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Abstract: The standard test conditions for photovoltaic modules are not capable of reproducing the
environmental variations to which the modules are subjected under real operating conditions. The
objective of this experimental work is to be an initial study on how the electric energy generation
of photovoltaic cells varies according to the different wavelength ranges of the solar light spectrum
under real operating conditions. Two modules were installed outdoors; color filters, which allow
the passage of light at specific wavelengths, were installed on one of them. The amount of energy
produced by the module with the filter was compared to the reference module, and the relative
efficiency of each filter was defined. As a result, it was found that crystalline silicon modules do not
respond uniformly to sunlight, being more sensitive to the red band (relative efficiency of 23.83%)
and less sensitive to the green band (19.15%). The infrared contributes to a significant portion of
energy production (relative efficiency of 13.56%), overcoming its negative effect of reducing energy
generation capacity due to high photovoltaic cell temperature.
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1. Introduction

Most of the modern world uses fossil fuels as its primary source of energy. Coal, oil and natural
gas accounted for 66.4% of the world consumption by 2014 [1]. They are abundant, easy to carry and
have high energy density; however, they cause great impacts on the environment by the emission of
chemical compounds capable of accelerating climate change.

Widely available almost everywhere on the globe and practically inexhaustible on a human time
scale, solar energy is now a promising energy source with great potential to meet some of the human
needs. It can be obtained by the use of photovoltaic cells and modules, whose efficiency depends on
their manufacturing process and the environmental conditions of the place where they are installed [2].

It is assumed that all of the radiation received by the solar cells is equivalent to the Air Mass 1.5
(AM1.5) standard. There are daily, seasonal, and regional differences in the spectral distribution of
solar radiation at the ground level [3] that could make this assumption imprecise. The AM1.5 standard
is used to perform the specification of panels in the laboratory. In addition, laboratory tests are not
capable of reproducing the variations of the spectrum, solar radiation, and ambient temperature to
which the photovoltaic panels are subjected throughout a day in a real installation. Thus, the panel
response under real operating conditions may differ from the technical specifications obtained in tests
under controlled conditions.

A photovoltaic panel or module (PV) is characterized by parameters that are determined by
the manufacturers under the Standard Test Conditions (STC): irradiance of 1000 W-m ™2, constant
temperature of the cells at 25 °C, and the AM1.5 standard sunlight spectrum. However, these
parameters cannot be used to estimate the energy output of a module under real operating conditions,
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since the energy production in these conditions differs from STC due to variable environmental
factors, the geographical location of the module, and the spectral response of each photovoltaic
technology [4-6].

Factors that can modify the capacity of the energy production of photovoltaic modules are: the
operating temperature, wind speed, irradiance, and the spectrum of sunlight, which have been studied
by several authors.

According to Ishii, Otani, and Nakashima [7], the operating temperature contributes between
15% and 20% to the reduction of the efficiency of polycrystalline silicon modules. The contribution
of the solar spectrum is lower, about 3%. Similarly, Huld and Amillo [8] studied the effect of several
variables on the performance of photovoltaic panels. They concluded that variations in the solar
spectrum received by crystalline silicon cells leads to a performance variation between —5% and
+2%. The influence of temperature and irradiance lead to a performance variation between —15%
and +5%. The assembly type affects the panel temperature: non-ventilated assemblies such as the
ones made on rooftops result in an increase in the panel temperature. This increase can be minimized
if there is wind incidence, which reduces the temperature difference between the module and the
environment, and if the operating regime is the maximum power point tracking [6,9]. In addition, the
temperature difference between the panel and the environment depends on efficiency: the higher the
efficiency of the module, the lower the losses and working temperature [6]. There are several active
and passive cooling methods for photovoltaic panels, in order to increase efficiency: heat exchangers
with aluminum or copper pipes run by refrigerant fluid; heatsinks with fin coolers, with natural or
artificial ventilation; continuous spraying of water on the surface of the panels; and direct liquid
circulation in the rear of modules with solar concentration [10-12].

