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a b s t r a c t

The spectrum is not frequently used when rating any PV technology. Moreover, in those energy pre-
dictions where it is considered, normally they are based on simulated models. The objective of this work
is the spectral characterization of the solar resource based on real measurements as their availability in
the scientific community is scarce.

For this characterization the Average Photon Energy is used, which has been obtained from an
experimental campaign carried out in Ja�en (Spain) based on three different configurations: Direct Normal
spectrum (DNI tracker), Global spectrum on a tracking system (Gl tracker) and Global spectrum on a
fixed surface (Gl fixed).

The results show that the annual irradiance weighted average value of APE results in 1.80 eV for DNI
tracker, 1.85 eV for Gl tracker and 1.86 eV for Gl fixed, showing a red spectral shift for the DNI
measurements.

A Red-rich spectrum prevails, so this location is especially suitable for single junction materials with a
large absorption band such as CIGS and c-Si. Besides, GI tracker spectra are slightly redder than GI fixed
ones, consequently, if c-Si modules are used, spectral gains with 2-axis tracking will be higher than those
achieved with a fixed arrangement of such modules.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

One of the main inputs for the characterization of many engi-
neering energy projects is the solar radiation. Among them,
Photovoltaic (PV) and Concentrated Solar Power (CSP) technolo-
gies are the most important ones in taking advantage of the solar
resource [1,2]. In this sense, the identification of the optimal
location to maximize the radiation captures is a key aspect when
planning these solar projects. Therefore, the information related
to the solar resource is a basic requirement in the design stage in
order to estimate its influence in the energy generation
predictions.

Focusing on the photovoltaic technology it is sufficient well-
known the influence of the solar irradiance and module tempera-
ture in their operation under outdoor real conditions [3e5]. These
variables contribute to the differences of performance of PV devices
in each location. In this sense, a prior evaluation of these
environmental factors in order to assess the suitability of the
location selected is an essential requirement to ensure the feasi-
bility of a photovoltaic project.

Particularly important among the variables that define the solar
resource, which it is not so deeply and widely analysed, is the
spectral distribution as it has a remarkable influence on the per-
formance of certain photovoltaic technologies. Thin-film (e.g.
single-junction amorphous Si, CdTe, CIGS, and double-junction
“micromorph” Si), concentrating photovoltaic (CPV) or the new-
est trend such as perovskite solar cells are the PV technologies most
influenced by the solar spectrum distribution [6e9]. The peculiar-
ities of the spectral responses of the aforementioned technologies
imply that they are more sensitive to the shape of the solar spec-
trum, that is, its distribution, than other traditional PV technologies
based on crystalline silicon. Therefore, besides the module tem-
perature and in addition to the solar irradiance values available on
the module's surface, the spectrum shape must be taken into ac-
count when modelling and rating the power output of certain PV
technologies.

In this sense, proven and real information related to the solar
resource -irradiance and spectral distribution-of a certain location
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is a basic data input for the analysis of the performance of these PV
technologies. However, spectral irradiance measurements needed
to assess and quantify the spectral influence on the outdoor per-
formance of the solar modules are rarely available in meteorolog-
ical stations worldwide. Due to this scarcity of real data, in order to
estimate the spectral dependency in the output performance of
certain PV technologies, some models have been developed to
simulate and replicate the spectral distribution of irradiance of
selected areas. Most common software tools and applications
which are used for this simulated models are: SMARTS2, SEDES2,
SBDART, MODTRANS, ASPIRE and RRTM SW [10e14]. Besides,
models which simulates the spectral characteristics of diffuse light
have been also developed [15,16]. Additionally, a novel model based
on artificial intelligence techniques has been also applied in this
field with promising and successful results [17]. Apart from the
scarcity of measured data collected by means of spectroradi-
ometers, the format of their data output are not easily applicable to
simple modelling or for engineering approaches. These data consist
on a set of points together with a wavelength interval, namely one-
dimensional data, which depends on the spectral range and the
instrument's resolution.

