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Abstract

Building-integrated photovoltaics (BIPV) have achieved a high level of technical maturity.
In spite of that, the installed capacity remains limited. To stimulate the integration of solar
panels in the built environment, aesthetical features like color and freedom in size and
shape are of key importance for architects and building owners. Multilayer interference
coatings are an attractive coloring technique for solar panels, as they are known for their
high solar transmission and tuneable reflection peak. The latter gives rise to an intense
metallic reflection color. In this study, the outdoor performance of colored versus non-
colored BIPV panels was investigated, and a method has been developed to measure the
color variation of the solar panels with respect to outdoor conditions, viewing angles and
tilt angles of the setup. A limited performance loss of 15% was measured for colored
solar panels compared to their black counterparts, caused by a reduction in generated
photocurrent due to light loss. Outdoor color measurements showed that the cloudiness of
the sky and the tilt angle of the setup are key parameters causing a color variation from
yellow-green to blue-green. In addition, the developed method and tailored measurement
setup have proven their value in quantifying color appearance of colored BIPV in realistic
and varying outdoor conditions.

Keywords: building-integrated photovoltaics (BIPV); outdoor monitoring; multilayer
interference coating; electrical performance; color quantification

1. Introduction

As the operation of the built environment is responsible for 40% of the energy use and
related greenhouse gas (GHG) emissions, it remains an important and strategic topic of
research for decarbonization of our environment and economy [1]. Reducing energy use
in the built environment is one of the pillars described in the Green Deal, Fit for 55 and
REPowerEU proposals, aiming to reach quantitative goals in the EU Climate Law to reduce
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EU GHG emissions by at least 55% by 2030 (compared to 1990 levels) and become climate-
neutral by 2050 [2—4]. The Trias Energetica describes three important strategies to reduce
energy demand of the built environment: (i) minimize energy demand, (ii) implement
sustainable energy sources, and (iii) cover remaining energy demand in an efficient way [5].
Since the 20th century, minimizing energy demand of the built environment is a key topic of
research, starting with the introduction of the double-glazed window in 1938. Nowadays,
research is focused on, for example, smart window coatings that can minimize the energy
demand for heating and cooling [6,7] or circular materials for building skin insulation [8,9].
The second aspect of the Trias Energetica covers the generation of renewable electricity and
heat by well-known techniques, such as solar panels, solar thermal collectors, wind energy,
or ground-coupled heat exchangers.

Opver the last decade, the installed photovoltaic (PV) capacity has increased massively
worldwide with decreasing installation costs. Nowadays, the availability, reliability and
affordability of energy are very important aspects to maintain living comfort in the built
environment, in which solar electricity can have a significant impact [10,11]. It is expected
that electricity generated by solar panels will surpass the worldwide renewable electricity
generation from wind, with wind and solar energy combined accounting for 30% of the
renewable electricity generation in 2030 [12]. Many studies describe the importance of
buildings in increasing the installed PV capacity [13-16]. K. Bédis et al. [17] show that
EU rooftops could potentially produce 680 TWh of electricity, being 24% of the current
electricity consumption.

Although the standard, rigid, silicon solar panels are very suitable for application on
existing rooftops, full exploitation of a building skin requires the development of innovative
aesthetic, customizable and flexible solutions. Today, building-integrated PV (BIPV) has
reached a high level of technical maturity and proved its potential in the energy transition
as a hybrid construction and energy component. Although many BIPV projects have
been a great success from a technical perspective, it continuous to occupy a niche market.
Strong collaboration, communication and coordination are required in the multidisciplinary
field of architecture and solar energy, along with a broad and custom range of aesthetical
variations. Choice in color is one of the aesthetical parameters required by architects to
integrate solar energy in the building skin [18-21].

