

Figure 3.4: Reflective collimator internal composition [6]

Sensor divergence

Theoretical calculations based on the sensor specifications indicate that the maximum diver-
gence half-angle is 1.15°. Consequently, the area of the sample observed by the spectrometer
exceeds its clear aperture area and is influenced by the distance between the sample and the
sensor. For practical purposes, assuming a spot diameter of 18 mm and a distance of 28 cm,
the resulting divergence half-angle is 0.72°. This value, derived from these parameters, will be
consistently applied throughout the obtained results [6].

Apparent sample area and correction factor

The calculation of the apparent sample area, as perceived by the sensor, is determined using
Equation 3.2. Since the sensor is positioned in the plane of irradiance, the relevant angle to
consider is the sensor angle «.

™

A () = (% + rytangs)? (3.2)

coSst

In some cases, the sensor may not directly measure the entire illuminated area. Therefore, to
prevent an underestimation of the irradiance E, which involves dividing the flux by the apparent
area, a correction factor k 4 is calculated. This correction factor takes into account the portion of
the apparent area that is effectively illuminated. By applying this correction factor, the measured
irradiance can be adjusted accurately.
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The correction factor accounts for the intensity distribution considering both the sample angle
and the sensor angle. Itis obtained by taking images with a luminance camera and determining
the relative intensity overlap between the illuminated area and the area "seen” by the sensor.
The resulting correction factor is depicted in Figure 3.6.
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Figure 3.6: k4 correction factor
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Solid angle and reflected spectral intensity

The reflected spectral intensity can be calculated using equation 3.3, which uses the spectral
flux and the solid angle calculated below.

(I))\,s (a)
Qp,

Ia= (3.3)
By utilizing the previously determined sensor divergence, it becomes possible to model the
reflective collimator by extending the sensor’s viewing lines until they intersect, thus forming a
cone, as depicted in Figure 3.7 [6]. Since the sensor captures light from its entire field of view,
it is more appropriate to consider a constant solid angle rather than a constant area, denoted
as A,. The solid angle of the sample corresponds to that of the spectrometer, which can be
computed using Equation 3.4.
Al (0) ((rs + Arg)tangs)? * T

Q= Q= = = tan’ b, 4
(ot A7) (ra+Ary T 54

Equation 3.4 shows that the solid angle only depends on the sensor divergence half-angle.
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Figure 3.7: Sensor geometry [6]

3.2.2 Spectral irradiance

To establish a correlation between the reflectance obtained from the BRDF setup and the in-
cident light, a white reference sample made of Spectralon® will be employed. Spectralon®
simulates a Lambertian reflector at low incident angles [44]. Although the reference sample is
not a perfect Lambertian reflector, it will be considered one, specially at low measured angles
when subjected to the same spectral intensity 1) o. Consequently, the spectral exitance M) ,,
of a sample can be calculated with a single measurement. To calculate the spectral exitance of
the sample, the spectral data measured at the center position, which corresponds to an angle
of a,=0°, will be used.

Spectral irradiance E), is calculated using the formula 3.5. The reflectance R, is obtained from
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the data sheet of the reference sample, Spectralon® [44]. Graph 3.8 shows the distribution of
the spectral irradiance along the visible spectrum.
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Figure 3.8: Sample spectral irradiance

3.2.3 Total reflectance

The relation between the spectral exitance M), ,, and the spectral irradiance E of a sample can
be used to calculate the total reflectance R, of the sample. This can be seen in Equation 3.6:

My,

By =

(3.6)
In the previous section, the spectral radiance was calculated, but it is necessary to demonstrate
how to compute the spectral exitance for the sample. The spectral radiance emitted from a
sample in a certain direction («) can be determined using Equation 3.7, which incorporates the
correction factor k4 to account for the illuminated area:

_ I)\7Q(Q)
ka-Al (o) cosa

Lo n(a) (3.7)

In order to obtain a manageable result for the calculation of the spectral exitance, it is necessary
to simplify equation 3.8. This can be achieved by integrating over the whole hemisphere for
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# = 0 and assuming isotropic materials [10]. By doing so, the calculation of the spectral exitance
can be simplified and made more practical:

_sin(2a)

2r /2 w/2
My, = / / La yn(a)-cosasinadodd = 271/ Lo yn(a) da (3.8)
0 0 0
For all Angle of Incidence (AOI) calculations, the spectral exitance obtained previously will be
utilized. Due to the presence of specular reflections that can distort the results, it is not feasible
to integrate over different AOIs except for 0° with the current setup. Nonetheless, this issue is
beyond the scope of this thesis.

3.3 White Reference

The BRDF calculation process will be applied to both the white reference and the samples,
with the white reference used as a reference for the sample correction. The radiant flux is the
first variable to consider in the calculation, and for a perfectly Lambertian surface, such as the
white reference sample, the radiant flux ®, should remain constant across all sensor («,) and
sample (#) angles. However, as shown in Figure 3.9, the flux is not constant and drops sharply
for |a,| > 60. This is possibly due to the sample area viewed by the sensor exceeding the
illuminated area. To address this issue, a correction factor is necessary.
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Figure 3.9: White reference sample Radiant flux

In order to validate the results and determine the necessary corrections, another variable of im-
portance is the spectral radiance, denoted by Lq, n. Figure 3.10 presents the spectral radiance
as a function of the measured angles.
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Figure 3.10: White reference sample Radiant flux

Upon thorough examination of the radiant flux for the white reference sample, it was observed
that there are two correction factors that need to be taken into account. One of the factors is the
difference in radiant flux between positive and negative sensor angles, which shows a higher
variability at larger absolute angle values. This may indicate a slight misalignment between the
rotational axis of the sensor and the sample holder. To calculate the directional correction factor
k«, measurement data at = 0 can be utilized in equation 3.9.

s (ay)
@ (3.9)

ko =

In addition, a second correction factor may be necessary to account for the slightly higher values
observed in positive sample measurements compared to negative ones. This difference is likely
due to an angular misalignment of the sample holder. To calculate the angular correction factor
kg at a, = 0, Equation 3.10 can be used. The obtained results from the measurements support
the need for this correction factor. o.(6)

ko = ENGITNE) (3.10)

2

In order to obtain the total BRDF for the white reference sample, as well as for the required
sample, both the correction factors discussed earlier will be taken into account. Figure 3.11 and

3.12 display the angle distribution of the « and 6 factors, respectively.

Appearance comparison of BIPV products to existing building materials 25



1.04

1.1
R e /] 102} T LN
1.05 - ! =
% /
..&Ed 1 T = e ..S? 1 I
fns = /
0.95|, T 0.98 | i
XN
0.9 : ‘ ‘ ‘ . ‘
-50 0 50 R -50 0 50
Ol 0

Figure 3.11: Correction factor i, Figure 3.12: Correction factor kg

The total BRDF of the white reference sample will be calculated using Equation 3.11. This
equation will also be utilized to determine the BRDF for the other samples. Additionally, a
modified version of the same equation will be employed to compute the spectral BRDF. The
results obtained from these calculations will be analyzed and compared to draw conclusions
about the BRDF of the samples under study.

LQ)\n(e ax)
Ey-cost-ko(ag) ke(0)

Upon comparing the obtained results of the total BRDF in Figure 3.13 with references [45]
and [46], discernible disparities were observed. The technical guide [46] reported lower results
compared to the actual measurements. In contrast, reference [45] showed results that aligned
with the observable values within the range [-75°, 75°]. The dissimilarities observed are most
likely attributed to the previously calculated correction factors.

B0, ag) = (3.11)
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Figure 3.13: Total BRDF of white reference sample
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3.3.1 Spectral BRDF

The spectral BRDF is an advanced form of the total BRDF that incorporates the spectral char-
acteristics of light. It characterizes the reflectance of light at different wavelengths as a function
of the incident and viewing angles. Applications of the spectral BRDF include spectroscopy
and colorimetry, where the ability to quantify the color of materials is essential. Therefore, in
the context of this thesis, it is crucial to calculate the spectral BRDF to draw meaningful conclu-
sions about the properties of materials being studied. As the Spectralon data sheet shows, the
reflectance is more or less constant between the studied spectrum (300 to 900 nm) [47]. The
measured data shows a less constant spectral reflectance, mainly at high angles.
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Figure 3.14: Spectral BRDF of white reference  Figure 3.15: Spectral BRDF of white reference

sample at «,=0° sample at #=0°

Figures 3.14 and 3.15 demonstrate that the spectral BRDF remains nearly constant for each
angle, which is consistent with expectations. It is noteworthy that the results for positive and
negative angles are equivalent, indicating the sample’s symmetry. Additionally, it is essential
to note that a constant sample angle results in higher values than a constant sensor angle,
emphasizing the sample’s reflectivity’s significance. Furthermore, it should be mentioned that
measurements for 0° angles were not obtainable as the sensor was located in the middle of
the light source, making it impossible to measure the sample. These findings have significant
implications for understanding the sample’s reflective properties.
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Figure 3.16: Spectral BRDF of white reference  Figure 3.17: Spectral BRDF of white reference
sample at #=60° sample at §=-60°

In examining Figures 3.16 and 3.17, it becomes evident that there exist significant disparities
between the two directions under consideration. Specifically, the positive direction of the sam-
ple angles indicates more consistent and closely-related results than the negative direction.
This observation leads to the inference that reflectance does not have a uniform effect in all di-
rections, thereby introducing a loss of theoretical symmetry in the sample. The possible causes
for this discrepancy may be attributed to misalignments in the experimental setup or random
impurities in the sample. The former factor has been corrected for, leaving the latter as the most
likely culprit.