The use of the entire solar spectrum range has some drawbacks,
so in order to deal with these data statistically and characterize the
solar spectrum, a non-dimensional variable is necessary. Previous
scientific papers have used different parameters such as the Useful
Fraction (UF) [18], defined as the proportion of global radiation that
falls within the acceptance window of a particular measurement
device. Nevertheless, UF is device dependent from the PV tech-
nology under investigation and therefore it has to be recalculated
for each different type of device used. Another parameter
frequently used is the Average Photon Energy (APE), which was
proposed by Gottschalg's group of Loughborough University [19].
APE is a single value that depends on the shape of the incident
irradiance spectrum but not on its intensity. This index averages
energetically a solar spectral distribution to a mean value, so the
advantage is its independency from the PV technology used. This
index is the one used in this paper and it is calculated dividing the
incident irradiance by the total photon flux density:

APE ¼

Z l2

l1

El ðlÞ$dl
Z l2

l1

f ðlÞ$dl
(1)

Where El (l) [Wm�2 mm�1] is the spectral in-plane irradiance,F
(l) [m�2 mm�1 s�1] is the spectral photon flux density, l1 [nm] and
l2 [nm] are the lower and upper wavelength limits, respectively, of
the considered interval of the solar spectrum to be measured. The
values for the wavelength interval are usually determined by the
measurement range of the spectroradiometer.

The most suitable wavelength range for the APE calculation
would be the full terrestrial spectrum (280e4000 nm), thus
resulting in the true APE value. However, it is difficult to find in-
struments which measure the whole range. The majority of the
most extended commercial spectroradiometers usually measure
within the wavelength range of 350e1050 nm. For some specific
spectral characterization, smaller intervals of the most important
part of the spectrum are measured, which most of the times cor-
responds to the region with higher spectral irradiance, and there-
after, the spectrum is extended using some of the aforementioned
mathematical models. This procedure results in a reasonable ac-
curacy [20,21]. Likewise previous scientific papers which cover this
wavelength range, for this work it has also be chosen.

In order to classify each spectrum obtained, the reference solar
spectral irradiance distribution AM1.5 is used in this document as it
provides a common reference for the evaluation of PV devices
[22,23]. Differentiating between the global and direct radiation
data, the APE value changes from 1.85 eV for the AM 1.5 direct (AM
1.5D) standard solar spectrumwhile for the global distribution, AM
1.5G, its value is 1.88 eV [24,25]. In both cases, these values were
calculated in the wavelength range of 350e1050 nm.

In previous papers, various authors have studied the spectral
irradiance using APE as indicator and its influence in different PV
technologies, such as Gottschalg et al. in Loughborough (UK)
[19,26], Cornaro and Andreotti in Rome (Italy) [27], Minemoto et al.
in Kusatsu City (Japan) [3,28], Chattariya S et al. in Phitsanulok
(Thailand) [4] and Dirnberger D et al. in Freiburg im Breisgau
(Germany) [7], among others. Some of them have assured that APE
has an unique value for each possible solar distribution [24,27].
Nevertheless, this assumption has been questioned by Gueymard
and other authors [7,29,30]. These authors conclude that relating
the PV performance solely to the APE and the module temperature
is a flawed approach and it requires further investigation. Despite
this lack of scientific agreement, it is clear that the APE is a
meaningful and suitable index to ascertain the influence of the
solar spectrum on PV performance [4,27,28,31]. As a general over-
view, the higher the APE, the richer in blue content the solar light
is; in other words, high values of APE lead to enhanced shorter
wavelengths of the solar spectrum.

However, as it was stated before, real spectral measurements are
scarcely addressed in most meteorological stations, databases and
papers, which leads to the situation where real spectral effects are
either simulated or even not considered. Thus, in sunny inland
climates there is a lack of spectral measurements and availability of
APE values [31]. Moreover, previous research papers published
have focused on the influence of the spectral distribution and the
APE calculation in different PV technologies performance, but none
of them have extended this study to the tracking mechanism used.

