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Abstract — This dissertation investigates the influence of the
spectral irradiance variation and the spectral response (SR) on the
production of energy by photovoltaic cells. To determine the
impact of SR and spectral irradiance on m-Si and Perovskite cells
experimental tests were carried outdoors, using optical filters to
select different spectrum zones of the solar irradiance.
Computational models were developed to simulate different
photovoltaic modules, when subjected to a different spectral
irradiances, a model with spectral factor (SF). The developed SF
model accurately simulated the experiments performed for high-
pass filters. The highest relative errors for certain irradiation
bands occurred due to the uncertainty of input variables used in
the model, which do not fully described the real conditions in the
experimental tests. Simulations for the m-Si, a-Si, CdTe and
Copper Indium Selenide (CIS) technologies allowed to observe the
effect of each SR and of the spectral irradiance for each of them.
The CIS technology presented a better overall result in the
infrared zone, producing about half of the energy produced by the
CdTe technology in the visible zone. The SF, spectral
incompatibility factor (MM) and spectral effective responsivity
(SEF) parameters were verified to be important for studying the
photovoltaic energy production.

Index Terms — Electromagnetic spectrum, Spectral effective
responsivity, Spectral factor, Spectral incompatibility factor, Spectral
irradiance, Spectral response.

I. INTRODUCTION

he usage of classic sources of energy to satisfy the

worldwide energy demand is one of the main causes of the
global warming, due to the increase of the amount of polluting
gases emitted to the atmosphere [1], causing a high
environmental impact, unbalancing ecosystems and affecting
human activity in their lifestyle and economy [2]. With this
negative impact, global policies have been developed to
minimize environmental impacts, which one of most immediate
measure is using renewable energy sources [3], [4]. The
International Energy Agency (IEA) forecasts that renewable
energy will account for two thirds of global investment in
power plants by 2040. It is also predicted that solar energy will
be the one with the highest growth in electricity production with
74 GW by 2040 [5].

Recent studies have concluded that the variation of the
spectral irradiance, Fig. 1, and Spectral Response (SR), Fig. 2,
are important aspects in the performance of the photovoltaic
devices [6]-[8]. Another conclusion is that the spectral impact
depends on the location in terms of latitude, climate, rural or
urban environment, among others [6], [9]. Despite the advances
made in the study of the influence of irradiance on photovoltaic

energy production, models that consider the influence of
spectral effects on the field are still limited, contrary to well
defined influence of temperature and irradiance in the solar
energy electrical production [9].

This paper focuses on the study of the impact of spectral
irradiance on a photovoltaic cell, as well as the influence of its
SR on its energy production. It is intended to validate a
mathematical model that allows the analysis of the impact of
spectral irradiance and SR for a photovoltaic cell exposed to a
given spectral irradiance. To validate the SF model,
experimental tests were carried out and compared with the
results obtained by model simulations for the m-Si and organic
with Perovskite cells. After the validation of the model,
simulations were performed for the m-Si, a-Si CdTe and
Copper Indium Selenide (CIS) modules.

One objective of this work is to confirm the possibility of
producing photovoltaic energy without visible light, making
use of infrared light.
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Fig. 2 Spectral Response for various technologies [6].



Il. SOLAR AND PHOTOVOLTAIC ENERGY

The solar spectrum consists of different wavelength radiation
with different levels of energy, being divided into several
regions: y-rays; X-rays; ultraviolet (UV); visible; infrared (IR);
microwave; radio-waves; long-waves [12].

A. Solar energy

1) Electromagnetic radiation

The electromagnetic radiation is an oscillation in phase of the
electric and magnetic fields, being a propagation of transverse
waves, moving in the vacuum at the speed of light, c. The
electromagnetic waves can be characterized by their frequency,
f, or wavelength, 4, being related to each other according to
eq.(1). From the point of view of quantum mechanics, it is seen
as the displacement of photons, which are emitted and absorbed
by particles and can be viewed as energy carriers. This energy,
E, can be calculated by the Planck-Einstein equation (2), where
h is the Planck constant.
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2) Sun as a blackbody

The shape of the radiation spectrum emitted by a body has a
greater dependence on its temperature. With this, bodies that
emit a spectrum of universal character, at a constant
temperature are called black bodies. The sun can be considered
as a black body at the temperature of 5800 K.