3.4 Colorimetry transformations

In this section, the final step involves converting the BRDF variables into colorimetry results,
which are essential for analyzing the samples. The conversion process, along with the relevant
formulas, is extensively discussed in Chapter 2, specifically in sections 2.4 and 2.5. By applying
these formulas a comprehensive analysis of the samples’ color properties will be possible.

As outlined in Section 2.4, the initial stage involves computing the XYZ coordinates for the
respective sample. These three coordinates will be determined for each orientation. An illus-
tration depicting an example at a 0° sample angle can be observed in Figure 3.18. The figure
demonstrates the progression across the entire sensor range, showcasing the variations in the
XYZ coordinates.
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Figure 3.18: XYZ coordinates for a black sample

Subsequently, the converted color space of interest is the CIELAB space. This space allows
for the utilization of the variables L*, a*, and b*, which are crucial for conducting a qualitative
comparison. The transformation process involves applying the relevant formulas outlined in
Section 2.4.

Furthermore, the RGB coordinates are calculated based on the derived L*a*b* coordinates, as
explained in Section 2.4. These calculations, along with the quantitative color difference re-
sults discussed in Section 2.5, serve as supporting elements to validate and verify the obtained
outcomes.
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4 Construction materials and BIPV samples

This section provides an overview of the construction and BIPV materials that will be utilized in
the experimental investigation of appearance comparison between BIPV samples and construc-
tion materials. Part 4.1 will detail the selection of various construction materials that will serve
as a basis of comparison for the BIPV samples. These construction materials will be chosen
based on their specific properties, such as color and texture, which will be taken into consider-
ation to ensure a fair and comprehensive comparison. The range of materials selected will be
representative of those commonly used in building design, and will provide a benchmark for the
visual appearance of conventional construction materials. Section 4.2 will describe the BIPV
materials that will be used in the study. The selection of these materials has been carefully made
to evaluate the visual appearance of BIPV materials in comparison to conventional construction
materials. The aim of this investigation is to provide insights into the aesthetic considerations
involved in integrating solar technology into building design and to evaluate the potential of BIPV
materials to serve as a viable alternative to conventional construction materials.
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4.1 Construction materials

As mentioned in the motivation of the project, the main focus is to assess the difference between
BIPV samples and construction materials mainly for architectural designs/neighbourhoods that
have strict visual characteristics. To be able to find where are the BIPV in respect to the con-
struction materials, it is necessary first to provide which construction materials could be rep-
resentative of the architectural trends. For that, samples from different providers have been
selected, including Komproment, Randers Teg|, etc.

41.1 Randers Tegl

Randers Tegl is a Danish manufacturer and has offered five different roofing products to ana-
lyze. Some of them are representative of the Danish architectural design [48]. An image of the
samples can be seen from Figure 4.1 to 4.5. All samples show a stable color at every point of
the sample. However, the perceived appearance can change depending on the angle of the
observer respect to the sample.

The RT 811 yellow roof tile (figure 4.1) is made of the same special clay blend as their problem-
free red Hgjslev tiles, the yellow color is achieved by adding titanium dioxide to the unique red
clay mixture. The Hgjslev tiles are classic roof tiles developed for Scandinavia’s harsh climate
[49].

The Black Noble Wing Engobed Interlocking Roof Tile, RT 845 Laumans IdealVariable (figure
4.2), is a high-quality roof tile produced by the German subsidiary of Randers Tegl Group. Its
deep swung shape resembles a classic pantile [50].

The Black Engobed Hgjslev Pantile, RT 840 in Lille Dansk format (figure 4.3), is a roof tile suit-
able for Scandinavian weather conditions. Made from a special clay mixture, it is fired at a high
temperature for durability. The tile’s black engobe finish provides a smooth, matte, and non-
reflective surface that is highly resistant to stains [51].

The red engobed wing interlocking roof tile, RT 841 Laumans IdealVariabel (figure 4.5), features
a captivating silk matte surface that provides a watertight, strong surface without any reflections
[52].

The RT 844 Laumans IdealVariabel (figure 4.4) is a natural red interlocking roof tile with a deep
swung shape similar to a classic pantile [53].
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Figure 4.1: RT 811 yellow roof tile [49]
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Figure 4.2: RT 845 Laumans Glazed Black [50] Figure 4.3: RT 840 Hgijslev Lille Black [51]

Figure 4.4: RT 844 Laumans Red [53] Figure 4.5: RT 841 Laumans Dark Red [52]

41.2 Komproment

Komproment is a Danish company that specializes in sustainable building products. The com-
pany’s construction materials include facade elements, roofing tiles, and shading products de-
signed to minimize energy consumption [54]. Komproment has offered two facade products
that represent the Nordic regions, and these products can be replaced without affecting the
structural layout to incorporate BIPV samples.

There is a facade product known as the Faro model (figure 4.6) that is designed for lightweight
brick exterior walls. It is specifically intended for use in both new construction and renovation
projects. The Faro model offers a practical solution that can be easily incorporated into building
designs without significant alterations to the structural layout. It is a low-maintenance option
with a long lifespan, providing a reliable choice for facade applications [55].

Another material to consider is the Rustic Natural Slate (figure 4.7). This slate material is known
for its durability and ability to withstand various environmental conditions. It is suitable for use in
facades due to its resilience against water, snow, and frost. The Rustic Natural Slate requires
minimal maintenance [56].
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Figure 4.6: Faro Vidar Clay Shingles [55] Figure 4.7: Natural Black Slate [56]

4.2 BIPV samples

Regarding the BIPV samples, eight of them have been carefully selected, from the DTU database,
to facilitate a comprehensive comparison with conventional construction materials. The first
four samples (Figures 4.8-4.14) are provided by the company Glaseksperten. Next to the im-
age of the sample, there is a raw scheme of the sample’s composition. They consist of a
Monocrystalline Silicon (Mono-Si) PV cell with a Two Busbars (2BB) configuration. The samples
incorporate an inkjet-printed layer and a polymer backsheet is employed to provide protection
and insulation to the PV cell. Furthermore, a convenient peel strip is integrated, enhancing the
sample’s usability and convenience.

Figure 4.8: Yellow BIPV sample Figure 4.9: Yellow BIPV sample composition

Glass
Solid Red 200%
EVA
mono-Si cell
EVA
Backsheet
Figure 4.11: Dark Red BIPV sample composi-

Figure 4.10: Dark Red BIPV sample tion

Glass
Solid Yellow 200%
EVA
mono-Si cell
EVA
Backsheet

|
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| monoSicell |
[ Backsheet |
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Figure 4.13: Clear Red BIPV sample composi-
Figure 4.12: Clear Red BIPV sample tion
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Figure 4.14: Red BIPV sample Figure 4.15: Red BIPV sample composition

The other samples have the same PV technology, a Mono-Si PV module with a 2BB configura-
tion.

Glass
EVA
mono-Si cell
EVA
Backsheet

Figure 4.16: Black BIPV sample Figure 4.17: Black BIPV sample composition

The fifth sample (Figure 4.16) features a smooth glass surface which ensures optimal light
transmission and durability and protected by a Petraglass cover.
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Figure 4.19: Normal Black BIPV sample com-
Figure 4.18: Normal Black BIPV sample position

The sixth sample (Figure 4.18) has a satinated glass surface providing a unique texture and
light diffusion.

Glass
POE
Solaxess Gold
POE

. Backsheet
Figure 4.20: Gold BIPV sample Figure 4.21: Gold BIPV sample composition

The seventh one (Figure 4.20) utilizes a high-transparency Polyolefin Elastomer (POE) en-
capsulant, known for its excellent light transmission properties. Furthermore, the sample is
enhanced with a Solaxess Gold coating, which enhances light absorption and efficiency. The

module is then protected by a Petraglass cover, ensuring durability and resistance to environ-
mental factors.

Sandlasted glass
EVA
Backsheet

Figure 4.23: Special Black BIPV sample com-
Figure 4.22: Special Black BIPV sample position

The last sample (Figure 4.22) is laminated with a sandblasted Costwold glass surface texture,
which introduces diffuse reflections. The use of sandblasting enhances the scattering of light,
resulting in a more uniform distribution of reflections. Additionally, the sample incorporates a
black backsheet, further contributing to the absorption of incident light.
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5 Results presentation

This section presents the results of the color comparison between BIPV materials and traditional
construction materials, specifically focusing on their color representation in the CIELAB color
space. The CIELAB color space provides a standardized and perceptually uniform system for
quantifying and comparing color attributes, described by lightness (L*), chroma (a*), and hue
(b*). By mapping the color properties of both BIPV and construction materials onto the CIELAB
space (described in section 2), a visual representation of their color differences and similarities
is achieved.