Therefore, this paper overcomes the scarcity of real measured
data and it provides knowledge about the typical spectral charac-
teristics in this type of climate differentiating between fix or
tracking options, which may be useful for the performance esti-
mations of flat plate and CPV systems.

2. Purpose of the work

This paper analyses the spectral distribution differences
depending on the trackingmechanism considered in the PV system.
The assessment of these differences is made by means of the APE
calculation through real measurements of solar irradiation and
spectral data. A detailed study was carried out during a complete
year in order to evaluate and compare these differences according
to spectral irradiance measurements in a site with sunny inland
climate. Specifically, the following variables have been measured
and compared:

1. Direct Normal solar spectrum on a 2-axis tracking system,which
will be identified as “DNI tracker” from now on.

2. Global solar spectrum on a 2-axis tracking system, identified as
“Gl tracker”.

3. Global solar spectrum on a fixed south facing tilted surface,
denominated “Gl fixed” in this document.

None of the tracking mechanisms are unknown to the scientific
community. However, recent papers found in the PV literature
have shown the importance of considering the solar spectrum
impinging on these surfaces in order to improve the accuracy of
the energy forecasting methods of PV systems [3,4,19,26,27].
Particularly, several studies have revealed the lack of supporting



Fig. 1. Experimental setup for DNI and GI tracker option.

Fig. 2. Measurement devices for Gl fixed option.
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studies which use empirical spectral irradiance measurements
[17,26,27]. Therefore, this work provides large amount of mean-
ingful real outdoors data to analyse the solar spectrum peculiar-
ities according to the tracking options considered for the specified
location. Due to the fact that no similar comparative spectral
characterization of a site with sunny inland climate based on real
data has been previously addressed, this paper can be very clari-
fying and useful for further scientific works and even for the CPV
and Thin-Film industry.

This paper is organized as follows: initially, the experimental
setup and the applied methodology are detailed in Section 3
where the tested tracking options used to analyse the differ-
ences in terms of spectral irradiance are also described. Subse-
quently, the results and their further discussion are discussed in
Section 4, where a comparative study dealing with outdoor
spectral characterizations has been carried out. Some statistical
parameters are used to assess the dissimilarities of the tracking
options analysed. Finally, the conclusions and future works are
summarized in Section 5.

3. Materials and methods

This paper proposes an evaluation of the spectral irradiance
distribution based on three different tracking options (DNI tracker,
GI tracker and GI fixed). For that purpose, data have been collected
and analysed over a 12-month experimental campaign for each
tracking mechanism. These measurements were carried out out-
doors at Ja�en (Southern Spain) on the following periods: from
November 2011 to October 2012 for the Gl tracker option, from
January 2012 to December 2012 for Gl fixed measurements and
finally, from March 2013 to February 2014 for DNI tracker. Figs. 1
and 2 show the equipment used for each of the options analysed.

The data recorded during these periods have provided a large
amount of meaningful information to set a solid basis which allows
us to analyse the differences in term of spectral irradiance distri-
bution in a sunny inland location. These real measured samples are
used to establish a comparative study according to a spectral
characterization of the selected site. Finally, the divergences be-
tween the measured spectral irradiance distributions regarding the
three tracking options were quantified.

3.1. Experimental setup and outdoors campaign

The experiment was carried out for a complete meteorological
year in the city of Ja�en, located in Southern Spain. Table 1 [32]
shows some relevant climatological information regarding the
selected location.

Measurements have been carried out using an automatic
experimental set-up, which has been designed and implemented
by the Research and Development in Solar Energy (IDEA) Group of
the University of Ja�en. This test and measurement system has been
previously described and successfully used in other research ex-
periments [33,34].

