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Abstract

Photovoltaic system performance is affected by changes in the input sunlight spectrum. Moreover,
the different photovoltaic materials employed show different spectral responses, having different
spectral behaviour as a result. Many authors have developed methods and proposed indexes for
quantifying the spectral influences in photovoltaic systems under the time-varying weather variables.
These methods use different equipment, different procedures and assumptions, present different
levels of complexity and accuracy, and have advantages and disadvantages in each specific context
and application. In this paper, for the first time, a systematic review of the available methods and
photovoltaic spectral indexes is presented. Each alternative is analysed in detail and a comparative
study is done. In addition, as several authors have measured and/or calculated the spectral impact on
the energy yield of the different photovoltaic technologies at particular locations and climates, the
existing results are summarized and discussed in order to elucidate the spectral behaviour of each
technology as a function of the relevant atmospheric parameters, i.e. air mass, aerosol optical depth
and precipitable water. The presented study covers non-concentrating and high-concentrating
photovoltaic technologies and is intended for clarifying the methods available for the spectral analysis
and the spectral impact on energy harvesting of the photovoltaic technologies.

Keyboards: photovoltaic devices, spectral characterization, mathematical procedures, outdoor
performance

1. Introduction

A solar cell could be considered as a quantum converter based on the use of one or various
semiconductor materials. The Spectral Response (SR) is widely accepted as the most relevant
magnitude to understand the conversion of the incident photons into electricity of photovoltaic (PV)
devices. It can be defined as the amperes generated per watt of incident light of a given wavelength.
As an example, Fig. 1 shows the SR, also known as spectral absorption band, of some of the most
wide-spread PV materials nowadays. At the same time, the energy of the photons received from the
sun is distributed according to their different wavelengths, as given by the well-known Planck—

Einstein relation: E =h-v = h-c/A. The approximately constant energy distribution of the photons

at the top of the atmosphere (TOA) of the planet Earth is affected through its pass over the atmosphere
by different interaction physical phenomena. Hence, the wavelength distribution of the photons,



hereafter defined as spectral irradiance or spectral distribution, which reaches the Earth surface is
inherently variable and different than the received at the TOA. As a result, the output of photovoltaic
systems is going to be affected by the unavoidable spectral irradiance variations caused by the
different attenuation processes produced in the atmosphere as a function of their different spectral
abortion bands.

The changes in the input spectral distribution have demonstrated to play a relevant role on the
electrical performance of PV systems under real operating conditions since early in the 1990s [1].
Bearing this in mind, the PV community has agreed a reference spectral distribution, or reference
spectrum, to rate photovoltaic devices under the so-called standard test conditions (STC). This
spectrum has been established by using different spectral models and from a rigorous study of the
different extinction processes that occur in the atmosphere [2, 3, 4]. Nowadays, the most widely
adopted spectral distribution to evaluate photovoltaic devices under STC is the ASTMG-173-03
reference spectrum provided by the American Society for Testing and Materials (ASTM) [5].
However, this spectrum rarely happens in outdoors where the main value of interest is not the
efficiency under STC, but the electrical output under realistic operating conditions [6]. Because of
this, the PV community has devoted big efforts in order to quantify and understand the impact of
spectral changes on the output of the different solar devices developed over the last decades. This
includes non-concentrating c-Si, a-Si, CIGS, CIS and CdTe [7, 8, 9, 10, 11], as well as non-
concentrating dye-sensitized and perovskite [12, 13], and concentrating, lattice-matched and
metamorphic-mismatched [14, 15], solar materials.

This papers aims to cover the most relevant studies concerning the spectral analysis of PV systems
conducted within the last three decades. The review of the existing contributions reveals that different
authors proposed different methods which use specific equipment and assumptions. While some
authors have presented partial reviews of the state-of-the-art, nowadays there is not a systematic
analysis of all of these procedures and it is not clear what the relations are between the different
defined spectral indexes, what are the advantages and disadvantages of each one, and finally, what
method is more convenient in each particular context and application. For instance, there are three
recent works which include partial reviews of spectral indexes: Alonso-Abella et al. [16] cited some
contributions regarding the “useful fraction”, the “spectral effective responsivity” and the “average
photon energy” indexes for non-concentrating PV devices in order to introduce the method employed
(“spectral factor”), but the reviewed methods are not defined in detail, neither compared and only a
brief discussion on them can be found; Dirnberger et al. [17] made a historical overview of some
articles focused on the spectral analysis of non-concentrating PV devices and mentioned the use of
“average photon energy”, “useful fraction”, “integrated electric charge” and “spectral mismatch
factor” as spectral indicators; Fernandez et al. [15] focused on concentrating PV technologies and
cited some works emphasizing the instruments used for the spectral characterization but not the
methodologies employed. In general, authors present partial reviews focused on introducing their
own methods but there is lack of a systematic and comprehensive study of the available methods and
indexes for the different PV technologies. Moreover, the proposed indexes have not a unified
nomenclature, and present different levels of complexity and accuracy which have not been discussed
in many of the cases. So, there is confusion both in the PV researchers and developers when selecting
the most suitable method for analysing the spectral influences in PV systems. In this paper, an in deep
analysis on the available alternatives is conducted, supported by measurements and calculations



carried out by the authors. The aim is to provide a reference framework on the quantification of the
spectral coupling of atmosphere and PV system performance for the future works of the PV
community in this field.

The impact of this spectral coupling on the energy yield of PV systems has also been investigated by
different authors in particular locations and climatic conditions for different PV materials. However,
these contributions have not been analysed together and therefore general conclusions about the
spectral impact on each PV technology have not yet been established. Moreover, the majority of these
studies are based on pure experimental analyses and they usually lack a discussion of the fundamental
phenomena involved in their findings by considering the weather variables at each site. This leads to
a clear poorer understanding of the spectral performance of the different PV devices under the time-
varying spectral changes. In this paper, the results available in the literature are summarized and
discussed in order to elucidate the spectral behaviour of the different PV technologies as a function
of the most relevant atmospheric parameters influencing the sunlight spectrum, i.e. air mass, aerosol
optical depth and precipitable water. As will be shown, results provided by different researchers are
consistent, in spite of using different methods and equipment, so that the general conclusions found
will be of application in future solar cell development and PV system design.

The study is structured as follows: section 2 introduces the fundamentals of spectral solar radiation,
presents the main atmospheric parameters and physical mechanisms which modify the solar spectrum
that reaches the Earth surface and overviews the influence of changing spectra on the different PV
materials; section 3 develops the review, classification, analysis and comparison of the spectral
indexes and methods available in the literature; section 4 summarizes the annual spectral energy gain
or loss values reported in the literature and draws the characteristic spectral behaviour of each PV
technology as a function of the air mass, aerosol optical depth and precipitable water atmospheric
parameters; finally, section 5 details the findings and conclusions of the research.
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Fig. 1: Top: normalized spectral response of five kinds of PV materials: m-Si: mono-crystalline
silicon; p-Si: poly-crystalline silicon; a-Si: amorphous silicon; CdTe: cadmium telluride; CIGS:
copper indium gallium selenide. Bottom: normalized transmittance of a poly(methylmethacrylate)
(PMMA) material and normalized spectral response of a triple-junction lattice-matched (LM) solar
cell made up of: top junction: gallium indium phosphide (GalnP), middle junction: gallium indium



arsenide (GalnAs), bottom junction: germanium (Ge). The normalized spectral response and
transmittance is the ratio of the spectral response/transmittance to the maximum value of the spectral
response/transmittance for each material.

2. Spectral solar radiation

The Sun can be considered as a black body at a temperature of T = 5770 K. According to the Stefan-

Boltzmann's law, E = o -T'*, and by considering the average radius of the Sun, Rs = 6.96 x 10® m,
and the distance from the sun to the planet Earth, ds.z = 1.496 x 10'' m, the total radiation that reaches
the TOA is approximately 1360 W-m™. This value is usually defined as the solar constant (SC) and
the wavelength irradiance distribution at the TOA as the extraterrestrial solar spectrum (Etr). At the
same time, the atmosphere acts as a filter that modifies the amount and spectral distribution of the
Etr spectrum by scattering and absorption phenomena. This attenuation depends on the amount of
substance traversed by the solar rays in their course through the atmosphere and on the optical
properties of the different atmospheric constituents (e.g. CHy, O2, CO,, Os, water vapour, aerosols,
etc.). The spectral irradiance at the Earth’s surface (Ey) can be described by the Beer—Lambert law:

E, =E, -exp(— Z,—m'ft, ﬂ), where Ty is the optical depth of each i-extinction process at a

wavelength A and m is the optical air mass. The optical air mass, or simply air mass (AM), quantifies
the increase of the amount of substance traversed by the sun rays with respect to a vertical trajectory.
Although each i-atmospheric constituent is going to have a specific value of AM, the air mass is
usually reduced to a pure geometrical parameter function of the solar position whose minimum and
maximum values are 1 (at a solar zenith angle of 0°) and 38 (at a solar zenith angle of 90°) [18]. A
well-known formula for the air mass that accounts for the Earth’s sphericity was proposed by

Gueymard [19]: AM = lcos@z +0.4835-020'095846/(96.7412—92 )1'754J, where 0, is the Sun’s

zenith angle. Aerosols are small particles suspended in the air either in solid or liquid state that scatter
and absorb sunlight in a different extent depending of their size and optical properties. The attenuation
of the spectral irradiance produced by the presence of aerosols in the atmosphere can be approximated

by the Angstrom turbidity formula: AOD = AODq,, -(1/0.55)“. In this equation, AOD is the

aerosol optical depth, AODss is the amount of aerosols in a vertical column of the atmosphere at 550
nm and o is the Angstrdm or wavelength exponent [20]. The presence of water vapour in the
atmosphere produces an important absorption effect on the spectral distribution reaching the Earth’s
surface. The most widely used approach to quantify this effect is the so-called precipitable water
(PW) that corresponds to the volume of liquid water that would be obtained if all the water vapour
aloft was condensed [21]. Further information about the commented above can be found, for instance,
in [22, 23, 24].