The spectral distribution emitted by a blackbody in a vacuum
at a given temperature is given by the Planck equation, (3),
where T is the body temperature in degrees Kelvin, k is the
Boltzmann constant and E; is the irradiance for a determined
wavelength [13].
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To obtain the total irradiance emitted by the blackbody, G,
it is required to integrates eq. (3) along all wavelength. In (4),
the Stefan-Boltzmann law [14], indicates the power per unit of
total area emitted by the surface of an ideal blackbody, where o
is the Stefan-Boltzmann constant.

G,=0o-T* (4)

To determine the solar spectrum outside of atmosphere, the
American Society for Testing and Materials (ASTM) has
defined a standard spectrum, based on acquired data. This
spectrum is called the standard extraterrestrial solar spectrum
or Spectral Radiation of Zero Air Mass [11].

B. Solar spectrum and interaction with the atmosphere

The Earth’s atmosphere behaves like a protective filter
against the action of the harmful extraterrestrial radiation that
arrives at our planet and, like a thermal regulator of the Earth,
allows conditions necessary to life. The radiation that pass
through the atmosphere interacts with the atmospheric
components, making the extraterrestrial spectrum different
from the terrestrial one. The intensity of these interactions
depends on the distance traveled by the radiation in the
atmosphere. Under these conditions, ASTM established a
standard spectrum with the aim of standardizing a single
reference solar spectrum. The currently adopted spectrum
indicated in the norm ASTM G173-03 is the one established by
ASTM [10]. In Fig. 1 are presented the spectrum AMO, AM1.5
Global and AM1.5 Direct of the ASTM norms.

C. Photovoltaic energy

The photovoltaic effect is the process by which energy from
light is converted into electricity in photovoltaic cells. K.
Zweibel, [15], explains the photovoltaic effect by saying that
light enters a photovoltaic cell and transmits enough energy for
some electrons to be released. A power barrier embedded in the
cell acts on these electrons to produce a voltage, which can
generate a current through a circuit.

The band gap energy is the amount of energy that a photon
needs to yield to an electron so that is excited from the valence
band to the conduction band. This energy influences the current
generated, because the larger the energy required, the smaller is
the zone of the spectrum available to form electron pairs. The
efficiency of a solar cell is related to the band gap of the
semiconductor that constitutes it. The efficiency limit of
Shockley Queisser calculated in 1961, is shown in Fig. 3 [16].
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Fig. 3 Efficiency limit of Shockley Queisser [17].



D. Equivalent circuit of a PV cell

PV cells can be modelled by a current source in parallel with
a diode, leading to its current-voltage, 1-U, function given by
eqg. (5), where I, Isand Iy, are the cell’s output current, the dark-
saturation current and the photogenerated current, respectively.
Parameters U and Vr are the cell’s terminal voltage and the
thermal voltage, respectively, and n is the diode’s ideality factor
[18].

U

I=1,—lgle™ -1 (5)

I1l. INFLUENCE OF EXTERNAL PARAMETERS

The irradiance influences the value of the short-circuit
current, since it is directly proportional to it, eq. (6), where I
and G are the short-circuit current and the irradiance,
respectively, 1. and G* are the short-circuit current and the

sC

irradiance, both under Standard Test Condition (STC),
respectively [18].
=10 Z (6)
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The temperature influences the open circuit voltage, since it
decreases with the increasing of the temperature. This occurs
because the gap energy is affected by the increase of the
temperature, which will affect the saturation current of the
diode [18].

