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a b s t r a c t

To evaluate the solar resource at a site, the period of measurements analyzed must be as long as possible.
In solar radiation database, a quality control that identifies errors and labels the data by means of
different flags or indicators is fundamental. Reading and interpretation of flagged data can usually be
tedious due to the large numbers of data that have to be handled.

This article presents a new type of graphical representation that facilitates the identification and
interpretation of data quality by using their flagged values. These graphs represent the results of quality
control (QC) for up to one year of measurements with any recording frequency on the same graph,
making it easier to identify frequent errors such as incorrect timestamp. The utility of this visual tool to
identify the most common errors found in quality control of solar radiation data is exemplified by
applying it to the QC performed to 4 databases registered at different locations in Spain. The quality
control process followed the recommendations of the Baseline Solar Radiation Network (BSRN).

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The assessment of the solar resource, an essential activity in any
solar energy project be it commercial or not, relies on the avail-
ability of long time-series of solar radiation and other meteoro-
logical data (up to 30 years, according to the WMO
recommendations [1]). Ideally, these time-series should be the
result of on-site measurements. In many cases they are also
generated from satellite images using well-established methodol-
ogies and techniques, but these techniques frequently require the
use of on-site measured data for model adjustment.

Measuring solar radiation is not an easy task. In addition to the
uncertainty associated to the instruments used for this purpose,
solar radiation measurement requires careful operation and
maintenance (O&M) of the measurement station to avoid or
minimize the effect of other sources of error. In this context, quality
control and assessment of solar radiation measurements is essen-
tial, but this task can be tedious and time-consuming when pro-
cessing large amounts of data if it is not as automated as possible.
ngineering, Escuela T�ecnica
de los Descubrimientos, s/n.

ejera).
Two main types of errors can affect the measurement of solar
radiation: specific sensor errors, mainly related to device quality,
and operation and maintenance errors. Muneer and Younes [2,3]
describe both types of errors and consider the most usual sources
of error to be associated to the sensor itself and its construction.
These inherent and sometimes systematic sensor errors add un-
certainty to the measurements. These authors cite studies esti-
mating these uncertainties. Other authors estimate the uncertainty
associated with improper sensor maintenance. Geuder and
Quaschning [4] provide experimental values for the effect of soiling
on sensors, suggesting that the uncertainty depends on the sensor
and site-specific characteristics. In some cases the uncertainty
associated to some measurement errors cannot be propagated to
the measurements and these errors must be identified and cor-
rected because their effect could be of the same order of magnitude
as the measurement itself. Errors of this type are usually due to
improper use or incorrect operation of the sensor or the mea-
surement station. Incorrect timestamp of recorded measurements
is a frequent error that falls in this category. If these errors are not
identified and, if possible, corrected, they could affect the evalua-
tion of the solar resource resulting in significant deviations. Small
differences in the solar resource assessment can be decisive for
considering a project economically feasible or not [5]. Thus, it is
essential to perform a quality assessment of solar radiation data
before using them.
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There are many procedures and tools for quality assessment of
solar radiation data. Some of the procedures described in the
literature concentrate on filtering global horizontal radiation data
only [6e9], but there are also procedures that include diffuse [2,3]
and direct radiation [10e15]. The best known of them use tests
based on the comparison with the physical limits or extreme
observed values of the solar radiation components under clear and
overcast skies [6,14,16], and filters based on the physical relation-
ship between global, direct and diffuse values [11e14] when they
are available. Other tests proposed by some authors are based on
the graphic representation of indices defined as ratios between one
component and its physical maximum as the clearness index, the
diffuse ratio or the beam transmittance index [2,3,10,14,15]. These
tests usually graph a beam or diffuse ratio versus the clearness
index, defining envelopes that identify outliers based on statistical
analysis or the comparison with models that simulate different sky
conditions. Additionally, the visual inspection of the graphical
representation of the data registered versus time (daily curves) by
an experienced user permits the identification of possible errors.
Most of procedures propose labeling every record with flags, which
provide information about the results of the tests. Handling of this
information is often cumbersome, especially when huge amounts
of data are to be processed.

This work presents a quick way to display and process the flags
resulting from quality controls by means of a graphical represen-
tation. For this purpose, the most significant results by applying the
BSRN test [17] at four different sites are shown. This visual tool
makes it possible to quickly acquire a precise overall idea of the
quality of up to one year's measurements regardless of their
recording frequency. It also facilitates identification of errors from
improper use of equipment (such as timestamp errors or incorrect
illumination of sensors) in just one figure. The figures proposed
illustrate the results found in the different stages of QC procedures
graphically using a color code (in web version).

The results shown are part of the validation studies done for the
series generation procedures proposed in the context of the
development of the standard, “Solar Thermal Power Plants; Pro-
cedure for Generating a Representative Solar Year,” elaborated by
the Spanish Association for Standardization and Certification
(AENOR) and presented to the IEC/TC-117 as a proposal for the
standard. According to this standard, the data for construction of a
Representative Solar Year (RSY) must undertake a prior QC
Fig. 1. Location of the meteorological stations.
procedure. The data maintenance plan recommended by the
Baseline Solar Radiation Network published in September 2013 [17]
was selected from the experiences in quality control reviewed.

2. Databases

Data from four measurement stations located at different sites
throughout Spain (Fig. 1) were used. Table 1 shows the location and
environment, frequency of recording, maintenance characteristics
and recording period of each station. Solar radiation sensors were
all thermopile-based.

3. Methodology

Data processing was done with specific programs developed in
Matlab following a similar sequence in all cases but adapted spe-
cifically to the characteristics of the different data files. The pro-
cedure included preprocessing of data for format homogenization
and detection of recording anomalies. The QC was applied to the
database and every data was flagged automatically. The results
were analyzed by means of a useful type of graph that helps to
speed up the process.

3.1. Quality control of original data

The quality control procedure applied in this work follows the
BSRN recommendations published by the World Meteorological
Organization [17]. This procedure proposed by Long and Dutton
[18] consists of a sequence of three tests to check whether the data
are within the limits set. Data that do not comply with the re-
strictions of any of the limits are flagged with the number of the
previous test and the following is not applied to them.

The first test is called “Physically Possible Limits”, and is applied
independently to each of the three variables global horizontal
irradiance (Ig0), diffuse horizontal irradiance (Id0) and direct normal
irradiance (Ibn). This consists of imposing some basic not-very-strict
physical limits:

�4W
.
m2 < Ig0 < ICS$ε0$1:5$ðcosqzÞ1:2 þ 100 W

.
m2 (1)

�4W
.
m2 < Id0 < ICS$ε0$0:95$ðcosqzÞ1:2 þ 50W

.
m2 (2)

�4W
.
m2 < Ibn < ICS$ε0 (3)

where ICS is the solar constant, ε0 the SuneEarth distance correction
factor and qz the solar zenith angle.

The data which fail to pass this test, should not be considered
valid and are flagged with “0” (zero). No other test is applied to
these flagged data.
Table 1
Description of data processed.

Province Source Environment Maintenance Recording
interval

Period

Navarre CENER Urban HIGH 1-min 01/01/10 to
12/31/12

Soria CIEMAT Agricultural LOW 5-min 10/14/05 to
04/30/13

Seville DEVELOPER Agricultural HIGH 1-min 01/01/11 to
12/31/12

Almeria DLR Agricultural MEDIUM 1-min 06/26/02 to
12/31/12
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The second test is called “Extremely Rare Limits”. This test has
more restrictive limits than the one above:

�2 W
.
m2 < Ig0 < ICS$ε0$1:2$ðcosqzÞ1:2 þ 50W

.
m2 (4)

�2 W
.
m2 < Id0 < ICS$ε0$0:75$ðcosqzÞ1:2 þ 30W

.
m2 (5)

�2 W
.
m2 < Ibn < ICS$ε0 $0:95$ðcosqzÞ0:2 þ 10W

.
m2 (6)

The data outside of these limits are flaggedwith “1” andmust be
analyzed before being discarded, since they could be the result of
occasional phenomena.

The third and most restrictive test is called, “Comparisons”. This
test evaluates two relationships. In the first relationship, measured
direct global irradiance is compared with the value calculated from
its measured components. The tolerance in this test depends on the
value of the zenith angle, as shown in the equations below.

��Ig0
�ðId0 þ Ibn$cos qz Þ

��<1:08 for qz <75� (7)

��Ig0
�ðId0 þ Ibn$cos qzÞ

��<1:15 for 93> qz >75� (8)

This condition can only be applied to records in which the
calculated global irradiance is over 50 W/m2. In this study, data
below 50 W/m2 were considered to comply with the third test if
and only if all three variables had complied with the second.

The second relationship checks that the diffuse percentage of
global radiation is not over specific limits:

Id0
�
Ig0 <1:05 for qz <75� (9)

Id0
�
Ig0 <1:10 for 93> qz >75� (10)

This condition can only be applied to records in which the
measured global irradiance is over 50 W/m2. When lower, the
condition imposed is that both GHI and DHI data must have passed
the second test to be able to pass the third.

Data that comply these conditions are flagged with “3”, other-
wise with “2”. All data flagged with 3 are considered valid. The
others should be analyzed to identify the problem.

BSRN quality control tests 1 and 2 impose independent limits on
each variable. However, the third procedure imposes two different
conditions in which more than one component is used. In this
study, GHI and DNI measurements are considered to comply with
the third test when they are within the limits defined in Equations
(7) and (8). The third test cannot be applied if any of the three
variables has not passed the second test. For the DHImeasurements
to comply with the third test they must be within the limits set in
Equations (9) and (10).
Fig. 2. “At a glance” representation of BSRN-based quality control results.
3.2. Timestamp test and quality control flags reading

The uncertainty associated to solar radiation measurements is
mainly related to the quality of the sensor. There are also other
issues related to inadequate installation, operation and mainte-
nance of the sensors that may add uncertainty to themeasurement.
Some of them, like incorrect timestamp or deficient installation of
wiring could be as large as the measurement itself. This type of
errors cannot be associated with uncertainty in measurement, but
must be identified and corrected or eliminated.

Correct timestamping of solar radiation records is essential to
their later use. A slow or fast clockmay affect quality control results
and any later calculation to be performed to simulate solar system
performance. To identify incorrect timestamps, Ineichen [15] sug-
gests plotting the global clearness index and the beam clearness
index versus the solar height on clear days, using a different color
for records before and after solar noon. Thus, correct timestamp is
evaluated by checking the symmetry of the points. This method is
very sensitive to shifts of a few minutes, but when representing a
complete year, the identification of the period when the shift was
recorded is an awkward task.

A differentmethod is proposed in this study to identify incorrect
timestamps (shifts) and at the same time have an overall idea of the
quality of the data. This method consists of graphing the flags
resulting from the quality control of every variable for a large
period in a single graph such as the example shown in Fig. 2.

In this figure, the flags of every day are represented by a vertical
line with as many points as number of observations have been
recorded. The lines of sunrise, sunset and solar noon throughout
the year are included for reference. This lines help to identify the
timestamp errors in the recorded data, as will be seen in Section
4.5. This type of graph allows for representation of any number of
days. In this work, the graphs display periods of one year, as shown
in the horizontal axis.

This example shows the results for the GHI measurements
recorded during 2010 at the CENER station. The recording interval
at this station was 1 min, which means 1440 total daily observa-
tions (see vertical axis). The color of every point informs about the
last test passed by every data. In Fig. 2, not all the points are in
orange (flag ¼ 3) meaning that not all the data pass the three BSRN
tests. One period flagged in yellow and other flagged in turquoise
during the nighttime can be appreciated. Data from the yellow
period have passed until the second test (flag ¼ 2) and data from
the turquoise one haven't passed any test (flag ¼ 0). The horizontal
axis scale helps to identify the periods with different flags. This
figure will be analyzed more deeply in Section 4.3.

In addition, if all three variables are available, it is suggested that
the GHI measured values be plotted over GHI calculated from its
components (see first graph in Fig. 3). Two lines representing de-
viations of ±8% between measured and calculated values are
plotted for reference. This graph assists in identifying and quanti-
fying some errors such as will be seen below.
4. Results

The results from the quality control for every station were
represented and analyzed. Some of the most interesting graphics



Fig. 3. Annual plots of quality control results for the Almería station data in 2012.
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illustrating the identification of frequent errors are presented and
discussed in this section.

4.1. Good maintenance

The four graphs proposed for a quick evaluation of the QC results
of a solar radiation database are displayed in Fig. 3. In this case, the
QC results of the PSA data are analyzed. The first graph represents
the GHI measured values in 2012 versus GHI calculated from its
components. The other three graphs (one per each variable) show
the results of the QC of the PSA database in 2012 with the format
and color-coding described in Section 3.2. This stationwas correctly
and carefully maintained and operated. As results show, practically
all of the data from the three variables pass the three tests and GHI
values measured are very similar to estimated (Fig. 3).

4.2. Dust on sensors

The results of the quality control of the Seville data for 2011
(Fig. 4) show that most of the data pass all three tests, except in
isolated cases. Most of these occur during two different periods: a
period of daytime data in August and another one near sunset
Fig. 4. Annual plots of quality control re

Fig. 5. Daily graphs for the Seville station before, during and after a dust episode. All figures
time. (For interpretation of the references to colour in this figure legend, the reader is refe
during themonths of September and October. During these periods,
Test No. 3 fails. The observation of the graphic that compares
estimated GHI to measured GHI in Fig. 4, suggests that the errors in
these periods are not very large.