The spectroradiometers used for this study were mounted on
three different tracking configurations: namely, the first tracking
option was tested with the purpose of registering the spectral dis-
tribution of the Direct Normal Irradiance impinging on a two-axes
tracking surface (DNI tracker), whereas the last two tracking con-
figurations (Gl tracker and Gl fixed) are related to the spectral dis-
tribution of the Global Irradiance impinging on a two-axes tracking
surface and a fixed tilted structure, respectively. In particular, the GI
fixed spectroradiometer was coplanar mounted to a South-facing
structure with a tilt angle of 36�. This tilt angle selected was meant
to maximize the annual irradiation collection. This criterion is
widely followed when designing PV grid-connected systems,
provided that no constraints such as those imposed by architectural
integration prevent the PV designer from following it. Assuming no
constrains at all, the optimal tilt angle for Madrid (Spain, latitude
40�240N, longitude 3�420W) lies precisely at 36� [35,36]. This value
may be assumed as well for Ja�en (Spain, latitude 37�450N, longitude
3�470) with no significant error. The other spectroradiometer was
coplanar mounted to a precise two-axis solar tracker. The data
acquisition system required to capture all data was located on the
roof of the Polytechnic School of the Engineering building at the
University of Ja�en. This equipment was placed on a shadow-free
horizontal surface and readily accessible for inspection and gen-
eral cleaning. All spectroradiometers, pyrheliometer and pyran-
ometers were periodically cleaned to avoid soiling.

In this study the Global Irradiance (G), the DNI and El were
measured by means of a pyranometer, a pyrheliometer and three
spectroradiometers respectively. These meteorological data were
recorded at 5-min time intervals during 12 months for each
tracking option between Nov-2011 and Feb-2014. It should be
mentioned that G and DNI are measured by means of a
Kipp&Zonen™ CMP21 pyranometer and a Kipp&Zonnen CHP 1
pyrheliometer, respectively, whereas, in order to register the
spectral irradiance distribution (El), three EKO™ MS700 spectror-
adiometers were used. The spectral irradiance distribution has



Table 1
Annual average figures of some relevant meteorological parameters recorded in Ja�en over 30 years [32].

Horizontal irradiation
(kWh m�2)

Tamb

(�C)
Minimum
Tamb (�C)

Maximum
Tamb (�C)

Relative
humidity
(%)

Accumulated
rainfall (mm)

Barometric
pressure (hPa)

1788 16.9 11.4 22.4 63 558 954.1

Fig. 3. Total DNI collected in Ja�en arranged in different intervals.

R. García et al. / Renewable Energy 101 (2017) 1169e11791172
been measured from 350 nm up to 1050 nm with a wavelength
resolution of approximately 3 nm; therefore, the measurement
range of this device determines these wavelength limits.
4. Results and discussion

The spectroradiometers were installed in Ja�en which has a high
irradiation profile with an approximate annual average daily hori-
zontal global irradiation of 5 kWh$m�2 and direct normal irradia-
tion of 6 kWh$m�2 [35]. Nevertheless, these values may vary
depending on the estimation methods, input data and base years
[37]. In Fig. 3, the DNI radiation collected in Ja�en during the ana-
lysed period (from March 2013 to February 2014), can be observed
Fig. 4. DNI configuration: Relative frequency and direct n
in percentage terms. It shows that most of the irradiation is
collected at high levels of DNI, mainly between 800 and
900 W m�2.

The spectral irradiance results obtained in the periods consid-
ered, corresponding to the tracking configurations proposed (DNI
tracker, Gl tracker and Gl fixed), are analysed in detail in the
following subsections.
4.1. Spectral irradiance distribution. Characterization

4.1.1. Analysis of APE values and solar irradiation by APE intervals
In this subsection, the spectral irradiance related to several APE

intervals is analysed according to the data measured in the selected
location. In the following figures, the relative frequency distribu-
tion of APE (%) is described, together with the distribution of the
collected irradiation (kWh$m�2) for each of the tracking options
selected, that is, DNI tracker, GI tracker and GI fixed. In these cases,
the results are shown as a fraction of APE, with a class width of
0.02 eV.

The DNI tracker option results are shown in Fig. 4, where it can
be observed that both the highest percentage of APE values and the
annual solar irradiation were achieved in the 1.82e1.84 eV interval.
Around 31% of APE values falls within this range where the direct
normal irradiation value raised up to 771 kWh$m�2. Besides, this
figure shows that the largest percentages and irradiation figures are
distributed between 1.78 eV and 1.86 eV.