The presentation of results in this master thesis will be organized into separate sections ded-
icated to each construction material, encompassing all the BIPV materials that can serve as
substitutes for the respective construction material. In order to provide an effective representa-
tion based on the sample and sensor angle, not all the L*, b*, and «* graphs will be included.
Instead, two graphs will be selected to offer a comprehensive depiction. Specifically, the graphs
included in the presentation of the results will be those taken at 0° and 45° angles, while the
remaining graphs will be included in Appendix A. Graphs will show all the sensor angle results,
with gaps at absolute 0°, due to the sensor blocking the source of light. Additionally, as lightness
above 100 is misleading and under investigation, these values will be taken out too, resulting
in a gap in the graph. All the samples taken into account have been explained in Chapter 4.

The purpose of this section in the master thesis is to present the results obtained and provide
initial insights derived from them. However, for a more in-depth analysis of the results, Chapter
7 will be dedicated to thoroughly examining and interpreting the findings.
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5.1 RT 811 Yellow Roof Tile

Figure 5.1: Yellow sample Figure 5.2: Yellow sample rotated

For the purpose of analysis, the graphs in this section will feature four distinct samples. Among
these, two samples will represent the construction material with different orientations, while the
remaining two samples will represent the Yellow BIPV and Gold BIPV materials, respectively.
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Figure 5.3: Yellow Tile L* comparison at 0° Figure 5.4: Yellow Tile L* comparison at 45°

To begin with, it is evident that the average lightness of the yellow-colored samples is notably
high, aligning with expectations. These samples exhibit a visually bright appearance, result-
ing in a considerable reflectance of projected light. Moreover, the tile material demonstrates a
relatively isotropic behaviour, as indicated by results across all angles. Conversely, the Gold
BIPV sample displays anticipated variability due to its inference base coloration technology.
Another crucial observation is that the measured direction and point have a substantial impact
on the final results. This significant disparity can be attributed to the curved nature of the tile
material, which leads to the reflection of light in undesired directions, thereby affecting the mea-
surements. In Figure 5.1 and 5.2 is possible to see the curvature of the material, which can
affect a lot to the measurement if it is not properly aligned. Even being properly aligned, some
of the reflectance can be lost or directed in undesired directions.
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Figure 5.5: Yellow Tile a* comparison at 0° Figure 5.6: Yellow Tile a* comparison at 45°
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Figure 5.7: Yellow Tile b* comparison at 0° Figure 5.8: Yellow Tile b* comparison at 45°

In relation to the a* and b* values, which provide coordinates for determining apparent color,
the obtained results generally align with expectations for most of the samples. The a* values
tend to be low or close to zero. Furthermore, the tile material exhibits colors closer to the red
spectrum, while the BIPV materials tend to lean towards blue. This distinction may be attributed
to the presence of cells within the BIPV materials. On the other hand, the b* values consistently
indicate a direction towards yellow, which corresponds to the desired color representation. Both
the tile samples and the Yellow BIPV samples consistently exhibit close and stable yellow val-
ues. However, the Gold BIPV samples are significantly impacted by their high reflectance,
resulting in considerable variation among different angles. As a result, this variation shows an
angular-dependent material.
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5.2 RT 845 Laumans Glazed Black

A g

glazed sample rotated

X -

Figure 5.9: Black glazed sample Figure 5.10: Black

Despite being considered a black sample, only two measurements for the glazed black tile,
each taken in different directions, as well as individual measurements for the Black BIPV and
Normal Black BIPV will be used. The Special Black BIPV will not be considered for comparison
due its unique design.
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Figure 5.11: Glazed Black Tile L* comparison at 0°

None of the BIPV materials analyzed in this study demonstrate characteristics that deem them
suitable substitutes for the Glazed Black sample. Furthermore, it is important to acknowledge
that the CIELAB comparison method may not be the most appropriate approach for assessing
these materials. Therefore, to better understand and evaluate the results for these materials,
the BRDF graphs will be utilized. The BRDF graphs offer a more comprehensive perspective
on the reflective characteristics of the materials under investigation.
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Figure 5.12: Total BRDF Figure 5.13: Total BRDF in logarithmic scale

Figures 5.12 and 5.13 present the BRDF values for the investigated samples, offering insights
into their reflectance properties. By examining these graphs, it is possible to identify the peak
values at a sample angle of 0°. The logarithmic scale allows for a clear observation of the trends
exhibited by each sample in comparison to the others. Both the Glazed measurement and the
Normal Black BIPV display similar trends, except in the central position where the results for the
Glazed material significantly exceed 1, similar to the Black BIPV sample. Additionally, it is worth
noting that the Black BIPV exhibits a lower baseline compared to the other measurements.

5.3 RT 840 Hgijslev Lille Black

Figure 5.14: Black tile sample Figure 5.15: Black tile sample rotated

In this particular case, the comparison will involve six measurements. This includes two mea-
surements for the black tile, each taken in different directions, as well as individual measure-
ments for the Black BIPV, Normal Black BIPV, and two measurements in different directions for
the Special Black BIPV.
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Figure 5.16: Black Tile L* comparison at 0° Figure 5.17: Black Tile L* comparison at 45°

Initially, it is apparent that the measurement direction has a relatively lesser impact on black ma-
terials compared to colored materials. Both the black tile samples and the special BIPV samples
exhibit similar levels of lightness and follow the same trend. Furthermore, it is noticeable that
black materials display high reflectance when the sensor is positioned where specular reflec-
tion occurs. Another noteworthy finding is that the lightness remains consistent at low sensor
angles, but is significantly affected by the material’s reflectance at high sensor angles. Among
the samples, the Normal Black BIPV demonstrates more variability in the results, making the
comparison more challenging.

As expected for a black material, the o* and b* coordinates are either 0 or very close to 0. In this
particular case, it is only necessary to verify that these values remain in proximity to 0 (check
Appendix A for the graphs).

5.4 RT 844 Laumans Red

Figure 5.18: Clear red sample Figure 5.19: Clear red sample rotated

For the purpose of comparing the Clear Red materials, three distinct BIPV red samples will be
examined alongside two tiles oriented in different directions.
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Clear Red Tile L* comparison at

The initial observation is that the BIPV materials exhibit similar lightness results with a consistent
trend. Conversely, the tiles demonstrate higher lightness values. This difference in lightness
can be attributed to the tiles’ visually lighter appearance, similar to the Yellow tile when exposed
to sunlight. Therefore, the higher reflectance of the tiles is expected. In this case, the curvature
of the samples does have an impact, as the results vary depending on the measured direction.
This variation could be attributed to the influence of the material’s curves. Probabily, if the curva-
ture influence of the material is eliminated, it will show a fairly isotropic composition. However,
a method to account for the curvature is necessary to develop.
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Figure 5.22: Clear Red Tile «* comparison at 0°
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Figure 5.23: Clear Red Tile a* comparison at
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Regarding the other coordinates, it is noticeable that the obtained values are closer to an orange
color rather than a pure red. The results for both red and yellow are relatively similar across all
angles. This consistency aligns with the anticipated values, as none of them exhibit a distinct
red hue, but rather appear as mixed colors. However, it was initially expected to observe higher
levels of red in the Dark Red BIPV samples.

5.5 RT 841 Laumans Dark Red

——m

.

Figure 5.26: Dark red sample Figure 5.27: Dark red sample rotated

Similar to the previous scenario, the analysis will involve five samples. The BIPV materials will
remain consistent, while the tile samples will be replaced with Dark Red Tiles for comparison.
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L*

Figure 5.28: Dark Red Tile L* comparison at 0°
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Figure 5.29: Dark Red Tile L* comparison at
45°

The curvature of the samples significantly influences the results in this case, resulting in some
losses in the measurements of the rotated tile sample. Nonetheless, all samples exhibit a similar
trend with closely aligned lightness values. The Dark Red material appears darker compared to
the previous red, yet it displays higher reflectance, as evidenced by the higher peaks and less

consistent values observed in the measurements.

Figure 5.30: Dark Red Tile a* comparison at 0°
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Figure 5.32: Dark Red Tile b* comparison at 0°  Figure 5.33: Dark Red Tile b* comparison at 45°

When considering the observed color, it becomes apparent that, in this case, the average color
appears to be more of an orange shade, similar to the previous red samples. However, it might
have been expected to observe a more pronounced red color, given the material’s appearance
under sunlight.

5.6 Faro Vidar Clay Shingles

Figure 5.34: Black Komproment sample Figure 5.35: Black Komproment sample rotated

For this comparison, the same BIPV samples used in the previous analysis of Black tiles will be
considered. However, instead of using Black tiles, a Black Komproment sample will be utilized
as a substitute.
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Figure 5.36: Black Komproment L* comparison  Figure 5.37: Black Komproment L* comparison
at 0° at 45°

All of the lightness values fall within a range of 10, with the exception of the Black BIPV sample.
The observed trend is quite similar, suggesting that these materials could be closely related. It
is noteworthy that the Komproment sample exhibits high reflectance at both high sample and
sensor angles, resembling the behavior of the Normal Black BIPV sample. When disregarding
the a* and b* values, it can be argued that the Normal Black BIPV sample could serve as a
suitable substitute for the Komproment samples.

Similar to other black materials, the values of a* and b* for the samples under consideration are
close to 0. These values are primarily included for the purpose of result verification.