The three atmospheric parameters previously described (i.e. air mass, aerosol optical depth and
precipitable water) are variable over space and time, and are widely considered as the most relevant
to accurately evaluate the spectral impact on the electrical characteristics of photovoltaic devices [1,
25, 26]. Fig. 2 shows the influence of AM, AODsso and PW in both the global and direct normal
irradiance simulated with the Simple Model of the Atmospheric Radiative Transfer of Sunshine
(SMARTS) [27]. Table 1 also shows the calculated attenuation on the ultraviolet (UV), UV-visible
and near-infrared regions of the global and direct spectra produced by the variations of the values of



AM, AODsso and PW plotted in Fig. 2. Based on Fig. 2 and Table 1, the main effects of each of these
atmospheric parameters on the spectral irradiance are listed below:

e The increase of AM produces a strong attenuation on the ultraviolet (UV) region of the
spectrum, and therefore, a red-shift of the spectral distribution.

e The increase of AODsso produces a larger attenuation on the UV-visible region of the
spectrum, and therefore, a red-shift of the spectral distribution. Moreover, the impact of
AODss is larger in the direct normal irradiance than in the global irradiance since the aerosols
scatter an important part of the incoming sunlight that is transformed into diffuse irradiance.

e The increase of PW produces a significant attenuation on the near-infrared region of the
spectrum, and therefore, a blue-shift of the spectral distribution.
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Fig. 2: Impact on the global (denoted as G) and direct (denoted as D) spectral irradiance due to air
mass (top), aerosol optical depth at 550 nm (middle) and precipitable water (bottom) simulated with
the SMARTS model. The values of the changing parameters are indicated in the legend of each graph.
The other parameters are kept constant at the reference values defined by the AM1.5d ASTMG-173-
03 reference spectrum (i.e. AM = 1.5, AODsso = 0.084, PW = 1.42cm).

Table 1

Attenuation on the ultraviolet (UV), UV-visible and near-infrared regions of the global and direct
spectra produced by the variations of the values of air mass (AM), aerosol optical depth at 550 nm
(AODsso) and precipitable water (PW) plotted in Fig. 2.

Direct Global
AM AODss PW (cm) | AM AODss) PW (cm)
UV 91% 70% 0% 84% 14% 0%
UV-visible 59% 55% 3% 60% 19% 3%
Near-infrared 30% 27% 21% 35% 10% 21%

Based on the above, it is evident that the variations of each atmospheric parameter will produce
different effects on the performance of photovoltaic devices depending on their absorption bands.
The individual impact of these atmospheric parameters on the performance of different photovoltaic
materials has been previously investigated in [15, 13, 12, 28], and is also shown in Fig. 3. Based on
these previous studies and in the sensitivity analysis plotted in Fig. 3, the following main conclusions
can be reached:

e High concentrator photovoltaic (HCPV) technology is more affected by the spectral changes
than conventional PV technology. This is mainly due to the use of multi-junction solar cells



Performance Ratio (dimensionless)

based on the in-series connection of subcells with different energy gaps, as well as the optical
elements used to concentrate the sunlight.

The AM is the parameter with the largest impact on the performance of photovoltaic devices.
Materials with high energy gap are more affected, while materials with low energy gap show
a more stable behaviour.

The AOD is the second parameter with the strongest impact on the performance of
photovoltaic devices. As in the previous case, the materials with high energy gap are more
affected than materials with low energy gap. Also, the AOD produces a lower impact on the
performance of PV than HCPV technology, due to the lower effect of AOD in the global
component of the radiation.

The PW is the third parameter with the largest impact on the performance of PV devices.
Once again, the materials with high energy gap are more affected than materials with low

energy gap.
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Fig. 3: Individual impact of air mass (top), aerosol optical depth at 550 nm (middle) and precipitable
water (bottom) on the performance of various PV technologies simulated with the SMARTS model
following the procedure described in [15, 13, 12, 28]. The spectral response of each material can be
found in Fig. 1. The other parameters are kept constant at the reference values defined by the AM1.5d
ASTMG-173-03 reference spectrum (i.e. AM = 1.5, AODsso = 0.084, PW = 1.42 cm). The spectral
Performance Ratio in the y-axis represents the quotient between the maximum power of the device
only accounting for irradiance and spectral effects and the ideal maximum power only accounting for
irradiance effects.

3. Review of spectral indexes

In this section, a review of spectral indexes is presented. The indexes have been classified into PV
device-independent indexes and PV device-dependent indexes. PV device-independent indexes do
not make use of any physical characteristics of a PV device while PV device-dependent indexes do.
The PV device-dependent indexes have been further classified according to three categories: indexes
that characterize the spectral impact on a PV device, indexes that characterize the relative spectral
impact between two PV devices, and indexes that characterize the spectrum from multi-junction solar
cells. These categories identify the main use of the indexes. In the first category, non-concentrating
PV devices and HCPV devices are differentiated. As we could not find spectral studies concerning
low-concentrating and medium-concentrating photovoltaic devices, these kinds of devices have not
been included in the classification. Fig. 4 shows the reviewed spectral indexes grouped according to
this classification. Many of these indexes are actually several indexes including instantaneous indexes
and/or energetic indexes over a period of time with very similar meanings and definitions. The
following subsections define and summarize the main characteristics of the spectral indexes
according to the proposed classification.

L Average Photon Energy
PV device-independent

Blue Fraction

Spectral Factor
Spectrally Corrected Global Irradiance

Non-concentrating PV Spectral Enhancement Factor

R Useful Fraction
Indexes that characterize .
Spectral the spectral impact on Integrated Electric Charge

indexes |

a PV device Spectral Effective Responsivity

Spectral Factor for HCPV
HCPV
Spectrally Corrected Direct Normal Irradiance

PV device-dependentd

Indexes Fhat characterize the relatwei Spectral Mismatch Factor
spectral impact between two PVdevices

from multi-junction solar cells

Indexes that characterize the spectrum Spectral Matching Ratio
Z-parameter



Fig. 4: Classification of indexes for quantifying spectral influences in photovoltaic systems.
3.1. PV device-independent indexes
3.1.1. Average Photon Energy

The “Average Photon Energy” index (APE) was first proposed by the Gottschalg’s group of
Loughborough University [29, 30] and has been used to characterize either the global spectrum or the
direct spectrum in many works. APE is defined as the total irradiance contained in the spectrum
divided by the total photon flux density. Relating to the global spectrum, its definition can be written
as:

Z)
E.(A)dA
APE = ‘ﬂa— (1)
JRENC

Ec()) being the actual global spectrum (W m? nm™) and ®g()) the photon flux density (photons m™
s'nm™). q is a conversion factor (1.6e!° J/eV) equivalent to the electron charge. Thus, APE has units
of electronVolts (eV). The photon flux density is calculated as:

Eq(4)

D (1)="9"7 2

W= )

hc being the product of the Planck’s constant by the light speed (1.986e-'¢ J nm) and A the wavelength

(nm). The definition of APE for the direct spectrum is analogous to this but substituting the global
spectrum Eg(A) by the direct spectrum Eg()).

In Eq. (1), it is important to remark that APE is defined between two wavelength integration limits
(M1 and X,). This means that, for the same spectrum, there are different APE values as a function of
the defined integration limits. For instance, for the standard global spectrum, APE in the range 350-
1050 nm is 1.88 eV, while APE in the range 300-1600 nm is 1.59 eV.

The meaning of the APE index is related to the sunlight chromatic distribution. By combining Egs.
(1) and (2), it can be seen that the spectrum Eg(A) in the denominator is multiplied by the wavelength,
what means that low wavelength photons have less weight on the total photon flux density than high
wavelength photons. So, as the chromatic distribution of the spectrum moves toward the infra-red
wavelength range, the denominator in Eq. (1) increases and thus, the APE value decreases. Therefore,
high APE values correspond to “blue-rich” spectra while low APE values correspond to “red-rich”
spectra.

As can be seen from the definition of APE, this index is PV device-independent and only depends on
the chromatic characteristics of the light (and, of course, on the defined wavelength integration limits,
which are arbitrarily defined by the different authors).

Minemoto et al. [31] hypothesized the uniqueness between APE and spectrum. For this purpose, they
analysed spectral measurements carried out at Kusatsu-city, Shiga-prefecture, Japan, by a statistical



procedure. This was based on selecting a lot of global spectra around a single APE value, dividing
the wavelengths range into 50 nm intervals, calculating the energy percentages contained in each
interval with respect to the overall spectrum energy and analysing the mean and standard deviation
of the population. For every analysed wavelength interval, the standard deviation was lower than
0.39%. Authors concluded that the spectra that lead to the same APE value are virtually identical (at
least for the site at which the measurements were made). This conclusion has been recently reinforced
through spectral measurements carried out at JRC and NREL institutes, which also showed very low
standard deviations [32]. However, the uniqueness APE-spectrum has been questioned by other
authors. Gueymard [33] showed by means of simulations with the SMARTS spectral software that
different direct spectra can lead to the same APE value, i.e. he found different combinations of air
mass, aerosol optical depth and precipitable water that caused the same APE. This can be considered
a theoretical proof against the uniqueness APE-spectrum at least for the direct sunlight spectrum.
Later, Dirnberger et al. [17] carried out a detailed analysis of spectral measurements at Freiburg im
Breisgau, Germany. They compared for many global spectra the APE value to the spectral losses on
several PV modules. From the comparison, it was evident that a same APE value can generate
different spectral losses in a PV device, what implies that different spectra can lead to the same APE.
As a conclusion, these authors do not recommend APE as a good indicator for quantifying
instantaneous spectral gains or losses. Similar conclusions can be found in other studies [34, 35].
Anyhow, APE has been widely used for the instantaneous spectral analysis in the literature what
indicates that it is a practical index useful for qualitative analysis at least.