A visual inspection of the daily curves for August (Fig. 5) sug-
gests a possible cause for the errors during this period. The data
for August 17 (first graph) pass all 3 tests. This was a very hazy day,
due to very high content of aerosols (dust) in the air that results in
increased DHI and reduced DNI. Soiling on the sensors usually
increases during these episodes, affecting the measurements. This
is illustrated with the graph for August 30, where many of the
records fail to pass Test No. 3. A few days later (September 5) the
sensors had been likely cleaned and all the variables pass all the
QC tests.
4.3. Offsets

Fig. 6 shows the quality control results for data from the CENER
station in Pamplona (Navarre) for the year 2010. It may be observed
how in different periods, DHI and GHI appear flagged as physically
impossible (flag ¼ 0) during nighttime. For instance, in the case of
DHI and according to Eq. (2), this representation informs us that
sults for Seville station data in 2011.

show GHI (blue), DNI (red), DHI (turquoise) and extraterrestrial irradiance (black) over
rred to the web version of this article.)



Fig. 6. Annual plots of quality control results for Navarre station data in 2010.

S. Moreno-Tejera et al. / Renewable Energy 78 (2015) 531e537 535
values below �4W/m2 or over 50 W/m2 are being recorded during
the period (turquoise colored area in the graph).

A review of the numerical values of DHI for this period shows
that they are negative and slightly lower than the limits set in Test 1.
These offsets may be due to infrared irradiance losses in the pyr-
anometers during the night [20]. There are procedures in the
bibliography for correcting this type of error [21]. As a consequence
of the application of the procedure described above, Test No. 3
Fig. 7. Annual plots of quality control
(“Comparisons”) cannot be applied to GHI or DNI data during these
periods.

4.4. Changes in recording frequency

Fig. 7 shows the most significant results of quality control
applied to the Soria station data. Of all the stations, the Soria station
is the one that had the least maintenance and this is reflected in its
results for the Soria station data.



Fig. 8. Daily graphs for the Soria station showing likely tracking errors in the pyrheliometer. In each of the figures GHI (blue), DNI (red), DHI (turquoise) and extraterrestrial
irradiance (black) are plotted over time. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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results. In the first row of this figure (2005), thick horizontal tur-
quoise stripes appear among the orange valid data (thin orange
lines) in the first month, showing that at those times there was
nothing recorded. During the first month, datawere recorded every
30 min and then every 5 min. These turquoise stripes disappear
with the change in recording interval to 5 min. This kind of graph
allows for representation of quality control information for data
recorded at varying intervals.

4.5. Timestamp error

The most outstanding observation in the graphics from Soria
station is a two-hour time shift from the beginning of the period to
mid-2009. As a result of this shift, the data up to 2009 show an
asymmetric image of its results shifted two hours with respect to
solar noon. These images show how all the GHI, DNI and DHI data
do not pass Test No. 3 most of the days, DNI data from around
sunset do not past the second test either, and DHI and GHI data do
not pass any of the tests. The data up to mid-2009 were recorded in
UTC þ 2 and afterwards in UTC.

Once the clock is corrected this asymmetry disappears, and from
there to the end of the period, most of the data for the three vari-
ables pass at least the second test.

4.6. Tracker alignment error

Other frequent error is detected in the Soria results during the
middlemonths of 2010. In this period, the graphs of Fig. 7 show that
GHI and DNI values don't pass Test No. 3. In addition, the com-
parison of estimated GHI to measured GHI informs us on that the
estimated GHI (calculated from the DNI and DHI values) is much
lower than measured. In this case, Fig. 8 shows that the
Fig. 9. Daily plots showing the “magnifying glass effect”. All figures show GHI (blue), DNI (re
of the references to colour in this figure legend, the reader is referred to the web version o
pyrheliometer is not measuring correctly due to incorrect tracking
since approximately midday of May 16. This situation was only
corrected on August 20.

5. Discussion of results

The examples presented in this work show that the most
typical error can be detected with this new type of flags repre-
sentation from the BSRN quality control. This graph allows for a
quick assessment of a large database, whatever the period or
quality control procedure, as long as the records are labeled with
flags. Furthermore, measurements recorded with different fre-
quency can be assessed in the same graph making easier this
task.

In relation to the BSRN procedure two issues should be stressed.
The first one is that most of the records affected by the “lens effect”
pass the second test, since the upper limit imposed for GHI allows
for values of 1400 W/m2 at times near solar noon. This effect, also
known as the magnifying glass or enhancement effect [19], occurs
when scattered clouds passing near the apparent location of the
Sun reflect part of the radiation onto the sensor. In these situations,
global radiation recorded could be higher than the extraterrestrial
irradiance. This phenomenon, which has been widely reported at
latitudes near the tropics, may also be present at higher latitudes
[19]. Thus, these values are not considered “extremely rare”. Fig. 9
shows several examples.

The condition imposed by the third BSRN procedure is based on
a relative comparison. As a result, this comparison is stricter for low
values of GHI, making it the more restrictive test on very cloudy
days on which DNI is practically zero. The pyranometers have to be
very well calibrated to comply with Test No. 3 under these
conditions.
d), DHI (turquoise) and extraterrestrial irradiance (black) over time. (For interpretation
f this article.)
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6. Conclusions

This article proposes and presents a new type of graphical
representation of the results of quality control of solar radiation
measurements. This method is based on plotting color-coded
quality control flags for each variable during a certain period of
time on the same graph, regardless of the recording frequency. This
overall representation of the results facilitates the identification of
errors that cannot be associated with the uncertainty of the mea-
surements, and therefore, must be corrected or eliminated. This
visual tool was used to examine the results of the quality control to
four databases recorded at four stations in Spain, applying the
procedures recommended by the BSRN. The examples presented in
this paper show that the proposed representation is useful to find
and identify frequent errors such as time shifts (incorrect time-
stamps of records), changes in recording frequency, misalignment
of pyrheliometers, or nighttime and daytime offsets.

This type of graph makes it possible to represent the results of
any quality control procedure that labels the data bymeans of flags,
regardless of the variables considered.
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Glossary

Ig0 global horizontal irradiance
Id0 diffuse horizontal irradiance
Ibn direct normal irradiance
ICS solar constant
qz Zenith angle
ε0 SuneEarth distance correction factor

References

[1] World Meteorological Organization. Technical regulations. Basic documents
N�2. Volume I e General meteorological standars and recommended practices
(WMO-No 49). 2011.
[2] Muneer T, Fairooz F. Quality control of solar radiation and sunshine mea-
surements e lessons learnt from processing worldwide databases. Build Serv
Eng Res Technol 2002;23(3):151e66.

[3] Younes S, Claywell R, Muneer T. Quality control of solar radiation data:
present status and proposed new approaches. Energy 2005;309:
1533e49.

[4] Geuder N, Quaschning V. Soiling of irradiation sensors and methods for soiling
correction. Sol Energy 2006;80:1402e9.

[5] Ratings Fitch. Rating Criteria for solar power projects. Utility-scale photovol-
taic, concentrating photovoltaic, and concentrating solar power. 2013. Global
Infrastructure & Project Finance.

[6] Geiger M, Diabate L, Menard L, Wald L. A web service for controlling the
quality of measurements of global solar irradiation. Sol Energy 2002;73:
474e80.

[7] Moradi I. Quality control of global solar radiation using sunshine duration
hours. Energy 2009;34(1):1e6.

[8] Tang W, Yang K, He J, Qin J. Quality control and estimation of solar radiation in
China. Sol Energy 2010;84(3):466e75.

[9] Mir�as-Avalos JM, Rodríguez-G�omez BA, Meizoso-L�opez MC, Sande-Fouz P,
Gonz�alez-García MA, Paz-Gonz�alez A. Data quality assessment and monthly
stability of ground solar radiation in Galicia (NW Spain). Sol Energy 2012;86:
3499e511.

[10] Maxwell E, Wilcox S, Rymes M. Users manual for SERI QC software,
assessing the quality of solar radiation data. Report No. NREL-TP-463e5608.
1617 Cole Boulevard, Golden, Colorado: National Renewable Energy Labo-
ratory; 1993.

[11] Hay JE. Solar radiation data: validation and quality control. Renew Energy
1993;3:349e55.

[12] Molineaux B, Ineichen P. Automatic quality control of daylight measurements:
software for IDMP stations. Technical report: guide to recommended practice
of daylight measurement. Vienna: Commission internationale de l'e

́

clairage;
1994. p. 34e42.

[13] Kendrick D, et al. Guide to recommended practice of daylight measurement.
Report no. CIE-108. Wein, Austria: International Commission on Illumination
(CIE); 1994.

[14] Journe�e M, Bertrand C. Quality of solar radiation data within the RMIB solar
measurements network. Sol Energy 2011;85(1):72e86.

[15] Ineichen P. Five satellite products deriving beam and global irradiance vali-
dation on data from 23 ground stations. University of Geneve; 2011.

[16] Shi GY, Hayasaka T, Ohmura A, Chen ZH, Wang B, Zha JQ, et al. Data quality
assessment and the long-term trend of ground solar radiation in China. J Appl
Meteorol Climatol 2008;47:1006e16.

[17] Update of Technical Plan for BSRN Data Management. Baseline Surface Radi-
ation Network. Global climate observing system. 2013. Available at: http://
www.wmo.int/pages/prog/gcos/Publications/gcos-174.pdf [accessed
21.05.14].

[18] Long CN, Dutton EG. BSRN Global Network recommended QC tests. V2.0. BSRN
Technical Report. 2002. Available at:, http://bsrn.awi.de/fileadmin/user_
upload/redakteur/Publications/BSRN_recommended_QC_tests_V2.pdf
[accessed 21.05.14].

[19] Tapakis R, G Charalambides A. Enhanced values of global irradiance due to
the presence of clouds in Eastern Mediterranean. Renew Energy 2014;62:
459e67.

[20] Philipona R. Underestimation of solar global and diffuse radiation measured at
Earth's surface. J Geophys Res 2002;107(22):15e21. 15e8.

[21] Younkin K, Long CN. Improved correction of IR Loss in diffuse shortwave
measurements: an ARM value added product. Atmospheric radiation mea-
surement program technical report, ARM TR-009. 2004. Available at:,
https://www.arm.gov/publications/tech_reports/arm-tr-009.pdf [accessed
21.05.14].

http://refhub.elsevier.com/S0960-1481(15)00049-X/sref1
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref1
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref1
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref1
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref1
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref2
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref2
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref2
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref2
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref2
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref3
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref3
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref3
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref3
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref4
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref4
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref4
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref5
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref5
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref5
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref5
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref6
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref6
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref6
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref6
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref7
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref7
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref7
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref8
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref8
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref8
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref9
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref9
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref9
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref9
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref9
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref9
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref9
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref9
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref9
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref9
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref10
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref10
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref10
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref10
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref10
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref11
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref11
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref11
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref12
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref12
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref12
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref12
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref12
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref13
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref13
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref13
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref14
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref14
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref14
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref14
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref15
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref15
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref16
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref16
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref16
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref16
http://www.wmo.int/pages/prog/gcos/Publications/gcos-174.pdf
http://www.wmo.int/pages/prog/gcos/Publications/gcos-174.pdf
http://bsrn.awi.de/fileadmin/user_upload/redakteur/Publications/BSRN_recommended_QC_tests_V2.pdf
http://bsrn.awi.de/fileadmin/user_upload/redakteur/Publications/BSRN_recommended_QC_tests_V2.pdf
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref19
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref19
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref19
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref19
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref20
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref20
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref20
http://refhub.elsevier.com/S0960-1481(15)00049-X/sref20
https://www.arm.gov/publications/tech_reports/arm-tr-009.pdf




Available online at www.sciencedirect.com
www.elsevier.com/locate/solener

ScienceDirect

Solar Energy 132 (2016) 430–441
Solar resource assessment in Seville, Spain. Statistical
characterisation of solar radiation at different time resolutions
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Abstract