The maximum power that a photovoltaic panel can reach varies according to the variations of the
solar spectrum received by the component and the angle incidence of light, which change throughout
the day and year [4,8]. However, the STC do not consider these variations when determining the
nominal power of the modules, but other authors have recently addressed this topic in their studies.
Cariete, Carretero, and Sidrach-de-Cardona [4] compared the efficiency of four photovoltaic panel
technologies under real climatic conditions in southern Spain and concluded that thin-film cells show
greater variation in energy production according to the seasons, being consistent with [8]. In addition,
they reported that the daily efficiency of polycrystalline silicon cells was shown to be 7.6% lower under
real operating conditions than in the standard test conditions due to the working high temperature.

The energy production of photovoltaic systems can be estimated by the atmospheric conditions
of the installation site. Different combinations of irradiance and temperature are considered in several
works [13-15], but variations of the spectrum are generally disregarded.

The influence of spectral variations on the PV performance depends on the spectral response of
each photovoltaic cell technology [5]. In addition, the effective spectral irradiance—that is, the one
that actually contributes to the current generation in the panel—is different from the standard AM1.5
spectrum used in laboratory tests of cells and modules, which covers a wide range of wavelengths. In
general, solar panels do not respond to the full AM1.5 spectrum [5,16-18]. The impact of the spectral
distribution on energy production varies for each month of the year and decreases as the latitude of
the installation site of the photovoltaic modules decreases [19]. In addition, the spectral impact can be
reduced by using a wavelength range between 350 nm and 1050 nm for analysis [20].

In the same way that cooling methods were projected to reduce the impact of temperature and
increase the efficiency of photovoltaic systems, several research works have been carried out to find
ways to increase energy production by modifying the light spectrum received by the panel. Some
of these methods include: optical traps [21], antireflective layers [22-25], luminescent down-shifting
layers [26-29] and color filters [30,31]. Landrock et al. [31] developed a solar simulator with tungsten
lamps and color correction using low-cost filters. The light source was evaluated according to three
parameters: spectral response, spatial uniformity, and temporal stability. The spectrum of the lamps
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was verified with a high-precision spectrometer and was corrected with the installation of four
color filters.

In the aforementioned works, photovoltaic cells were always exposed to the complete sunlight
spectrum, in both controlled laboratory and real-use conditions. The influence of the spectrum is
obtained through the use of spectrometers and sophisticated mathematical methods (i.e., by indirect
methods). In this work, photovoltaic cells are exposed to just a specific wavelength range of the solar
spectrum at a time through the use of color filters. In this way;, it is possible to directly verify the
effect of each wavelength range of sunlight on the capacity of the energy production of photovoltaic
modules, without using complex mathematical methods or expensive measurement equipment like
a spectrometer. Furthermore, PV cells are exposed to real variations of environmental temperature,
solar spectrum, and the angle of incidence of light—aspects that solar simulators cannot reproduce in
the laboratory.

The objective of this experimental work is to be an initial study on how the electric energy
generation of polycrystalline silicon photovoltaic cells varies according to the different wavelength
ranges of the solar light spectrum, under real operating conditions. Low-cost color filters are used to
directly verify the effect of the spectral response of individual wavelength ranges.

2. Materials and Methods

2.1. Assembling the Experiment

The experiments were carried out at the Renewable Energy Center of the Sdo Paulo State
University (UNESP), School of Engineering, Guaratingueta City (latitude 22°28' south, longitude
45°6' west, altitude 530 m). The site presents Kdppen climatic classification Aw, with average
temperatures varying between 18.2 °C in July and 24.8 °C in February [33]. The overall solar
radiation varies between the minimum value of 3.02 kWh-m 2 per day in June and the maximum of
5.35 kWh-m 2 per day in November [32].

Two identical photovoltaic panels were mounted on a metal roof with individual support
structures, as exemplified in Figure 1a. The roof slope is 32° to the horizontal, and it is oriented at
40° east. The photovoltaic panels are of the model STP022-12/D, manufactured by Suntech enterprise
(Suntech Power Holding Co. Ltd., Wuxi, China), and they have a maximum power of 22 W and 36 cells
of polycrystalline silicon. The nominal parameters of these panels are: open-circuit voltage (Voc) of
21V, short-circuit current (Isc) of 1.61 A, voltage at maximum power (Vjp) of 16.8 V, and current at
maximum power (Iysp) of 1.31 A.