From the instantaneous APE, another index can be derived that relates to the spectral gains or losses
in terms of energy, i.e. over a period of time. This index has been named as “Weighted Average APE”
(<APE>) and is defined for the global spectrum as:

DG, - APE,

Txe .

Namely, this energetic index is obtained by weighting the instantaneous APE; values with the
broadband irradiance Gj over a period of time. This way, <APE> is more influenced by the APE;
values that take place for the highest irradiance values, at which the energy production of a PV module
is higher. In contrast with the instantaneous APE index, <APE> has been recognized as a good

(APE) =

indicator for the analysis of spectral energy gains or losses over a period of time, although it has been
remarked that other PV device-dependent indexes can provide superior accuracy [17, 34].

The “Weighted Average APE” can be defined in the same way for the direct sunlight spectrum by
substituting the global irradiance Gj by the direct normal irradiance Bi.

There is not a direct relation between APE (or <APE>) and the spectral gains or losses of a PV device.
This relation must be indirectly found through regression or similar analysis and there are many works
which have tried this analysis for different PV technologies, both for non-concentrating technologies
[11, 10,9, 36,37, 38, 39, 40, 41, 42] [43] and for HCPV technologies [44, 45]. As an example of this
kind of analysis, Fig. 5 shows a plot which represents the Performance Ratio (PR) of an m-Si PV and
of an HCPV module as a function of APE.
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Fig. 5: Performance Ratio (PR) as a function of APE for a m-Si PV (top) and for an HCPV module
made up of LM triple-junction solar cells and PMMA Fresnel lenses (bottom) recorded during March
2016 by a solar spectral irradiance meter (SolarSIM-D2) at the Centre for Advanced Studies in Energy
and Environment at the University of Jaen, Spain. The integration limits of the APE are in the range
350-1050 nm. The spectral Performance Ratio in the y-axis represents the quotient between the
maximum power of the device only accounting for irradiance and spectral effects and the ideal
maximum power only accounting for irradiance effects.

The main advantage of these indexes is that they are PV device-independent, i.e. they can be used
ignoring physical characteristics of the PV modules under study. On the other hand, they have the
inherent disadvantages of the use of spectroradiometers, which are expensive, difficult to calibrate
and require continuous maintenance and regular calibration. Also, the relation with the spectral gains
or losses of a PV device is not easy to get and can be somewhat imprecise.

Kataoka et al. [46] proposed another index which tries to characterize the spectrum from the
integrated irradiance of two spectral bands: a low wavelength band (450-500 nm) and a high
wavelength band (800-850 nm). The aim was avoiding the use of a spectroradiometer and replacing
it by two pyranometers with bandpass filters. This “multi-band APE” was defined as:

500 850
e - Eo(A)da+ [ Eg(2)dz

500

850 (4)
o Eo(A)dA ) [ Eo(2)d2

he/475 hc/825

Authors reported an analysis of the uniqueness between APEung and spectrum and concluded that
this is a reasonably good index for characterizing the spectrum if a spectroradiometer is not available.

3.1.2. Blue Fraction

Another index for characterizing the blueness of the spectrum is the “Blue Fraction” [47]. In this
method, the blue portion of the spectrum is considered to include the wavelengths below 650 nm. The
“Blue Fraction” for the global spectrum is defined as:

BF = L<650 Eq (l)a% (5)
[E5(2)da

1.e. this index represents the fraction of the broadband irradiance which is included inside the defined
“blue band”. It is an adimensional index. The higher the BF, the higher the energetic content of the
blue portion of the spectrum as in the case of APE. For the standard global spectrum and integrating
the irradiance until 1050 nm, BF has a value of 0.52. This means that BF values above 0.52 correspond
to spectra with more blue content than the standard spectrum and vice versa. The index is PV device-
independent but has similar disadvantages than the APE index: the need of a spectroradiometer and
the vagueness of the relation between the index and the spectral gains or losses of a photovoltaic
device.



3.2. PV device-dependent indexes

3.2.1. Indexes that characterize the spectral impact on a PV device
3.2.1.1. Non-concentrating PV devices

3.2.1.1.1. Spectral Factor

The “Spectral Factor” (SF) of a non-concentrating PV device is defined as:

o [ E¢(A)SR(2)dz | [E5(A)az
[ES(A)SR(A)dA [ Es(A)dz

(6)

Ec (L) being the reference global spectrum (W m? nm™") and SR()) the spectral response of the device
(A/W) at the reference cell temperature (usually 25°C of cell temperature). It is an adimensional index.
Fig. 1-top shows typical spectral response functions used in the calculation of the spectral factor for
five kinds of PV materials.

SF corresponds with the “Spectral Mismatch Factor” (MM) of the IEC 60904-7 standard [48] (as will
be reviewed later) by setting as reference PV device an ideal device with flat spectral response over
the whole wavelengths range of solar radiation. This reference device can be implemented in practice
with a pyranometer, operating under a thermoelectric principle rather than a photoelectric principle.

The SF index can be alternatively expressed as:

~

SF ="

*

G
G @)

~

sc

Where I represents the short-circuit current of the PV device only accounting for irradiance and
spectral effects, G the broadband irradiance (as measured by a plane-of-array pyranometer), I~ the
short-circuit current of the device at reference conditions and G” the reference broadband irradiance
corresponding to the standard spectrum Eg"(L).

This instantaneous index is directly related to the spectral power gains or losses of the PV device.
The electrical power is measured at the maximum power point of the device I-V curve while the SF
index refers to the short-circuit current. However, it is well-known that in most solar cells the
maximum power changes in the same proportion than the short-circuit current (only taking into
account irradiance and spectral effects) [49, 50] and therefore, it can be written:

Isc ~ Pmax (8)
I P

Thus, by substituting into Eq. (7), the following is obtained:

P
SF =~ 9
P (G/G) v



As can be seen, this expression takes the classical form of an instantaneous PV Performance Ratio.
Numerator represents the maximum power of the PV device only accounting for irradiance and
spectral effects, while denominator represents the maximum power only accounting for irradiance
effects. Thus, the quotient represents the spectral power gains (if greater than 1) or losses (if lower
than 1) in the PV device with respect to the reference spectrum. The Spectral Factor equals 1 when
the incident spectrum equals the reference spectrum.

Egs. (6) and (7) provide two alternative ways of measuring the SF. On the one hand, SF can be
measured by means of a spectroradiometer with upper wavelength range greater than the limit
wavelength at which the absorption takes place in the analysed PV material, Eq. (6). This alternative
has the advantage that the SF is directly calculated and needs no corrections. However, the spectral
response of the material must be known and this information is not always available (or it must be
measured with a specific SR characterization set-up). Also, the drawbacks of using a
spectroradiometer have already been mentioned. On the other hand, SF can be measured by
monitoring the short-circuit current of the PV device under analysis, Eq. (7), without the need of a
spectroradiometer and without knowing the spectral response function. The disadvantage of this
procedure is that the measured short-circuit current must be corrected to remove temperature effects
and, even more difficult, to remove angle-of-incidence effects. Finding accurate methods to perform
these corrections is not always possible. So, both alternatives have pros and cons.

The SF as defined above has been used as a method to quantify instantaneous spectral gains or losses
in several works [17,43, 16, 13, 12, 28]. Also, Nann and Emery [51] used a “spectral efficiency ratio”
(M/M") understood as the quotient between the efficiency only accounting for spectral effects and the
reference efficiency. As efficiency is the ratio of the electrical power (Pmax) to the incident luminous
power (G-A, A being the solar cell area), the following can be written:

1 _ Pon/(G-4) _ P _SF (10)
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i.e. the spectral efficiency ratio is equivalent to the SF.

Other authors used the “Inverse Spectral Factor” (SF') [34, 42, 7, 8]. This index has the opposite
meaning than the Spectral Factor: it takes values greater than 1 to represent spectral losses with
respect to the reference spectrum and values lower than 1 to represent spectral gains. Finally, it has
been used a “Relative Spectral Factor” (ASF) [13, 12, 28] or “Spectral Weighted Factor” (SWF) [35]
defined as:

ASF = SWF = SF —1 (11)

Which expresses the spectral gains (positive value) or losses (negative value) in per unit. As can be
seen, SF, SF', n/n", ASF or SWF have similar meanings and definitions.

As in the case of APE, an energetic index can be derived from the instantaneous SF, which is named
“Weighted Average Spectral Factor” (<SF>). This is defined as:
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This index is directly related to the spectral gains or losses with respect to the reference spectrum in

(SF)= (12)

terms of energy. Indeed, by applying the definition of the instantaneous SF one gets:

j E.(2 SR(i)d/l Kea

:E: jz; G

1

13
(SF Z G (13)
Which can be rearranged as:
E /1 SR d/I *
(SF) = ZJGI prleiz G (14)
[E.()sr(2)ar 3G,
Or, in terms of the short-circuit currents:
I :
s = Zi* w G s

L X6

Taking into account that the quotient Iii/Is.” can be approximated by Puuxi/Pmax as explained above,
the expression becomes:

Zi Pmaxi G* _ Zi f)maxi

57 =2

Pre 2.6 2 PulG/G)

And finally, multiplying and dividing by the time interval at which the measurements are made (At):

D P - A
Z P (Gi/G*)'At

Numerator of this expression is the energy generated over the period of time only accounting for

(16)

7

irradiance and spectral effects, while denominator is the energy generated only accounting for
irradiance effects. Thus, <SF> expresses the energy spectral gains (if greater than 1) or losses (if
lower than 1) over the period of time with respect to the reference spectrum. Fig. 6 shows an example
of simulated monthly weighted average spectral factor values for different PV technologies at Jaén,
Spain.
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Fig. 6: Simulated monthly weighted average spectral factor values for different PV technologies at
Jaen, Spain, following the procedure described in [28]. m-Si: mono-crystalline silicon; p-Si: poly-
crystalline silicon; a-Si: amorphous silicon; CdTe: cadmium telluride; CIGS: copper indium gallium
selenide The seasonal variation of the energy spectral gains or losses can be appreciated in the graph,
especially for a-Si and CdTe technologies.