5.7 Natural Black Slate

Figure 5.38: Black slate sample Figure 5.39: Black slate sample rotated

In the last comparison, the study utilizes the same BIPV samples as examined in the previous
analysis of black materials. However, for this specific investigation, the black slate material
is introduced as the black construction material, with measurements conducted in two distinct
directions.
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Figure 5.40: Black Slate L* comparison at 0° Figure 5.41: Black Slate L* comparison at 45°

Similar to the previous analysis, the obtained results align with the expected outcomes, demon-
strating low lightness values. However, they also reveal the high reflectance of the black slate
material, reaching peak levels. This can be attributed to the morphology of the sample, which
includes numerous imperfections that influence the reflected light. The black slate exhibits a
similar trend to the Black BIPV samples but with a higher baseline lightness. In terms of the
other coordinates, they are close to 0, indicating a black color.
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6 Other results

Within the scope of color analysis, this section dives into several calculations aimed at providing
a comprehensive evaluation of color characteristics. A closer examination of the RGB coordi-
nates for both theoretical and observed colors is presented in Section 6.1. This comparison
offers valuable insights into the accuracy and consistency of color reproduction. Moving for-
ward, Section 6.2 explores quantitative color differences through the utilization of the CIELAB
color space, a standardized and perceptually uniform measurement system. By analyzing color
variations in this manner, a deeper understanding of perceptual distinctions between different
color samples is achieved. Additionally, Section 6.3 addresses potential sources of uncertainty
in the measurement process, taking into account factors such as lighting conditions and device
calibration. The integration of these three sections provides a comprehensive framework for as-
sessing and interpreting color data, ensuring the robustness and reliability of the color analysis
within this study.
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6.1 Theoretical RGB vs Practical RGB

The theoretical color of the material will be compared with the color observed by the spectrom-
eter, serving as a foundation for future improvements. To obtain the observed color, the Rapid
Tables tool [57] will be utilized to generate an image. The reliability of the generated image
will be confirmed by cross-referencing it with established color tables [58]. Subsequently, a
comparison will be made between the measured color and the observed color to assess their
similarity. This analysis will provide valuable insights into the consistency and accuracy of color
representation for the material under investigation.

For the purpose of this master thesis, a results table will be employed to present the color co-
ordinates. Specifically, the color coordinates will be extracted from the sample at § = 0° to
minimize any potential distortions caused by reflectance effects. In order to assess the impact
of reflectance, two sets of coordinates will be showcased: one corresponding to a sensor an-
gle near 0° (Centered RGB) and the other at approximately |45°| (Sided RGB). Regarding the
Theoretical RGB, it is an approximate observed color putting into contrast the sample given by
the manufacturer and using the tool [57]. This approach does not allow a completely accurate
analysis, for further research, the Theoretical RGB must be assessed at the construction of the
material by the manufacturer.

Two distinct tables will be presented to showcase the color analysis results. The first table will
focus on construction materials, providing a comprehensive overview of their color coordinates
and related measurements. The second table, on the other hand, will be dedicated to BIPV ma-
terials, offering detailed insights into their color characteristics. By organizing the findings into
separate tables, a clear distinction can be made between the color properties of construction
materials and BIPV materials.

Table 6.1: Construction materials RGB coordinates

Material Theoretical RGB Theoretical Inéage Centered RGB Centered Image Sided RGB Sided Image
Yellow [247,202,110] [228,184,128] [223,177,118]

Glazed Black [0,0,0] [ | [252,255,255] [5,5,5] [ |
Lille Black [64,64,64] [ | [150,147,144] [64,62,63] [ |
Clear Red [238,141,92] [190,124,93] [83,50,34] [ |
Dark Red [219,99,29] [ | [209,170,159] [149,85,61] [ |
Black Clay Shingles  [105,105,105] [ | [103,99,98] [ | [85,81,81] [ |
Natural Black Slate ~ [119,119,117] [ | [158,159,161] [79,79,80] [ |

The analysis reveals that among the samples, only the Yellow Tile and Black Clay Shingles
closely approximate the theoretical values at all measurement points. The red colors, however,
appear more brownish rather than true red, primarily due to the limitations of the measurement
setup. Conducting measurements in a dark environment with a single light source directed
at a specific position can result in the loss of some information. The black samples highlight
the substantial influence of reflectance, as evidenced by the significant variability between the
measured and theoretical colors. The Black Clay Shingles exhibit lower variability across all
points, which aligns with the sample’s isotropic and smooth morphology. Similar behavior is
observed for the Yellow Tile. In contrast, the Glazed Black Tile exhibits higher variability, which
is expected considering its high reflectance characteristics. A comprehensive summary of these
findings can be found in Table 6.1.
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Table 6.2: Construction materials RGB coordinates

Material Theoretical RGB Theoretical Image Centered RGB Centered Image Sided RGB Sided Image
Black BIPV [0,0,0] . [255,255,255] [38,36,255] .
Clear Red BIPV [195,88,17] . [255,102,93] [119,73,255] .
Dark Red BIPV [209,64,12] . [255,131,140] [113,47,255] .
Red BIPV [220,113,18] . [128,96,86] . [100,71,255] .
Gold BIPV [205,199,16] [255,255,255] [132,118,255] .
Normal Black BIPV [28,28,28] . [128,82,86] . [88,88,255] .
Special Black BIPV [77,77,72] . [128,88,88] . [66,66,255] .
Yellow BIPV [223,217,20] [255,141,85] [143,124,255]

In the case of construction materials, the primary factors influencing the perceived color were
the reflectance and morphology of the material, leading to variations in lighter or darker values.
However, when considering BIPV materials, an additional factor comes into play: the cells incor-
porated within the BIPV material. These cells significantly impact the perceived color, resulting
in violet or blue hues at certain viewing angles. In future research, it will be essential to consider
and account for this factor in order to eliminate its influence on the results and normalize the
color values effectively.

In conclusion, it is crucial to acknowledge that the materials studied in this research represent
only a small subset of the entire spectrum of possibilities. Therefore, definitive conclusions
cannot be drawn or confirmed based solely on these results. Rather, the findings presented
here should be interpreted as indicative of trends and potential insights. It is important to view
this section as a supplementary methodology, providing additional context and understanding,
rather than a definitive determinant in the research outcomes.

6.2 Quantitative color difference

This section serves the purpose of creating a database for quantitative color differences, provid-
ing a foundation for future research in the field. The theoretical background, including formulas
and threshold levels for detecting color differences, is discussed in Chapter 2. The primary
objective is to identify and analyze the specific areas where color differences occur, such as
variations in lightness, total color difference, and other color coordinates. To achieve this, a
comparison matrix will be presented for each construction material, alongside its corresponding
BIPV materials, following the methodology outlined in Chapter 5. The variables examined in
the comparisons will include lightness, total color difference calculated using the CIEDE2000
formula, as well as chroma (C) and hue (H) coordinates.

In order to provide a comprehensive perspective, the focus of this analysis will be on present-
ing the average values at 0° sample angle. However, it is crucial to interpret these numbers
within the context of further research. Understanding whether these differences are consis-
tently present across the entire color spectrum or limited to specific points will be essential for
identifying and eliminating potential sources of error.

Table 6.3: Yellow Tile comparison matrix

Material AE AL AC AH
Yellow BIPVY 1755 19.99 8.04 8.55
Gold BIPVY 3190 4343 19.99 9.40
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Table 6.4: Clear Red Tile comparison matrix

Material AE AL AC AH
Red BIPV 2528 26.11 20.93 1.24
Dark Red BIPV 26.75 3224 7.04 5.74
Clear Red BIPV 27.30 35.15 1250 3.58

Table 6.5: Dark Red Tile comparison matrix

Material AE AL AC AH
Red BIPV 20.06 21.30 13.86 2.43
Dark Red BIPV 19.07 2442 375 3.34
Clear Red BIPVY 19.78 27.03 8.21 243

Table 6.6: Glazed Black Tile comparison matrix

Material AE AL AC AH
Black BIPV 11.98 16.68 1.56 1.76
Normal Black BIPV  14.91 18.71 155 2.48
Special Black BIPV  19.34 25.14 1.50 2.01

Table 6.7: Black Tile comparison matrix

Material AE AL AC AH
Black BIPV 1298 18.04 0.71 1.35
Normal Black BIPV  9.77 10.31 0.83 1.58
Special Black BIPV 13.21 15.36 0.66 1.67

Table 6.8: Black Komproment comparison matrix

Material AE AL AC AH
Black BIPV 11.93 16.96 1.07 2.10
Normal Black BIPY 529 558 0.90 2.31
Special Black BIPV 6.56 7.22 149 224

Table 6.9: Black Slate comparison matrix

Material AE AL AC AH
Black BIPV 1548 21.00 1.39 1.25
Normal Black BIPV 12.13 12.27 1.71 1.08
Special Black BIPV 13.54 14.94 0.89 0.57

After analyzing and comparing the obtained results, it is evident that further efforts are required
to identify suitable substitutes for the construction materials that exhibit minimal perceptible dif-
ferences. Among all the comparisons conducted, only one comparison matrix, as presented
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in Table 6.8, approaches the acceptable threshold defined. It is important to highlight that for
black materials, AC and AH have less importance, as they will be very close, but they are
calculated in order to provide a stable structure and create an orientative database. The pre-
dominant factor influencing the comparisons is the lightness parameter, suggesting that the
observed differences are likely influenced by the high reflectance of the materials rather than
inherent color variations. To enhance the analysis, a potential direction for improvement would
involve normalizing the values prior to comparison. Additionally, a thorough examination of the
measurement thresholds is necessary to identify areas with substantial differences and ascer-
tain their validity. It is plausible that at around the central point of measurement and at high
sensor angles, the reflectance values are disproportionately high, thereby distorting the results.
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Figure 6.1: Total BRDF at 0° sample angle for  Figure 6.2: Total BRDF at 0° sample angle for
all samples all samples in logarithmic scale

To validate the aforementioned statement, the BRDF results for all the samples are depicted
in Figures 6.1 and 6.2. It is evident that the baseline of the white reference is significantly
higher compared to the other samples, which aligns with the expected behavior for white colors.
However, closer examination of these graphs reveals certain issues. Firstly, there is a notable
influence of high sensor angles, as observed in the white reference measurement, where values
exceed 1. This distortion introduces a challenge in accurately quantifying the measurement
differences. Secondly, for materials with high reflectance, results above 1 are observed around
a sensor angle of 0°, further contributing to distorted outcomes.