Each of the photovoltaic panels was connected to a direct current watt-hour meter and then to
a power resistor of 12 (3, which acts as a load for each panel, according to Figure 1b. The watt-hour
meters are manufactured by Portable Power Supplies (PortaPow Ltd., Bromley, United Kingdom),
model DC (Direct Current) Power Monitor, and withstand voltages up to 50 V and currents up to 5 A.
The 12 Q) power resistor was chosen in order to make the photovoltaic panels work most of the time
near the maximum power point of their I-V curve. Moreover, using a fixed-value resistor simplifies
the experimental setup, as it is not necessary to use I-V curve tracer equipment.

Eight color filters were fixed, one at a time, only on Panel 2; Panel 1 is used as a reference. The
color filters were installed 1 cm above the solar panels, and they were kept outstretched by a strong
adhesive tape in order to resist moderate winds. Although covering a photovoltaic module can increase
its temperature under sunlight, measurements made at initial tests showed that, at the experiment
site, the temperature of Panel 2 (with color filter) was not much higher than the temperature of Panel 1
(without filter). Therefore, in order to simplify the data acquisition process, the temperature of the
solar panels was not registered over the measurement period. Furthermore, the color filter area is
larger than the solar module area, so no natural light hits the photovoltaic module at its edges.

Each filter has a different spectral energy distribution (SED) curve, as shown in Figures 2 and 3.
The filters were divided into two groups, according to the characteristics of their SED curves: primary
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filters, which have SED curves covering the main wavelength ranges of the spectrum in isolation; and
secondary filters, whose SED curves include several wavelength bands simultaneously. The filters are
manufactured by Cotech Sensitizing (Cotech Sensitizing Ltd., Tredegar, United Kingdom). Each filter
allows only part of the spectrum of light to pass through it; the visible light filter allows all visible
light to pass through it, blocking the infrared (IR) rays. In addition, because they are made of plastic

material, all filters block ultraviolet rays (wavelengths below 300 nm).

Panel 1 (PV1)

Panel 2 (PV2)

40f13
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Figure 1. Experimental setup. (a) Installation of the photovoltaic (PV) modules, with the identification
of the panels. At the time recorded, a green color filter was installed on the PV2 module; (b) The circuit

used to record the energy generated by each panel.
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Figure 2. Spectral energy distribution (SED) curves of the primary filters: (a) visible light; (b) red;
(c) green; (d) blue. The original names of the filters adopted by the manufacturer are, respectively:

Heat Shield, Medium Red, Dark Green and Medium Blue.
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Figure 3. Spectral energy distribution curves of the secondary filters: (a) yellow; (b) frost; (c) amber;
(d) lavender. The original names of the filters adopted by the manufacturer are, respectively: Medium
Yellow, Hampshire Frost, Dark Amber, and Special Medium Lavender.

On each measuring day, one color filter was installed at the beginning of the day and removed at
the end of the sunlight period at the test location. The filters were tested sequentially, day after day,
repeating the sequence several times in the measurement period, so as to minimize the influence of
the changes of the solar angle of incidence. The angle of incidence simultaneously affects both solar
modules (as they were installed side-by-side), and the effects of its changes over a whole year are
minimized when one uses the mean value of relative efficiency.

2.2. Analysis Method

The electrical characteristics of the photovoltaic panels were determined under real operating
conditions through an experimental data survey. The circuit of Figure 1b was used, with a power
rheostat replacing the fixed-value power resistor. A contact thermometer was used to register the
temperature at the top surface of the solar modules. Furthermore, irradiance at the moment of the test
was registered through a portable solar power meter. After this survey, spectral response measurements
were performed.