The main advantage of the SF and related indexes is that, if properly measured, they provide a direct
and accurate quantification of the spectral gains or losses of a PV device. However, there are some
drawbacks. As was commented, the calculation of these indexes requires both a spectroradiometer
and knowledge of the spectral response function, or alternatively correcting the monitored short-
circuit current in temperature and angle-of-incidence, what implies difficulties to obtain the indexes.
Also, over a period of time, extensive computation is required to solve the convolution integral

I E_.(1)SR(1)dA at each time step.

3.2.1.1.2. Spectrally Corrected Global Irradiance

The “Spectrally Corrected Global Irradiance” or “Spectrally Effective Global Irradiance” (G¢) can be
defined as:

jE (1)SR(A)dA

G jE (1)SR(A)dA IE

) (18)




In units of W/m?. This instantaneous index expresses the irradiance effectively available for the
photovoltaic conversion taking into account the spectral response of the analysed photovoltaic device.
The index is closely related to the Spectral Factor, i.e. the following direct relation is verified:

G
SF =—¢ 19
G (19)

Thus, the spectral power gains or losses of a photovoltaic device can be calculated by the ratio of the
Spectrally Corrected Global Irradiance and the broadband irradiance. This concept has been used in
several works [17, 34, 43]. As in the case of the Spectral Factor, it can be measured by means of a
spectroradiometer, Eq. (18), or alternatively through the short-circuit current as:

G =*.G (20)

With the same difficulties commented in the previous section.

A related energetic index which could be named as “Spectrally Corrected Global Irradiation” (Hc)
can be calculated by integrating G, over a period of time:

H, =Y G, At (21)

In units of Wh/m?. This index represents the irradiation effectively available for the photovoltaic
conversion over a period of time. It’s easy to prove that the following relation with the Weighted
Averaged Spectral Factor verifies:

HC
57 =

(22)

H being the global irradiation incident on the PV device over the analysed interval. Thus, H. can also
be used to quantify spectral energy gains or losses with respect to the reference spectrum over a period
of time.

3.2.1.1.3. Spectral Enhancement Factor

An energetic index has been used, with variants, to quantify spectral energy gains or losses over a
period of time, which slightly differs from the <SF>. Here, we name it “Spectral Enhancement
Factor” (SEF) according to the nomenclature in [33]. It is defined as:

[(E(A)SR(2)dA [ Eg(2)dA
[E()sR(A)az G

SEF = (23)

In this expression, <Eg(L)> is the “Average Incident Spectrum” [33], also named “Weighted Solar
Spectrum” (WSS) [52], and represents the average solar spectrum weighted by the irradiance over
the period of time:
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On the other hand, G is the mean irradiance over the period of time:

*_ZiGi
_T

(24)

(25)

N being the number of measurements taken at constant time intervals.

When comparing this index to the <SF>, an advantage looks evident: the convolution integral is
solved once for the Average Incident Spectrum, instead of solving it at each time step for the
instantaneous spectrum as is required in the <SF> index. However, in order to get this easier
calculation, the index assumes the following approach:

[(Es(2))SR(2)dA D [ Eq(A)SR(2)dA

G ® S G (20
Which can be also written as:
1
[(Eq(2))SR(2)dA ~ ﬁzi [ Eq(2)SR(2)dA 27)

That is, this index tries to approximate the <SF> under the assumption that the convolution integral
of the Average Incident Spectrum approximately equals the mean of the convolution integrals of the
instantaneous spectra. If this assumption is good, the meaning of the SEF index is analogous to that
of the <SF> index: it represents the energy spectral gains (if greater than 1) or losses (if lower than
1) over the period of time with respect to the reference spectrum.

The “Inverse Spectral Enhancement Factor” (SEF') has been also used in the literature [52, 53].
These authors simply named the index as “Spectral Factor”. The meaning of SEF! is energy spectral
losses with respect to the reference spectrum for values greater than 1 and energy spectral gains for
values lower than 1.

As was mentioned, the main advantage of SEF or SEF! with respect to <SF> is the ease of calculation.
However, we could not find in the consulted works an analysis of the goodness of the assumption
represented in Eq. (27).

3.2.1.1.4. Useful Fraction

The “Useful Fraction” instantaneous index (UF) was proposed in [54, 55] and can be defined as:

jE
jE

(28)



Where A is the upper wavelength at which the absorption takes place in the photovoltaic material.
This way, UF represents the fraction of the spectrum power available for the photovoltaic conversion.
The index is PV device-dependent because different semiconductor materials have different
absorption limits A. It is an adimensional index. Fig. 7 graphically shows the absorption bands of
four PV materials in comparison to the standard global spectrum.
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Fig. 7: Standard AM 1.5 global spectrum and corresponding absorption band of four PV materials:
m-Si: mono-crystalline silicon; a-Si: amorphous silicon; CdTe: cadmium telluride; CIGS: copper
indium gallium selenide.

UF can represent spectral power gains or losses through its relation to the “Reference Useful Fraction”
(UF"). This UF" is the Useful Fraction under the reference spectrum:

[ Ec(2)da
UF" =Zh (29)
[E(2)az
The ratio between both magnitudes can be named “Useful Fraction Ratio” (UF/UF") [56]:
ur ), Ee(Add [E;(2)da
.= : ' (30)
UFT ] Eg (A)dr [E;(2)dA

When comparing this expression with the definition of the SF index, Eq. (6), it can be seen that the
Useful Fraction Ratio is equivalent to the Spectral Factor under the assumption that the material has



flat spectral response in the wavelength range at which the absorption takes place, and zero spectral
response outside this range. That is, the Useful Fraction Ratio is a way of approximating the Spectral
Factor by assuming ideal absorption properties of the photovoltaic material. Thus, the meaning of the
UF/UF" index is spectral gains with respect to the reference spectrum (if greater than 1) or spectral
losses (if lower than 1) by assuming an idealized photovoltaic material.

The corresponding energetic index of UF is the “Integrated Useful Fraction” (IUF), which indicates
the percentage of the incident energy over a period of time that is available for the photovoltaic
conversion:

€2))

The ratio between this magnitude and the “Reference Integrated Useful Fraction” (IUF") can be
named “Integrated Useful Fraction Ratio” (IUF/IUF"), which has at the end the following definition:

F > i Eg(2)d2 o

WF' [ Edh LG

(32)

When comparing this expression with Eq. (14), it can be seen that the Integrated Useful Fraction
Ratio is equivalent to the Weighted Average Spectral Factor, except that it has been assumed flat
spectral response in the wavelengths range at which the absorption takes place in the photovoltaic
material, and zero spectral response outside this range.

The main advantage of these indexes is that knowledge of the spectral response function is not
required (they only need the limit wavelength at which the absorption takes place in the photovoltaic
material), so they are useful if this function is not available. However, a comparison between the
Useful Fraction and an accurate index such as the Spectral Factor has not yet been reported to be able
to quantify the error induced by the idealized properties of the material.

3.2.1.1.5. Integrated Electric Charge

The energetic index named “Integrated Electric Charge” (Q) was introduced in [57] understood as
the integral of the device short-circuit current density only accounting for irradiance and spectral
effects over a period of time:

0= [Eq(2)SR(A)dA- At (33)

It has units of Ah/m? or, more conveniently, Ah/cm?. This index gives information about the spectral
energy gains or losses by comparison to the “Reference Integrated Electric Charge” (Q"), that is the
Integrated Electric Charge calculated considering the reference spectrum:

0" = [Ec(A)SR(A)dA- At = N - [ EG(2)SR(A)dA - At (34)



It is easy to prove that the “Integrated Electric Charge Ratio” (Q/Q") verifies the following relation
with the Weighted Average Spectral Factor (<SF>):

_2 .G
<SF>_Q* G

(35)

1.e. the energy spectral gains or losses with respect to the reference spectrum can be calculated from
the Q/Q" index if pyranometer measurements of G; are available over the period of analysis.

The advantage of these indexes is that they do not require themselves the use of a reference
pyranometer to be calculated (they can be exclusively calculated from spectroradiometer
measurements). However, if one wants to relate the index value with the energy spectral gains or
losses with respect to the reference spectrum, the use of an additional pyranometer is mandatory, as
can be seen in Eq. (35).

3.2.1.1.6. Spectral Effective Responsivity

The instantaneous index “Spectral Effective Responsivity” (Ser) was defined in [58] as:

5 j E(1)SR(2)dA

of
. Eo (A)dA

(36)

Ao being 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 only accounting for
irradiance and spectral effects and the spectrum power available for the photovoltaic conversion.

This index is related to the Spectral Factor and the Useful Fraction by means of:

*

SF =S8, -UF- (37)

G
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As in the previously reviewed index, this index itself has the advantage that it can be exclusively
calculated through spectroradiometer measurements without the need of a pyranometer. However, if
one wants to relate the index value to the spectral gains or losses with respect to the reference
spectrum, the use of a pyranometer is mandatory to obtain the UF in Eq. (37).