If the analysis is focused on the GI tracker configuration, Fig. 5
shows a slight shift to higher APE values. The highest percentage
of APE and irradiation figures are located in the range 1.86e1.88 eV,
where it is gathered 27% of APE values and 843 kWh$m�2 of global
irradiation is measured.

Finally, the Gl fixed option analysed in Fig. 6 reveals that the
highest values are collected in the same interval as the GI tracker
(1.86e1.88 eV), but it should be paid notice that they are larger as
ormal irradiation distributions as a fraction of APE.



Fig. 5. GI tracker configuration: Relative frequency and global irradiation distributions as a fraction of APE.
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49% of APE values and 1143 kWh$m�2 of global irradiation is achieve
in this interval. Moreover, a big difference between the interval
1.86e1.88 eV and the other ones can be observed. There is a tighter
distribution where most data are condensed at higher APE values.

It must be highlighted that higher collected irradiation levels
take place in APE classes at which higher relative frequencies occur.

4.1.2. Monthly variation of APE
Once the APE values have been characterized in terms of fre-

quency percentage and annual solar irradiation, an analysis of the
monthly variation and their annual mean value for each tracking
option should be undertaken. In this direction, Figs. 7e9 provide
these values, which have been generated based on approximately
23000 data points measured for each figure.

Fig. 7 shows the maximum, minimum and average monthly APE
values for the DNI tracker option in the period analysed (March
2013eFebruary 2014). The maximum APE value was registered in
Fig. 6. GI fixed configuration: Relative frequency and g
September while the minimum one was obtained in May, resulting
1.95 eV and 1.52 eV respectively. The monthly mean APE values
have been averaged for the complete year analysed resulting in an
annual mean value of 1.8 eV. For this calculation, Equation (2) has
been applied:

APE ¼
Pn

i¼1 APEi$ðG or BÞiPn
i¼1 ðG or BÞi

(2)

On the other hand, Fig. 8 shows the maximum, minimum and
average monthly APE results for the Gl tracker configuration,
whose measurement period analysed is comprised between
November 2011 and October 2012. The maximum value reached
2.05 eV, which was recorded in May, whereas the minimum value
measured was 1.59 eV (February). In this period and for this
tracking configuration, the average annual value of APE was
1.84 eV.
lobal irradiation distributions as a fraction of APE.



Fig. 7. Maximum, minimum and average monthly APE values for DNI tracker configuration.
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Lastly, the GI fixed configuration results showed in Fig. 9
reveal that for the period considered (January 2012eDecember
2012), the maximum APE value was registered in May, achieving
2.01 eV whereas the minimum value, 1.86 eV, was recorded in
February. When averaging the results in an annual term, it is
shown that the annual mean value of APE for the GI fixed
configuration is 1.86 eV.

Prior to a detailed comparison of the data among the configu-
rations proposed, it is remarkable that the range of variation be-
tween maximum and minimum monthly APEs for DNI and Gl
tracker options is larger meanwhile the monthly differences for Gl
fixed configuration are smaller.

In this section, the most remarkable result is that the monthly
Fig. 8. Maximum, minimum and average month
mean value of APE in all three options is between 0.02 and 0.08 eV
below the APE mean value for the AM1.5 standard solar spectrum,
either global or direct depending on the analysed option. The APE
value for the AM 1.5D standard solar spectrum is 1.88 eV, whereas
for the AM 1.5G standard solar spectrum is 1.85 eV, so the experi-
mental results exhibits that red-rich spectra prevails in the
Southern location chosen (Ja�en).
4.2. Spectral irradiance distribution. Comparison

In this section, the results of the three configuration studied in
the previous section are inter-compared.
ly APE values for Gl tracker configuration.