On each day of measurement, the watt-hour meters recorded the measuring time interval
during which the PV modules received sunlight, and the amount of energy generated by each
panel. The meters were switched on and off simultaneously, producing the same amount of time
for the two modules. In addition, only days with measurement intervals longer than one hour were
considered valid.

The following analysis variables were calculated with the experimental data: relative efficiency,
mean unitary power, radiation level, and potential for power generation. Relative efficiency is the
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ratio between the amount of energy generated in a day by the solar module with the color filter and
the energy produced by the module without a filter, which is used as the basis for comparison, as
indicated by Equation (1):

Tk = 2272 100, M

Epv1

where 7R is the relative efficiency (percentage value), Epy» is the amount of energy generated by
Panel 2 (in W-h), and Epy is the amount of energy produced by Panel 1. For example, if on a given
day the module with the red filter generates 12 W-h and the module without the filter generates
60 W-h, there is a relative efficiency of 20% for this filter. The visible light filter has the characteristic
of blocking the passage of the infrared rays, allowing all visible sunlight to pass through it. Due to
that fact, in order to obtain the infrared relative efficiency, it is necessary to calculate the complement
(100%—mnr-visiLE LicuT) of the directly-obtained values of relative efficiency for the visible light filter
in order to have values that are coherent with the other filters.

The mean unitary power is defined as the ratio between the amount of energy generated by
the panel without color filters and the measurement time interval for each square meter of the
module’s area, according to Equation (2). Although it is not directly related to the spectral response of
photovoltaic cells, this magnitude is very useful for the analysis of local irradiance conditions. It is
handy for the design of photovoltaic systems (in which an estimation of the energy production is
required), and allows forecasting of the amount of energy produced in different climatic conditions,
without having to measure the daily irradiance.

Epy1
Ppy=———"—, 2
U™ ncer - Acer - At @)

where Py; is the mean unitary power (in W-m~2), ncgg is the number of PV cells in the panel, Acry is
the area of a cell (in m?), and At is the measurement time interval converted to decimals.

The calculation of the mean unitary power allows each day of measurement to be classified
according to the level of radiation received by the photovoltaic module without a filter. Thus, the
values of mean unitary power obtained over the measurement period were grouped into five categories
as shown in Table 1.

Table 1. Radiation levels.

Radiation Level Py (W/m?)
High >61.6
Medium-high 50.4-61.599
Medium-low 28-50.399
Low 14-27.999
Very low <13.999

The potential for power generation indicates how much power a photovoltaic generation plant
installed in a particular location can produce in a given period (monthly, seasonally, or annually, for
example). Its calculation is expressed in Equation (3):

2
=

i
i=1
o ©)

el
|

where P is the potential for power generation (in W) and 7, is the number of mean unitary power
measurements in the period considered.
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Two correction factors were applied to the relative efficiency values found for each filter. The
F; factor minimizes the intrinsic difference between the capacity of the energy production of the
photovoltaic modules. Both modules are of the same model and underwent the same manufacturing
process. However, they may show small differences in their characteristic curves, which may resultin a
difference in the amount of energy generated by each panel, even if they are subjected to similar
conditions of irradiance and temperature. The F; factor is calculated through 15 experimental
measurements, made on non-consecutive and randomly-chosen days during the measurement period,
in which no filter was installed on both photovoltaic panels. The average relative efficiency values of
each measurement were calculated and converted from percentage to absolute value, thus obtaining
the F; factor, according to Equation (4):

15
E Nri
i=1

Fl = 15 - 17;’, (4)

where 7, is the average relative efficiency (percentage value).

The correction factor F; serves to mathematically make the total irradiance of all filters the same,
in order to eliminate the influence of the different total irradiance levels of each color filter. The total
irradiance is calculated by applying the SED curve of each color filter to the standard AM1.5 solar
spectrum and then integrating it from 280-4000 nm. The irradiances are, respectively, 503.6 W-m~?2 for
visible light filter; 537.5 W-m~2 for red; 509.0 W-m~2 for green; 567.8 W-m~2 for blue; 757.7 W-m~2 for
yellow; 684.8 W-m~2 for frost; 656.1 W-m~2 for amber; and 624.5 W-m~2 for lavender.