The characterisation of the solar resource of a site is essential for different phases of solar energy projects. While only rough estimates
of yearly levels of solar irradiation (global or direct, depending on the technology) are needed in their very early stages, the required
depth of the assessment increases as the project advances, including long-term estimates that can only be obtained through a statistical
analysis of a continuous and long-term database of solar radiation measurements. This paper provides the results of a statistical analysis
of thirteen years of Global Horizontal Insolation (GHI) measurements and Direct Normal Insolation (DNI) measurements from Seville,
Spain (37.4�N, 6.05�W) at different time resolutions, i.e. from annual to nearly instantaneous (5-s). In addition, a new methodology for
gap-filling is proposed which keeps the frequency distribution of the original dataset and reduces the uncertainty of the aggregated values
(hourly, daily, monthly, yearly) due to the gaps. Some relevant results of this analysis are: (a) the instantaneous values of GHI and DNI
have bimodal distributions, although of different characteristics, in agreement with the results of some works developed in similar climate
locations; (b) the frequency distributions of the instantaneous and 10-min clearness index (kt) and beam fraction index (kb) are almost
identical, suggesting 10 min as a good time resolution for the simulation of Concentrated Solar Power (CSP) systems oriented to feasi-
bility analyses; (c) the distributions of hourly kt and kb values, show significant differences with respect to the instantaneous ones; (d) the
difference between the percentile 99 (P99) of the instantaneous GHI and its maximum value is very high, because of the enhancement
effect due to the cloud reflection, while for the DNI the corresponding values are much closer. The comparison with the results of other
locations of similar climates suggest that these results can be extrapolated, at least, to other locations of similar climates. Other, more
site-specific, results are: (a) the number of typical overcast days in summer is extremely low, while it takes its maximum value in
December, suggesting this month as the best for maintenance operations that require halting the operation of CSP plants; (b) the annual
mean daily values are 4.98 kW h m�2 for GHI and 5.68 kW h m�2 for DNI, with a low inter-annual variability and a greater monthly
variability which depends on the season. The monthly and yearly average values from Seville have been compared with three long-term
databases derived from satellite images. The best concordance in GHI values is found with NASA’s Surface Meteorology and Solar
Energy (NASA SSE), but NASA SSE provides significantly higher DNI values compared to the Seville database. A comparison of
one year of DNI and GHI measurements recorded at two locations, Durban (South Africa) and Abu Dhabi (United Arab Emirates),
with high solar potential is also addressed.
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Nomenclature

kt clearness index
kDtt clearness index of the aggregation time interval

Dt
kdt daily clearness index
kDtb beam fraction index of the aggregation time

interval Dt
kb beam fraction index

Ig0 horizontal global irradiance
Io horizontal extraterrestrial irradiance
Ics solar constant
e0 Sun-Earth distance correction factor
hz solar zenith angle
Ibn normal direct irradiance
In normal extraterrestrial irradiance
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1. Introduction

Characterising the solar resource of a site is essential for
different phases of solar energy projects. While only rough
estimates of yearly levels of solar irradiation (global or
direct, depending on the technology) are needed in their
very early stages, the required depth of the assessment
increases as the project advances, including long-term esti-
mates that can only be obtained through a statistical anal-
ysis. The statistical characterisation of the resource requires
long-term series of solar radiation measurements –between
6 and 30 years, depending on the researcher (Meyer, 2010;
Stoffel et al., 2010)– with different requirements in terms of
time resolution depending on the specific use or application
of the measurements. The time resolution of the solar radi-
ation data used for simulations may have a significant effect
on the results of feasibility analyses, depending on the
dynamics of the solar energy system under consideration
(Hirsch and Schenk, 2010). In the case of CSP plants,
where the most relevant variable is the DNI, some authors
(Cebecauer & Suri, 2015) suggest that the use of 10-min
averaged values is an appropriate choice for simulation ori-
ented to feasibility analyses. High-resolution instantaneous
data are required for the detailed analysis of transient pro-
cesses associated to cloud passages and certain operational
procedures, like plant start-up and shut-down.

Availability of ground-measured DNI databases with
long and continuous time coverage is scarce. Thus, it is a
common practice to derive DNI values from GHI measure-
ments or satellite-based estimates, which are more fre-
quently available. The synthetic generation of DNI series
from GHI should take into account the differences with
regards to the statistical distribution of these variables in
different time intervals (Boland et al., 2013; Dugaria
et al., 2015).

Different researchers have studied the statistical charac-
teristics of the solar radiation in different time intervals.
Early studies were focused on the analysis of daily values
mainly. The most relevant work was that by Liu and
Jordan (1960). Some other relevant studies analysed and/
or compared the distributions of hourly and instantaneous
values (Jurado et al., 1995; Olseth and Skartveit, 1989;
Skartveit and Olseth, 1992; Suehrcke and McCormick,
1988). Complete literature reviews about the statistical
characteristics of the solar radiation components in
monthly, daily, hourly and instantaneous resolution have
been published by Tovar-Pescador (2008) and Fernández-
Peruchena and Bernardos (2015). In the last years, the
analysis of the instantaneous behaviour of solar radiation
attracts special attention in the context of solar radiation
component modelling for simulation of solar systems
(Bright et al., 2015; Morf, 2013; Ngoko et al., 2014). On
the other hand, the analysis of monthly and annual solar
radiation values is addressed for quantifying and qualifying
the solar resource at a location. Examples of such studies
that analyse regions with promising solar potential are pre-
sented in (Bachour and Perez-Astudillo, 2014; Islam et al.,
2010, 2009; Zawilska and Brooks, 2011). Many of these
studies are based on data collected over relatively short
periods (less than 5 years).

Solar energy performance simulations need continuous
time-series of radiation data. It is very common to find
gaps, wrong time-stamps or improperly measured data in
a long solar radiation database (Kumar et al., 2013).
Designing and applying a good gap filling procedure is
not an easy task. A common procedure to estimate
monthly and annual values from time series with gaps is
to fill the missing days with the average values of the avail-
able days of the same month. This procedure may result in
inaccurate estimates, depending on the number of missing
days. Ogunsola and Song (2014) compares different
approaches based on the analysis of time series of solar
radiation and other meteorological variables for restoring
hourly solar radiation data. Other authors suggest a simple
linear interpolation when gaps are up 3 h and filling gap
with neighbouring data or data of the same day from other
years when the gaps are greater. The use of the solar radi-
ation components or data from a nearby station is consid-
ered the best option (Hoyer-Klick et al., 2009; Schwandt
et al., 2014).

In this work, a novel procedure for gap-filling, which
keeps the frequency distribution of the original dataset is
proposed. This procedure has been applied to 13 years of
DNI and GHI measurements from the radiometric station
of the Group of Thermodynamics and Renewable Energies
(GTER) of the University of Seville (Spain).

An analysis of the solar resource in Seville based on
this database is presented. The processed database is
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statistically characterised in instantaneous, 10 min, hourly
and daily time resolutions, providing results of hourly,
daily and annual average values as well as interannual vari-
ability of GHI and DNI. The study addresses some issues
of great interest for the feasibility analysis of CSP plants
and other solar energy projects. A comparison of the distri-
butions of hourly, 10-min and instantaneous values is
addressed to assess the differences and its potential use in
simulations of solar plants. In the case of monthly and
annual values, the aggregated values from the database
are compared with long-term datasets –based on satellite
images– provided by other public sources (CIEMAT,
2012; NASA, 2012; Sancho et al., 2012) including NASA
SSE database. Finally, a comparison of one year of DNI
and GHI measurements from Durban (South Africa) and
Abu Dhabi (United Arab Emirates) is presented
(Bachour and Perez-Astudillo, 2014; Islam et al., 2010,
2009; Zawilska and Brooks, 2011).

2. Experimental data

The data assessed in this study have been recorded by
GTER during the period 2000–20121, at the meteorological
station sited at the Engineering School of Seville with
geographical coordinates 37.40�N, 6.01�W. The station
collects DNI and GHI as well as data of other variables
data in 5-s intervals. The GHI measurements are recorded
with a Kipp & Zonen CM21 pyranometer and the DNI
measurements with an Eppley Normal Incidence
Pyrheliometer (NIP) mounted on the Kipp & Zonen 2AP
2-axis tracker. Both are secondary standard devices accord-
ing to ISO specifications. The hourly and daily uncertainty
specified by the manufacturer is ±2% in the case of the
GHI measurements and ±1% in DNI measurements
assuming a proper maintenance of the instruments. The
GTER station follows a maintenance and calibration
procedure according to the recommendations of the
instruments manufacturers. Solar radiation sensors are
calibrated every two years, approximately. Other measured
radiometric and meteorological variables are: diffuse
horizontal irradiance (DHI), global irradiance on a tilted
plane (37�), air temperature, relative humidity, speed and
direction wind, but they will not be analysed in this study.

3. Methodology

3.1. Quality control

A quality control process is essential before using any
solar radiation database for assessing the resource at a
location. The first step is the application of a visual tool
(Moreno-Tejera et al., 2015) to identify incorrect time-
stamps, gaps or incorrect measurements. This tool displays
1 Measurements from the period 2013–2014 are in the process of gap
filling. A high number of incidences occurred in the station during this
period. These measurements will be taken in account in futures studies.
the flags that result from applying the quality control
procedures recommended by the Baseline Solar Radiation
Network (BSRN). The second step is to identify and
characterise the gaps and a daily visual inspection of the
graphical representations of DNI and GHI with the
extraterrestrial horizontal irradiance (as a reference). With
the results of this step, the time stamp is corrected, if
necessary. Finally, the days are classified depending on
the cloudiness level (Lam and Li, 1996; Li and Lam,
2001; Maafi and Harrouni, 2003).
3.2. Gap filling

Gaps and incorrect data (including time stamp) are
usual in this kind of database (Kumar et al., 2013). How-
ever, detailed description about the process of identifica-
tion and replacement of missing or incorrect data is not
very common in the literature. The usual solution is
to discard these data in the analysis (Bachour and
Perez-Astudillo, 2014; Islam et al., 2010, 2009; Zawilska
and Brooks, 2011), although other options are available
(Ogunsola and Song, 2014; Schwandt et al., 2014). In this
work, data collected during 13 years were checked and
the gaps were filled following a procedure developed by
GTER, resulting in a complete high quality time series of
DNI and GHI. The gap filling procedure starts with a
classification of the days fulfilling to the data quality and
cloudiness level. The procedure is detailed in Table 1.

Correctable days are those where at least one of the
main variables (GHI or DNI) has been correctly recorded
or shows a gap of less than one hour in the last hour before
sunset or in the first hour after sunrise. These days have
been corrected using clear sky models mainly (Powell,
1984) and empirical decomposition models developed from
GTER measurements. These models are based on widely
recognised relations between the clearness index and the
beam fraction index (Iqbal, 1983; Skartveit and Olseth,
1992).

Discarded days are those that cannot be considered as
correctable after applying the criteria described above; so
measurements from nearby stations are used as a reference.
The database used for this purpose in this work is provided
by the Institute for Research and Training in Agriculture
and Fisheries (IFAPA) of the Junta de Andalucı́a (Regio-
nal Administration). This database is free and available
on the Web (Instituto de Investigación y Formación
Agraria y Pesquera, 2009). Thus, knowing the daily global
radiation from the closest IFAPA station, the discarded
day is replaced with another neighbouring day from the
GTER database with similar daily global irradiation (with
a tolerance of ±5%). This neighbouring day must be within
a range of ±5 days from the discarded day. The limit of
±5 days is set, because weather patterns often remain con-
stant over a period of 5 days and the sun position does not
deviate significantly in such a short period (Kumar et al.,
2013). If no neighbouring day from the same year meets



Table 1
Classification of days according to the level of correction and gap filling procedure applied in each case.

Correctable days Gap filling procedure

CASE 1. Correct measurements of GHI and DNI with a gap of 1 h or
less before sunset/after sunrise

CASE 1A. Cloudy day: linear interpolation

CASE 1B. Clear day: clear sky model
CASE 2. Correct and completed measurements of GHI. Wrong/Not

existing measurements of DNI
CASE 2. Empirical kt-kb decomposition model developed from GTER
measurements, if DHI is not available

CASE 3. Correct measurements of GHI with a gap of 1 h or less before
sunset/after sunrise. Wrong/Not existing measurements of DNI

CASE 3. Combination of cases 1 and 2

CASE 4. Correct and completed measurements of DNI. Wrong/Not
existing measurements of GHI

CASE 4. Empirical decomposition model developed from GTER
measurements, if DHI is not available

Discarded days Gap filling procedure

CASE 1. File not created The discarded day in the GTER database is replaced by another day’s solar
radiation from the station, assuming same accumulated daily radiations at
both GTER and IFAPA stations

CASE 2. Wrong measurements of GHI and DNI
CASE 3. Gap longerr than 1 h close to the sunrise/sunset in GHI and

DNI measurements
CASE 4. Gap longer than 30 min
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the irradiation condition, a day from another year is
chosen.

3.3. Statistical characterisation

The analysis of the GTER database pursues two objec-
tives: characterising the distribution of these variables in
high and medium time resolution and quantifying the solar
potential in low time resolution. The probability density
function of instantaneous datasets is compared with the
results of similar works published by other authors at other
locations. Then, a comparison between the PDFs of instan-
taneous, 10-min and hourly datasets is made. Two dimen-
sionless indexes are used in order to avoid the effect of the
deterministic patterns imposed by Sun position and
the Sun-Earth distance. The sky-clearness index kt and the
beam fraction index kb help characterise the state-of-the-
sky.

The kt index (Liu and Jordan, 1960) is defined as the
ratio of the GHI to the solar extraterrestrial irradiance
on horizontal surface I0:

kt ¼ Ig0
I0

¼ Ig0
Ics � e0 � cos hz ð1Þ

where Ig0 is the horizontal global irradiance, Ics is the solar
constant, e0 is the Sun-Earth distance correction factor and
hz is the solar zenith angle.