Table 6.10: Yellow Tile comparison matrix modified

Material AE AL AC AH
Yellow BIPY 1341 1125 8.04 8.55
Gold BIPV  30.77 4013 19.99 940
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Table 6.11: Clear Red Tile comparison matrix modified

Material AE AL AC AH
Red BIPV 25.39 2534 2093 1.24
Dark Red BIPVY 25.80 27.78 7.04 5.74
Clear Red BIPV 2493 25.37 1250 3.58

Table 6.12: Dark Red Tile comparison matrix modified

Material AE AL AC AH
Red BIPV 19.72 20.05 13.86 243
Dark Red BIPV 19.34 2216 3.75 3.34
Clear Red BIPV 18.39 1945 8.21 243

Table 6.13: Glazed Black Tile comparison matrix modified

Material AE AL AC AH
Black BIPV 10.75 13.70 1.56 1.76
Normal Black BIPVY 13.15 16.44 155 2.48
Special Black BIPV 19.08 24.66 1.50 2.01

Table 6.14: Black Tile comparison matrix modified

Material AE AL AC AH
Black BIPV 11.62 1443 0.71 1.35
Normal Black BIPV 829 852 0.83 1.58
Special Black BIPV 13.21 15.36 0.66 1.67

Table 6.15: Black Komproment comparison matrix modified

Material AE AL AC AH
Black BIPV 10.41 13.35 1.07 2.10
Normal Black BIPV  5.71 591 0.90 2.31
Special Black BIPV  6.53 7.22 149 224

Table 6.16: Black Slate comparison matrix modified

Material AE AL AC AH
Black BIPV 1448 17.39 1.39 1.25
Normal Black BIPV 1047 10.47 1.71 1.08
Special Black BIPV 13.54 14.94 0.89 0.57

By excluding the extreme values from the analysis, a smoother and more realistic set of values
is obtained. These refined values, presented in Tables from 6.10 to 6.16, provide a clearer
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representation of the data. Notably, the modifications primarily affect the lightness values, sig-
nificantly impacting the overall color difference. However, it is important to acknowledge that
the obtained results are still far from meeting the desired objectives.

In conclusion, this section serves as a crucial framework for establishing a quantitative method-
ology for material comparison rather than delving into the specific results. It is essential to
acknowledge that the materials presented here may not represent the most optimized versions,
as this is a limited sample within a broader spectrum of possibilities.

6.3 Measurement uncertainty

In color analysis experiments, it is crucial to address the potential sources of errors and uncer-
tainties. The subjective nature of color perception by the human eye, as discussed in Chapter
2, poses a significant challenge. To mitigate this subjectivity, a standardized setup has been
implemented in this project, aiming to establish consistent conditions for color evaluation and
provide quantitative results. However, it is important to recognize that certain factors still war-
rant careful consideration and further investigation.

One significant consideration is the influence of reflectance on color analysis. Highly reflective
materials, as depicted in Figure 4.2, exhibit a strong dependency on reflectance, resulting in
observed colors that differ from their true appearances. Although this uncertainty cannot be
entirely eliminated in the current project, it highlights the need for future research to address
this issue and develop methodologies to obtain more reliable measurements.

Another aspect that can contribute to errors is misalignment, particularly when dealing with
curved samples. The curvature of such samples can cause light to deviate from the measure-
ment plane, leading to lower reflectance values than expected. Additionally, the curved surface
may reflect light back onto the sample, resulting in higher reflectance and altered color percep-
tion, particularly in regions of higher lightness. While careful attention to vertical and horizontal
alignment can partially mitigate this issue, it remains a non-trivial challenge. Therefore, it is
imperative to explore standardized setups suitable for different sample morphologies, with the
goal of minimizing the impact of misalignment on color analysis.

6.3.1 Repeatability

The reproducibility of measurements is a critical factor of uncertainty that warrants attention in
this study. In the following section, a concise qualitative discussion will be presented, focusing
on the feasibility of reproducing the measurements. While it is not within the scope of this thesis
to provide a detailed description for all materials, all examined morphologies will be analyzed
and supplemented with additional information in the Appendix for comprehensive understand-
ing and reference.

Lightness values are chosen over BRDF values for comparing reproducibility in color materials
measurements due to their perceptual relevance, simplicity, and practicality. Lightness cap-
tures the overall brightness or darkness of materials, making it easier to interpret and compare
across different samples. In contrast, BRDF values are complex and challenging to directly
compare. By focusing on lightness, we can ensure a standardized and accessible approach to
assessing reproducibility, enabling more meaningful comparisons in color measurements.

For each material, a graph displaying three different L* values will be presented at a sample
angle of 0°. Only lightness values will be included as it is easier to see the difference, «* and b*
values are always closer and more constant. Additional graphs will be included in Appendix B
for readers who wish to delve deeper into the analysis. However, it is worth noting that includ-
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ing only the 0° graphs suffices, as the primary focus is on determining the reproducibility of the
measurements.

The initial finding of this study indicates a high level of replicability and certainty in the mea-
surements. Most of the measurements vyield identical or nearly identical results. However, it
is important to note the distinctions between BIPV materials and construction materials. The
measurement setup is optimized for thin and flat samples like BIPV materials, making it easier
to obtain consistent outcomes. On the other hand, construction materials, which are gener-
ally thicker and exhibit curvature, present challenges in replication. Despite these challenges,
construction materials demonstrate similar trends, albeit with varying base levels.
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Figure 6.7: Reproducibility of Yellow Tile Rotated at 0° sample angle

For instance, in Figure 6.6, all measurements display the same trend but with slight variations
in the baseline. This discrepancy may be attributed to misalignment during one of the measure-
ments.
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Figure 6.8: Reproducibility of Black Tile Rotated  Figure 6.9: Reproducibility of Clear Red BIPV
at 0° sample angle at 0° sample angle
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Figure 6.11: Reproducibility of Clear Red Tile
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The morphology of the sample plays a crucial role, as observed in Figure 6.10, where the sam-
ple’s curvature influences the results at high absolute sensor angles.
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In Figure 6.14 it is possible to see the influence of replicability even in highly reflecting materials.
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In Figure 6.17, an illustrative example demonstrates the potential impact of sample curvature
on measurements. A misalignment can lead to variations in color coordinates that deviate from
the expected values, resulting in the loss of valuable information across measured angles.
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Inconsistencies in alignment can also be observed in BIPV samples, as illustrated in Figures
6.19 and 6.20. These samples exhibit slight irregularities and disturbances that can potentially
impact reflectance and affect the accuracy of measurements obtained by the sensor. Con-
sequently, these factors may result in a partial loss of information during the measurement
process.
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In conclusion, the measurements exhibit a reasonably high level of reproducibility, but it is es-
sential to exercise caution and diligence in the measurement process.
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7 Results analysis and further research

The following section focuses on the analysis of the color comparison results obtained from the
various color measurement techniques employed. These results offer valuable insights into the
similarities and differences between different color samples, shedding light on the effectiveness
of the color reproduction processes. Through a comprehensive examination of the obtained
data, including RGB coordinates, CIELAB color differences, and uncertainties, a deeper under-
standing of the color characteristics and their variations is attained. The analysis will provide
meaningful interpretations of the color comparison results, highlighting any significant trends,
patterns, or discrepancies. This thorough evaluation will contribute to the overall understanding
of color performance and guide further investigations and improvements in color reproduction
techniques. Furthermore, avenues for further research are identified to extend and enhance the
understanding of color performance and its implications in the built environment. By address-
ing the limitations and gaps identified in this study, future research endeavors can contribute to
advancing color reproduction techniques, exploring alternative color spaces, investigating color
stability, and developing innovative approaches for color matching and reproduction.

7.1 Results analysis

Sections 5 and 6 of this thesis have been devoted to presenting the obtained results and con-
ducting complementary calculations to facilitate their interpretation. The key emphasis lies in
the combination of Section 5, which showcases the quantitative color comparison results, with
the overall project development. It is important to acknowledge that the sample selection is
limited in scope, thus the analysis and conclusions derived from it serve as guidance rather
than definitive findings. The primary objective of this research is to establish a methodology
and offer guidelines for future investigations in this field.

Currently, the technology for generating substitutes for construction materials does not seem
to meet the stringent requirements of regulatory authorities. None of the BIPV samples closely
resemble their corresponding construction materials, with noticeable differences, especially in
colored samples. However, replicating black materials or differentiating between them proves
to be relatively easier.