By using the F; correction factor, the spectral distribution curves of each filter are different, but
the solar cells always receive the same total irradiance. To calculate this factor, the spectral distribution
curves of each filter are applied to the standard AM1.5 spectrum, given by the ASTM International
G173-03:2012 standard [34], and integration is performed in the wavelength range from 280-4000 nm,
obtaining the total irradiance value. Then, these values are normalized amongst each other, and the
total blue filter irradiance is chosen as the reference value, according to Equation (5). The blue filter was
chosen because it has the highest total irradiance among the primary filters; however, any other filter
could have been chosen as the reference. The choice of the reference value does not affect the results.

G
Py = —ﬁf’f, (5)

where Fy is the correction factor F, specific for the f filter (dimensionless), Gprye is the total blue filter
irradiance (in W-m~2), and Gr the total irradiance for the f filter (in W-m~2).

The correction factors F; and F; are applied to each calculated relative efficiency value for all
eight filters employed in this work:

- F
Nrcorr = mFl 2/ (6)

where 77, corr is the corrected relative efficiency (percentage value). Therefore, by using the two proposed
correction factors, the only aspect that influences the spectral response of photovoltaic modules is the
difference between the spectral energy distribution curves of each filter used in this work.

Then, statistical measures are used for the analyses: mean, median, standard deviation, minimum
value, and maximum value. These measures are arranged in a modified box plot, which allows a
visual comparison between the relative efficiency obtained for each filter and shows the respective
numerical values. The discussion of the results occurs through comparisons between the statistics of
each filter.
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3. Results and Discussion

3.1. Electrical Characteristics of Photovoltaic Modules

The experimental data survey to determine the electrical characteristics of the photovoltaic panels
occurred in April 2016, on days of clear sky without any clouds. Table 2 shows the results of the
experimental survey for each panel in the real value columns and the nominal values of the panels
for comparison.

From the information in Table 2, it can be concluded that the modules have different characteristics
from the nominal specifications. In particular, it is noted that the maximum power and the open circuit
voltage are considerably smaller. These electrical characteristics were significantly affected by the high
working temperature of the cells, which was more than twice as high as the nominal test temperature.
This implies lower form factors for the panels, as well as values different from nominal for the voltage
and current at the maximum power. Although cell temperature is not the only major factor that
influences its electrical characteristics, it plays an important role on the real energy generation capacity
of photovoltaic modules.

Table 2. Nominal and real electrical characteristics of photovoltaic panels.

Characteristic Nominal Value Real Value (PV1) Real Value (PV2)
Short-circuit current 1.61 A 1483 A 1.591 A
Open-circuit voltage 21V 17.897 V 17.89V

Irradiance 1000 W-m—2 990.75 W-m 2 993.75 W-m 2
Cell temperature 25°C 57 °C 58.9 °C
Maximum power 2W 16.07 W 17.66 W
Voltage at Maximum power 16.8V 1199V 14.09V
Current at Maximum power 131 A 1.340 A 1.255 A
Form factor 65.09% 60.53% 62.13%

The degradation of the cells due to exposure to weather caused a reduction in the current supply
capacity of the modules, which can be seen from the lower values of the short-circuit current. Although
the irradiance at the time of measurements was lower than the nominal value (0.92% and 0.5% lower,
respectively, for PV1 and PV2), the short-circuit current was 7.89% lower than the nominal value for
Panel 1 and 1.18% lower for Panel 2, indicating that the effect of cell degradation was predominant.
It is noteworthy that the short-circuit current varied linearly with the irradiance received by the panel;
therefore, the expected reduction of this variable was lower than the recorded one. In addition to
the differences in nominal characteristics, there were differences between the two modules: Panel 2
generally showed better characteristics than Panel 1. This justifies the use of the F; correction factor.