Various technical approaches for colored solar panels have been investigated, for
example, color filters applied to the glass—air interface or glass—encapsulant interface [22,23],
front glass coated with multilayer interference coatings [24-27], or pigments added to the
encapsulant. Multilayer interference coatings have gained a lot of attention, since the
color coating does not interfere with the state-of-the-art solar panel production methods,
this concept provides the ability to tune the color by simply changing refractive indices
and/or layer thickness, and can be combined with other technologies, such as anti-fouling
or anti-glare properties [28,29]. The concept of interference coatings for colored solar panels
has been widely explored on lab samples and applied in several commercial products
like ColorQuant™ and Kromatix, where the interference coatings are applied to glass
by screen printing and plasma deposition, respectively [18,30,31]. Vibrant colors with
many color variants, a long lifespan and a high solar module performance demonstrate the
great potential of interference coatings for aesthetic solar panels. In this research, colored
interference coatings are manufactured by sol-gel chemistry and applied from solution
using a dip coat process, which is not widely explored for the production of colored solar
panels. Nonetheless, the sol-gel method is a very mature technology and has proven
its advantages in low-cost, fast and versatile processing of coatings, low-temperature
processing, incorporation of additives, and is applicable to large-scale production facilities
like dip coating, roller coating and slot-die coating [32-34]. Researchers at TNO-Brightlands
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Material Center optimized a sol-gel coating formulation which was dip-coated into a stack
of SiO, and TiO, interference layers. R. Habets et al. reported that these sol-gel interference
coatings can be prepared in various colors with a reduced solar light transmission of 20%
over the whole solar spectrum [35].

Assessment of the electrical and aesthetical properties of colored solar panels compris-
ing sol-gel coatings applied from solution by dip coating under realistic outdoor conditions
is essential for the industrialization of colored solar panels. Many studies have focused
on the optical properties of color coatings on a lab scale with standardized methods and
equipment [22,23,25,26,29]. Color quantification of aesthetical solar panels in a realistic out-
door environment is less well investigated and applied. Therefore, this research addresses
the following two questions: (i) which measurement setup and method is required to assess
the performance and aesthetics of colored BIPV with multilayer interference coatings in an
outdoor environment? and, (ii) which factors influence the electrical performance output
and aesthetics of colored BIPV with multilayer interference coatings? To answer these re-
search question, a tailored outdoor measurement setup has been designed and realized that
gives insights into the effect of outdoor conditions, tilt angle of the colored solar panels, and
viewing angle on the variation in color appearance of the multilayer interference-coated
BIPV panels. A measurement method has been developed to analyze the color appearance
of the colored solar panels and interpret the data. The tailored measurement setup and
measurement method are unique in quantifying color in a realistic outdoor environment
and can be of interest in, for example, assessing angular dependent color variation or effects
of weathering on color appearance. In addition, the tailored measurement setup gives the
ability to assess the electrical performance of the colored and non-colored solar panels with
various tilt angles. An electrical monitoring setup was designed and implemented, which
allowed to compare the power output of both solar panels in one-minute data resolution
with respect to the environmental conditions.

2. Materials and Methods

Solar panels: four color-coated and four uncoated solar panels have been produced in a
collaboration between Kameleon Solar and TNO-Brightlands Material Center. The solar
panels have a dimension of 800 mm by 1080 mm and contain 24 monocrystalline silicon
cells connected in series. Details on the solar panel design and standard test condition (STC)
performance can be found in Supporting Information S1. Glass sheets (4 mm thickness, low-
iron, Pilkington Optiwhite) coated with a three-layer SiO, /TiO, interference coating have
been produced by TNO-Brightlands Material Center in collaboration with Prinz Optics by

a sol-gel dip coating process. The coatings were applied on 1150 x 850 mm?

-sized glass
plates. Prior to production of the colored solar panels, in total 7 cm was cut from the top
and bottom edge and 5 cm from the left and right edge of the coated glass plate to remove
edge effects and thickness inhomogeneities resulting from the dip coating process. After
production of the colored solar panels, the color homogeneity over the full surface was
analyzed via color measurements on 4 spots using a handheld spectrophotometer (Konica
Minolta CM-23d) (Figure 1, Table 1). Reference non-colored solar panels were produced
using SGG ALBARINO T solar glass from Saint Gobain, which is low-iron, extra-clear,
two-sided finely structured patterned solar glass.

Angle-dependent transmission: Transmission measurements were performed with a
PerkinElmer Lambda 1050 spectrometer in combination with the Total Absolute Measure-
ment System (TAMS) detector, developed by OMT Solutions. An enhanced Si/InGaAs
sphere detector was used with a measurement range of 200-2500 nm. The angular range
for transmission measurements is 0-85° and measurements were taken at the angles of
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incidence 0°, 15°, 30°, 45°, and 60°. An aligned broadband polarizer was used in the sample
stage to measure the transmission of s- and p-polarized light.