A. Spectral Response

The Spectral Response (SR) is the ratio between the
photogenerated current of the cell, Iyn, and the radiated power
falling on it for a given wavelength, indicating how the photons
of different wavelengths contribute to the generated current
[19]. In this work the SR of four photovoltaics technologies are
considered, m-Si, a-Si, CdTe and CIS, which are represented in
Fig. 2.

B. Spectral Indexes

1) Spectral Factor
The Spectral Factor (SF) of a non-concentrating PV device
is defined as, [6]:

o ~[Es(2)-SR(A)dy [EG(2)dy
- [E(2)-SR(2)dy [Ec(2)dy

()

Where the SR()) is the SR of the device with the reference
temperature as a function of the wavelength, Eg, and E; is

the spectral irradiance that effectively reaches the cell and under
STC, as a function of the wavelength. From the eq. (7), when
SF assumes values higher than one means that the device has a

higher energy conversion of the incident spectrum than the
reference one in STC conditions. The short-circuit current of a
photovoltaic module is proportional to the integration of the
product between the spectral irradiance and the SR [6]:

I, o< [Eq (4)-SR(4)dy ®)

Therefore, SF can still be rewritten as, [6]:
SF=-%— ©

2) Spectral Effective Responsivity
The Spectral Effective Responsivity (SEF) is defined as,
[20]:

(10)

Where Lo is the upper wavelength at which the absorption
takes place in the photovoltaic material. The index expresses in
units of A/W, the ratio between the short-circuit current that
accounts for irradiance and spectral effects and the spectrum
power available for the photovoltaic conversion [19].

3) Spectral Mismatch Factor

The Spectral Mismatch Factor (MM) is defined in the IEC
60904-7 standard [21] as a way of quantifying the relative
spectral impact between a sample PV device and a reference PV
device by means of:

w JE(D) SRan (Dt [E/(2) SR, (A)dy (11
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Where SRsample(1) represents the spectral response of the
sample PV device and SRy (4) the spectral response of the
reference PV device, both at the reference cell temperature.
From this definition, MMsampierrer aCcounts for spectral gains if
greater than one or spectral losses if lower than one of the
sample PV device with respect to the reference PV device[19].

IV. METHODS AND PROCEDURES
A. Experimental tests

The experimental tests were carried out to obtain the
characteristic curves of m-Si and organic Perovskite solar cells,
under the real solar radiation. These tests were done to observe
the impact of the spectral irradiance and the SR of the cell in
the production of electric energy and also to validate the SF
model. For this, several optical filters are used to select the
specific zones of the spectrum. With this a structure was
constructed to allow to support the cell directly towards the sun
and to support the optical filters, Fig. 4.



Fig. 4 Open structure, with m-Si cell.

In addition to the structure, High-Pass (HP), Table 1, [22],
and Band-Pass (BP), Table 2, [23]-[24], optic filters, a variable
resistance, a voltmeter and an ammeter are used, forming an
experimental circuit, as can be seen in the scheme of Fig. 5 and
in the experimental set up Fig. 6. The value of the irradiance
outside the structure was obtained by using an irradiation meter.
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Fig. 5 Scheme of the assemblies of experiments.
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Fig. 6 Experimental assembly. (1) Structure; (2) Variable resistance;
(3) Ammeter; (4) Voltmeter; (5) Current probe.

Table 1 High-pass filter characteristics.

Reference Transmission (%) | Cutting wavelength
FSQ-0G550 90 550 nm
FSQ-0OG515 90 515 nm

Table 2 Characteristics of bandpass filters.
Center . -
Reference Bandwidth | Transmission (%)
wavelength

87-811 1000nm 25nm 99
84-775 700nm 50nm 99
84-774 650nm 50nm 99
84-773 600nm 50nm 99
84-772 550nm 50nm 99
84-771 500nm 50nm 99
84-770 450nm 50nm 99
84-769 400nm 50nm 99

In the addition of the study of m-Si cells, the Perovskite
organic cell is used because it is a little studied technology,
aiming to analyze the impact of the spectral irradiance in the
production of electric energy and to have an idea of its possible
SR.