Itis crucial to differentiate between satinated or smooth materials and highly reflective materials
in terms of their characteristics. Satinated materials, such as the Yellow Tile or Clear Red Tile,
exhibit relatively stable and angle-independent color coordinates and BRDF results. Although
their baselines may be high, the overall trend remains consistent without significant fluctuations.
However, it should be noted that the curvature or disposition of the sample can impact the re-
sults, potentially distorting them and deviating from expected values or comparisons with other
measurements. On the other hand, highly reflective materials, like the Gold BIPV or the Glazed
Black Tile, display significant variations in their values, indicating an angle-dependent behav-
ior. This poses challenges in comparing such materials, particularly at specular plane positions
where light is directly directed towards the sensor, resulting in high readings and saturation.

When comparing black construction materials to colored construction materials, it becomes ev-
ident that black materials exhibit greater variability, mainly in lightness. This can be attributed to
the increased visibility of partially illuminated areas on black surfaces under dark measurement
conditions compared to red or yellow materials.
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One notable source of error or distortion in the results arises from measurements taken at high
sensor and sample angles. In such cases, the obtained values exceed 100 in lightness with
an upward trend, which in the case of specularly reflecting materials is a characteristic [59].
This issue is inherent to the experimental setup and should be addressed in future research to
ensure accurate measurements and reliable comparisons.

By incorporating the quantitative results from Section 6.2 as a complementary analysis, the pre-
vious conclusions become evident. Eliminating extreme results, particularly those generated at
specular planes and high sensor angles, brings the measurements closer to reality and facili-
tates meaningful comparisons. This can be observed by comparing tables used for quantitative
color comparison. The modification primarily affects the lightness values, resulting in lower val-
ues compared to the original measurements.

It is important to note that this quantitative analysis represents an average at a 0° sample angle.
For future research, it is recommended to consider all measurements, which would likely reveal
greater differences since BIPV materials demonstrate a higher degree of angle dependency
and reflectance compared to tile materials. Additionally, as it is an average, there is no com-
parison at each angle, which is essential. Merely appearing to be equal based on an average
is insufficient. The color difference must fall within an acceptable range at every point. Failure
to meet this criterion would render the material unsuitable for installation, potentially resulting in
economic and reputational losses for the manufacturing company.

Moving on to the additional calculations presented in Section 6, several conclusions can be
drawn. Firstly, the replicability of measurements is highly feasible, particularly for BIPV ma-
terials. This is primarily attributed to the setup being specifically designed flat and thin mate-
rials (such as BIPV), and not for the heavy and variable shape of the construction materials.
However, even construction materials exhibit a reasonable level of replicability when careful
alignment is ensured. It should be noted that due to the non-flat morphology of construction
materials, characterized by curves and variations in composition, there may be certain points
on the tile that cannot be measured accurately, especially when curvature interferes with proper
light detection by the sensor. Conversely, BIPV materials are completely flat with consistent
composition, except for the presence of solar cells.

The integration of solar cells into the analysis presented in Section 6.1 involves calculating
RGB coordinates to assess the similarity between the measured and observed colors. Only
two construction materials demonstrate close agreement between measured and observed col-
ors. Notably, the Clear Red Tile appears darker to the sensor compared to the Dark Red Tile.
This could be attributed to the higher reflectance exhibited by the Dark Red Tile, resulting in
lighter measured results. The Glazed Black Tile is particularly noteworthy due to its significant
variability across different measurement positions, a characteristic stemming from its mirror-like
composition. Shifting focus to BIPV materials, achieving close proximity to the observed col-
ors becomes even more challenging. The presence of a purple/blue appearance in the sidelight
measurements is especially perplexing. This phenomenon arises from the influence of the solar
cells embedded within the tile, which affects both the sidelight measurements and the centered
measurement. This consideration should be taken into account in future research to normalize
the values. Additionally, the presence of blue hues in the BIPV samples can be further under-
stood by examining the «* and b* graphs, which reveal similar or nearly equal values for both
coordinates, indicating a blue color tendency.

In conclusion, this thesis has shed light on the challenges of accurately replicating colors in
construction materials and BIPV samples. While black materials show relatively higher replica-
bility, colored materials pose greater difficulties. The distinction between satinated/smooth and
highly reflective materials is crucial, as they exhibit different behaviors. The study highlights the
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need to address measurement errors at high sensor and sample angles. Incorporating quan-
titative results improves comparability, and replicability is feasible with careful alignment. The
integration of solar cells in BIPV materials adds complexity to color measurements. This re-
search provides valuable insights and guidelines for future investigations, aiming to enhance
color replication and regulatory compliance in the construction industry.

7.2 Further Research

Based on the comprehensive analysis conducted in this thesis, several research directions can
be proposed to enhance the BIPV technology and address the existing challenges.

Firstly, future research should focus on expanding the database of construction and BIPV mate-
rials to minimize the color disparity between them. Standardizing the setup for measuring con-
struction materials is crucial to reduce variability and ensure consistent measurements, similar
to what is currently done for BIPV samples.

Secondly, considering the shape of the sample is essential to eliminate or minimize the influ-
ence of material curvature on measurements. Developing methods to obtain reliable data by
accounting for sample shape will contribute to more accurate color replication.

Thirdly, solar cells affect to the appearance and perception of BIPV materials. This influence
should be reduced in order to reduce the apparent difference between materials. An option
could be to measure the cells separately and then subtract their influence from the overall mea-
surements to normalize the values.

Fourthly, to mitigate the errors arising from measuring only a small portion of the sample, it
is advantageous to extend the measured area or capture multiple points simultaneously and
compute their average. It is important to consider that the area observed by an observer is in-
fluenced by the solid angle, which in turn depends on factors such as the distance to the object
and the size of the object [60]. Notably, the area perceived by a person is typically greater than
the area captured by the utilized sensor. Therefore, expanding both the illuminated area and
the measured area by the sensor can contribute to obtaining more reliable and representative
results.

Fifthly, further exploration and refinement of quantitative comparison results are necessary. De-
veloping a system that enables comparison at every point and addressing extreme results will
enhance the accuracy and reliability of color measurements.

Lastly, conducting measurements under real conditions, particularly sunlight, can provide in-
sights into the behavior of these materials. However, it is important to consider potential chal-
lenges such as undesired reflections and higher illuminance, which may distort the results.

These research directions offer promising avenues to bridge the existing color disparity in the
sector. While some challenges lie ahead, a meticulous and systematic approach will be invalu-
able for future advancements in the field.
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8 Conclusions

This master thesis aimed to evaluate the visual disparities between BIPV products and construc-
tion materials, while also developing a methodology to facilitate this comparison and establish a
foundation for future research. By utilizing a specialized setup for measuring BRDF, the objec-
tives of the study have been successfully achieved, incorporating various techniques to ensure
reliable and measurable comparisons.

The entire setup, calibrated with a white reference sample, enabled accurate reflectance mea-
surements of samples at different viewing angles. These measurements were then transformed
into BRDF data and further converted into color coordinates in the CIELAB color space.

Two sets of samples were evaluated, one comprising construction materials and the other con-
taining BIPV samples. In addition to qualitative comparisons based on CIELAB coordinates,
quantitative color difference metrics and RGB coordinates were calculated. The replicability of
measurements was also assessed.

The analysis of color coordinate measurements revealed that further efforts are necessary to
achieve visually indistinguishable samples. Highly reflective materials, such as Glazed Black
Tile, exhibited angle-dependent results, particularly at the specular plane. Conversely, satin-
finished materials like Clear Red Tile displayed relatively stable measurements across different
viewing angles. The materials’ shape influence was found to be important, as could result in the
loss of some reflectance, thus leading to lower than expected results, mainly due to curvatures
of the samples stepping in between the sensor and the source of light.

Regarding replicability, similar results were observed for all samples when measured multiple
times, particularly for BIPV samples. However, it is important to note that the setup is optimized
for flat and thin samples, whereas construction materials often deviate from this ideal and are
typically heavier. Therefore, future research should focus on refining the setup to accommodate
construction materials and minimize small differences, ultimately establishing a standardized
measurement approach.