Figure 1. (a) Colored solar panel with measurement spots for color measurements and (b) obtained
measurement results within the CIELAB color space (A = top left x; B = top right x; C = bottom left x;
D = bottom right x).

Table 1. CIELAB color coordinates obtained from 4 different measurement spots (top left = 20 cm
from top edge and 25 cm from left edge; top right = 20 cm from top edge and 26 cm from right edge;
bottom left = 20 cm from bottom edge and 25 cm from left edge; bottom right = 20 cm from top
bottom and 26 cm from right edge) on one colored solar panel.

Spot 1 a b Color
Top left 69.93 —-8.91 28.54
Top right 69.97 —9.10 27.73
Bottom left 70.14 —8.81 28.71
Bottom right 70.34 —9.22 27.80

Transmission at normal incidence: Transmission and reflection of the coating and glass
substrate were measured on a Perkin Elmer Lambda 1050 in the range of 200 nm to 2500 nm
with a resolution of 10 nm. The sample is placed in front of an integrating sphere to
measure the transmission, while the reflection is measured by placing the sample behind
the integrating sphere.

Tailored outdoor demonstrator: The tailored-made outdoor demonstrator consists of a
steel frame in which four colored and four non-colored black solar panels are mounted.
The frame with the solar panels can be tilted by hand to various angles (60°, 45°, 30°, 15°,
and 0°). The frame is connected to a base frame which is fixed to two concrete plates (see
also Supporting Information S2). The demonstrator is located at the Brightlands Chemelot
Campus in Geleen at a shade-free environment with a south-southwest (191°) orientation.
The four colored and four black solar panels are connected in series, as can be seen in the
schematical drawing of the electrical circuit in Figure 2. Both strings are connected to a
DC/AC converter (APS YC100-3), after which the AC electricity is fed into the grid. The
DC-generated power of each string is monitored by a QEED QI-power-485-LV measuring
the generated current, voltage and power at maximum power point (MPP) (Ipmpp, Vivpp,
and Pypp) in one-minute resolution. A Lambrecht Meteo EOLOS-IND weather station
containing a pyranometer, temperature and wind sensor was installed at the test location,
allowing to translate electrical performance measurements into the power conversion
efficiency of the solar panels with respect to the tilt angle. All data are collected in a
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cloud which is assessable by InfluxDB version 2.71. Data analysis and visualization were
performed by Matplotlib version 3.9.
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Figure 2. (a) Schematic illustration of the electrical measurement setup including sensors, hardware
and data communication; (b) a picture of the demonstrator comprising four colored and four non-
colored solar panels.

3. Tailored Measurement Method for Outdoor Color Assessment of
Colored PV

Inspired by the work of B. Blési et al. [24] and M. Fairchild [36], an outdoor color
quantification method has been developed in this study. The method allows to quantify
environmental effects on the color appearance of the solar modules such as sunlight
intensity, surrounding reflections, and the cloudiness of the sky, along as effects of the
viewing angle and tilt angles of the solar panels. Images were taken with a Sony camera
(Sony A7 mark Il body with a FE 50mm F/1.8 lens) at the viewing angles stated in Figure 3,
where 15° tilt is close to horizontal position and 60° tilt is close to vertical orientation.
The Sony A7 III camera was selected for its full-frame sensor with a large sensor surface,
allowing for increased light capture and higher image quality. This leads to reduced
noise and improved color accuracy. All images were captured using a 50 mm lens (Sony
FE 50 mm F/1.8). This fixed focal length provides a neutral perspective and is widely
applicable to landscape, portrait, and reportage photography, ensuring consistent and
reproducible imaging results. The camera was set to manual mode with a fixed ISO value
of 100, while all other settings remained constant. The exposure time was varied for each
image to maintain a consistently neutral (0) sunlight exposure. The images were also
white-balanced in Adobe Lightroom Classic 2019 version 8.4 by means of the greyscale
calibration cards attached to the measurement setup (see also Figure 1b). Images were
taken at 11 AM on a sunny and cloudy day in May, with a consistent height of the camera
of 175 cm. Twenty samples of 250 x 200 pixels were cut out of a picture as indicated by
the crosses in Figure 3a, followed by analyzing and averaging the RGB values of all pixels.
RGB data is translated to XYZ CIELAB data by Colour Conversion Centre 4.2b for a 10°
observer under a D65 light source. This results in 20 CIE XYZ values of the colored solar
panels per tilt angle of the measurement setup, viewing angle, and weather condition. The
average of these 20 data points is plotted in a chromaticity diagram and exported into an
image color file (see the python script in the Supporting Information that is used in this
article for color quantification). AE 2000 calculations were performed using an online tool
to determine the visibility of a color difference for the human eye [37]. Figure 3b shows an
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example of three samples taken from an image at 90° viewing angle, 60° tilt angle of the
solar panels on a cloudy day. All 20 samples are plotted in a chromaticity diagram.