3.2.1.2. HCPV devices
3.2.1.2.1. Spectral Factor for HCPV

HCPV modules are more complex than non-concentrating PV modules because they incorporate in
assembly optical elements and multi-junction solar cells, in addition to some other peripheral
elements. Thus, the behaviour of these modules is influenced by effects which are not present in non-
concentrating PV devices. This implies that the measurement or calculation of spectral gains or losses
in these modules is more difficult than in non-concentrating devices.



Although the concept of Spectral Factor for HCPV is under development, it has been reported a
Spectral Factor index (SFucpv) which incorporates the main spectral effects influencing HCPV
modules [28, 15, 59]. This index was defined as:

min, {[ £,(20,,, (1)SR, (1) [E,(2)az

SFyepy = min || £;(A)y,,, (A)SR, (1)dA| [E,(A)da

(3%)

Es(}) and Es"(A) being respectively the actual and reference direct spectra, nop() the spectral optical
efficiency of the HCPV module and SRj(A) the spectral response of the j-th junction in the multi-
junction solar cell at the reference cell temperature. As can be seen, the index takes into account the
current-matching effect in multi-junction solar cells (the short-circuit current of a two-terminal multi-
junction cell is limited by the subcell with lower short-circuit current) by selecting the minimum of
the convolutions integrals of the different junctions. Also, the index approximates the incident
spectrum on the solar cell by the product of the external direct spectrum Eg()) by the spectral optical
efficiency of the HCPV module nop(A). This way, two important characteristics of HCPV devices
spectral behaviour are accounted for by the index: the current-matching and the change in the spectral
content of the light when overpassing the optical elements.

Obviously, the authors have idealized the behaviour of an HCPV module in several ways when
defining this index: the spectral optical efficiency of the HCPV module has been kept time-invariant,
while it is known that the optical properties of the lenses change as a function mainly of the lens
temperature (which varies with the atmospheric conditions) [60]; and it has been assumed no
chromatic aberrations due to the optical elements which could cause a non-uniform incident spectrum
on the solar cell surface [61]. In spite of these idealizations, the index seems to be a valuable
approximation to the instantaneous spectral gains or losses of a realistic HCPV module.

According to Eq. (38), the SFucpv index could be measured with the help of a spectroradiometer with
collimator tube and a reference pyrheliometer. The SFucpy index calculation requires knowledge of
the spectral responses of the subcells at the reference cell temperature and the spectral optical
efficiency of the HCPV module at a representative lens temperature.

The same authors proposed another version of this index as [62]:

]meas B*
© 39
Z (39)
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~

sc

L™ being the actual short-circuit current measured on the HCPV device, Ii" the reference short-
circuit current, B the actual direct normal irradiance and B” the reference direct normal irradiance.
This version has also been named as “Normalized Is.” in [63]. It avoids the use of a spectroradiometer
by monitoring the short-circuit current and it has the advantage that every optical effect in the HCPV
device is accounted for, as the real response of the solar cell is measured through its short-circuit
current. However, there are some drawbacks: the short-circuit current is not measured at the reference
cell temperature but at changing temperature as a function of the atmospheric conditions [64]; and
also, the non-ideal motion of the sun tracker can create certain noise in the measured short-circuit
currents [65].



As can be seen, these indexes approximate the spectral gains or losses with respect to the reference
spectrum as in the case of the Spectral Factor for non-concentrating PV devices, i.e. index values
greater than 1 mean spectral gains and index values lower than 1 mean spectral losses. Authors have
also used the “Relative Spectral Factor” (ASFucpv) defined as in the case of non-concentrating devices
as ASFucpv=SFucpv-1. It takes positive values for spectral gains and negative values for spectral
losses.

Also, Muller et al. [66] used the “Change in the I/DNI ratio” understood as the change in the I;/DNI
ratio with respect to the Is/DNI ratio at reference conditions normalized to the Is/DNI ratio at
reference conditions. It can be written as:

[sc/B_I:c/B* [sc B*
ChangeISC/DNI :W = ]* E—l = SFHCPV —1 = ASFHCPV (40)

sc
i.e. the “Change in the I,/DNI ratio” is equivalent to the “Relative Spectral Factor”.

Of course, as in the case of non-concentrating PV devices, the “Weighted Average Spectral Factor
for HCPV” (<SFucpv>) has been used to quantify spectral energy gains or losses over a period of time
as [28, 15]:

B.-SF ey,
(SFuepy ) = ZZBHCPV (41)

Fig. 8 shows an example of simulated monthly weighted average spectral factor values for four
different structures of HCPV modules at Jaén, Spain.
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Fig. 8: Simulated monthly weighted average spectral factor values for different structures of HCPV
modules at Jaen, Spain, following the procedure described in [28]. LM: GalnP/GalnAs/Ge lattice-
matched solar cell; MM: GalnP/GalnAs/Ge metamorphic solar cell; PMMA: poly(methyl
methacrylate) Fresnel lens; SOG: silicon-on-glass Fresnel lens. The seasonal variation of the energy
spectral gains or losses can be appreciated in the graph for all the HCPV modules.

3.2.1.2.2. Spectrally Corrected Direct Normal Irradiance

The concept of “Spectrally Corrected Direct Normal Irradiance” (B.) in HCPV is similar to that in
non-concentrating PV but applied to the direct normal radiation, i.e. it tries to express the direct
irradiance effectively available for the photovoltaic conversion taking into account the spectral
response of the analysed photovoltaic device. Nowadays, there are two research lines related to this
index: on the one hand, some authors are linking this concept to the “Spectral Factor for HCPV”’; on
the other hand, some authors are trying to measure the B. through the use of component cells.

The first research line defines the “Spectrally Corrected Direct Normal Irradiance” from the SFucpy
as reviewed in the previous section [15]:

~min [ £, (2),,, (SR, (2)d2]

S j {J.E (D, (2)sR, (2)d2

: jE; (2)dA (42)

or alternatively as [67, 68]:



I meas .

B =-* .B (43)

c *

sc

This Spectrally Corrected Direct Normal Irradiance is directly related to the Spectral Factor for HCPV

SFycpy = — (44)

i.e. it is useful to quantify realistic spectral gains or losses on the HCPV device under the mentioned
idealizations of its behaviour or assuming a small noise in the measurements as was commented.

The second research line is based on the use of component cells. A component cell is equivalent to a
multi-junction solar cell in which only one of the subcells is electrically connected. An instrument
composed of as many component cells as the number of junctions of the analysed multi-junction solar
cell is named as spectroheliometer. The spectroheliometer provides an easier and cheaper way of
performing spectral measurements than a spectroradiometer. This instrument provides the short-
circuit current of each component cell, which is supposed to be similar to the photocurrent of the
corresponding junction of the multi-junction solar cell under the condition that each component cell
has identical or almost equal spectral response than the corresponding junction in the multi-junction
device.

For a spectroheliometer composed of Nyy component cells, it can be defined Ny Spectrally Corrected
Direct Normal Irradiances (Bci, Bca, ..., Benmi) as [69]:

c.c.

B, = ;:f B, j=12,..N,, (45)

scj

Isi>> being the actual short-circuit current measured on the j-th component cell, Iy;" the reference
short-circuit current of the j-th component cell and B” the reference direct normal irradiance. Now,
let us name I~ as the minimum of the reference short-circuit currents of the component cells:

' =min, {1, } (46)

The Spectrally Corrected Direct Normal Irradiance as measured by the spectroheliometer is defined
as [70]:

I,
B, = min j{Bcj : IS:] } (47)

sc

An equivalent expression for B, can be obtained by substituting B; by its value in Eq. (45):
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The last expression can be compared to the definition of the Spectrally Corrected Direct Normal
Irradiance linked to the Spectral Factor for HCPV in Eq. (42). The conclusion is that both approaches
are very similar. The approach based on component cells tries to approximate the short-circuit current
of the HCPV device by the short-circuit current as measured by the component cells.

Thus, both approaches are very similar from an analytical point of view. However, from a practical
point of view, there are important differences. The approach that links the B to the Spectral Factor
for HCPV tries to represent realistic spectral gains or losses on an HCPV module. However, the
approach based on component cells is a farther approximation which goes after a practical
measurement of the spectrum, rather than after an accurate calculation of spectral gains or losses.
There are three main reasons because the component cells are only able to approximate the spectral
gains or losses of a real HCPV module: first, the component cells operate under non-concentrated
sunlight, i.e. they cannot capture the influences of the optical elements that are present in a real HCPV
module; second, the component cells do not operate at the reference cell temperature (as it would be
required to avoid thermal effects on the short-circuit current), but at changing temperature as a
function of the atmospheric conditions; third, it would not be possible to have as many
spectroheliometers as kinds of multijunction solar cells, so in many cases, the absorption band of the
component cells is not identical than that of the multi-junction solar cells in the analysed HCPV
module, but they have only similar spectral responses. In spite of these limitations, component cells
seem to be a useful tool and have been proposed for the power rating of HCPV modules [69, 70, 71]
or for improving the design of these modules by adapting to the spectral characteristics of a particular
location [72]. Fig. 9 shows values of Spectrally Corrected Direct Normal Irradiances as measured by
component cells for a lattice-matched triple junction solar cell during a summer day at Jaen, Spain,
and compares to the Direct Normal Irradiance as measured by a pyrheliometer.
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Fig. 9: Component cell measurements of Spectrally Corrected Direct Normal Irradiances (Biop, Bmid,
Biot) corresponding to a GalnP/GalnAs/Ge lattice-matched solar cell during 05/15/2016 at Jaén,
Spain, and simultaneous measurements of Direct Normal Irradiance (DNI) by means of a
pyrheliometer. As can be seen, at sunrise and sunset the top subcell limits the current because of red-
rich spectra, while at the central hours of the day (the period at which most of the energy is generated)
the middle cell limits the current because of blue-rich spectra. The operating points with a spectral
status equivalent to the standard AM1.5d spectrum are indicated in the graph in dashed lines.