Furthermore, the influence of solar cells on the appearance of BIPV samples was found to be
significant. This factor should be taken into account in future studies aimed at eliminating visual
disparities in BIPV products.
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A Appendix A

In order to maintain the project’s length within reasonable limits while ensuring the inclusion
of all relevant information, a separate appendix will be dedicated exclusively to the excess
comparison graphs pertaining to Chapter 5. This approach enables a thorough examination of
all the influences without unnecessarily extending the main body of the thesis.
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Figure A.3: Yellow Tile L* comparison at 60°
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Figure A.4: Yellow Tile L* comparison at 75°
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Figure A.5: Yellow Tile a* comparison at 15°
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Figure A.7: Yellow Tile a* comparison at 60°
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Figure A.6: Yellow Tile a* comparison at 30°
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Figure A.8: Yellow Tile a* comparison at 75°
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A.1.3 b* values
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Figure A.9: Yellow Tile b* comparison at 15°
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Figure A.11: Yellow Tile b* comparison at 60°
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Figure A.12: Yellow Tile b* comparison at 75°
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Figure A.15: Glazed Black Tile L* comparison
at 45°
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Figure A.14: Glazed Black Tile L* comparison
at 30°
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Figure A.16: Glazed Black Tile L* comparison
at 60°
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Figure A.17: Glazed Black Tile L* comparison at 75°
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Figure A.18: Glazed Black Tile «* comparison  Figure A.19: Glazed Black Tile «* comparison
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Figure A.20: Glazed Black Tile a* comparison
at 30°
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Figure A.22: Glazed Black Tile «* comparison
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Figure A.21: Glazed Black Tile «* comparison
at 45°
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Figure A.23: Glazed Black Tile «* comparison
at 75°
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A.2.3 b* values
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Figure A.25: Glazed Black Tile b* comparison
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Figure A.27: Glazed Black Tile b* comparison
at 45°
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Figure A.28: Glazed Black Tile b* comparison
at 60°
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Figure A.30: Glazed Black Tile BRDF compari-
son at 15°
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Figure A.29: Glazed Black Tile b* comparison
at 75°
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Figure A.31: Glazed Black Tile BRDF compari-
son at 30°
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Figure A.32: Glazed Black Tile BRDF compari-
son at 45°
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Figure A.33: Glazed Black Tile BRDF compari-
son at 60°
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Figure A.34: Glazed Black Tile BRDF comparison at 75°
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A.2.5 Logarithmic BRDF values
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Figure A.35: Glazed Black Tile logarithmic
BRDF comparison at 15°
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Figure A.37: Glazed Black Tile logarithmic

BRDF comparison at 45°
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Figure A.36: Glazed Black Tile logarithmic
BRDF comparison at 30°
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Figure A.38: Glazed Black Tile logarithmic
BRDF comparison at 60°
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Figure A.39: Glazed Black Tile logarithmic BRDF comparison at 75°
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Figure A.40: Black Tile L* comparison at 15° Figure A.41: Black Tile L* comparison at 30°
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Figure A.42: Black Tile L* comparison at 60°
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Figure A.44: Black Tile a* comparison at 0°
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Figure A.43: Black Tile L* comparison at 75°

Sample Angle 15°

40
—— Black Tile
—— Black Tile Rotated
307 Black BIPY
——— Normal Black BIPV
20+ Special Black BIPV
Special Black BIPV Rotated
10+
of 5= - = :—m\)—\r
-10 - /
-20 1
30 F
-40 I I I | I I I I I

-80 -60 -40

-20

0 20 40 60 80
«

Figure A.45: Black Tile a* comparison at 15°
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Figure A.46: Black Tile «* comparison at 30°
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Figure A.48: Black Tile «* comparison at 60°
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Figure A.47: Black Tile a* comparison at 45°
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Figure A.49: Black Tile «* comparison at 75°
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A.3.3 b*values
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Figure A.50: Black Tile b* comparison at 0°
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Figure A.52: Black Tile b* comparison at 30°
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Figure A.51: Black Tile b* comparison at 15°
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Figure A.53: Black Tile b* comparison at 45°
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Figure A.54: Black Tile b* comparison at 60° Figure A.55: Black Tile b* comparison at 75°
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Figure A.56: Clear Red Tile L* comparison at  Figure A.57: Clear Red Tile L* comparison at
15° 30°
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Figure A.58: Clear Red Tile L* comparison at
60°
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Figure A.60: Clear Red Tile a* comparison at
15°
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Figure A.59: Clear Red Tile L* comparison at
75°
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Figure A.61: Clear Red Tile a«* comparison at
30°

Appearance comparison of BIPV products to existing building materials 84



i Sample Angle 60° o
30 30
/"’_\ 7]

20 W ol 20

10} \A/\,\ 10
s 0 s 0

-10 -10

| Red BIPV
| Clear Red BIPV
-30 | Dark Red BIPV -30
ol ‘ ‘ ‘ ‘ ‘ | i | g5 |
-80 -60 -40 -20 0 20 40 60 80 -80 -60
«

Figure A.62: Clear Red Tile a* comparison at  Figure A.63:
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Figure A.64: Clear Red Tile b* comparison at  Figure A.65
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Figure A.66: Clear Red Tile b* comparison at
60°
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Figure A.69: Dark Red Tile L* comparison at

30°
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Figure A.70: Dark Red Tile L* comparison at
60°
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Figure A.72: Dark Red Tile a* comparison at 15°
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Figure A.71: Dark Red Tile L* comparison at
75°
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Figure A.73: Dark Red Tile a* comparison at 30°
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Figure A.74: Dark Red Tile a* comparison at 60°
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Figure A.76: Dark Red Tile b* comparison at 15°
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Figure A.75: Dark Red Tile a* comparison at 75°
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Figure A.77: Dark Red Tile b* comparison at 30°

Appearance comparison of BIPV products to existing building materials 88



Sample Angle 60° Sample Angle 75°

50 50 -
40 “or / \
30 30+ -\
20+ 20 / : TR
ol ol / M
oot % of
-10 -10 -
-20 - 20
Dark Red Tile [ Dark Red Tile
-30 - Dark Red Tile Rotated -30 | | Dark Red Tile Rotated
Red BIPV | Red BIPV
Clear Red BIPV | Clear Red BIPV
-40 Dark Red BIPV -0 | Dark Red BIPV
_50 | | i | | | | | 50 | | | | | | | | i
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
« &

Figure A.78: Dark Red Tile b* comparison at 60°  Figure A.79: Dark Red Tile b* comparison at 75°
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Figure A.80: Black Komproment L* comparison  Figure A.81: Black Komproment L* comparison
at 15° at 30°
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Figure A.82: Black Komproment L* comparison
at 60°
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Figure A.83: Black Komproment L* comparison
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Figure A.85: Black Komproment a* comparison

at 15°
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Figure A.86: Black Komproment ¢* comparison
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Figure A.88: Black Komproment a* comparison

at 60°

-20 0 20 40 60 80

Sample Angle 45°

40 -
—— Black Komproment
——— Black Komproment Rotated
30T —— Black BIPV
——— Normal Black BIPV
20k Special Black BIPV
Special Black BIPV Rotated
10+
* S
s O0Of A o T RO
-10
-20
30 F
-40 | I | I I | I I |
-80 -60 -40 -20 0 20 40 60 80

Figure A.87: Black Komproment a* comparison

at 45°
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Figure A.89: Black Komproment a* comparison

at 75°

Appearance comparison of BIPV products to existing building materials

91



*
A.6.3 b* values
. Sample Angle 0°
Black Komproment
40+ —— Black Komproment Rotated
—— Black BIPV
30 Normal Black BIPV
Special Black BIPV
20l Special Black BIPV Rotated
10
e T Ea =
= —_— <
10 F
-20
-30 -
-40 -
50 | I | I i I i I i

Figure A.90: Black Komproment b* comparison
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Figure A.92: Black Komproment b* comparison
at 30°
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Figure A.91: Black Komproment b* comparison

at 15°
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Figure A.93: Black Komproment b* comparison

at 45°
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Figure A.94: Black Komproment b* comparison

at 60°
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Figure A.96: Black Slate L* comparison at 15°
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Figure A.95: Black Komproment b* comparison
at 75°
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Figure A.97: Black Slate L* comparison at 30°
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Figure A.98: Black Slate L* comparison at 60°
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Figure A.99: Black Slate L* comparison at 75°
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Figure A.102: Black Slate a* comparison at 30°
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Figure A.104: Black Slate a* comparison at 60°
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Figure A.103: Black Slate a* comparison at 45°
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Figure A.105: Black Slate a* comparison at 75°
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A.7.3 b* values
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Figure A.106: Black Slate b* comparison at Q°
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Figure A.108: Black Slate b* comparison at 30°
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Figure A.107: Black Slate b* comparison at 15°
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Figure A.109: Black Slate b* comparison at 45°
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Figure A.110: Black Slate b* comparison at 60°
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Figure A.111: Black Slate b*
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B Appendix B

This section is only to complement the reproducibility Section 6.3.
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B.1 Reproducibility of Black BIPV
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Figure B.1: Black BIPV L* reproducibility at 15°  Figure B.2: Black BIPV L* reproducibility at 30°
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Figure B.3: Black BIPV L* reproducibility at 45°  Figure B.4: Black BIPV L* reproducibility at 60°
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Figure B.5: Black BIPV L* reproducibility at 75°
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Figure B.6: Black Komproment L* reproducibil-
ity at 15°
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Figure B.8: Black Komproment L* reproducibil-
ity at 45°
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Figure B.7: Black Komproment L* reproducibil-
ity at 30°
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Figure B.9: Black Komproment L* reproducibil-
ity at 60°
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Figure B.10: Black Komproment L* reproducibility at 75°
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B.3 Reproducibility of Komproment Rotated
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Figure B.11: Black Komproment Rotated L* re-  Figure B.12: Black Komproment Rotated L* re-
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Figure B.13: Black Komproment Rotated L* re-  Figure B.14: Black Komproment Rotated L* re-
producibility at 45° producibility at 60°
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Figure B.15: Black Komproment Rotated L* reproducibility at 75°
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B.4 Reproducibility of Black Slate
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Figure B.16: Black Slate L* reproducibility at  Figure B.17: Black Slate L* reproducibility at
15° 30°
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Figure B.18: Black Slate L* reproducibility at  Figure B.19: Black Slate L* reproducibility at
45° 60°
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Figure B.20: Black Slate L* reproducibility at 75°
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B.5
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Figure B.23: Black Slate Rotated L* repro-
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Figure B.22: Black Slate Rotated L* repro-
ducibility at 30°
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Figure B.24: Black Slate Rotated L* repro-
ducibility at 60°
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Figure B.25: Black Slate Rotated L* reproducibility at 75°
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B.6 Reproducibility of Black Tile
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Figure B.26: Black Tile L* reproducibility at 15°  Figure B.27: Black Tile L* reproducibility at 30°
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Figure B.28: Black Tile L* reproducibility at 45°  Figure B.29: Black Tile L* reproducibility at 60°
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Figure B.30: Black Tile L* reproducibility at 75°
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B.7 Reproducibility of Black Tile Rotated