1) Experimental tests with high-pass Filters

The tests without HP filters for the m-Si cell was performed
in order to obtain the mean value of the short-circuit current for
when the m-Si cell when exposed to the standard spectral
irradiance, Fig. 7a). This value is used in the validation of the
SF model for HP filters.

The tests for the HP filters were designed to observe the
impact on different wide range spectrum bands in the
characteristic curves of m-Si and Perovskite organic cells, Fig.
7b).

oo

Fig. 7 Structure. (a) No HP filters; (b) With HP filters. (1) HP filter.

2) Experimental tests with band-pass Filters

The tests without the BP filters were performed in order to
obtain the mean value of the short-circuit current, when the m-
Si cell is exposed to the standard spectral irradiance, since this
value is used in validation of the SF model, Fig. 8a).

The BP filters allowed to select a specific zone of the
spectrum and to observe the impact of the spectral irradiance
and the SR on the photovoltaic energy production in the m-Si
and Perovskite organic cells used, Fig. 8b).
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BP filters. (1) BP filter.

Fig. 8 Structure. (ao BP flters; (b) With

B. Spectral factor model

The SF model was developed in Matlab with the objective of
simulating and studying the performance of several solar cell
technologies when exposed to a given local spectral irradiance.
For this, it is necessary to validate the model, comparing the
experimental results obtained for the m-Si cells with the data
generated by the model.

The model makes use of egs. (7) and (9) to determine SF of
the cell and the short-circuit current when it is exposed to a
given spectral irradiance.

1) Simulation for four technologies

It is intending to use the SF model to simulate different solar
modules: Si-m, Si-a, CeTd and CIS, and to analyze how these
technologies respond to different zones of the solar spectrum,
namely: to the UV, visible and IR. For this, SF, SEF and MM
are calculated for each technology, egs. (7), (10) and (11).

The SR values used for the different technologies are shown
in Figure 1 and the module specifications were taken from the
datasheets of each module, Table 3, [25]-[28].

Table 3 Specifications of m-Si, a-Si, CdTe and CIS modules.

tecm;o'og module ('A“) Vee (V) a’::;d(tr’:]‘i)
M-S | \Lusoenci | 889 | 378 | 1656
asi | ST TS | 385 | 409 | 1450
cate | JUSUSORL | 254 | 2185 | 2475
cis SF170-5% | 22 | 112 | 1228

V. EXPERIMENTAL RESULTS

A. Experimental tests with high-pass filters

This section intends to present and compare the experimental
data obtained for the experiments performed without the HP
filters and the experiments carried out for the HP filters, Table
1, in order to analyze the impact of the variation of the incident
spectrum caused by these filters, in obtaining of the
characteristic curves of m-Si and organic Perovskite cells.

1) M-Sicell
Several tests without HP filters were performed on unfiltered
m-Si cells between May 14 and May 21, 2018, between 11:00

a.m. and 4:00 p.m. The HP filter tests were performed between
May 21 and June 15 and 19, 2018, between 11:00 a.m. and 4:00
p.m., and a total of six assays were performed for each filter.

As the filters block part of the solar spectrum, the irradiance
that reaches the solar cell is limited. This leads to the fact that
the experimental results without filters show higher short-
circuit current and maximum power values, as expected,
however there is no significant variations for the open circuit
voltage, Table 4.

Table 4 Values of open circuit voltage, maximum power and respective
variations for different tests with and without HP filters for m-Si cell.

Voe (V) | 4 Vo (%) | Pm(MW) | 4 Py (%)
No filters | 0.563 | ------ 9535 | -
0OG 515 0.553 1.78 72.86 23.59
OG 550 0.557 1.07 68.73 27.92

Analyzing Fig. 9, Fig. 10 and the remaining experimental
testes, it is observed that the short-circuit current for the OG
515 filter is higher than that of the OG 550 filter, on average
13.33 mA above (corresponding to 7.0% deviation). This is due
not only to the radiance difference transmitted by the filters, but
also by the spectral response of the m-Si cell.
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Fig. 9 Experiments performed on 21/05/2018: without filters (-=-), with filter
OG 515 (-+-) and filter OG 550 (-+-) for m-Si cell. (a) Voltage-current curves;
(b) VVoltage-power curves.
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Fig. 10 Experiments performed on 15/06/2018 with filter OG 515 (-+-) and filter
OG 550 (-+-) for m-Si cell. (a) Voltage-current curves; (b) Voltage-power
curves.