b)
20 Samples:
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Normaal  Kleur Normaal

R: 212
G: 219
B: 192

ClEy

R: 194
G: 203
B: 170

CIEx

Figure 3. (a) Scheme illustrating the developed method for color quantification based on imaging at
five different viewing angles, in which the green dotted lines represent the viewing angles and the
yellow dotted line represents the solar path; (b) an example showing a selection of three samples of
250 x 200 pixels plotted in a chromaticity diagram.

4. Angular Color Measurement Results: Indoor and Outdoor

Angle-dependent transmission: When the position of the sun changes throughout the
day and seasons, the angle of incidence of light on a colored solar panel varies, resulting
in different transmitted solar spectra through the interference coating. This could poten-
tially result in varying power output and different color observation. Angle-dependent
transmission measurements have been performed by OMT Solutions, giving insights into
the angular-dependent optical transmission, while transmission and reflection data were
measured by TNO-Brightlands Material Center to quantify the transmission and reflection
of the coating versus the transmission of bare glass. Figure 4a shows the transmission re-
sults for s- and p-polarized light at different transmission angles, where “T0” is the average
transmission of s- and p-polarized light measured at normal incidence with respect to the
light source and “T60” measured at 60° angle from normal incidence. The transmission
spectra of both polarizations were averaged according to Equation (1):

Tcoating = 1/2(Tp + Ts) 1)

where T and T, are the transmissions per wavelength of respectively s- and p-polarized
light [38]. Figure 4a shows that the minimal transmission shifts from 540 nm at 0° (normal
incidence) to 470 nm at 60° caused by selective reflection of the multilayer interference
coating shifting from green to blue light. The effect of selective reflection on the transmission
of the coating can be seen in Figure 4b. The transmission of the coating reduces the
transmitted solar light through the front glass by a maximum of 41%. Integrating the
transmitted solar light intensity shows that up to 78.5% of the solar light power can be
transmitted through the coating compared to a bare front glass substrate. It is expected that
the electrical output of colored versus non-colored solar panels results in a similar power
output reduction up to 21.5%. In addition, Figure 5 shows that the transmitted solar power
is very stable with varying transmission angles, which is likely to result in a stable power
output with varying tilt angles of the setup. The electrical performance is described later
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in this study. The solar light power transmitted through a coating and glass is calculated
according to Equation (2):

1100nm

GTransmitted solar light = G(A) X Tsumple dA (2)
400nm

where G(A) is the AM1.5G spectrum and Tsample is the transmission of the coating or glass.
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Figure 4. (a) Angular dependent average transmission data of p- and s-polarized light; (b) transmission
and reflection spectra of the interference coating and glass measured in a PerkinElmer Lambda
1050 UV /Vis.
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Figure 5. Integrated transmitted solar light through the color coating at multiple angles compared to
the intensity of sunlight (orange) and transmitted sunlight through glass (gray).