The beam fraction index, kb, is based on a similar con-
cept. This index is defined as the ratio of DNI Ibn to the
maximum irradiance available at the top-of-the-
atmosphere in normal direction In:

kb ¼ Ibn
In

¼ Ibn
Ics � e0 ð2Þ

Both indexes have been used in the literature in different
aggregation intervals (instantaneous, hourly, daily and
monthly). Depending on the aggregation interval Dt, the
indexes are denominated kt

Dt or kb
Dt, with the following

definitions:
kDtt ¼
R
Dt Ig0dtR
Dt I0dt

ð3Þ

kDtb ¼
R
Dt IbndtR
Dt Indt

ð4Þ

Following other authors (Iqbal, 1983; Kudish and Ianetz,
1996; Lam and Li, 1996), the daily clearness index kt

d is
used to classify the days according to the state of the atmo-
sphere (clear, cloudy, overcast).

Annual and monthly solar radiation values are often
used in the first steps of feasibility analyses of solar energy
projects. The gap-filling methodology helps reduce the
uncertainty due to the gaps in the datasets of the annual
and monthly solar radiation values. The monthly and
annual mean daily values of GHI and DNI for the period
2000–2012 have been obtained and compared with datasets
from others locations.

4. Results

4.1. Quality control

The results of the application of the BSRN quality con-
trol procedures are displayed and analysed by means of a
visual tool described in (Moreno-Tejera et al., 2015). This
methodology permits to identify incorrect time-stamps,
gaps or measurements that do not pass the BSRN tests
with the help of only two types of graphs for each year.
The left most graph in Fig. 1 represents the measured
GHI data versus the calculated GHI values from its com-
ponents, before gap filling, for the year 2001. The middle
and the rightmost graphs represent the value of the last
BSRN test passed by the GHI and the DNI data, respec-
tively, for the same year.

4.2. Gap filling

From the total recorded days during the period
2000–2012, only 9% were classified as discarded and 19%



Fig. 1. Quality control results of the year 2001 from the GTER database. The leftmost graph represents the measured GHI data versus the calculated GHI
values from its components. The middle and the rightmost graphs display the flags from the BSRN quality-control procedure of the GHI and DNI
measurements. The lines of the sunrise, solar noon and sunset (in blue colour) help analyse the results. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Probability density function of the clearness index and the direct transmittance index calculated from the database before and after the gap-filling
process.
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as correctable. The rest of the days (72%), were recorded
without any anomalies. The analysis of the probability den-
sity functions of the kt and kb indexes calculated from the
completed (after the application of the gap-filling proce-
dure) and the original databases shows (Fig. 2) that the
completed database keeps the statistical characteristics of
the original one, with no visible differences in either of
the indexes.

4.3. Statistical characterisation of instantaneous values

Several authors (Jurado et al., 1995; Skartveit and
Olseth, 1992; Suehrcke and McCormick, 1988; Tovar
et al., 1999, 1998; Varo et al., 2006; Woyte et al., 2007) have
analysed the instantaneous kt index, concluding to similar
results. The distribution shows a bi-modal character, more
pronounced as the optical air mass decreases. Notwith-
standing, similar studies developed in other locations show
an opposite behaviour (da Assunçao et al., 2003; Gansler
et al., 1995). A recent work (Fernández-Peruchena and
Bernardos, 2015) analyses 9 locations representative of
the main Köpen-Geiger classification climate (Peel et al.,
2006), revealing different behaviour as a function of the
climate.
In the Köpen-Geiger classification map, Seville is identi-
fied by the symbols ‘‘Csa”, corresponding to a temperate
climate with dry and hot summer. This specific type of cli-
mate is not included in the Fernández-Peruchena and
Bernardos (2015) study. The behaviour of the instanta-
neous kt respect to the air mass in Seville is shown in
Fig. 3. The instantaneous kt distributions for different air
masses show two predominant states, clear and cloudy, in
agreement with the results of (Jurado et al., 1995;
Suehrcke and McCormick, 1988). The maximum peak of
kt is approx. 0.76 for the lowest optical air mass studied,
but decreases when the optical air mass increases. The
lower peak, observed at low kt values, is less defined due
to the great variety of clouds that generate the diffuse
component.

A bi-modal behaviour is also identified in the kb distri-
bution curves. In this case, both observed peaks are pro-
nounced (Fig. 3, right side). The left peak is located in
the 0–0.02 interval, corresponding to overcast conditions
when the DNI is close to zero. This peak is the highest
one, except for low values of the optical air mass. The right
peak is located in high kb values, corresponding to clear sky
conditions. The shape of the right peak is smoother
because of the different atmospheric turbidity conditions
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Fig. 3. Instantaneous kt and kb probability density functions for different air masses.
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for clear skies; similarly to kt, the right peak of the kb dis-
tribution decreases when the air mass increases. The effect
of atmospheric turbidity increases with increasing optical
air mass. This effect is also identified in cloudy conditions:
the left peak is higher when the optical mass increases due
to the higher blocking effect of the clouds. These results are
in concordance with the studies of Tovar et al. (1999, 1998)
performed with a 1-min dataset from Granada and of Varo
et al. (2006) performed with a 5-min dataset from Córdoba.
Both sites are located in the South of Spain and identified
as ‘‘Csa” climates according to the Köppen-Geiger classifi-
cation. In all these cases, the maximum values of kt (0.75–
0.77) and kb (0.69) indexes indicate the predominance of
clear-sky conditions with low atmospheric turbidity.

According to Tovar-Pescador (2008), the distribution of
10-min values can be considered as instantaneous,
although most authors (Jurado et al., 1995; Skartveit and
Olseth, 1992; Suehrcke and McCormick, 1988; Tovar
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et al., 1999, 1998; Varo et al., 2006), study only the distri-
butions of 1-min and 5-min values, concluding that these
time resolutions can also be considered as instantaneous.
However, hourly values have a different distribution
(Gansler et al., 1995; Suehrcke and McCormick, 1988).

The probability density function of the kt and kb indexes
recorded every 5 s, averaged every 10 min and hourly inter-
vals are graphed in Fig. 4. The distributions of the instan-
taneous values and the 10-min averages are very similar,
showing the same characteristic bimodal behaviour with
slight differences, which are negligible in the case of kb.
However, the differences between hourly and instantaneous
indexes are more significant, especially for kt, where the left
peak is not formed. Averaging the instantaneous values in
hourly intervals results in an increase of the frequency of
intermediate sky states (neither totally clear nor totally
cloudy) and a ‘triangular’ shape of the distribution of
hourly kt values.

The highest values of kt (greater than 1.0 in some cases)
can be attributed to the ‘enhancement effect’ of the solar
irradiance due to the reflection from the base of the clouds
(Tapakis and Charalambides, 2014) producing instanta-
neous records of up to 1583 W m�2 in GHI. The highest
DNI values (up to 1038 W m�2) are recorded in partially
cloudy days (see Fig. 5), suggesting a possible participation
of the clouds in these high values. The corresponding P99
(percentile 99) values are 1009 W m�2 and 960 W m�2,
respectively. The difference between the maximum
observed and the P99 values is much greater in the case
of GHI.

The probability density functions of the levels of GHI
and DNI are graphed for 10-min and hourly averages in
Fig. 6. These figures, as well as the corresponding cumula-
tive density functions, are useful to select the design point
of a solar plant (usually corresponding to the P90 or P95
value). The maxima of GHI and DNI in the 10 min distri-
butions are located in the low values. A second peak is
observed in the DNI distribution around 850 W m�2.
When a day in Seville is totally clear, values of this level
are recorded even for solar altitudes lower than 20�. It is
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Fig. 4. Probability density function of the kt (left) and kb (right) index
also remarkable that more than 66% of the DNI values
are higher than 300 W m�2, often considered as the thresh-
old for the operation of solar thermal power plants.

4.4. Statistical characterisation of hourly values

Perhaps 1-h time series are the most frequently used in
feasibility analyses of solar power plants. The 10-min and
hourly averaged values of irradiance are compared in
Fig. 6. In the case of GHI, the higher differences between
both temporal resolutions are observed at low levels. How-
ever, in the distributions of DNI values, high hourly values
are less frequent than the 10-min ones. 47.4% of the 10-min
values are higher than 600 W m�2, while for the hourly val-
ues this fraction is only 42.4%. This is a consequence of the
1-h averaging of instantaneous values.

Fig. 7 shows the daily mean of GHI and DNI hourly
values. The higher levels of solar radiation are reached in
July, in both cases. The mean maximum value of hourly
GHI is 964 W m�2 and is achieved at the solar noon close
to the summer solstice, when the solar altitude reaches a
maximum of 76.1�. Around this point, the mean hourly
values seem to spread symmetrically respect to the solar
noon, decreasing as the day of the year goes more and
more away from the summer solstice. This trend is strongly
linked to the evolution of the zenith angle, because the glo-
bal radiation is measured on horizontal surface. The fre-
quency of high hourly DNI values is also highest near
the summer solstice, although they are observed in all sea-
sons. The number of hours with DNI higher than
600 W m�2 (almost 8 h in all summer days) is also
remarkable.

4.5. Statistical characterisation of daily values

The kdt is used in the literature to help classify the days
according to the state-of-the-sky. Several boundaries have
been proposed to classify the sky conditions in clear, par-
tially cloudy and cloudy skies (Iqbal, 1983; Kudish and
Ianetz, 1996). In this work, kdt values of 0.3 and 0.65 are
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Fig. 5. Daily graphs from Seville station for the days when maximum GHI (left) and DNI instantaneous values (right) were recorded.
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used to define cloudy and clear skies (Lam and Li, 1996).
As shown in Fig. 8, the probability density function of kdt
has a clear maximum between 0.65 and 0.72 corresponding
to more than the 35% of the days. The average numbers of
overcast, part-cloudy and clear days every month is
graphed in Fig. 8. The highest number of cloudy (6 days)
and partially cloudy (19 days) days is reached in December.
According to this statistic, this month could be suggested
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Fig. 8. Probability density function of kdt and monthly average of number of days according to the state of the sky.
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to perform scheduled maintenance operations that require
halting the production in a Solar Thermal Power (STP)
plant. On the other hand, June, July and August are the
months with higher number of clear days, more than 20
in all cases. In these months, cloudy days are very rare.

The annual averages of the daily GHI and DNI values
for the period 2000–2012 are represented in the respective
box and whisker plots (see Fig. 9). Both graphs show a very
stable range of daily values. The mean value of GHI is very
close to 5 kW h m�2 with small variations along the period,
while the daily average of DNI –which shows greater
changes from year to year– is around 5.7 kW h m�2. The
highest DNI values were registered in 2012 and 2005.

4.6. Statistical characterisation of monthly and annual values

The assessment of the solar resource for feasibility anal-
yses of solar energy projects is frequently based on the dis-
tribution of monthly and annual values of GHI and/or
DNI (Pagola et al., 2010). Thanks to the gap-filling proce-
dure applied to the database in this study the monthly val-
ues of GHI and DNI have been assessed with a low
uncertainty compared to other analyses. The monthly
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Fig. 9. Box and whisker plots of GHI (left) and DNI (rig
and annual averages of daily GHI, DNI and kdt from the
13 years are shown in Table 2. The maximum and mini-
mum deviation from the average and the standard monthly
deviation are also provided in this Table.

The annual mean daily value of GHI for the period of
analysis is very stable around 4.98 kW h m�2 with a range
of interannual variability of �3% to +5%, as shown in
Table 2 and in Fig. 9. The standard deviation of the aver-
age monthly values is 2.05 kW h m�2, which denotes a high
variability between the different months of the year. The
maximum GHI monthly mean daily value is obtained in
July (7.81 kW h m�2) and the minimum in December
(2.17 kW h m�2) with a difference of 72% between them
with respect to the highest value. If the same analysis is
done with the kdt values, the difference is less than 26%, with
a maximum of 0.69 and a minimum of 0.51 for the same
months. The annual mean of kdt is 0.61. This indicates the
predominance of clear and partially cloudy days in the
Seville climate. The main cause of the high variability of
the GHI values is the variation of the solar altitude and
the daylight duration along the year.

Regarding DNI, the annual mean daily value is
5.68 kW h m�2, with a higher range of interannual
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ht) daily values of each year in the period 2000–2012.



Table 2
Monthly and annual mean daily values of GHI, DNI and kdt in Seville.

Month Global Horizontal Radiation kdt Direct Normal Radiation
Diff From Monthly Av. Diff From Monthly Av.