3.2.2. Indexes that characterize the relative spectral impact between two PV devices
3.2.2.1. Spectral mismatch factor

The “Spectral Mismatch Factor” (MM) is defined in the IEC 60904-7 standard [48] as a way of
quantifying the relative spectral impact between a sample PV device and a reference PV device by
means of:

[Es(2)sR
sample/ref J‘E; (ﬂ)SR

()i [E;(A)SR,,(2)dA
AR [ Eq(A)SR,, (A)dz

sample

MM (49)

sample (

Where SRampie(A) represents the spectral response of the sample PV device and SR..{(A) the spectral
response of the reference PV device, both at the reference cell temperature. As can be seen from this
definition, MMgampieiret accounts for spectral gains (if greater than 1) or spectral losses (if lower than
1) of the sample PV device with respect to the reference PV device. The index equals 1 when the
incident spectrum equals the reference spectrum or when the two devices are spectrally matched, i.e.
they have identical spectral responses.

The index can be measured with the help of a spectroradiometer if both the spectral response of the
sample device and the spectral response of the reference device are known. However, there is an
alternative based on the measurement of the short-circuit currents of both devices by means of the
expression:

*
1 1
__ 7 se,sample sc,ref
MMsample/ref o ' Ji (50)
sc,sample

sc,ref

Lsc sampte and Isc rerbeing respectively the short-circuit currents of the sample device and the reference
device only accounting for irradiance and spectral effects, Iscsample. and Iserer” being respectively the
reference short-circuit currents of the sample device and the reference device. Therefore, if the index
is calculated through measurement of the short-circuit currents, they should be corrected in
temperature and angle-of-incidence, or it must be assumed the corresponding error in the index value.

It is easy to prove that the Spectral Mismatch Factor can be seen as the ratio between the Spectral
Factor of the sample PV device and the Spectral Factor of the reference PV device:

SF

sample
sample | ref = SF . (51)

ref

MM



Because of this, the MMgmpierrer has also been named as “Spectral Factor of sample PV device relative
to reference PV device” (SFsample/rer) as in [16].

3.2.3. Indexes that characterize the spectrum from multi-junction solar cells
3.2.3.1. Spectral Matching Ratio

The “Spectral Matching Ratio” (SMR) index has a similar definition than the Spectral Mismatch
Factor (MM, as reviewed in the previous section). The difference is that, while the MM is applied to
represent the relative spectral impact between a sample PV device and a reference PV device, the
SMR is applied to two subcells in a multi-junction solar cell. This index is calculated through the
measurements of component cells and can be defined as [70]:

c.c. *

ISC' Isc
SMRj/k = Tj . sck

52
LI ©?
Is;*® and L > being respectively the measured short-circuit currents on the j-th component cell and
on the k-th component cell, Ii;" and I« being respectively the reference short-circuit currents of the
j-th component cell and of the k-th component cell. Thus, under the hypothesis that the j-th and the
k-th subcells could operate independently, SMR;x would represent the relative spectral impact on the
j-th component cell with respect to the k-th component cell, having values greater than 1 for spectral
gains of the j-th component cell with respect to the k-th component cell, or lower than 1 for spectral
losses of the j-th component cell with respect to the k-th component cell. However, this hypothesis
does not verify in practice, where the different subcells are series-connected in a multi-junction stack
and subject to current-matching limitations. So, the index cannot be directly related to real spectral
gains or losses in a multi-junction solar cell, and therefore, is only intended to assess the input direct
spectral distribution.

SMR;« can also be seen as the ratio of the Spectrally Corrected Direct Normal Irradiance of the j-th
component cell (Bgj) to the Spectrally Corrected Direct Normal Irradiance of the k-th component cell
(Bck):

B,
SMR,, =~ (53)

ck

The “weighted average SMR” has been used in [73] to represent the relative spectral impact over a
period of time as:

> B.SMR,,,,

i ZBI

Nowadays, most HCPV modules are composed of triple-junction solar cells. In the commercial

(SMR,,, )= (54)

HCPV modules based on triple-junction solar cells operating in real conditions, the subcell which
limits the device current can be either the top subcell or the middle subcell depending on the spectrum



of the incident light. This means that the most important SMR index that defines the spectral status
of these triple-junction devices is the SMRop/midaie, Which represents the spectral mismatch between
the two possible limiting subcells: top and middle. The SMRiop/midale as measured by component cells
is defined as:

*

IC.C. [ B

SMR ) — icTOP .~ seMID — cTOP 55
top | middle I IC,C_ B ( )

scTOP seMID

cMID

Under the reference spectrum, the SMRpmiqaie €quals 1. Normally, the reference spectrum is the
AMI1.5d ASTM G-173-03 [5] at which the multi-junction solar cells are rated and optimized,
i.e.multi-junction solar cells are usually designed to provide the same short-circuit current of the top
and middle subcells under the AM1.5d standard spectrum. If this is the case, under the AM1.5d
standard spectrum, SMRop/midale €quals 1and the short-circuit currents of the top and middle subcells
are the same. With incident spectra with “more blue content” than the standard spectrum, the
SMRop/middic 1 greater than 1 and the middle subcell limits the current, while with incident spectra
with “more red content” than the standard spectrum, the SMRop/midaic is lower than 1 and the top
subcell limits the current. This way, the value of SMR op/middic indicates which subcell limits the current
and how big is the difference between the photocurrents of both subcells. Of course, this discussion
is only valid if the multi-junction solar cell verifies the mentioned design criterion [74].

As the information provided by the SMRopmidae index is very important to know the spectral status
of a multi-junction solar cell, different authors have tried to correlate the SMRp/midadie index as
measured by component cells to electrical parameters of real HCPV modules operating in the field
[45, 75]. This relation is not direct and requires regression or similar procedures because of the
limitations of the spectroheliometers mentioned in the previous section, i.e. their behaviour
necessarily differ from the behaviour of the real HCPV devices. Fig. 10 presents an example of the
Spectral Factor of an HCPV module obtained from measurements of its short-circuit as a function of
the SMR op/midaic as measured by component cells.

The SMR index has been mainly evaluated in the literature from the measurements of component
cells. Because of this, in this section, we have focused on defining this index from the short-circuit
currents of component cells. However, it is remarkable that this index can be also evaluated from
spectroradiometer measurements, by making use of the spectral response of a given multi-junction
solar cell. The corresponding formulae can be easily derived from Eq. (52) and are not included here
for brevity.
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Fig. 10: Spectral Factor of an HCPV module made up of LM triple-junction solar cells and SOG
Fresnel lenses calculated from measurements of its short-circuit current to the Spectral Matching
Ratio (SMR) of the top subcell with respect to the middle subcell as measured during March 2016
by component cells at the Centre for Advanced Studies in Energy and Environment at the University
of Jaen, Spain.

3.2.3.2. Z-parameter

The “Z-parameter” (Z) was first proposed in [76] as an index to assess the direct solar spectrum taking
as inputs the short-circuit currents as measured by component cells. While it has been theoretically
introduced for any kind of multi-junction solar cell, in practice it has been applied to commercial
triple-junction III-V cells. The following explanation focuses on the Z-parameter for these kinds of
cells.

The current ratios Rrop and Rwmip are defined as the ratio between the short-circuit current of the
corresponding subcell as measured by a component cell and the reference short-circuit current of that
subcell:

Ic.c. ]c.c.
_ % scTopP _ T secMID
RTOP - I* H RMID - ]* (56)
scTOP scMID

These ratios can be plotted in a two-dimensional plane known as the spectrometric plane, Fig. 11. In
the spectrometric plane, a point represents a particular pair (Rtop,Rmin). A line Rrop/Rymip=constant is
a line through the origin; every point on this line has the same relative spectral balance between the



top and middle subcells (SMRopmidgasie=constant). On the other hand, the line RroptRmmp=2 is known
as the spectrometric line.
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Fig. 11: Example of spectrometric plane used to define the Z-parameter. The x-axis corresponds to
Rrop and the y-axis corresponds to Rvp. The spectrometric line links the points (0,2) and (2,0). The
point (1,1) on the spectrometric line corresponds to the reference spectrum condition. A monitored
spectral condition (Rrop, Rmip) is shown as a generic point on the spectrometric plane. This point is
projected onto the spectrometric line by a line through the origin in order to define the Z-parameter
for this spectral condition.

The Z-parameter for a pair (Rror,Rmin) located on the spectrometric line is defined as:
Z(espectrometric line) =1-R,,,, = R,,, —1 (57)

For a pair (Rror,Rmm) not on the spectrometric line, the point can be projected by a line through the
origin onto the spectrometric line, as seen in Fig. 11. The coordinates of the projected point
(Rtor’,Rmip’) can be expressed as:

2 RTOP . ' 2 RM[D

Ryp=—"— (58)
Riop + Ry

Rypp =—— 1%
ToP ’
RTOP + RM[D



And thus, for a generic (Rrop,Rmip) point, the Z-parameter is defined as:
Z=1- R/'\/[ID = R;‘OP -1 (59)
Which is equivalent to:

7 = RTOP - RM[D (60)
RTOP + RMID

This Z-parameter can be also expressed as a direct function of the SMRpmiagdie. The SMRop/middie
verifies:

R
SMR =_Tor (61)

top | middle R
MID

And therefore, from Eq. (59),the following is obtained:

Z _ SMRtop/m[ddle _1 (62)
SMR +1

top / middle

As can be seen, the Z-parameter and the Spectral Matching Ratio are closely related. Under the
hypothesis that the multi-junction solar cell is designed to provide the same short-circuit current of
the top and middle subcells under the AMI1.5d standard spectrum, Z=0 is equivalent to
SMRopmiadie=1, and represents conditions at which the top and middle subcells generate the same
current; Z>0 is equivalent to SMRop/midaie>1, and represents conditions at which the middle subcell
limits the current; Z<0 is equivalent to SMRiopmidaie<l, and represents conditions at which the top
subcell limits the current.