Outdoor color quantification: Due to the interference effect of the color coating, the
perceived color of the module to a viewer is not constant. In this research, a tailored color
quantification method has been developed quantifying the color and impact of variables on
the perceived color, which is fully described in Section 3. Figure 6 shows all collected data
points in a chromaticity diagram for the selected five viewing angles (see also Figure 2),
with tilt angles of 60° and 45° (with respect to the horizontal plane) of the solar panels, on
both sunny and cloudy days. The data shows that there is a clear difference in perceived
color of the solar modules on cloudy and sunny days, where a yellow-green-to-white tint
can be observed on cloudy days, and a blue-green-to-white color on sunny days. The two
extreme values indicated in Figure 6b correspond to a AE of 44.3, indicating a significant
visible color difference when the outdoor condition changes from cloudy to sunny. The
perceived blue and greenish color is consistent with the measured angular transmission
shift from green to blue light presented in Figure 4 and CILAB values presented in Table 1.
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Figure 6. (a) CIE 1931 spectrum along with all measurement points on sunny days (red) and cloudy
days (blue) with viewing angles ranging from 30° to 150° and tilt angles of the test setup of 60° and
45°; (b) a visualization of the extreme colors that have been measured.

In addition to the outdoor environment, the tilt angle of the setup influences the color
perceived by the viewer. Figure 7 shows the color measurements at a viewing angle of
90°, on a cloudy day;, at a tilt angle of 45° and 60°. At a tilt angle of 45° and lower, the
aesthetics of the solar modules are influenced by reflection of the sky. On a cloudy day,
the white color of the sky is reflected to the viewer, resulting in a whiter appearance of the
solar panels. When the tilt angle is increased to 60°, the yellow-green tint of the coating can
be perceived by the viewer. At the conditions described in Figure 7, maximum AE values
of 9.1 and 13.8 for, respectively, 45° and 60° tilt angles are calculated, indicating that the
perceived colors are similar with a minor difference with cloudy weather conditions. This
effect changes with the viewing angle, where the difference in yellow-green-to-white tint is
less pronounced at a larger viewing angle of 120°. On sunny days, the color appearance
shows a similar trend, where the blue sky is more reflected towards the viewer at 45° tilt
compared to a larger tilt angle of 60°. The chromaticity diagram in Figure 7 shows that at
45°, the measurements are more towards the blue part of the spectrum, while at 60° tilt, the
data points shift towards the green part of the spectrum. At small tilt angles, the blue sky on
a sunny day is more reflected towards the viewer, while the green-yellow tint of the coating
becomes more pronounced at larger tilt angles. At the conditions described in Figure 8,
maximum AE values of 28.7 and 27.5 for, respectively, 45° and 60° tilt angles are calculated,
indicating that the colors observed by a viewer are similar with noticeable difference on
a sunny day. The appearance of the coating also changes with the viewing angle, where
the effect of sunlight reflection on a sunny day becomes more pronounced with larger
viewing angles. Figure 8 shows that under sunny conditions, the solar panels can appear
white, caused by direct sunlight reflection. It can be concluded that the developed color
quantification method and tailored measurement setup can give insights into the perceived
color variation of colored BIPV panels. The results show that the appearance of the coating
is affected by the outdoor environment, tilt angle of the test setup and viewing angle. It
is likely that the position of the sun also influences the perceived color. This could be
investigated in upcoming research.
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Figure 7. (a) CIE 1931 spectrum along with the color data measured on a cloudy day, with a viewing
angle of 90° and a tilt angle of 45° (closed squares) and 60° (open triangles); (b) the images from
which the color data were retrieved.
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Figure 8. (a) CIE 1931 spectrum along with the color data measured on a sunny day, with a viewing

angle of 90°, with a tilt angle of 45° (closed squares) and 60° (open triangles); (b) the images from
which the color data were retrieved.

5. Outdoor Electrical Performance Assessment

The effect of the interference coating on the power output of the solar panels has been
analyzed at five different tilt angles in a measurement period from April 2024 till September
2024. Per tilt angle, the electrical performance was measured for 3 weeks containing a
minimum of three sunny days. Because of the south-southwest orientation of the setup, the
sun’s position is non-optimal before solar noon. Pyipp measurements at the same irradiance
levels are therefore lower before solar noon than after solar noon, where the solar panels
are more oriented towards the sun, as can be seen in Figure 9. For the analysis of the data
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later in this study, a time filter of >13:30 h is used to avoid the effect of the sun’s position on
power output and efficiency values.