Average (kW h m�2) Min. (%) Max. (%) Average Min. Max. Average (kW h m�2) Min. (%) Max. (%)

January 2.56 �21% 21% 0.54 0.43 0.66 4.03 �32% 51%
February 3.48 �21% 26% 0.56 0.44 0.71 4.62 �40% 61%
March 4.58 �11% 11% 0.57 0.50 0.63 4.86 �21% 31%
April 5.80 �12% 13% 0.59 0.53 0.67 5.74 �28% 31%
May 6.85 �14% 10% 0.62 0.53 0.68 6.59 �30% 21%
June 7.65 �6% 6% 0.66 0.62 0.70 7.88 �13% 17%
July 7.81 �3% 5% 0.69 0.67 0.73 8.76 �10% 8%
August 6.96 �4% 7% 0.68 0.65 0.71 7.80 �7% 15%
September 5.33 �10% 8% 0.61 0.56 0.67 5.86 �27% 22%
October 3.76 �14% 17% 0.56 0.48 0.61 4.61 �30% 25%
November 2.73 �13% 15% 0.54 0.46 0.61 3.93 �22% 28%
December 2.17 �23% 18% 0.51 0.39 0.60 3.42 �38% 39%
Annual avg. 4.98 �3% 5% 0.61 0.59 0.64 5.68 �6% 8%
st.dev 2.05 – – 0.06 – – 1.75 – –
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variability (�6% to +8%) and a monthly standard devia-
tion of 1.75 kW h m�2. The maximum monthly mean daily
value is obtained in July (8.76 kW h m�2) and the mini-
mum in December (3.42 kW h m�2). In this case, the max-
imum difference between months is 61% with respect to the
highest value, showing the importance of knowing the
monthly distribution.

The mean monthly value of kdt exceeds the lower limit of
clear-sky state proposed in Section 4.5 during June, July
and August. These months are the steadier.

4.7. Comparison with other sources

The main network of meteorological stations equipped
with pyranometers and pyrheliometers in Spain, belongs
to the Meteorology State Agency (AEMET). The distance
from Seville to the closest AEMET station is 75 km.
AEMET also provides a Solar Radiation Atlas in its web-
site (Sancho et al., 2012), based on satellite images esti-
mates obtained from the EUMETSAT European
meteorological satellites. A specific solar resource map
for Spain (ADRASE) is also available on the website of
CIEMAT, although this tool only provides monthly and
annual GHI values. Another source frequently used is
NASA’s Surface Meteorology and Solar Energy (SSE)
database. This database provides monthly averages of
GHI, DNI and kt

d from 22 years of satellite images esti-
mates (NASA, 2012). The mean values supplied by these
sources are compared in Table 3.

4.7.1. Global Horizontal Insolation

Compared to the average values of the GTER database,
NASA SSE provides the most similar monthly values with
an annual difference of �1.6%. The AEMET values are
higher than those of GTER in all months with monthly dif-
ferences between 2% and 10% (larger differences for
months with higher variability). The average annual value
provided by AEMET is close to the maximum annual value
recorded by GTER. The values of ADRASE are similar to
AEMET with small deviations in most months that com-
pensate to result in a similar annual value. The monthly
mean kt

d from NASA is in good agreement with the results
of GTER, although these are slightly higher.

4.7.2. Direct Normal Insolation

The comparison between GTER and NASA SSE shows
larger differences in monthly DNI values. In March, the
difference is 24.2%. For this month, NASA SSE provides
an average value which is close to the maximum value
recorded in Seville by GTER in that month (see Table 2).
The differences are smaller in the summer months, but
the mean annual value provided by NASA SSE also
exceeds the maximum annual value recorded by GTER.

4.8. Comparison with other locations

The results for Seville are compared to one year of GHI
and DNI measurements recorded in Durban (South Africa,
latitude 29� 580S) in 2007 (Zawilska and Brooks, 2011) as
well as with results from a similar study carried out in
Abu Dhabi (UAE, latitude 24� 260N) for the same year
(Islam et al., 2010, 2009). Fig. 10 shows the comparison
of the monthly and annual mean daily values of GHI
and DNI recorded in 2007. In general, the monthly distri-
butions are very different. Regarding GHI values, Abu
Dhabi and Durban show a symmetrical monthly distribu-
tion with respect to the 5 kW h m�2 line, obviously condi-
tioned by the respective latitudes. The distribution of
monthly values for Seville is similar to Abu Dhabi but with
larger differences between summer and winter, and more
extreme values in Seville. In annual values, Abu Dhabi
shows the highest GHI mean value, although the annual
maximum DNI is recorded in Seville (5.7 kW h m–2, see
Table 4). Durban and Abu Dhabi show more regular
monthly DNI values -between 4 and 6 kW h m�2. Seville
shows a higher variability with values in the range



Table 3
Monthly and annual mean daily values of GHI, DNI and kt

d in Seville.

GHI (kW h m�2) DNI (kW h m�2) kt
d

Month GTER AEMET NASA SSE ADRASE GTER NASA SSE GTER NASA SSE

January 2.56 2.72 2.50 2.5 4.03 4.44 0.54 0.53
February 3.48 3.66 3.44 3.7 4.62 5.18 0.56 0.55
March 4.58 5.03 4.70 5.1 4.86 6.03 0.57 0.58
April 5.80 6.14 5.63 6.2 5.74 6.11 0.59 0.56
May 6.85 6.99 6.47 7.1 6.59 6.65 0.62 0.58
June 7.65 7.88 7.59 8.0 7.88 8.5 0.66 0.65
July 7.81 8.10 7.79 7.8 8.76 9.23 0.69 0.68
August 6.96 7.20 6.93 7.1 7.80 8.46 0.68 0.67
September 5.33 5.78 5.32 5.7 5.86 6.71 0.61 0.61
October 3.76 4.02 3.59 4.1 4.61 4.81 0.56 0.53
November 2.73 2.92 2.62 3.0 3.93 4.25 0.54 0.51
December 2.17 2.33 2.12 2.3 3.42 3.76 0.51 0.49
Annual avg. 4.98 5.23 4.90 5.2 5.68 6.18 0.61 0.58

Fig. 10. Monthly and annual mean daily values of GHI (left) and DNI (right) recorded in 2007 in Durban, Abu Dhabi and Seville and average of the
13-year measurements recorded in Seville.

Table 4
Annual mean daily values of GHI and DNI recorded in 2007 in Durban,
Abu Dhabi and Seville.

Durban Abu Dhabi Seville

GHI (kW h m�2) 4.45 5.58 4.96
DNI (kW h m�2) 5.07 5.08 5.66
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3–9 kW h m�2. This variability has a significant effect on
the design of solar energy systems that include energy stor-
age; thus the need to assess the seasonal distribution of the
solar resource and not only the annual values.

5. Conclusions

This work presented the results of the analysis of
13 years of GHI and DNI measurements recorded in
Seville, Spain. The time series have previously been
checked and corrected using a novel gap-filling procedure
described in this paper which conserves the statistical distri-
bution of the original series. There is a perfect correspon-
dence between the probability density functions of the
processed dataset of instantaneous values and the original
one.
The analysis of this large database of measurements per-
mits to assess the statistical distributions of GHI and DNI
in different time resolutions, as well as providing results of
hourly, daily and annual average values and interannual
variability of GHI and DNI which are of great interest
for the assessment of solar energy projects. The distribu-
tions of the instantaneous values of kt and kb show a bimo-
dal character, more pronounced at low values of the optical
air mass, in accordance with the results obtained by other
researchers for locations with the same climate, according
to the Köppen-Geiger classification. A relevant result is
that the frequency distributions of the instantaneous and
10-min values of kt and kb are very similar, while the distri-
bution of hourly values shows significant differences with
respect to them. These differences are also observed in
the distribution of solar radiation values, mainly in the case
of DNI, and should be considered when selecting the time
step for the simulation of solar energy systems where tran-
sients have a significant effect.

The most frequent value of the clearness index for the
lowest optical air-mass studied is approx. 0.76, indicating
a high frequency of clear sky conditions with low atmo-
spheric turbidity. Seville has an average of about 6 overcast
days per month and more than 20 clear-sky days in June,
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July and August. On average, the DNI is higher than
600 W m�2 for approx. 8 h during summer days. The rest
of the months are located in the partially cloudy interval.
The most variable results (February) and the lowest mean
daily values (December) are found in the winter months.

The annual mean daily value of GHI is 4.98 kW h m�2

and 5.68 kW h m�2 for DNI. Both variables have a rela-
tively low inter-annual variability (ranges of �3% to 5%
for GHI and �6% to +8% for DNI) and a significant
inter-monthly variability, which depends on the season. A
comparison with the annual and monthly values from
other sources reveals a good agreement with NASA SSE
in GHI and clearness index series, while the DNI values
provided by NASA SSE are 8.8% higher than those
recorded by GTER.
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da Assunçao, H.F., Escobedo, J.F., Oliveira, A.P., 2003. Modelling
frequency distributions of 5 minute-averaged solar radiation indexes
using Beta probability functions. Theor. Appl. Climatol. 75, 213–224.

Dugaria, S., Padovan, A., Sabatelli, V., Del Col, D., 2015. Assessment of
estimation methods of DNI resource in solar concentrating systems.
Sol. Energy 121, 103–115.

Fernández-Peruchena, C.M., Bernardos, A., 2015. A comparison of one-
minute probability density distributions of global horizontal solar
irradiance conditioned to the optical air mass and hourly averages in
different climate zones. Sol. Energy 112, 425–436.

Gansler, R.a., Klein, S.a., Beckman, W.a., 1995. Investigation of minute
solar radiation data. Sol. Energy 55, 21–27.

Hirsch, T., Schenk, H., 2010. Dynamics of oil-based Parabolic Trough
plants - a detailed transient simulation model. In: SolarPaces Confer-
ence, Perpignan, France.

Hoyer-Klick, C., Hustig, F., Schwandt, M., Meyer, R., 2009. Character-
istic meteorological years from ground and satellite data. In:
SolarPaces Conference. Berlin, Germany.

Instituto de Investigación y Formación Agraria y Pesquera, 2009.
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Sancho, J., Riesco, J., Jiménez, C., 2012. Atlas de Radiación Solar en

España utilizando datos del SAF de Clima de EUMETSAT.
Schwandt, M., Chhatbar, K., Meyer, R., Fross, K., Mitra, I., Vashistha,

R., Giridhar, G., Gomathinayagam, S., Kumar, A., 2014. Develop-
ment and test of gap filling procedures for solar radiation data of the
Indian SRRA measurement network. Energy Procedia 57, 1100–1109.

Skartveit, A., Olseth, J.A., 1992. The probability density and autocorrela-
tion of short-term global and beam irradiance. Sol. Energy 49, 477–487.
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A methodology to classify days as a function of the state of the sky for Concentrated Solar Power (CSP)
plant operation is proposed. For this purpose, three indexes are used to characterize the energy, variabil-
ity and time distribution of the DNI and to define the type of days by means of clustering techniques. Two
sets of indexes are tested and compared. The energy of days is represented by the transmittance index, kb.
Two indexes are used to characterize the variability of the DNI: persistence index of the instantaneous kb
values (POPD) and Variability Index (VI). Equivalent indexes have been previously used to classify the
types of days using Global Horizontal Irradiation (GHI). A novel index to define the time distribution
of the DNI daily energy is introduced. Clustering analysis is applied to thirteen years (2000–2012) of
10-min DNI measurements recorded in Seville (37.40�N, 6.01�W) by the Group of Thermodynamics
and Renewable Energy (GTER) at the University of Seville. The k-medoids algorithm is used for cluster
analysis. Through the use of well-known internal validity indexes and with the help of the L-method,
the optimum number of clusters (types of days) is found to be 10. The results are compared with the
assessment carried out by five experts on a reference set composed of DNI daily curves from two years
(2010 and 2011). This comparison reveals a better coincidence when the clustering is performed using VI.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The solar resource assessment for a feasibility analysis of a Con-
centrated Solar Power (CSP) plant is usually based on annual,
monthly and, in some cases, daily Direct Normal Irradiation
(DNI) data (Cebecauer and Suri, 2015; Pagola et al., 2010; Wilcox
and Marion, 2008). The aim of these studies is to characterize sta-
tistically the solar resource of the location in these temporal scales.
This information is used at different stages of a CSP plant project,
from the feasibility analysis to the daily or hourly electricity gener-
ation forecast. However, the production of a CSP plant is not
directly proportional to the energy radiation received; it depends
on when (time of the day) and how (with a low or high variability)
is received. A day with highly variable DNI because of the frequent
passage of clouds can have the same energy as another with very
stable DNI during a fraction of the day and yet the electricity gen-
eration can be very different because the operation of the plant will
be very different, too. Therefore, a methodology to classify the days
that takes into account the intraday variability and temporal distri-
bution, besides the daily energy, could help to better characterize
the solar resource from a CSP plant standpoint. Since temporal dis-
tribution and variability affect the performance of CSP plants, this
characterization can be useful from the design stage to the defini-
tion of the operation strategy of the plant regarding different
aspects like the thermal storage dispatch or the commercialization
of the electricity generated. For example, Kraas et al. (2013) have
shown that the DNI forecasting error increases with variability,
resulting in penalties derived from incorrect power generation
forecasts in the electricity market.