3.2. Irradiance Conditions

One hundred and fifty-five valid measurements were made between 16 October 2015 and
27 September 2016. The average value of the measurement time intervals over this period was 5 h,
3 min, and 38 s. The measurements were obtained predominantly on days with high radiation level,
representing 43.87% of the total, followed by 21.94% of the days presenting medium-low radiation
(caused by variable cloudiness), 15.48% with medium-high, 10.32% with very low, and 8.39% with low
radiation level.

Table 3 shows the mean values of the potential for power generation divided by season. Spring
can be characterized as a season with great variability in cloudiness. In summer, periods of high
radiation alternate with days of heavy cloudiness and rainfall, which cause low levels of radiation. The
periods of cloudiness in these stations implied lower potentials for power generation. The autumn is
characterized by long sunny periods interrupted by brief cloudy and rainy periods. Similar to autumn,
in winter, there are mainly days with high radiation, but interspersed by brief periods of cloudiness.



Energies 2017, 10, 1178 90of 13

Autumn and winter are the most favorable seasons to use photovoltaic energy, presenting the greatest
potentials for power generation.

Table 3. Potential for power generation divided by seasons of the year.

Season ny 1:) (W)

Spring 29 7.54
Summer 31 8.51
Autumn 50 10.39

Winter 45 10.96

3.3. Spectral Response of Photovoltaic Cells

The correction factors F; and F, were applied to the relative efficiency values of each of the eight
color filters used, and the mean, median, standard deviation, minimum, and maximum values were
determined for each dataset. The results are shown in the modified box plots of Figure 4.

Comparing the mean and median of each filter, one can note that these quantities have close
values for all filters. The median is a measure of central tendency that is not influenced by extreme
values of the data range [35,36]; therefore, this means that the extreme values of the measurements do
not interfere with the result of the average calculation, and thus, its mean is a significant parameter for
comparing the relative efficiency of each filter.
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Figure 4. Comparison among the corrected relative efficiency of color filters. The values inside the box
plot represent, from top to bottom, maximum value, mean value, and minimum value.

The standard deviations are indicators of the level of uncertainty of the experiment, and assumed
relatively small values compared to their respective means, thus showing that the relative efficiency
did not vary greatly over the measurement period. This implies that low uncertainties were obtained in
the measurements. An exception was the infrared result of the visible light filter; its standard deviation
presented the highest value, showing a greater amplitude of corrected relative efficiency variation,
ranging from 3.25-22.82% for an average value of 13.56%. The daily variations in the filter efficiency
were caused by climatic variations at the site of the experiments, such as changes in cloudiness, ambient
temperature, and atmospheric variations, which caused changes in the received solar spectrum at the
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ground level, resulting in different responses of the photovoltaic panels for each measurement day.
Relative efficiency evaluates the energy output of one module related to the other, and since the two
panels were installed side-by-side and were subject to the same climatic conditions, daily variations
in temperature and solar spectrum also influenced both of them. Furthermore, the temperature raise
caused by covering the Panel 2 with the color filters was not considered at this work in order to simplify
the measurement process, but it could also have influenced the uncertainty levels of the results.

When comparing the average relative efficiency of the red, green, and blue primary filters, it can
be seen that the photovoltaic panel produced more energy in the red wavelength range, with a relative
efficiency of 23.83%, followed by the blue and green ones, respectively. In this way, it can be concluded
that photovoltaic cells were more sensitive to radiation in the red band, which starts at about 650 nm,
according to Figure 2b. It is interesting to note that although the response to the red range was visually
the greatest, the red filter was the darkest of all, which could lead to the hypothesis that this would
be the filter with the lowest rate of light transmission, and consequently the lowest relative efficiency.
This means that the visual appearance was not a relevant factor for its spectral response; the energy
spectral distribution curve determined the response of each filter.

Furthermore, one can note that there was a small difference in the energy production between the
red, green, and blue filters, ranging from 19.15% in the green one to 23.83% in the red one. This shows
that there is no specific and isolated range in which the production of energy is far superior or very
inferior to the others. All wavelength bands contributed significantly to the generation of energy in
the crystalline silicon photovoltaic cells.