Solar noon 13:20 h
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Figure 9. Effect of the sun’s irradiance on the efficiency (black, orange) and power output Pypp (gray,
green) for colored (orange, green) and black (black, gray) solar panels on three sunny days in May
2024 (1, 11, and 12 May) with a tilt angle of 60°. All data were filtered to an irradiance of >15 W/ m?2
to avoid outliners due to on/off switching of the inverter.

Figure 10 shows a typical measurement of a sunny day in June with a tilt angle of 30°.
At 2 PM, the maximum irradiance of the sun results in a Pypp of 334.5 W (113.0 W/m?)
and 277.5 W (94 W/m?) for, respectively, the non-colored black and colored solar panels,
representing a difference of 17% in power generation between the black and the colored
solar panels. Figure 10 shows that the efficiency [n] gradually increases during the day
from approximately 8% and 7% at 9AM for black and colored solar panels, respectively,
towards 13.1% and 11.2% at 5 PM for black and colored solar panels, respectively. For this
specific day, a low power output (<10 W/m?) is generated before 8 AM and after 8 PM,
causing increased inverter losses and a lower signal-to-noise ratio for both power and
irradiance measurements, resulting in an increased measurement error. At 16:15, an instant
shade (cloud) resulted in an outliner in efficiency. Similar effects of instant shade and low
power measurements were observed for another sunny day with a tilt angle of 15° (see
Supporting Information S3). Measurements on a sunny day (up to 1000 W/m? irradiance)
with many clouds show that the irradiance and power measurements are well in line with
each other, however, the timing of all data parameters is crucial in obtaining an accurate
calculated efficiency.

The power output data presented in Figure 10 is the product of the measured Iyipp
and Vypp of the black and colored solar panels. Figure 11 shows the current and voltage
measurements at maximum power point of the same day as in Figure 10. The results
show that the Vipp of the colored and black solar panels is very similar, while the effect of
the color coating is significant on the generated current. At maximum generated power,
the black and colored solar panels have an Iyipp of, respectively, 8545 mA and 7115 mA
(or Jmpp of 2.89 A/m? and 2.40 A/m? for black and colored solar panels, respectively).
The difference in Iipp between back and colored solar panels corresponds exactly to the
17% difference in power output for this specific day. This result is in between a 12.1%
difference measured by a flash test (see Supporting Information S1) and 21.5% reduction
in transmitted solar power (Figure 4) for colored versus non-colored solar panels. After
sunrise, 07:15 for this specific day, Vupp is at a stable value of 40.2 V. During the day, Vivpp
gradually decreases to the lowest value of 38.6 V which is likely caused by increasing
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outdoor temperature (purple line in Figure 9) and related wafer temperature. Similar
results have been obtained for other measurement days with different tilt angles (see
Supporting Information 54).
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Figure 10. (a) Single-day measurements on the 25 June 2024 with a tilt angle of 30° showing the
Pypp/m? (black) and efficiency (gray) of the non-colored solar panels and Pypp/ m? (orange) and
efficiency (green) for the colored solar panels; (b) the irradiance (blue) and outdoor temperature
(purple) over time. All data were filtered to irradiance > 15 W/m? to avoid outliners due to on/off
switching of the inverter.
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Figure 11. (a) Generated current at MPP of black (black) and colored (orange) solar panels along with
the efficiency of black (gray) and colored (green) solar panels; (b) voltage at MPP of black (black)
and colored (orange) solar panels along with the efficiency of black (gray) and colored (green) solar
panels. The data has been measured on 25 June 2024 with a tilt angle of 30°. All data was filtered to
irradiance > 15 W/m? to avoid outliners due to on/off switching of the inverter.

Further analysis has been performed to define Iypp at 1000 W/ m? incident solar
radiation by defining the linear relationship between photogenerated current and light
intensity at 0° to 60° tilt angles of the solar panels (see Supporting Information S5 for more
information). Iypp values at 1000 W/m? are 12.8% to 15.5% lower for colored solar panels
compared to non-colored solar panels. This reduction in photogenerated current is lower
than was expected from the angular transmission data in Figure 4 of 21.5%. This could
be attributed to the fact that transmission data was generated at an air/glass interface of
the samples while electrical data is retrieved from solar panels with an encapsulant/glass
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% of generated power (color) =

interface. The difference in interfaces can affect refraction of light and can cause a difference
in reflection losses.