Fig. 9. Maximum, minimum and average monthly APE values for Gl fixed configuration.
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4.2.1. Analysis of APE values and solar irradiation by APE intervals
It could be distinguished from Figs. 4e6, a slight shift to higher

APE values when analysing from DNI and GI tracker options to GI
fixed one. This trend is more noticeable when clustering those
figures as it is observed in Figs. 10 and 11, where the percentage of
APE and irradiation values grouped by APE intervals are shown
Fig. 10. APE values percentages obtai
respectively.
From these figures, it can be seen that the DNI tracker option has

most values below 1.84 eV, while the Gl ones (tracker and fixed)
options are mostly distributed below 1.88 eV, so the increase in the
incident angle of the collected sunlight results in a shift in the
spectrum towards “blue-rich” area.
ned for the three configurations.



Fig. 11. Irradiation values measured obtained for each configuration.

Table 2
Average APE normalised to the irradiance value for each of the
three configurations analysed.

Option Average APE normalised to
irradiance value

DNI tracker 1.80 eV
Gl tracker 1.85 eV
Gl fixed 1.86 eV

Fig. 12. Maximum, minimum and average monthly APE values for each of the three configurations.
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4.2.2. Monthly variation for APE
Likewise the previous section, in the following picture (Fig. 12)

there is a combined comparison of the maximum, minimum and
averagemonthly APE values for the three configurations. According
to these experimental data, it must be highlighted that the DNI
tracker option has lower APE values than the other ones, thus,
resulting in a red-shifted spectral measurement. The explanation
for this value comes from the fact that when analysing DNI irra-
diance data versus global ones, the diffuse and albedo component
of the irradiance are not taken into account, which would shift the
spectrum to the blue region, that is, a more energetic area.
Therefore, the solar spectrum for the DNI tracker option is redder
and so APE is lower.
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Finally, if Equation (2) is used to calculate the irradiance-
weighted average APE, it can be observed that highest average
APE corresponds to GI fixed configuration, followed by a similar
value when considering the GI tracker, whereas the lowest level of
APE is produced by the DNI tracker option (see Table 2).

4.3. Correlation between spectral distribution and solar irradiance

In order to analyse possible correlations between the spectral
distribution and solar irradiance values, there is a comparative
hereafter shown in Figs. 13e15.

For each solar spectrum measured, an APE has been calculated
and there is an irradiance value, either in global or direct normal
terms, which correspond to the APE value calculated. These pairs of
values are plotted for each month and similar figure to the ones
shown in pictures 13 to 15 are obtained. In this case, an arbitrary
month (April) has been chosen, although these results were similar
for the rest of months.

If the APE versus direct normal irradiance (DNI) is plotted, the
results pictured in Fig. 13 are obtained. For APEs between 1.50 and
1.60 eV, irradiance is always below 500 W m�2. For APEs between
1.60 and 1.70 eV, irradiance is always below 800 W m�2. For APEs
above 1.70 eV, irradiances between 500 and 1000 W m�2

predominate.
On the other hand, Fig. 14 shows the relationships between APE

and global irradiance for the Gl tracker option. In this case, APE
values between 1.60 and 1.70 eV correspond to a global irradiance
which is always below 700 W m�2. For APEs between 1.70 and
1.80 eV, irradiance is no greater than 1000 W m�2, and those APE
values above 1.80 eV, the irradiance is mostly concentrated in the
800e1200 W m�2 interval.

Finally, if the global irradiance is analysed in terms of APE for the
Gl fixed option, it can be observed (Fig.15) that mostmeasurements
are gathered between 1.80 and 1.90 eV.

It can be noticeable that low values of APE always take place at
low levels of irradiance. These specific low irradiance data are
related to high values of optical air mass (OAM), which correspond
with the early and late hours of the day. Consequently, larger
wavelengths (red area) are enhanced. Nevertheless, high values of
Fig. 13. Direct Normal Irradiance versus A
APE occur at both high and low irradiance levels, therefore high
irradiance values imply clear skies in which spectra are shifted to
shorter wavelengths, that is, more energetic region (blue area).
Likewise, low irradiance levels which take place under overcast
conditions lead to “blue-rich” spectra, owing to the absorption by
water vapour at longer wavelengths.