2) Perovskite organic cell

Tests were carried out on Perovskite organic cells on May 7,
2018 at 3:45 p.m. and 4:30 p.m., with and without HP filters.

Analyzing the results obtained in the Fig. 11, it is observed
that the voltage-current characteristic curves for this technology
have an approximately linear shape. The value of the open
circuit voltages varies greatly depending on the filter that is
used, Table 5, in contrast to the m-Si cell.
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Fig. 11 Tests carried out on 7/08/2018: without filters (-=-), with filter OG 515
(-+-) and those with filter OG 550 (-+-) for Perovskite organic cell. (a)
Voltage-current curves; (b) Voltage-power curves.

Table 5 Values of open circuit voltage, maximum power and respective
variations for different tests with and without HP filters for Perovskite organic
cell.

Voc (V) A Ve (%) Pm (W) 4 Pwu (%)
No filters 0.180 | --—--—-- 292 | -
OG 515 0.105 41.7 97.7 66.50
OG 550 0.049 72.9 66.8 77.09

B. Experimental tests with band-pass filters

In this section is intended to compare the results of the
experimental tests performed with BP filters, Table 2, for m-Si
and Perovskite organic cells. As already mentioned these filters
have a very narrow bandwidth, allowing passage to very
specific zones of the solar spectrum. This leads to the cells
receiving low levels of irradiance, which in turn induce lower
short-circuit currents than those observed in the tests without
the filters.

Based on these experimental results the influence of the SR
of each of the technologies and the spectral irradiance in the
energy production will be analyzed.

1) M-Sicell

From Fig. 12, showing the evolution of the characteristic
curves of the cells with the BP filters, together with Table 6, it
can be concluded that the response to the 500 nm and 700 nm
filters are the ones with a higher maximum power.

However, it is worth remembering that the 1000 nm filter
contains a bandwidth of 25 nm, leading to lower power values
(0.465 mW). Thus, the maximum power for a 1000 nm filter
with a bandwidth of 50 nm is expected to be approximately
double that is approximately 0.93 mW, which is the highest
value of the BP filters.
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Fig. 12 Tests performed with BP filters on 9/8/2018 for the m-Si cell. (a)
Voltage-current curves; (b) Voltage-power curves
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2) Perovskite organic cell

Similar to the results discussed in section A.2), the results
obtained for Perovskite organic cell, Fig. 13, reinforce the
hypothesis that the characteristic curve of this technology can be
described by a linear equation.

The results shown in Fig. 13 and in

Table 7 show that the 500 nm and 550 nm filters are those
with the highest peak power values. Since the 1000 nm filter has
half the bandwidth of the rest it is expected that a BP filter of
1000 nm with 50nm bandwidth will have a maximum power of
approximately 5.36 uW, exceeding the values reached in the
remaining filters.
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Fig. 13 Tests performed with BP filters on 7/8/2018 for the Perovskita organic
cell. (a) Voltage-current curves; (b) Voltage-power curves

——700nm; 1010w/m"2
——600nm;1060w/m"2

Table 6 Values of open circuit voltage, short-circuit current, maximum power and respective variations for the tests with and without BP filters of m-Si cell.