Regarding the visible light filter, the initial hypothesis—based on the electrical characteristics
of photovoltaic cells—was that the module should not respond positively to the infrared radiation,
since the literature indicates that the higher the working temperature of the cells, the lower the energy
production is [4,6,14,15]. For this reason, it was expected that when installing the visible light filter on
Panel 2, an increase in the energy generated relative to Panel 1 would occur, because the IR radiation
(responsible for the increase in temperature) would be blocked. However, the average value of relative
corrected efficiency in Figure 4 indicated that there was in fact a reduction in the energy production.
This means that the panel responded to infrared radiation and generated a considerable amount of
energy in this wavelength range.

IR radiation caused two simultaneous effects on the photovoltaic panel: on the one hand,
it increased the panel temperature, which reduced the power generated; on the other hand, the
module responded to this wavelength range, contributing to an increase in the power generated. The
average infrared relative efficiency of the visible light filter was 13.56% (positive value), which implies
that the effect of infrared energy generation outweighed the losses caused by the rise in temperature.
If the effect of temperature exceeded that of energy production, the infrared relative efficiency would
result in negative values (i.e., relative efficiency of visible light filter above 100%) because the energy
generated by Panel 2 would be higher than that of Panel 1 due to the reduction of the temperature
provided by the visible light filter.

Thus, it is concluded that infrared radiation was an important component of the sunlight spectrum
for polycrystalline photovoltaic cells and cannot be suppressed, which would cause a reduction in
the power generated by the photovoltaic panel, and in turn, a reduction of the panel efficiency. For
this reason, in order to minimize the losses caused by an increase in the working temperature of the
module, it is necessary to find other methods that do not cause the reduction or blockage of the infrared
radiation captured by the panel.

Secondary filters have SED curves that cover multiple wavelength band-passes simultaneously.
Thus, there is no way to analyze the response of photovoltaic cells to an isolated range of wavelengths;
the analysis of the results of these filters was done by directly comparing them to the primary
filters. The results of the relative efficiency of these filters showed that several wavelength ranges of
sunlight contributed to the energy generation of photovoltaic modules, from ultraviolet to infrared; i.e.,
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there was no wavelength range that was harmful to the capacity of the energy production of silicon
polycrystalline photovoltaic modules.

4. Conclusions

In this work, the way in which the electric energy generation of photovoltaic cells varied according
to different wavelength ranges of solar light spectrum was verified. The cells were tested under actual
operating conditions and were subject to environmental variations at the site where they were installed.

There was a difference in the spectral response of the photovoltaic modules in the red, green, and
blue bands, with relative efficiencies of 23.83%, 19.15%, and 21.58%, respectively. It can be concluded
that polycrystalline silicon panels did not respond uniformly to sunlight, being more sensitive to the
red band (longer wavelengths) and less sensitive to the green band, although the difference between
the bands was small.

The infrared response—indicated by the relative efficiency of 13.56%—proved that the cells are
capable of generating energy in the non-visible range of the spectrum. Besides contributing to the
production of energy, the infrared was responsible for the generation of the heat on the cells. However,
the effect of heat was overcome by the generation of energy, from which it can be concluded that
the infrared is an important component of the sunlight spectrum and the reason why it cannot be
suppressed. Thus, by using methods of increasing the efficiency of photovoltaic panels by reducing cell
temperature, one cannot reduce or block infrared radiation, as a reduction in the efficiency of the device
may occur. One has to find ways to reduce the temperature without damaging the infrared band.

As a suggestion for future works, it is proposed to carry out tests of photovoltaic panels of
higher power under real operating conditions in order to verify if there are significant differences
in the behavior between low- and high-power modules. Other cell types could be investigated so
that any differences in the spectral response of different photovoltaic technologies could be verified.
An alternative work can be developed by replacing the color filters used (made of plastic material)
with dichroic filters, which present more precise spectral distribution curves, although they have a
higher cost. Finally, further investigations on the relation between the spectral response to individual
wavelength ranges and the temperature increase of photovoltaic modules can be performed.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/10/8/1178/s1.
Table S1: Collected experimental data.
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