As in the case of the SMRopmiaale index, authors have tried to correlate the Z-parameter with the
behaviour of real HCPV modules in spite of the commented limitations of the component cells for
these purposes [71, 76]. Fig. 12 presents an example of the Spectral Factor of an HCPV module
obtained from measurements of its short-circuit current as a function of the Z-parameter as measured
by component cells.

Finally, it is remarkable that, while the Z-parameter has been evaluated in the literature from the
measurement of component cells, and this is the approach discussed in this section, it could be also
evaluated from spectroradiometer measurements by making use of the spectral response of a given
multi-junction solar cell, as in the case of the SMR index.
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Fig. 12: Spectral Factor of an HCPV module made up of LM triple-junction solar cells and SOG
Fresnel lenses calculated from measurements of its short-circuit current to the Z-parameter of the top
subcell with respect to the middle subcell as measured during March 2016 by component cells at the
Centre for Advanced Studies in Energy and Environment at the University of Jaen, Spain.

After completing the review of spectral indexes, two comparative tables are presented. Table 2
synthetizes the main advantages and disadvantages of the reviewed indexes. Table 3 summarizes the
definitions of the indexes and their type (instantaneous or energetic). These comparative tables can
be useful for understanding the relations between the available spectral indexes and for selecting the
most suitable index for each specific application.



Table 2

Advantages and disadvantages of the spectral indexes used in the literature

Index

Advantages

Disadvantages

Average Photon Energy / Blue
Fraction

PV device-independent

It requires spectroradiometer

Relation with spectral gains or losses is not direct
Moderate accuracy because it does not consider the PV
device

Spectral Factor / Spectrally
Corrected Global Irradiance

Direct and accurate calculation of spectral gains or
losses
It can be measured through the short-circuit current

It requires spectroradiometer and knowledge of the
spectral response, or alternatively:

It requires correcting the monitored short-circuit
current

Extensive computation for energy calculation

Spectral Enhancement Factor

Ease of calculation

It requires spectroradiometer and knowledge of the
spectral response
Degree of accuracy not reported

Useful Fraction

Spectral response not required
Ease of calculation

It requires spectroradiometer
Degree of accuracy not reported

Integrated Electric Charge

The index itself does not require pyranometer

It requires spectroradiometer and knowledge of the
spectral response, or alternatively:

It requires correcting the monitored short-circuit
current

Extensive computation for energy calculation
Pyranometer required to relate to the spectral gains or
losses

Spectral Effective Responsivity

The index itself does not require pyranometer

It requires spectroradiometer and knowledge of the
spectral response

Extensive computation for energy calculation
Pyranometer required to relate to the spectral gains or
losses

Spectral Factor for HCPV /
Spectrally  Corrected  Direct

Direct and accurate calculation of spectral gains or
losses
It can be measured through the short-circuit current

It requires spectroradiometer and knowledge of the
spectral response and spectral optical efficiency, or
alternatively:




Normal Irradiance (linked to the
Spectral Factor)

There is noise in the monitored short-circuit current
Extensive computation for energy calculation

Direct
(through

Spectrally  Corrected
Normal Irradiance
component cells)

It requires spectroheliometer instead  of
spectroradiometer

Ease of calculation

Relation with spectral gains or losses is not direct
Moderate accuracy due to the limitations of the
component cells

Spectral Mismatch Factor

Direct and accurate calculation of spectral gains or
losses
It can be measured through the short-circuit current

It requires spectroradiometer and knowledge of the
spectral response, or alternatively:

It requires correcting the monitored short-circuit
current

Extensive computation for energy calculation

Spectral Matching Ratio / Z-
parameter

It requires spectroheliometer instead  of
spectroradiometer

Ease of calculation

Relation with spectral gains or losses is not direct
Moderate accuracy due to the limitations of the
component cells




Table 3

Definition of the spectral indexes used in the literature and type
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4. Annual spectral energy gain or loss values in the literature

The annual energy harvesting could be considered as the most relevant magnitude for the analysis of
the performance of photovoltaic systems and one of the most important parameters influencing their
profitability [77, 78, 79]. At the same time, the accurate evaluation of the spectral effects has
demonstrated to have a far from negligible impact on the energy yield and cost of electricity
estimations of photovoltaic facilities [80, 25]. Bearing this in mind, this section aims to discuss the
most relevant results concerning the spectral impact at annual time scale of non-concentrating and
high-concentrating PV devices available in the literature, which are summarized in Tables 3 and 4.
Detailed information of the methodology followed by each author can be found in the references
provided in the tables. In any case, the full description of the calculations involved in the findings
obtained by the different authors can be also found in the previous section. It is important to remark
that the technologies listed virtually cover all the photovoltaic market share, and therefore, the results
shown could be considered representative of the current photovoltaic technology.

The studies analysed have been grouped in two tables: a) Table 3 presents studies regarding non-
concentrating PV technology, while b) Table 4 presents studies regarding HCPV technology. The
tables cover the behaviour of both technologies over a wide range of worldwide locations with
different latitudes and weather characteristics. So, the results allow the performance of the different
photovoltaic systems to be studied and compared under disparate climatic conditions. In addition, the
annual average values of the crucial weather variables for understanding the spectral behaviour of
photovoltaic devices at each specific site (i.e. air mass, aerosol optical depth and precipitable water)
have been included. The air mass has been estimated by using the Gueymard formulaprovided in
Section 2 as a function of the Sun’s zenith angle calculated every 60 seconds. The rest of weather



variables at each location have been taken from the Aerosol Robotic Network (AERONET) database
when a station was available. The AERONET program is a federation of ground-based sun
photometer sensors established by NASA and PHOTONS which started in the early 1990s [81], and
offers measurements of AOD and PW, and other relevant parameters at remote sites for three data
quality levels (i.e. Level 1, Level 1.5 and Level 2). In this case, the highest quality assured data (Level
2) has been used. Based on the data provided in Tables 4 and 5, the two following main concerns can
be addressed, namely, a) to contribute to the understanding of the spectral coupling of the atmosphere
and the yield of photovoltaic devices depending on their absorption bands, and b) to help in the
selection of the most appropriate photovoltaic technology depending on the required application at
each particular site.

Table 4 shows the annual energy spectral impact for several PV materials with low (i.e. ¢-Si, CIGS
and CIS) and high (a-Si and CdTe) energy gaps. The latitude of the locations ranges from a minimum
of around 1.3° (Singapore) to a maximum of around 48.8° (Stuttgart). With regards to AOD, a
minimum value of 0.07 is found in Frenchman Flat, since is a clay desert site characterized by a clear
atmosphere, while an extreme maximum value of 0.7 is found in Beijing, due to the fact that is a
highly polluted industrialized city. Regarding PW, a minimum value of 0.7 c¢cm is found in
Tamanrasset, dominated by a dry hot dessert climate, while an extreme maximum value of 4.52 cm
is found in the tropical climate location of Singapore. As can be seen, the results are in agreement
with the commented in Section 2. The materials with low energy gap show similar results and a
noteworthy stable spectral performance. The energy spectral effects range from -1.7% (Beijing) to
1.5% (Sttutgart) for c-Si, from -1.2% (Frenchman Flat and Solar Village) to 1.8% (Sttutgart) for
CIGS, and from -1.4% (Tamanrasset) to -0.6% (Sttutgart) for CIS. On the other hand, the materials
with high energy gap show a remarkable spectral dependence. The energy spectral effects range from
-7.8% (Beijing) to 8.8% (Okinoerabu) for a-Si, and from -4.5% (Beijing) to 3.0% (Singapore) for
CdTe. The extremely different results obtained for these materials can be understood by considering
the different climatic variables at each location and the sensitivity analysis conducted in Section 2.
For instance, the high energy losses found in Beijing are due to the red-rich spectral distribution
produced by the extreme values of AOD. On the contrary, the high energy gains obtained in Singapore
are produced by the blue-rich spectral distribution caused by the low latitude (low AM values) and
extreme PW values.

Table 5 shows the annual energy spectral impact for several HCPV systems made up of different
multi-junction solar cells and primary optics (i.e. LM, LM + PMMA, LM + SOG, MM + PMMA and
MM + SOQG). In this case, the latitude of the locations ranges from a minimum of around -9.9° (Alta
Floresta) to a maximum of around 40.4° (Madrid). The minimum and maximum values of AOD are
found at the same locations previously commented for the PV materials. With regards to PW, in this
case, a minimum value of 0.9 cm is found in the dry dessert location of Frenchman Flat, while an
extreme maximum value of 3.9 cm is found in the tropical site of Alta Floresta. As expected, the
performance of HCPV systems shows a higher spectral dependence than PV systems, and present
important spectral losses for every location. Overall, these losses are mainly dominated by the
limitation of the current of the top junction caused by its high energy gap, and range from
approximately -30.6% (Beijing) for LM + PMMA to -3.9% (Alta Floresta) for LM + SOG. As for
high energy gap PV materials, the spectral performance can be understood by analysing the
characteristic weather variables at each location and the fundamental analysis conducted in Section



2. The extremely high spectral losses at Beijing are dominated by a systematic limitation of the current
of the top junction of the assembly due to the notable red-rich spectral distribution produced by the
high AOD values. On the contrary, the minimum spectral losses at Alta Floresta are produced by the
blue-rich spectral distribution caused by the low latitude (low AM values) and extreme PW values. It
is also important to remark that the system based on MM solar cells and SOG Fresnel lenses tends to
have the best spectral performance. This can be explained by considering the red shift of the
absorption bands of the top and middle junctions of MM solar cells and because the usual higher
transmittance of SOG Fresnel lenses in the spectral region of the top junction.