Voe (V) | A4 Vo (%) | lsc (MA) | 4 Isc (%) | Pm (MW) | Pum (%)
No filters 0.500 23.0 6.647 100
1000+25nm 0.93 14.05
1000 nm 0.410 18.0 2.63 88.51 0.467 7.02
700 nm 0.433 13.4 3.30 85.59 0.708 10.66
650 nm 0.411 17.8 2.62 88.56 0.461 6.93
600 nm 0.426 14.8 3.34 85.42 0.665 10.00
550 nm 0.428 14.4 3.25 85.81 0.674 10.13
500 nm 0.432 13.6 3.30 85.59 0.704 10.59
450 nm 0.423 15.4 2.89 87.38 0.560 8.42
400 nm 0.413 17.4 2.46 89.26 0.444 6.68




Table 7 Values of open circuit voltage, short-circuit current, maximum power and respective variations for the tests with and without BP filters of Perovskite

organic cell.

Vo (V) | 4 Voe (%) | Isc (0A) | A Ise (%) | Pum (W) | Pu (%)

No filters 0.561 — 11.22 — 15.70 100
1000+25nm S S S S 5.36 34.11
1000 nm 0.234 58.29 45.60 59.358 2.678 17.06
700 nm 0.232 58.68 44.80 60.071 2.586 16.47
650 nm 0.237 57.72 46.00 59.002 2.705 17.23
600 nm 0.257 54.19 49.90 55.526 3.185 20.29
550 nm 0.268 52.23 51.90 53.743 3.429 21.84
500 nm 0.268 52.23 51.60 54.011 3.482 22.18
450 nm 0.248 55.79 48.30 56.952 2.975 18.95
400 nm 0.230 59.00 44.40 60.428 2.540 16.18

Analyzing Fig. 14 which contains the values of the spectral
irradiance and the maximum power normalized to their
respective maximum values. It is possible to hypothesize that
the Perovskite organic cell used in this work will have a better
SR in the visible zone up to 550 nm and increase again near
1000 nm. This allows to conclude that this cell has a good use
of the irradiance in this zone of the IR. Since no information is
available between 750 nm and 950 nm, nothing can be
concluded in this range.
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Fig. 14 Normalized Maximum power for BP filters, for Perovskite organic cell,
in blue. Spectral irradiance normalized, in orange.

VI. SIMULATION RESULTS

In this section intend to validate the SF model, comparing the
results obtained by simulation with the experimental ones for
the m-Si cell and for the different optical filters used. After the
validation of the model, it is applied to four different
technologies: m-Si, a-Si, CdTe and CIS, to analyze the behavior
of these technologies when irradiated with different zones of
the solar spectrum.

In Table 8 are the mean values for the short-circuit currents
adapted for an irradiance of 1000 W/m?, for the tests without
filters. For a better comparison, the tests without filters were
carried out using the supports built for them, since these have
different apertures dimensions.

Table 8 Average values of the short-circuit current under STC for the
experiments performed with the aperture for filters used.

Experience Iie (A
Aperture for HP filter | 271968
Aperture for BP filter | 0030144

A. Simulation for HP Filters

This section presents some of the results of the simulations
performed to validate the model, comparing these with the
experimental results obtained with HP filters for the m-Si cell.

For May 21, 2018, the results for the OG 515 filter with an
irradiance of 915 W/m?, Fig. 15, and for the OG 550 filter with
a 910 W/m?, Fig. 16, are exhibit. In red is the curve that is
closest to the experimental data and in yellow the simulated
characteristic curve. It is possible to observe that the
characteristic curves are close to each other, for the HP filters.

X

00 0.1 0.2 0.3 0.4 05 06
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Fig. 15 Experimental data acquired (x), characteristic curve that approaches
the experimental data (---), simulated characteristic curve (---); For OG 515
filter.

0 0.1 0.2 0.3 0.4 0.5 0.6
Voltage (V)
Fig. 16 Experimental data acquired (x), characteristic curve that approaches
the experimental data (---), simulated characteristic curve (---); For OG 550
filter.

In Table 9 are presented the values of the short-circuit
currents for the experimental and SF model calculated with and
without the SF (eq. (6)) for the irradiance incident on the solar
cell, as well as the values of the relative errors for both models.