The classification of the days according to the solar radiation
can be approached from a qualitative or quantitative standpoint
(Kang and Tam, 2013). From a quantitative standpoint, the quan-
tity of daily energy recorded in a location is evaluated. This
approach follows the TMY3 methodology (Wilcox and Marion,
2008) and the majority of methodologies used to characterize the
long-term behaviour of the solar radiation for feasibility analyses
of CSP plants (Cebecauer and Suri, 2015; Fernández Peruchena
et al., 2016; Pagola et al., 2010). The qualitative classification has
been studied for decades by means of the clearness index. Liu
and Jordan introduced this concept in 1960 (Liu and Jordan,
1960). The clearness index is the ratio between the global and



Nomenclature

kb transmittance index
kt clearness index
Hd
bn daily direct normal irradiation

Hd
cs daily direct normal irradiation in clear sky conditions

Ibn direct normal irradiance

Ics direct normal irradiance in clear sky conditions
Isc solar constant
e0 the Earth-Sun distance correction factor
a solar elevation angle
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the extra-terrestrial radiation on a horizontal surface. This index
has been widely used in different intervals of temporal integration
(Perez et al., 2011; Skartveit and Olseth, 1992; Tovar-Pescador,
2008). The daily clearness was initially used as a classification cri-
terion to categorize the days into three types: clear days, cloudy
days, and overcast days (Lam and Li, 1996; Li and Lam, 2001). This
classification proved insufficient for solar energy applications. The
operation and the production of two days with similar kt can be
very different.

With the development of solar technologies, new classifica-
tion methods introduce the combination of the daily clearness
index with other parameters or parameters based on the clear-
ness index in other temporal scales. The latter parameters pro-
vide more qualitative information to classify the days by
considering the state of the sky. Muselli et al. (2000) characterize
classes of typical days according to some parameters elaborated
from hourly clearness index profiles. One parameter estimates
the perturbation state of the hourly kt values by considering
the integral of the squared second derivative of the hourly clear-
ness profile. Harrouni et al. (2005) uses the fractal dimension of
Global Horizontal Irradiance (GHI) curves along with the daily
clearness index as classification indexes. Rahim et al. (2004)
and Baharuddin and Rahim (2010) classify the days using the
cloud fraction and the sunshine duration applied to building
design, finding similar results in both cases.

With the inclusion of new parameters, some studies propose
increasing the number of the types of days or the states of the
sky. Soubdhan et al. (2009) identify 4 different types, analysing
instantaneous clearness indexes by means of the combination of
Dirichlet distributions that model the clearness index distribution
curves. Calbó et al. (2001) try to classify the days into 5 and 9
groups, testing different parameters derived from GHI and Diffuse
Horizontal Irradiance (DHI) measurements. The best results are
found for the 5 types of days compared with human observations.
Umemiya and Kanou (2008) integrate the 15 classes proposed by
the CIE standard in 7 classes, using the atmospheric turbidity,
the clearness index, the brightness and the normalized global illu-
minance as classification parameters. Kang and Tam (2013) assess
the probability of persistence of the instantaneous clearness index
and, with the help of the daily clearness index, suggest classifying
the days into 10 types. In the literature, there is neither a clear con-
sensus about the number of types of the states of the sky, nor the
most proper parameters to identify them.

Most of the parameters used to classify the days are calcu-
lated from the global component. Calbó et al. (2001) suggest that
the diffuse component is a better discriminant factor than the
global radiation. The DNI seems to be a better discriminant fac-
tor, too, given its higher sensitivity to cloud passages and the
absence of geometrical effects. Perez et al. (2011) use the trans-
mittance index, calculated from hourly DNI values, as an input to
characterize the intrahourly variability of the GHI. M Gastón-
Romeo et al. (2011) classify the days into 4 classes through clus-
tering techniques that use the morphology of the DNI curves.
This methodology is oriented to establish a classification of days
useful for CSP. The use of the Mathematical Morphology-based
technique maintains the dynamic pattern of the DNI curves,
which is what helps characterize the variability of the DNI, but
the temporal distribution of the energy is lost.

In this work, we propose a methodology to classify the state of
the sky from DNI measurements, which can be useful for CSP plant
analysis and operation. For this purpose, two combinations of
parameters that represent the energy, the variability and the tem-
poral distribution of the DNI are tested. Conventional clustering
techniques are used to define the number and identify the features
of the types of days. The parameters are calculated from 13 years
(2000–2012) of DNI measurements recorded in Seville (Spain).
Both options are validated by comparison with the visual classifi-
cation carried out by 5 experts from two years of DNI curves.
2. Experimental data

The database used for this work corresponds to thirteen years
(2000–2012) of DNI measurements recorded in Seville (37.40� N,
6.01� W) by the Group of Thermodynamics and Renewable Ener-
gies (GTER) of the University of Seville. These measurements were
recorded every 5 s with an Eppley Normal Incidence Pyrheliometer
(NIP) mounted on a Kipp & Zonen 2AP 2-axis tracker. This pyrhe-
liometer is considered a secondary standard device according to
ISO specifications. The hourly and daily uncertainty specified by
the manufacturer is ±1%, assuming proper maintenance of the
instruments. The GTER station follows a maintenance and calibra-
tion procedure according to the recommendations from the instru-
ment manufacturers. The database passed a quality control check
(Moreno-Tejera et al., 2015), and it was filled by applying gap fill-
ing techniques (Moreno-Tejera et al., 2016). The DNI database was
averaged every 10 min for this implementation.
3. Methods

3.1. Classification indexes

From a CSP plant point of view, there are three useful features of
the DNI to take into account for grouping the days: the daily
energy, the distribution over time of this energy and the variability
(high frequency changes) of the instantaneous values caused by
the passage of clouds throughout the course of the day. The aim
of this work is to identify a good combination of indexes that help
classify the days as a function of these features.

3.1.1. Daily energy characterization index
The first methods proposed in the literature to classify the state

of the sky were based on the daily clearness index, kt (Iqbal, 1983;
Kudish and Ianetz, 1996). The kt index is defined (Liu and Jordan,
1960) as the ratio of the global radiation and the solar extra-
terrestrial radiation on the horizontal surface in instantaneous val-
ues or for an interval of time. If we are interested only in the direct
component, we can find in the literature a similar index that
relates the daily DNI with the value of this component in the
absence of atmosphere (Tovar-Pescador, 2008) or in an ideal clear
sky condition. This is the definition of the transmittance index (kb)
introduced by Skartveit and Olseth (1992):
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kb ¼ Hd
bn

Hd
cs

: ð1Þ

where Hd
bn is the daily DNI and Hd

cs is the daily irradiation in clear sky
conditions. Both daily irradiation values are obtained as the time
integral of 10-min irradiance values.

To calculate the DNI in clear sky conditions we use a concept
introduced by Gómez Camacho and Blanco Muriel (1990), the
enveloping clear day. The authors propose the empirical adjust-
ment of a clear sky model with the instances of lowest atmospheric
attenuation for every day of the year. There are several simple
models to calculate the direct normal irradiance under clear sky
conditions. Most of these models make use of a short number of
parameters that are usually estimated from empirical measure-
ments under clear sky situations. Gómez Camacho and Blanco
Muriel (1990) use the ASHRAE clear sky model (Powell, 1984):

Ics ¼ Isc � e0 � Ae
�B
sina ð2Þ

where Ics is the direct normal irradiance in clear sky conditions, Isc is
the solar constant, e0 is the Earth-Sun distance correction factor, a is
the solar elevation angle, and A and B are the parameters to be
empirically adjusted.

In this work, we also use the ASHRAE clear sky model but
adjusting the parameters with the instances of lowest atmospheric
attenuation for every solar elevation. For this purpose, we re-write
Eq. (2) as follows:

Ics
e0

¼ Isc � A � e �B
sina ð3Þ

If the irradiance of clear sky is divided by e0, the parameters A
and B are independent of the day of the year and the equation only
depends on the solar elevation angle. The parameters A and B are
estimated by adjusting the maximum observed values of Ibn/e0
for every value of solar elevation higher than 5� from the database.
Thus, we only need to estimate a single pair of values for A and B
that are valid for all the days of the year (A = 0.8187 and
B = 0.0840). Fig. 1 shows the fitting and the resulting curves for
all the days of the year.

3.1.2. Variability characterization index
The characterization of the DNI variability is usually conducted

by means of complex methodologies that analyse the DNI curves.
Muselli et al. (2000) classify the days in terms of hourly kt profiles,
Fig. 1. On the left, maximum values of Ibn/e0 with respect to the solar elevation and the A
the year.
and Gastón-Romeo et al. (2011) use Cumulative Distribution Func-
tions (CDF) that define the morphology of the curves. Kraas et al.
(2013) compute the number of DNI direction changes during the
day to describe the variability or volatility of hourly DNI. The use
of this simple concept at 10-min scale could result, however, in
computing an excessive number of direction changes associated
to small DNI gradients.

In this work, we aim to characterize the variability with an
index to facilitate its use on other applications, such as the
methodologies for characterization of the solar resource’s long-
term behavior. We have considered two simple indexes:
3.1.2.1. Variability index. Stein et al. (2012) propose the ‘‘Variability
Index” (VI) to identify periods and locations with high GHI variabil-
ity. This index compares the length of the GHI curves with the
length of the corresponding clear sky GHI curves. VI provides infor-
mation about the variability of the day, but it can reach similar val-
ues on very clear and overcast days. The authors use the daily
clearness index kt together with VI to identify four types of days:
clear, overcast, mixed and highly variable all day. Huang et al.
(2014) define the daily variability index (DVI) in a similar way.

In this work, we apply the same definition to characterize the
variability of the DNI. Our VI is defined as the ratio between the
length of the DNI curve and the length of the maximum enveloping
clear day curve calculated in Section 3.1:

VI ¼
Pn

k¼2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðIbnk � Ibnk�1

Þ2 þ Dt2
q

Pn
k¼2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðIcsk � Icsk�1

Þ2 þ Dt2
q ð4Þ

where Ics is the enveloping clear sky direct normal irradiance every
10 min,Dt refers to an interval of 10 min, and n is the number of 10-
min intervals of the considered day.
3.1.2.2. Persistence index. Kang and Tam (2013) present a simple
but useful method called the K-POP method to classify the days
from GHI measurements. With this method, they characterize
quantitatively and qualitatively the state of the sky from the daily
kt values and the daily probability of kt instantaneous persistence
index (POPD). POPD index provides information about the stability
of the state of the sky in such a way that a high POPD value corre-
sponds to a very stable day (clear or overcast) and vice versa.
SHRAE model fit. On the right, fitted curves of the ASHRAE model for the 365 days of



Fig. 2. Theoretical curves of DNI with instantaneous kb from 0.1 up to 1, which
corresponds to a clear sky day.
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The POPD index can be re-defined using the instantaneous kb
index instead of kt. Following a parallel approach, the persistence
of the kb index is calculated in this work as the ratio between the
Fig. 3. Representation of the DNI values recorded in Seville and the enveloping clear sk
sums of instances in which the kb index differs less than 0.1 from
its predecessor and the total number of instances. In Fig. 2, a clear
sky curve is plotted along with DNI curves that hold a constant kb
index from 0.1 to 0.9. These curves help us to visualize the tran-
sients that are computed with the POPD index.

3.1.3. Index to characterize the temporal DNI distribution
The indexes usually used in the literature to characterize the

state of the sky are focused mainly on the daily energy and some-
times on the variability of the DNI but not on its temporal distribu-
tion. For CSP plants, the temporal distribution of this energy is
relevant. In the first row of Fig. 3, we show two examples of days,
with a daily kb value usually related to a cloudy day when a CSP
plant could generate electricity continuously for a few hours. In
this work we introduce themorning fraction index, Fm, to help iden-
tify this type of day. The morning fraction is defined as the ratio
between the accumulated DNI in the first half of the day and the
accumulated DNI for the whole day. With this index we can deter-
mine if the daily radiation is concentrated in the first or the second
part of the day:

Fm ¼ Hd
bn m

Hd
bn

ð5Þ
y DNI for four days in 2010 and their corresponding values of kb, VI, POPD and Fm.



Table 1
Spearman correlation coefficient from the analysed indexes.

kb VI POPD Fm

kb 1 0.08 0.20 �0.02
VI – 1 �0.93 0.1
POPD – – 1 -0.13
Fm – – – 1

Fig. 4. Representation of POPD values versus VI values for all the data from the
period 2000–12.

Fig. 5. Representation of the two groups of indexes calculated from 13 years of DNI meas
and Ft (on the left) and kb, POPD and Ft (on the right).

Table 2
Day types used as reference by the experts to carry out the classification of the days from
account to apply the clustering algorithm.

Type Sky condition Energ

1 Totally clear (no clouds) High
2 Mostly clear (high clouds) Medi
3 Mostly clear (high clouds) Medi
4 Mostly clear (high clouds) Medi
5 Partly covered (mid/high clouds) Medi
6 Partly covered (mid/high clouds) Medi
7 Partly covered (mid/high clouds) Medi
8 Mostly covered (mid clouds) Low
9 Mostly covered (mid clouds) Low
10 Mostly covered (mid clouds) Low
11 Totally covered (low clouds) Null
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where Hd
bn m is the DNI recorded from the sunshine to the solar noon

and Hd
bn is the daily DNI. This index can be defined, obviously, for the

second part of the day, too, but without adding more information.

3.2. Analysis of the indexes

To avoid overlapping in the features that every index provides,
we calculate the Spearman correlation coefficient for the proposed
indexes:

As shown in Table 1, there is a high anticorrelation between VI
and POPD. This is an expected result, since both characterize the
transients of DNI caused by the clouds. However, they express
opposite concepts: the variability and the persistence. In Fig. 4,
both indexes are represented, and they show a grade of dispersion
that, despite its high anticorrelation, justifies the study of these
parameters separately. Additionally, we observe that the other
indexes present a low Spearman correlation coefficient, so they
can contribute to the definition of the type of days without
duplication.