5. Conclusions

The results exposed in this paper are particularly important
because they provide real spectral measurements and APE values
for a sunny inland climate, so that the solar spectrum in this type of
climate is characterized. Therefore, it contributes to fill the scarcity
of outdoor real data. Additionally, these spectral measurements and
APE values are taken for different tracking options, thus this paper
additionally provides knowledge about the solar spectrum char-
acterization under different tracking options using APE as indicator.

The immediate conclusion is that all mean values of APE for
everymonth of the three tracking options studied in this document,
are below the APE value corresponding to the AM1.5 standard solar
spectrum, either considering the global or direct term. It means
that red-shifted spectra predominate in the Southern location
chosen (Ja�en). The range of variation between maximum and
minimum APEs for an individual month is much higher for those
optionswhich include a trackingmechanism,whereas the variation
is not so broaden for fixed ones.

If the results of all the configurations are inter-compared, a
similar behaviour has been observed independently the systems
studied (with or without tracking mechanism). It is referred to the
fact that low values of APE always take place at low irradiance
levels, while high values of APE may appear at indistinctly both
high and low irradiance levels. High APEs with low irradiance
match with cloudy days as a consequence of the “red spectral”
absorption of the clouds, thus, resulting in a shift of the spectrum to
the blue region. Consequently APE values are higher.

The configuration which covers the direct spectrum has lower
APEs than those options which analyse the global spectrum. The
explanation for that phenomenon is due to the fact that the direct
irradiance does not consider diffuse and albedo components, which
PE for the DNI tracker configuration.



Fig. 14. Global Irradiance versus APE for the Gl tracker configuration.
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would shift the spectrum to the blue region. This trend has also
been corroborated with the average APE normalised to the irradi-
ance values, where the following results were obtained: 1.80 eV for
DNI tracker, 1.85 eV for Gl tracker and 1.86 eV for Gl fixed.

An important conclusion is that the prevailing red-rich GI fixed
spectra in Ja�enmakes this site especially suitable for single junction
materials with large absorption band such as CIGS and c-Si.

Furthermore, GI tracker spectra are, on average, slightly redder
than GI fixed ones. Consequently, if c-Si modules are used for a
certain PV system, spectral gains with 2-axis tracking will be higher
than those achieved with a fixed arrangement of such modules.

Finally, concerning CPV technology, APE values of 1.80 for DNI
Fig. 15. Global irradiance versus APE
tracker show that the spectra in Ja�en can be characterized by low-
medium values of precipitable water and a clear atmosphere with
very low levels of aerosol optical depth (AOD). So that, the city of
Ja�en, with a high annual average daily direct normal irradiation of
around 6 kWh$m�2, is a site especially suitable for the installation
of this technology.

As a mayor conclusion, the approach used in this paper could be
valuable, mainly to those PV systems based on thin-film technol-
ogies and CPV, which in comparison to traditional PV systems
based on Silicon, they have been widely proven to be extremely
dependent on the variations of the spectrum. Therefore, spectral
data based not only on simulations but on real measurements on
for the Gl fixed configuration.
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the ground could be very clarifying and useful for further scientific
works and even for the CPV and Thin-Film industry.
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Glossary

F (l) spectral photon flux density [m�2$mm�1$s�1]
l1, l2 lower and upper wavelength limits [nm]
AM 1.5 Air Mass
AOD Aerosol Optical Depth
APE Average Photon Energy
APE Annual irradiance weighted average value of APE
CdTe Cadmium Telluride
CIGS Copper indium gallium selenide
CPV Concentrating Photovoltaic
CSP Concentrated Solar Power
DNI Direct Normal Irradiance
DNI tracker Direct Normal solar spectrum on a 2-axis tracking

system
El (l) spectral in-plane irradiance [W$m�2$mm�1]
eV electronvolts
GI Global Irradiance
Gl fixed Global solar spectrum on a fixed south facing tilted

surface
Gl tracker Global solar spectrum on a 2-axis tracking system
OAM Optical Air Mass
PV Photovoltaic
Si Silicon
STC Standard Testing Conditions
Tamb Ambient Temperature
UF Useful Fraction
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