These filters have low relative errors values which propitiate
a good approximation of the SF model. However, the variation



of the relative error for the different simulations has the
possibility to be related to the variation of the spectral irradiance
throughout the days. Another possible explanation is the
variation of the SR of the cell with the temperature changing
the amount of solar energy converted into electric energy.

B. Simulation for BP Filters

This section presents some of the results of the simulations
performed to validate the model, comparing these with the
experimental results obtained with HP filters for the m-Si cell.

Simulations were performed for the filters indicated in Table
2. However, in this paper, only is presented simulations for the
650 nm filter, Fig. 17, where the SF model generates a good
approximation and for the 400 nm filter, Fig. 18, which obtain
the highest relative error values. Although the SF model has
high values of relative errors for certain irradiation bands,

Table 10, these errors can be justified by the input variables
used by the SF model, which do not fully describe the reality of
the experiments performed. As the spectral irradiance variation
in these spectrum ranges, the m-Si cell has a SR different from
the one used to describe it, or a variation of the bandwidth of
the BP filters. For a small variation of these variables causes a
considerable variation in the irradiance value that effectively
reaches to the solar cell, causing a large variation of the values
of the short circuit current within the order of magnitude of this
one.

It should be noted that the SF model obtained an average
relative error of 33.07%, which may decrease with the use of

the appropriate variables, compared to 38.39% obtained for the
model without SF.
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Fig. 17 Experimental data acquired (x), characteristic curve that approaches the
experimental data (---), simulated characteristic curve (---); For 650 nm filter.
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Fig. 18 Experimental data acquired (x), characteristic curve that approaches the
experimental data (---), simulated characteristic curve (---); For 400 nm filter.

Table 9 Values of short-circuit current and their respective relative errors for HP filters

Day Hour Filter Isc experimental | lsc SF model Isc model Relative error |Relative error model
(A) (A) without SF (A) | SF model (%) without SF (%)

21/5/2018 | 15h- 0OG 515 0.189 0.192 0.183 1.53 3.33
15:50h | OG 550 0.176 0.179 0.170 1.59 3.35

15/6/2018 | 12:30h- | OG 515 0.208 0.203 0.193 2.21 7.45
13:30h | OG 550 0.193 0.191 0.181 1.30 6.05

15:21h- | OG 515 0.203 0.209 0.199 3.10 1.83

16h OG 550 0.188 0.193 0.185 2.39 1.56

18/6/2018 | 12:42h- | OG 515 0.179 0.189 0.180 5.42 0.40
14:16h | OG 550 0.166 0.179 0.170 5.30 2.48

19/6/2018 | 12:23h- | OG 515 0.180 0.185 0.176 2.56 2.38
12:45h | OG 550 0.169 0.179 0.166 3.43 1.56

13h- OG 515 0.182 0.189 0.180 3.68 1.26

13:27h | OG 550 0.170 0.179 0.168 5.18 1.04

Table 10 Values of short-circuit current and their respective relative errors for BP filters

Isc experimental (mA) | Isc SF model (mA) | Isc model without | Relative error SF | Relative error model
SF (mA) model (%) without SF (%)
1000 nm 2.63 1.083 0.6 58.82 77.18
700 nm 3.3 2.616 1.953 20.73 40.82
650 nm 2.62 2.706 2.171 3.28 17.14
600 nm 3.34 2.65 2.274 20.66 31.91
550 nm 3.25 2.517 2.328 22.55 28.36
500 nm 33 2.231 2.277 32.39 30.99
450 nm 2.89 1.759 2.012 39.13 30.38
400 nm 2.46 0.812 1.221 66.99 50.35




C. Simulation for BP Filters

In this section the model developed is used to simulate four
solar modules of the m-Si, a-Si, CIS and CdTe technologies, in
which SR for each technology is shown in Fig. 2.

The Fig. 19 shows the spectral irradiance converted by the
different modules. It is possible to observe the impact of SR of
each technology and the spectral irradiance that is effectively
converted into electric energy by each technology.