In Fig. 3, the representations of the DNI and the maximum clear
sky DNI from four different types of days are shown. The values of
the four indexes proposed for this work are included. In the first
row, two days with similar energies and variabilities but different
time distributions are represented. Both days present similar kb, VI
and POPD values and very different Fm values. For the day presented
on the right, Fm value is very high, since the majority of the energy
is received in the first half of the day. The day presented on the left
is almost symmetrical, and this effect is reflected in its Fm value.
For both days of the second row, the energy is spread uniformly
urements that are used to classify the days as a function of the state of the sky: kb, VI

the years 2010 and 2011. Day types are defined according to the features taken into

y Variability Energy time distribution

Low Balanced
um Low Morning
um Low Balanced
um Low Afternoon
um High Morning
um High Balanced
um High Afternoon

Medium Morning
Medium Balanced
Medium Afternoon
Low Balanced



Fig. 6. Graphical examples of the types of days defined in Table 2. This illustration was used by the experts as a reference to accomplish the visual classification.
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in time, with Fm approximately 0.5. However, the day on the left
shows a higher variability and a lower persistence of its DNI, which
is depicted in the higher VI values and the lower POPD value. It is
worth highlighting that VI is the only index that does not range
between 0 and 1, showing more sensitivity to transients.
3.3. Classification procedure

The four indexes presented in Section 4 are calculated for the
thirteen years of DNI data from the Seville station. Two combina-
tions of indexes are analysed by clustering techniques. Both com-
binations include indexes to represent the energy, the variability
and the temporal distribution of the DNI. The first one is composed
of kb, VI and Fm. The second one is composed of kb, POPD and Fm. In
this section, the clustering algorithm and the methodology applied
to choose the proper number of clusters is described. Finally, the
clusters are validated by comparison with a classification devel-
oped by 5 experts in the field. This comparison is also explained
in this section.
Fig. 7. Representation of the maximum, minimum and median values of the SH and CH
groups of indexes studied.
3.3.1. Classification technique
The aim of a clustering algorithm based on a partitioning

method is to classify a set of data into k groups or clusters: the data
of the same cluster should share the same features, whereas data
from different clusters should be dissimilar. k-Means is the most
popular among the partitioning methods. This algorithm provides
good results for a certain type of data, and its best advantage is
its simplicity. However, the k-means algorithm is sensible to ‘‘out-
liers” because it searches the centres of the clusters using the aver-
age distance between the data located in it. This method can
distort the data distribution in groups (Han and Kamber, 2001).
To avoid this drawback, the k-medoid algorithm uses a reference
point, the ‘‘medoid,” which is the most centrally located object or
point in the cluster (Han and Kamber, 2001). The k-medoid algo-
rithm tries to minimize the sum of the distance metric between
every object of a group and its medoid. It allows a good character-
ization of all clusters that are not too elongated and makes it pos-
sible to isolate outliers in most situations (Kaufman and
Rousseeuw, 1990).

From a recent comparative analysis between fuzzy c-means, k-
means and k-medoids that aimed to capture the patterns of the
values from the 1000 iterations with respect to the number of clusters for the two



Fig. 8. On the left: representations of all possible pairs of fit lines to the maximum values of CH and SH for the two groups of indexes for finding the ‘‘knee point,” or the best
number of clusters for applying the L-method. On the right: the corresponding RMSEc values are graphed with respect to the number of clusters.
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wake effect of the wind, it can be concluded that k-medoid is the
most appropriate algorithm for this type of data (Al-Shammari
et al., 2016).

The k-medoid algorithm applied in this work, Partitioning
Around Medoids (PAM) (Han and Kamber, 2001), is more robust
than the k-means algorithm, but it shares two weaknesses: the
start centre points are selected randomly, and the user has to spec-
ify the number of clusters to apply the algorithm. Therefore, the
effectiveness of the result depends on the distance between the
initial and the final centres of the clusters. The algorithm is applied
several times for each number of clusters to overcome these obsta-
cles. Moreover, the algorithm is applied by sweeping a range of
numbers of clusters and analysing the results through several val-
idation indexes that are described in Section 3.3.3.

3.3.2. Pre-processing data
Three different features of the DNI are assessed with three

indexes. All the indexes, except for VI, range between 0 and 1, so
VI is normalized dividing all values by the maximum VI obtained
(VImax = 10.92) to avoid assigning a greater weight to this index
in the clustering process. Furthermore, Fm index is segmented to
optimize and facilitate the clustering of the data. The resulting
new index is called Ft and defined by Eq. (6).

Ft ¼ 1 if Fm 6 0:3

Ft ¼ 0:5 if 0:3 < Fm < 0:7 ð6Þ

Ft ¼ 0 if Fm P 0:7

Thus, we help the algorithm to identify the days whose accu-
mulated energy is received mainly during the afternoon (0), during
the morning (1) or during both periods (0.5). In Fig. 5, the two
groups of indexes to be clustered are shown. Hereinafter, the group
of indexes composed of VI, kb and Ft is called the VI group, and the
group of indexes composed of POPD, kb and Ft is called the POPD
group.

3.3.3. Determination of the number of clusters
The techniques for the determination of the appropriate num-

ber of clusters are classified into two types, internal and external
validation methods. The external validation methods are based
on previous knowledge about the partition of the data. The internal
methods consider the intrinsic information of the data’s geometric
structure (Zagouras et al., 2013). These methods consider several
indexes to evaluate the similitude among the members of the same
Fig. 9. Representation of POPD (left) and VInorm (right) values versus kb and F
cluster and the dissimilitude among members of different clusters,
thus helping to optimize the number of clusters. Arbelaitz et al.
(2013) developed an extensive comparative study, providing orien-
tations to select the proper index as a function of the data type.
Two of the indexes that achieve successful results in this study
are used in this work: the Calinski-Harabasz index (CH) (Calinski
and Harabasz, 1974) and the Silhouette index (SH) (Rousseeuw,
1987). CH is one of the most popular and robust internal validity
indexes (Zagouras et al., 2013). It is based on the positions of the
cluster centres in the dataset, as these are used to define the prox-
imity of all the data points. Larger values of the CH index are
related to cluster partitions composed of well-separated clusters,
where the cluster centres lie distantly in space and sustain com-
pact intra-cluster distances. The SH index qualifies every point by
considering its position with respect to the other points of the clus-
ter to which it belongs and its position with respect to points from
other clusters. SH could be evaluated for a single point, for the
points of a cluster, or for all the points, taking values from �1 to
+1. A SH value close to 1 for a point indicates that this point
belongs to a compact cluster and that it is located at a maximal dis-
tance from its nearest cluster; thus, the point is properly classified.
A negative value indicates a probability that the point is misclassi-
fied. In a study conducted by Arbelaitz, the SH index was shown to
yield the best results in most cases (Arbelaitz et al., 2013).

The identification of the optimal number of clusters by means of
these indexes is not an easy task. Sometimes, the results show
monotonic increases or decreases, providing a better clustering
quality as the number of clusters increases, or relative optimums.
In this work, a graphical method, called the L-method, is used to
help select the optimum number of clusters (Salvador and Chan,
2003; Zagouras et al., 2014, 2013). This method attempts to iden-
tify the inflection point of the curve that represents the number of
clusters vs. the evaluation index, and it detects the pair of straight
lines that best fit either side of the curve. If the validation index
evolution does not show an optimum number of clusters, the point
of maximum curvature of the curve (the knee point) is considered a
reasonable number of clusters. Following a repeated sequence, all
possible pairs of best-fit lines for each point c are evaluated. Lc
and Rc are, respectively, the left and the right sequences of data
points partitioned at c, the number of clusters to evaluate. Each
line must contain at least two points. The Root Mean Squared Error
(RMSE) of each pair of best-fit lines is calculated by:

RMSEc ¼ c � 1
b� 1

RMSELc þ b� c
b� 1

RMSERc ð7Þ
t from the whole database. The markers and labels identify the clusters.
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Fig. 10. Representation of the days corresponding to the cluster medoids in the study of the POPD group. The labels of the medoids match the cluster labels of Fig. 9. The
location of the plots follows a similar order to that used in Fig. 6. The plots located in the left column have energy distributions concentrated in the morning. The plots in the
central column have a balanced energy distribution between morning and afternoon, and the plots in the right column have distributions concentrated in the afternoon. The
distribution of rows is also related with similar characteristics of energy and intraday variability of DNI.
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where c is the vertical projection over the x axis of the last point
belonging to Lc; RMSELc and RMSERc are, respectively, the RMSE val-
ues of the left and right fit lines; and b is the maximum number of
clusters analysed. The optimum number of clusters is the one with
the minimum RMSEc value.
4. Validation and selection of the appropriate combination of
indexes

To select the most appropriate combination of indexes and
validate the results, the clusters obtained with the proposed
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methodology for the years 2010 and 2011 are compared with a
visual classification of 5 experts in the field. These experts were
provided with a reference table (Table 2) that defines 11 types of
days. We consider that these days cover all the options that
could be interesting to identify from a CSP standpoint and
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Fig. 11. Representation of the days corresponding to the cluster medoid in the study of th
of the plots follows a similar order to that used in Fig. 6. The plots located in the left colum
centre column have a balanced distribution, and those in the right column have a distri
similar characteristics of energy and intraday variability of DNI.
according to the indexes taken into account. In Fig. 6, an exam-
ple of each type of day is illustrated. In the following sections,
the results of the visual classification are compared with the
clusters obtained through the methodology proposed in this
study.
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5. Results and discussion

5.1. Classification of states of the skies

As mentioned in the previous sections, the results of a cluster-
ing algorithm depend on the initial selection of the medoids. To
ensure that the optimum solution is reached for each number of
clusters, the algorithm is run 1000 times for each case and evalu-
ated by using the SH and CH indexes. We have found in the litera-
ture classifications that consider a number of types of days, ranging
from 3 to 10 (Calbó et al., 2001; Gastón-Romeo et al., 2011;
Harrouni et al., 2005; Kang and Tam, 2013; Lam and Li, 1996; Li
and Lam, 2001; Muselli et al., 2000; Rahim et al., 2004;
Soubdhan et al., 2009; Umemiya and Kanou, 2008), although none
of the methodologies consider the time distribution of the solar
radiation. From our point of view and as shown in Section 5.4, 11
types of days seem to be enough to identify all the cases of interest
from the indexes used. Even so, a range from 3 to 20 clusters is
explored with the aim of analysing the tendencies of the validity
indexes and helping to identify the ‘‘knee point.” The maximum,
median and minimum values of the SH and CH indexes from the
1000 cases for each number of clusters and group of indexes are
shown in Fig. 7. The maximum values of both indexes drive to
the optimum number of clusters in terms of similarity and com-
pactness. The median and minimum values provide information
about the ability to find that optimum in a number of iterations
or, in other words, the uncertainty in finding the optimum case if
the algorithm is run only one time.
Fig. 12. Percentage of days that have been classified as the same ty

Table 3
Confusion matrix of the results of the clustering process versus the experts’ classification.

Clustering class Reference class

1 2 3 4 5

1 321 11 9 1 10
2 0 12 0 4 0
3 0 0 17 0 0
4 0 0 0 3 1
5 8 5 3 4 100
6 0 0 1 0 0
7 0 0 0 6 0
8 0 0 0 0 10
9 0 0 0 0 0
10 0 0 0 0 0
Total (%) 97.6 42.9 56.7 16.7 82.6
As seen from Fig. 7, both groups of indexes show monotonically
increasing maximum CH values and an almost monotonic decrease
in the case of the SH index for the VI group. These results make it
difficult to localize the optimum number of clusters. It is also dif-
ficult to find the absolute optimum in the case of SH for the POPD
group, since a range of numbers of clusters reach similar values,
close to the maximum, in several cases. Thus, the L-method is
applied to help select the most reasonable optimum in each case.
The plots of all possible pairs of fit lines and the evolution of the
RMSEc for each group of indexes and for the maximum values of
CH and SH are represented with respect to each possible ‘‘knee
point” candidate in Fig. 8.

In the case of CH index, the minimum is found in 9 clusters for
the VI group and in 11 clusters in the POPD group, but the value for
10 clusters is very similar. In the case of SH index for both the VI
and POPD groups, the minimum values are clearly reached for 10
clusters. Thus, we consider 10 clusters as the most reasonable
option.

The values of the indexes for the whole database are plotted in
Fig. 9. The points that belong to the same clusters are represented
by the same colour. It is observed that the number of clusters for
every value of Ft is different in each group of indexes analysed. In
the POPD group, 5 clusters are obtained for Ft equal to 1, and an
unbalanced number of 2 clusters for Ft equal to 0 is found. In the
case of the VI group, the number of groups is more balanced, with
3, 3 and 4 clusters for Ft values equal to 1, 0.5 and 0, respectively.

In Fig. 10, the DNI curves of the medoids of the cluster from the
POPD group are illustrated. If these curves are compared with the
pe by 3 or more experts (left) and by 4 or more experts (right).