Table 4
Estimated relative annual average spectral impact for different PV technologies in percentage.

Location Latitude (°) | AM | AOD | PW (cm) | ¢-Si a-Si CdTe CIGS | CIS | Reference
Sapporo (Japan) 43.05 3.82 | - - 0.2 1.3 - - - [34]
Tosu' (Japan) 33.38 342 1031 193 0.4 1.3 - - - [34]
Gifu (Japan) 35.42 349 | - - 0.2 1.3 - - - [34]
Okinoerabu (Japan) 27.37 3.25 | - - 0.2 8.8 - - - [34]
Madrid (Spain) 40.39 3.69 | 0.10 | 1.25 -0.7t0-0.6 | -1.0to1.4 | -1.5t00.3 | - -0.9 | [16]
Jaén? (Spain) 37.77 3.58 10.10 | 1.25 -0.7t0-0.5 | 0.0t02.0 | -0.5t00.6 | - -1.0 | [16]
Sttutgart® (Germany) 48.78 4.17 | 0.20 | 1.46 -0.6 -0.4 -0.5 - -0.6 | [16]
Sttutgart® (Germany) 48.78 4.17 1 0.20 | 1.46 1.5 2.5 2.1 1.8 [57]
Tamanrasset (Algeria) 22.78 3.15 10.23 |0.74 -1.2t0-1.0 | 2.2 0.1 -1.4 | [16]
Freiburg (Germany) 47.99 4.13 | - - 1.4 34 2.4 0.6 - [17]
Singapore (Singapore) 1.29 2.95 1037 |4.52 - 7.0 3.0 0.0 - [82]
Solar Village (Saudi Arabia) | 24.90 3.19 1035 | 1.23 -1.5t0-1.1 | 0.5 -1.0 -1.2 - [28]
Alta Floresta (Brazil) -9.87 2.99 1 031 |3.92 -1.0t0 0.0 | 5.2 2.4 -0.9 - [28]
Frenchman Flat (USA) 36.80 3.54 1 0.07 ]0.89 -1.5to-1.1 | 0.5 -1.1 -1.2 - [28]
Granada (Spain) 37.15 3.56 | 0.15 | 1.27 -1.0 1.2 -0.3 -0.9 - [28]
Beijing (China) 39.97 3.68 10.74 |1.28 -1.7t0-0.8 | -7.8 -4.5 -0.9 - [28]

¢-Si: crystalline silicon (m-Si and p-Si)

a-Si: amorphous silicon

CdTe: cadmium telluride

CIGS: copper indium gallium selenide

CIS: copper indium selenide

Climatology taken from Fukuoka (Japan)

’Climatology taken from Granada (Spain)

3Climatology taken from Karlsruhe (Germany)

Refs. [34, 16, 17, 82]: Spectroradiometer measurements; “Spectral Factor” index calculation; section 3.2.1.1,1. Eq. (6).
Ref. [57]: Spectroradiometer measurements; “Integrated Electric Charge” index calculation; section 3.2.1.1.5, Eq. (33).
Ref. [28]: Spectra simulated with SMARTS from AERONET data; “Spectral Factor” index calculation; section 3.2.1.1.1, Eq. (6).

Table 5
Estimated relative annual average spectral impact for different HCPV technologies in percentage.
| Location | Latitude () | AM | AOD | PW (cm) | LM+PMMA | LM+SOG | MM+PMMA | MM+SOG | Reference |




Solar Village (Saudi Arabia) | 24.90 3.19 [035 [1.23 6.6 5.1 5.2 3.9 [28]
Alta Floresta (Brazil) -9.87 299 031 |3.92 48 3.9 5.2 44 [28]
Frenchman Flat (USA) 36.80 3.54 [0.07 |0.89 7.0 5.7 5.6 43 [28]
Granada (Spain) 37.15 356 |0.15 | 1.27 73 5.8 6.0 45 [28]
Beijing (China) 39.97 3.68 | 0.74 | 1.28 30.6 28.7 28.6 26.5 [28]
Madrid (Spain) 40.39 3.69 | 0.10 | 1.25 -5.8* - - [70]

LM-+PMMA: Lattice-matched GalnP/GalnAs/Ge with poly(methylmethacrylate) Fresnel lens

LM-+SOG: Lattice-matched GalnP/GalnAs/Ge with silicon-on-glass Fresnel lens

MM+PMMA: Metamorphic-mismatched GalnP/GalnAs/Ge with poly(methylmethacrylate) Fresnel lens

MM+SOG: Metamorphic-mismatched GalnP/GalnAs/Ge with silicon-on-glass Fresnel lens

*Spectral losses for a Lattice-matched GalnP/GalnAs/Ge solar cell without considering optical devices.

Ref. [28]: Spectra simulated with SMARTS from AERONET data; “Spectral Factor for HCPV” index calculation; section 3.2.1.2.1, Eq. (38).
Ref. [70]: Spectroheliometer measurements; “Spectrally Corrected Direct Normal Irradiance” index calculation; section 3.2.1.2.2, Egs. (44, 47).



5. Conclusions

The proposed classification of spectral indexes gathers and systematizes all the relevant methods for
the spectral analysis available in the literature. An in depth discussion of the main features of the
different procedures used by each author and/or research centre is conducted. This work can then
serve as a guide and is intended to be a reference framework for future studies in this field.

The spectral indexes were classified into three categories: indexes that characterize the spectrum,
indexes that characterize the spectral impact on a PV device and indexes that characterize the relative
spectral impact between two PV devices. The indexes that characterize the spectrum are the average
photon energy (APE) and the blue fraction (BF). The indexes that characterize the spectral impact on
a PV device are: for non-concentrating PV devices, the spectral factor (SF), the spectrally corrected
global irradiance (G¢), the spectral enhancement factor (SEF), the useful fraction (UF), the integrated
electric charge (Q) and the spectrally effective responsivity (Ser); and for HCPV devices, the spectral
factor for HCPV (SFucpv) and the spectrally corrected direct normal irradiance (B.). The indexes that
characterize the relative spectral impact between two PV devices are: for non-concentrating PV
devices, the spectral mismatch factor (MM); and for HCPV devices, the spectral matching ratio
(SMR) and the Z-parameter (Z).

The analysis of the available methods showed that the choice of a suitable index depends on the
specific application and its context. We identified four key factors to be evaluated before the selection
of a spectral characterization method: the analysed PV technology, the required instruments, the
availability of information on PV device spectral response and the required accuracy. For non-
concentrating PV devices, SF and G. allow an accurate spectral characterization if a
spectroradiometer, a reference pyranometer and information on the device spectral response are
available. SEF can be used as an alternative with lower computational effort, while MM allows
replacing the pyranometer by a reference PV device. If the spectral response data is not available, UF
can be used assuming a loss in accuracy. If a reference pyranometer is not available, Q or S.r can be
calculated. If the spectroradiometer is not available, there is the option of monitoring the short-circuit
current and correcting it in temperature and angle-of-incidence in order to obtain SF, G. or Q. For
concentrating PV devices, SFucpv and B, can provide a good approximation to the spectral gains or
losses with the use of a spectroradiometer, a reference pyrheliometer and knowledge of the spectral
response and optical efficiency functions. The spectroradiometer can be avoided by monitoring the
short-circuit current, but noise in the measurements caused by the sun tracker motion and by
temperature changes will reduce the accuracy. A practical way to approximate spectral gains or losses
in these devices is the use of a spectroheliometer through indexes like Bc, SMR or Z. Finally, in all
cases, there are device-independent methods (APE and BF) which can be used ignoring physical
characteristics of the analysed devices, with the drawback of a lower accuracy.As a conclusion, every
method presents advantages and disadvantages and it is not easy to decide between them. This paper
can contribute to facilitate this task. Table 2 is a useful summary of the requirements of each of the
analysed methods.

The outcome of the analysis of the impact of the spectral variations on the energy harvesting of
photovoltaic systems leads to additional important conclusions. On the one hand, the PV materials



with a wide absorption band, low energy gap, have proved a stable and low spectral dependence.
Because of this, they are more convenient materials to ensure a reasonable spectral behaviour and
diminish as much as possible the uncertainty in the design and/or evaluation of photovoltaic facilities
when is not possible or desirable to perform spectral analyses. Moreover, they are a more suitable
selection if a stable seasonal system performance is required. On the other hand, the PV materials
with a low abortion band, high energy gap, have shown a notable spectral dependence. In this case,
spectral analyses seem mandatory in any photovoltaic system formed by these devices in order to
avoid failed installations for spectral concerns and to maximize the productivity. Furthermore, these
materials are good candidates for successful installations at locations dominated by a blue-rich
spectral irradiance due to their remarkable annual spectral gains. Finally, HCPV systems have
demonstrated to be strongly affected by the varying spectral distribution. This high spectral
dependence could lead to an important reduction of the expected productivity at sites with a not
suitable spectral sunlight distribution. Bearing this in mind, the accomplishment of spectral studies
becomes critical for the case of this technology. For instance, locations with red-rich spectral
irradiance, either by high latitudes and/or extreme AOD values, are not recommended to avoid failed
HCPV facilities.
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