The simulations are carried out considering that the incident
spectral irradiance is equal to the reference spectral irradiance,
for three different zones of the spectrum, namely UV, Visible
and IR, in order to analyze the influence of each of these zones
on the production of photovoltaic energy.

—Standard spectral irradiance
1.4 -Spectral irradiance converted by m-Si technology
™ —Spectral irradiance converted by a-Si technology
'l;\ Spectral Irradiance converted by CdTe technology
I Spectral Irradiance converted by CIS technology
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Fig. 19 Spectral irradiance that is effectively converted into electrical energy by
m-Si, a-Si, CdTe and CIS technologies.
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Fig. 20 Simulated voltage-power curves for the m-Si, a-Si, CdTe and CIS
modules; (a) UV zone, 250-380 nm; (b) Visible zone, 380-750 nm; (c) IR zone,
>750 nm

Observing the Fig. 20, and with the data in the Table 11, it is
possible to conclude that in the UV zone the maximum power
values obtained are reduced and the a-Si technology has the best
SF and a better use of irradiation, however, the CdTe module
obtains the higher maximum power values per module area. For

the visible zone although the a-Si module obtains the highest
SF value, the CdTe module presents the best maximum power
values per module area. Finally, for the IV zone the CIS
technology presents a better use of the spectral irradiance and
performance, generating about half of the power produced by
the CdTe technology in the visible zone.

VIl. CONCLUSIONS AND RECOMMENDED WORKS

The main objectives of this work were the study of the impact
of spectral irradiance and Spectral Response (SR) on the
photovoltaic energy production of the solar technologies used
throughout this work.

It has been found that the m-Si cell and Perovskite organic
cell respond differently to the various filters used, when
exposed to the same spectral irradiance. It was also observed
that the Perovskite organic cell has a good SR in the visible zone
up to 550 nm, and then also near 1000 nm. Additionally, it has
been found that this cell generates voltage-current characteristic
curves with an approximately linear shape.

Although the Spector Factor (SF) model has high relative
error values for certain irradiation bands, these errors were
justified based on the input variables used in the model, which
did not fully describe the reality of the simulated experiments
performed. It is necessary the more detailed development of this
model, considering the possible deviations of the observed
conditions.

The simulations performed with the SF model for the m-Si,
a-Si, CdTe and CIS modules allowed to observe the effect of
SR and the spectral irradiance for each of them, since they have
performances and exploitations of the for different areas of the
spectrum.

Finally, it was concluded that the SF, the Spectral Mismatch
Factor (MM) and the Spectral Effective Responsivity (SEF) are
important and necessary factors for the study of photovoltaic
energy production. However, they are not enough, and the
knowledge of the internal characteristics of the solar modules is
also necessary.

It should also be noted that the existing potential in the IV
zone, with a significant impact on the production of
photovoltaic energy, not only in the experimental tests
performed, and also in the simulations performed for the SF
model. Thus, the hypothesis of producing electric energy
without the presence of visible light was validated.

Table 11 Values of SF, MM, SEF and maximum power per area of each module of m-Si, a-Si, CdTe and CIS for the UV, visible and IR zones.

SF MM SEF Pu/A (W/m?)
uv V IR uv \ IR uv \ IR uv \ IR
m-Si | 0.134 | 1.098 | 1.221 | 1.00 | 1.00 | 1.00 | 0.074 | 0.607 | 0.821 | 0.218 | 69.855 | 58.998
a-Si | 0.691 | 2.010 | 0.007 | 5.14 | 1.83 | 0.01 | 0.253 | 0.731 | 0.014 | 0.303 | 59.546 | 0.018
CdTe | 0.226 | 1.590 | 0.579 | 1.68 | 1.45 | 0.47 | 0.100 | 0.704 | 0.793 | 0.429 | 114.914 | 28.751
CIS | 0.084 | 0.964 | 1.396 | 0.63 | 0.88 | 1.14 | 0.049 | 0.557 | 0.824 | 0.060 | 52.437 | 59.638
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