To quantify the effect of the interference coating on the power generation of the solar
panels, data analysis has been performed over the whole measurement period per tilt angle
instead of previous analysis based on single days. Figure 12 shows a bar chart of the sum-
mated power generated by the colored and black solar panels over the whole measurement
period (approximately 3 weeks per angle). The percentage of power generated by the
colored solar panels in relation to the total power generated has been calculated according
to Equation (3):

Z{:15W/m2 Pwpp (color)

Z%:15w /m2 Pmpp (black) + Z%:lSW /m2 PMpp (color)

x 100% 3)

The results show that the colored solar panels generate 9.2% to 10.1% less of the
cumulative power than the black solar panels, representing a relative difference of 16.8%
to 18.3%. Also, the power conversion efficiency has been analyzed for colored and black
solar panels under various tilt angles. Considering all data points after solar noon (see also
Figure 9) resulted in a broad standard deviation (o) on the calculated average efficiency
(u) per tilt angle. Supporting Information S6 shows that the efficiency numbers have o
values of 2.70% on average. The relatively high spread in efficiency data is likely caused
by the effect of clouds on efficiency calculations as explained earlier in this study. The
effect can be minimized by increasing the irradiance filter from >15 W/ m? to >500 W/m?2.
Increasing the irradiance filter to such a high solar irradiance level does not result in
statistical limitations, since still over 1900 data points are collected as shown in Table 2.
However, outliers caused by clouds can be excluded, leading to acceptable o values. The
results show that solar panels with a color coating have a reduced relative efficiency
between 14.1% and 15.7%, with an average absolute difference of 1.8%. This result is in
line with previously analyzed Iypp and Pypp data. Somewhat lower power conversion
efficiency (PCE) is measured in the outdoor measurement setup compared to lab data
retrieved by flash tests (Supporting Information S1). This can be attributed to temperature
effects, soiling effect, cabling losses and inverter losses. Efficiency values at 60°, 45°, 30°
and 15° tilt angles are very close to each other, as can be expected according to Hespul’s
table for the Netherlands, with decreasing efficiency at 15° and 0° tilt angles. The colored
solar panels with the multilayer interference coating do not show an angular-dependent
power output, which could also be expected from the angular transmission measurements
(described in Figure 4), which is an interesting and beneficial feature of the developed
color coating.

EE black panels
W colored panels

Percentage of
generated power
A O ®

o o o

N
o

45° 30° 15°
Tilt angle solar panels

Figure 12. Relative accumulated power generated by the black (black) and colored (orange) solar
panels under various tilt angles. Data filter of irradiance > 15 W/m? was applied.
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Table 2. Statistical information about the calculated efficiency values presented in Figure 13 showing
the amount of data points, average efficiency (1), standard deviation (o) and the relative and absolute
efficiency difference between black and colored PV panels. Data filters of irradiance >500 W/m? and
timestamp >13:30 h were applied.

. . o Au (%) Au (%)

Tilt Angle  Black/Color Data Points u (%) o Absolute Relative
Black 12.78 1.57

60° - 2267 191 —14.96
Color 10.87 1.36
Black 12.61 1.84

45° —— 1933 1.95 —15.43
Color 10.66 1.57
Black 12.71 1.66

30° ————— 2830 2.00 —15.72
Color 10.71 1.42
Black 12.40 0.96

15° —————— 2305 191 —15.43
Color 10.49 0.85
Black 9.45 3.52

0° —— 3411 1.33 —14.09
Color 8.12 3.03

<12 B colored panels

s B black panels

> 10

=

QL 81

2

5 6

(]

g 4

g

Z 2

o.

60° 30° 15°
Tilt angle solar panels

Figure 13. Conversion efficiency of the black (black) and colored (orange) solar panels under various
tilt angles. Data filter of irradiance >500 W/m? was applied and timestamp >13:30 h was applied.