160 = Sample Angle 15° 160 = Sample Angle 30°
90 E 90 El;
80 80
70+ 70 -
60 - 60 -
5 50 5 50
40 - 40
30 v‘&/ 30|
20 \/ 20 V
10+ 10
0 -éO -éO -4‘0 »éO 0 20 40 66 86 0 -éo »éO -40 »éo (; 26 4‘0 66 i.;O
a a
Figure B.31: Black Tile Rotated L* reproducibil-  Figure B.32: Black Tile Rotated L* reproducibil-
ity at 15° ity at 30°
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Figure B.33: Black Tile Rotated L* reproducibil-  Figure B.34: Black Tile Rotated L* reproducibil-
ity at 45° ity at 60°
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Figure B.35: Black Tile Rotated L* reproducibility at 17°
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B.8 Reproducibility of Clear Red BIPV
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Figure B.36: Clear Red BIPV L* reproducibility = Figure B.37: Clear Red BIPV L* reproducibility
at 15° at 30°
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Figure B.38: Clear Red BIPV L* reproducibility =~ Figure B.39: Clear Red BIPV L* reproducibility
at 45° at 60°
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Figure B.40: Clear Red BIPV L* reproducibility at 75°
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B.9 Reproducibility of Clear Red Tile
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Figure B.41: Clear Red Tile L* reproducibility at ~ Figure B.42: Clear Red Tile L* reproducibility at
15° 30°
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Figure B.43: Clear Red Tile L* reproducibility at ~ Figure B.44: Clear Red Tile L* reproducibility at
45° 60°
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Figure B.45: Clear Red Tile L* reproducibility at 75°
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B.10 Reproducibility of Clear Red Tile Rotated
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Figure B.46: Clear Red Tile Rotated L* repro-  Figure B.47: Clear Red Tile Rotated L* repro-
ducibility at 15°

100

90 [

= —
L sol
L 70l
L 60|
L 5y sof
L a0l
L 30l
L 20l
L 10t
80 60 -4

80
70
60
3 50
40
30

20

Sample Angle 45°

ducibility at 30°

le Angl
) 100 Sample Angle 60°

1 —1
2 90 _2
3

0 -20 0 20
o

. . 0 . . . . . . I I
40 60 80 -80 -60 -40 -20 0 20 40 60 80
«@

Figure B.48: Clear Red Tile Rotated L* repro-  Figure B.49: Clear Red Tile Rotated L* repro-
ducibility at 45°
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Figure B.50: Clear Red Tile Rotated L* reproducibility at 75°

Appearance comparison of BIPV products to existing building materials 108



B.11 Reproducibility of Dark Red BIPV
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Figure B.51: Dark Red BIPV L* reproducibility = Figure B.52: Dark Red BIPV L* reproducibility
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Figure B.53: Dark Red BIPV L* reproducibility ~ Figure B.54: Dark Red BIPV L* reproducibility
at 45° at 60°
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Figure B.55: Dark Red BIPV L* reproducibility at 75°
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B.12 Reproducibility of Dark Red Tile
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Figure B.56: Dark Red Tile L* reproducibility at
15°
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Figure B.58: Dark Red Tile L* reproducibility at
45°
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Figure B.57: Dark Red Tile L* reproducibility at
30°
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Figure B.59: Dark Red Tile L* reproducibility at
60°
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Figure B.60: Dark Red Tile L* reproducibility at 75°
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B.13
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Figure B.61: Dark Red Tile Rotated L* repro-
ducibility at 15°
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Figure B.63: Dark Red Tile Rotated L* repro-
ducibility at 45°
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Figure B.62: Dark Red Tile Rotated L* repro-
ducibility at 30°
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Figure B.64: Dark Red Tile Rotated L* repro-
ducibility at 60°
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Figure B.65: Dark Red Tile Rotated L* reproducibility at 75°
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B.14
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Figure B.66: Glazed Black Tile L* reproducibil-
ity at 15°
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Figure B.68: Glazed Black Tile L* reproducibil-
ity at 45°
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Figure B.67: Glazed Black Tile L* reproducibil-
ity at 30°
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Figure B.69: Glazed Black Tile L* reproducibil-
ity at 60°
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Figure B.70: Glazed Black Tile L* reproducibility at 75°
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B.15 Reproducibility of Glazed Black Tile Rotated
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Figure B.71: Glazed Black Tile Rotated L* re-
producibility at 15°
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Figure B.73: Glazed Black Tile Rotated L* re-
producibility at 45°
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Figure B.72: Glazed Black Tile Rotated L* re-
producibility at 30°
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Figure B.74: Glazed Black Tile Rotated L* re-
producibility at 60°
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Figure B.75: Glazed Black Tile Rotated L* reproducibility at 75°
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B.16 Reproducibility of Gold BIPV
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Figure B.76: Gold BIPV L* reproducibility at 15°
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Figure B.78: Gold BIPV L* reproducibility at 45°
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Figure B.77: Gold BIPV L* reproducibility at 30°
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Figure B.79: Gold BIPV L* reproducibility at 60°
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Figure B.80: Gold BIPV L* reproducibility at 75°
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B.17 Reproducibility of Normal Black BIPV

Sample Angle 15° Sample Angle 30°
100 - P 9 100 - P g
—_—1 —1
90 p— 90 | £
—3 —3
80 80
70+ 70
60 - 60
5 50 5 50

20+ —\/\ 40+

SOJ %07
20 0~

10+ 10
0 -éO -éo -4‘0 »éO 0 20 40 66 86 0 -éO »éO -40 »éO (; 26 4‘0 66 50
a
Figure B.81: Normal Black BIPV L* repro- Figure B.82: Normal Black BIPV L* repro-
ducibility at 15° ducibility at 30°
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Figure B.83: Normal Black BIPV L* repro- Figure B.84: Normal Black BIPV L* repro-
ducibility at 45° ducibility at 60°
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Figure B.85: Normal Black BIPV L* reproducibility at 75°
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B.18 Reproducibility of Red BIPV
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Figure B.86: Red BIPV L* reproducibility at 15°  Figure B.87: Red BIPV L* reproducibility at 30°

Sample Angle 45° Sample Angle 60°
100 - P 9 100 L 9
_1 —1
90 — 90 i
—3 —3
80 - 80
70 - 70
60 60 -
x x
4 50 5 50
40 - 40
30 / 301 /
20 20
10+ 10
ol . i i | ; ol i . i i i | |
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80

Figure B.88: Red BIPV L* reproducibility at 45°  Figure B.89: Red BIPV L* reproducibility at 60°
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Figure B.90: Red BIPV L* reproducibility at 75°
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B.19 Reproducibility of Special Black BIPV
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Figure B.91: Special Black BIPV L* repro- Figure B.92: Special Black BIPV L* repro-

ducibility at 15° ducibility at 30°
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Figure B.93: Special Black BIPV L* repro- Figure B.94: Special Black BIPV L* repro-
ducibility at 45° ducibility at 60°
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Figure B.95: Special Black BIPV L* reproducibility at 75°
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B.20 Reproducibility of Special Black BIPV Rotated
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Figure B.96: Special Black BIPV Rotated L* re-
producibility at 15°
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Figure B.98: Special Black BIPV Rotated L* re-
producibility at 45°
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Figure B.97: Special Black BIPV Rotated L* re-
producibility at 30°
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Figure B.99: Special Black BIPV Rotated L* re-
producibility at 60°
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Figure B.100: Special Black BIPV Rotated L* reproducibility at 75°
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B.21 Reproducibility of Yellow BIPV
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Figure B.101: Yellow BIPV L* reproducibility at  Figure B.102: Yellow BIPV L* reproducibility at
15° 30°
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Figure B.103: Yellow BIPV L* reproducibility at ~ Figure B.104: Yellow BIPV L* reproducibility at
45° 60°
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Figure B.105: Yellow BIPV L* reproducibility at 75°
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B.22 Reproducibility of Yellow Tile
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Figure B.106: Yellow Tile L* reproducibility at  Figure B.107: Yellow Tile L* reproducibility at
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Figure B.108: Yellow Tile L* reproducibility at
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Figure B.110: Yellow Tile L* reproducibility at 75°
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Figure B.109: Yellow Tile L* reproducibility at
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B.23 Reproducibility of Yellow Tile Rotated
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Figure B.111: Yellow Tile Rotated L* repro-
ducibility at 15°
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Figure B.113: Yellow Tile Rotated L* repro-
ducibility at 45°
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Figure B.112: Yellow Tile Rotated L* repro-
ducibility at 30°
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Figure B.114: Yellow Tile Rotated L* repro-
ducibility at 60°
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Figure B.115: Yellow Tile Rotated L* reproducibility at 75°
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