6. Conclusions and Outlook

In this research, a tailored outdoor measurement setup and method were developed
which proved their value to quantify angular-dependent color appearance along with
the angular-dependent electrical power output in an outdoor environment. By means
of photography followed by white balancing, sample cutting, averaging the RGB values
of all pixels per sample, and calculating the XYZ CIELAB values, a variation in color
appearance can be plotted in chromaticity diagrams. These diagrams can give valuable
insights into the angular stability and effects of climate conditions on the color appearance
of colored BIPV products. For the specific solar panels analyzed in this study, the color
perception to a viewer is influenced by the environmental conditions, where a yellow-
green color appears on cloudy days and a blue-green color on sunny days. Reflection of
the sun or clouds at specific viewing and tilt angles can result in a white appearance of
the modules. Next to the color appearance, the tailored measurement setup allowed to
monitor the performance of the colored solar panels versus non-colored solar panels in
an outdoor environment with different tilt angles. Taking into account all measured data
points, a maximal difference in power output of 18.3% was measured. When only sunny
days are taken into account, leaving out the measurement data obtained at low irradiance
(<500 W/m?), the relative difference in power output reaches only up to 15.7% between
colored and non-colored solar modules. As 84.3% of the power output can be retained
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with the multilayer interference coloring technique, and the effect of the color coating on
the performance of the solar panels is not angular-dependent, the developed coating has
interesting potential for colored PV applications. In this work, the color analysis method
and electrical performance study is demonstrated on a small number of solar panels at
one specific location with limited seasonal variation. Monitoring of mid-sized installations
over a full year at different locations should be carried out to verify the results. The color
variation of the solar module could be an interesting feature to increase the integration
of the solar module into its surroundings. Additional research should be carried out into
the social acceptance and architectural integration of the colored solar modules. In future
work, the tailored measurement setup and developed measurement method will be used
for comparative studies on various coloring techniques.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/buildings16122357/s1, Figure S1: (a) Front and (b) back view of
the Kameleon Solar PV panels showing the specific dimensions. Table S1: Electrical properties of
the colored and black solar panels measured by Kameleon Solar with a flash test. Figure S2: Three-
dimensional image showing the construction of the outdoor demonstrator. Figure S3: (a,c) Single-day
measurements on a sunny day at 11 August 2024 and (b,c) on a sunny day with many clouds at 23 June
2024, showing (a,b) Pypp/ m? and efficiency, along with (b,d) irradiance and outdoor temperature of
colored and black solar panels. All data were filtered to irradiance >15 W/m? to avoid spikes by
on/off switching of the inverter. Figure S4: (a) Generated current at MPP (black, orange) along with
the efficiency (green, gray) of black (black, gray) and colored (orange, green) solar panels. (b) Voltage
at MPP (black, orange) along with the efficiency (green, gray) of black (black, gray) and colored
(orange, green) solar panels. The data has been measured on 28 August 2024 with a tilt angle of
0°. (c,d) Outdoor temperature (purple) and irradiance (blue). All data were filtered to irradiance
>15 W/m? to avoid outliners due to on/off switching of the inverter. Figure S5: (a) Generated
current at MPP (black, orange) along with the efficiency (green, gray) of black (black, gray) and
colored (orange, green) solar panels. (b) Voltage at MPP (black, orange) along with the efficiency
(green, gray) of black (black, gray) and colored (orange, green) solar panels (b). The data has been
measured on 12 May 2024 with a tilt angle of 60°. (c,d) Outdoor temperature (purple) and irradiance
(blue). All data were filtered to irradiance >15 W/m? to avoid outliners due to on/off switching of
the inverter. Figure S6: Effect of irradiance on power (gray, orange) and current (grey, red) measured
on three sunny days with a tilt angle of (a,b) 0°, (c,d) 15°, (e,f) 30°, (g/h) 45° and (i,j) 60°. A time filter
of >13:30 h has been applied along with an irradiance filter of >15 W/ m?. Table S2: Iypp and Pypp
of black and colored solar panels extrapolated to 1000 W/m?. Figure S7: Conversion efficiency of
the black (black) and colored (orange) solar panels under various tilt angles. Data filter of irradiance
>15 W/m? was applied and timestamp >13:30 h was applied. Table S3: Statistical information about
the calculated efficiency values presented in Figure 8 showing the amount of data points, average
efficiency (u), standard deviation (o) and the relative and absolute performance loss due to the
application of a color coating. Data filter of irradiance >15 W/m? was applied and a timestamp
>13:30 h was applied.
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