Total (%)

6 7 8 9 10

0 0 0 0 0 91.2
0 0 0 0 0 75.0
3 0 0 0 0 85.0
0 1 0 0 0 60.0
3 0 2 0 0 80.0
12 0 2 1 0 75.0
0 12 4 0 0 54.5
2 1 44 1 17 58.7
4 0 4 20 13 48.8
0 8 4 0 18 60.0
50.0 0.0 73.3 90.9 37.5 79.6
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curves used as reference by the experts to visually classify the days
(see Fig. 6) only some similitudes are found. However, in the case
of the VI group the similitudes are quite significant (see Fig. 11).
With the exception of two types of days (type 2 and type 11),
the features of the reference days can be considered the same
(see Table 2): 3 days with medium or high energy, low variability
and different time distributions; 3 days with medium energy, high
Fig. 13. On the left side, the representations of VInorm vs. kb for the whole database and for
lines define the limits of each cluster and the medoids of each are marked with ‘‘X” symb
(second plot) and 0 (last plot) from the reference set elaborated with the experts’ classi
added.
variability and different time distributions; and 3 days with low
energy, medium variability and different time distributions. It
should be noted that in Table 2, 11 types of days are defined, while
the optimum number of clusters identified by applying the
methodology is 10. This means that the case of high energy with
low variability, case ‘‘1”, is merged with case ‘‘2” in cluster B, as
shown in Fig. 11. The other exception is the medoid that should
Ft equal to 1 (first plot), 0.5 (second plot) and 0 (last plot) are illustrated. The dotted
ols. On the right side, representations of VInorm vs. kb for Ft equal to 1 (first plot), 0.5
fications are represented. The lines defining the limits between clusters have been



332 S. Moreno-Tejera et al. / Solar Energy 146 (2017) 319–333
represent type 11 (the medoid of cluster A from Fig. 11). This
medoid has very low energy and variability, but its Ft is 0, which
means that the energy is mainly from the morning, when the
DNI is so low that the distribution of the energy is not significant.
In fact, a visual decision about the time distribution of these types
of days is not easy and from a CSP standpoint is not relevant. This
satisfactory result reveals VI index as a better way to define the
variability of the days following the methodology proposed.

5.2. Validation of results

Once the VI group was selected as the most appropriate set of
indexes, the resulting classification of the days from the period
2010–11 through the clustering technique was compared with
the classification realized by the experts (see Section 4). For this
purpose, a reference set was built from the classification developed
by the experts. A total of 477 days from the selected period have
been classified as the same types of days by 4 or more experts
and a total of 702 days by 3 or more. In Fig. 12, the percentages
of days of these two options are graphed for every type of day. Both
options show similar percentages of days for the 11 types of days.
Thus, bearing in mind that the number of days available for the val-
idation increases by 47% when using the matches of 3 or more
experts, this option is considered as the reference classification. It
is worth to highlight that the percentage of days that belong to
the types of days with energy concentrated mainly in the morning
or in the afternoon are significantly lower than the types of days
with balanced energy time distribution.

The reference classification is compared with the classification
of the same days resulting from the methodology proposed in this
study. To this end, the medoids of the clusters are matched to the
types of days proposed to the experts to search for similitudes
between the plots displayed in Figs. 6 and 11 (B = 1 and 3; D = 2;
H = 4; J=5; C = 6; E = 7; I = 8; G = 9; F = 10; A = 11). Because type 3
has been merged with type 1, the clusters have been relabelled,
starting from type 4 with 1 number less. The confusion matrix
obtained after this modification is shown in Table 3. Each column
of the matrix represents a type or class of day from the reference
classification while each row represents a cluster type. The number
in each cell is the number of days that have been classified by the
experts in the class corresponding to the column and pertain to the
cluster corresponding to the row. The cells located in the diagonal
indicate the days classified in groups with similar features by both
methods (numbers in bold). The last column and the last row show
the total percentage of coincidences. The lower right corner cell
displays the total of coincidences between both classifications. A
total of 79.6% of the matches was found. This is a very good result
considering that the numerical limit for defining a day with the
energy mainly concentrated on the first or second mid-day was
not indicated to the experts. Moreover, the clusters with the high-
est number of disagreements are in the types of days with low
energy (types 7, 8 and 9; the distinction between these types of
days with very low energy is not relevant from the CSP standpoint)
or in a type of day with a very low population (type 4).

In the left column of Fig. 13, the points of the whole database
are graphed in 3 plots that correspond to the three values of Ft.
The points of each cluster are marked with the same symbol and
colour, and the medoids are marked with an ‘‘X” symbol. The dot-
ted lines limit the area of every cluster. The classification of the ref-
erence set of days is plotted in the right column, and lines are
added to define the clusters. Almost all points from types 1 and 3
are located in the cluster labelled with the letter B. The points with
a balanced time distribution have a good concordance with the
cluster limits, and most disagreements are found in the definition
of the clusters with low energies (or low kb values) and unbalanced
time distributions (or Ft equal to 0 or 1). As noted above, when the
energy is very low, the time distribution is not relevant. From the
standpoint of a CSP plant, types A, G, I and F could be merged into
only one cluster.
6. Conclusions

A new methodology is proposed to classify days according to
the state of the sky based on three features of the DNI curves: vari-
ability, energy and temporal distribution of this energy. These
indexes are used to group the days by means of known clustering
techniques that define the number of groups and the limits
between them. Two different groups of indexes are evaluated with
internal validation methods. The optimum number of clusters
found using both groups of indexes is 10 clusters or types of days,
although the VI group shows a slightly lower uncertainty in finding
the best clusters than the POPD group. A comparison of the visual
classifications of a reference set of days from five experts has been
used for the external validation of the clustering outcomes. A
higher degree of coincidence is achieved with the VI group. The
concordance in days with balanced time distributions is very good,
and most of the disagreements are found in the definition of the
clusters with low energies (or low kb values) and unbalanced time
distributions (Ft equal to 0 or 1). Since the time distribution of days
with very low DNI is not relevant for CSP plants, the discrimination
of these groups is not useful. A unique cluster that includes all low
energy days could be defined by merging the groups A, G, I and F.
Then, only seven types of days or clusters (instead of 10) would be
sufficient. A new index related to the production of a CSP plant
could help to find a solution by means of partitioning techniques.
For future works, the characterization of the production of a CSP
plant for every cluster and the application of the methodology in
other locations are proposed. Moreover, it could be interesting to
analyse the possibility to include the statistical characterization
of the types of days according to these new features in the method-
ologies of generation of representative solar resource sets.
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ABSTRACT 10 

A novel index called clear sky yield index or kp is introduced to characterize the production of 11 

each day removing seasonal effects (daylight time and incidence angle). This index is defined as 12 

the quotient between the production of a plant for a period and the production of the plant for 13 

the same period under the clearest sky conditions. The kp index allows to assess the solar 14 

resource features from the perspective of the production of a Concentrated Solar Power (CSP) 15 

plant and to compare the exploitation of the solar resource by CSP plants with different 16 

configurations in the same location.  17 

In this work, the electrical production of two Parabolic Trough Plants (PTP) with and without 18 

Thermal Energy Storage (TES) system and an installed capacity of 50 MWe is estimated using 19 

System Advisor Model (SAM). Sixteen years of 10-min Direct Normal Irradiance (DNI) 20 

measurements from a radiometric station sited in Seville (Spain) are used as input. Results of 21 

daily kp in Seville for both types of PTPs are assessed as well as its relationship with three 22 

indexes (kb, VI and Fm) that represent three features of the DNI profiles: daily energy (direct 23 

normal irradiation), variability and temporal distribution.  The comparison between both plants 24 

in terms of kp shows the benefits of the TES system, especially in days with relatively high 25 

energy and high variability. The dimensionless kp index allows to compare the utilization of the 26 

solar resource on a location of CSP plants with different configuration. This property can be 27 

used to optimize the configuration of the CSP plants during the design stage. Additionally, 28 

every day of this database is classified in 10 different day types according to these three features 29 

of the DNI following an unsupervised clustering procedure developed in a previous work. 30 

Finally, the distribution functions of the daily kp for each type of day and plant configuration are 31 

assessed revealing that some day types can be grouped from the production of the PTPs 32 
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viewpoints: in 7 day types for the PTP without TES and in 6 for the PTP with TES. These 33 

results can help to forecast the most probably range of production for a specific day.   34 

 35 

Keywords: Solar energy, solar radiation, day types, sky conditions, parabolic trough, 36 

Concentrated Solar Power (CSP) plant, System Advisory Model (SAM). 37 

Nomenclature 38 

DNI: Direct Normal Irradiance (or Irradiation) 39 

DNICS : Direct Normal Irradiance (or Irradiation) under clear sky conditions 40 

GHI: Global Horizontal Irradiance (or Irradiation) 41 

ANI: Aperture Normal Irradiance (or Irradiation). The product of the DNI times the cosine of 42 

the incidence angle 43 

CSP: Concentrating Solar Power 44 

PTP: Parabolic Trough Plant 45 

TES: Thermal Energy Storage 46 

k
Δt

p clear sky yield index for the period Δt 47 

P
Δt

 electric energy produced by the plant during the period Δt 48 

P
Δt

CS electric energy produced by the plant during the period Δt under clear sky conditions 49 

Ibn direct normal irradiance  50 

Ics direct normal irradiance in clear sky conditions 51 

kb transmittance index 52 

VI variability index 53 

Fm morning time fraction 54 

Ft time fraction  55 

 56 

1. Introduction 57 

The electricity yield of a given Concentrated Solar Power (CSP) plant depends mainly on the 58 

amount of DNI available. Its temporal distribution also has a significant impact, not only due to 59 
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time-related geometrical effects (incidence angle, daylight time), but also to the interaction 60 

between the dynamics of the DNI and of the plant itself. The knowledge of relevant features of 61 

the solar resource can be useful to assess the performance of a CSP plant or to define operating 62 

strategies based on the prediction of these features. For example, Rohani et al. (2016) analysed 63 

operational data of Andasol 3 (a 50 MW PTP with a 2-tank TES of 7.5 full-load hour capacity 64 

located in Guadix, Spain) from different seasons considering three day types (clear, cloudy and 65 

partly cloudy) in order to evaluate a simulation model. The operating strategy of the model was 66 

adapted according to the operating data of the real plant. From the analysis of the measured 67 

data, they conclude that the most important parameter to decide the operation mode of the plant 68 

is based on the forecast of the available DNI of the next days. So, the TES system operating 69 

strategy implemented in the model is based on the sky conditions of the two next days.  70 

In the literature, several dimensionless indexes have been studied to represent solar radiation 71 

features (Kang and Tam, 2013; Liu and Jordan, 1960; Moreno-Tejera et al., 2017; Skartveit and 72 

Olseth, 1992; Stein et al., 2012). The solar radiation features can be used to classify days 73 

according to the sky conditions in different types, but the classification criteria use to be 74 

application-related. The classification of days according to the state of the sky has been 75 

addressed by many authors (Kang and Tam, 2013; Muselli et al., 2000; Soubdhan et al., 2009; 76 

Stein et al., 2012) using Global Horizontal Irradiance (GHI) as input variable with the aim of 77 

analysing and improving the integration of PV plants into the electrical grid. Classification 78 

methods are useful for forecasting methodologies (Jiménez-Pérez and Mora-López, 2016). 79 

Gaston-Romeo et al. (2011) propose a classification methodology based on the morphology of 80 

the DNI curves oriented to establish a classification of days useful for CSP plants. But, the 81 

relation between the types of days obtained and the production of a CSP is not addressed.  82 

The objective of this work is to present a new index that could help in the characterization of the 83 

most significant qualitative features of solar radiation from a CSP plant operation perspective. 84 

These features are used in classification methods, but can be used for others purposes, as the 85 

assessment of the solar resource on a location or in solar radiation forecast methods (Kang and 86 

Tam, 2015). The new index is called clear sky yield index or kp and is defined as the relation 87 

between the production of a CSP plant in a specific period (day, month, season) and the 88 

production of the same plant for the same period but under clear sky conditions. This 89 

dimensionless index allows assessing the types of days classified according to the daily DNI 90 

features relevant for the operation of a CSP plant. Moreover, for a specific location and the 91 

same solar resource, this index also makes possible the comparison of the utilization of the solar 92 

resource of CSP plants with different configurations. 93 
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In a previous work, Moreno-Tejera et al. (2017) apply unsupervised clustering techniques to 94 

classify thirteen years (2000-12) of 10-min DNI measurements recorded in Seville. Each day is 95 

classified according to its daily DNI profile using three indexes: kb (Skartveit and Olseth, 1992), 96 

VI (Stein et al., 2012) and Fm (Moreno-Tejera et al., 2017), which represent three features of the 97 

DNI: energy, time distribution and variability. In this work, the relation between these indexes 98 

and the clear sky yield index is studied. Moreover, the characterization of the kp index for each 99 

day type defined according to these features is addressed for two Parabolic Trough Plants 100 

(PTPs).  101 

This work is organized in two main parts. In the first part, the new index is defined, calculated 102 

and characterized at daily scale for two PTPs with different configuration sited in Seville 103 

(Spain). To this end, the electrical production of these PTPs for a long period is estimated using 104 

System Advisor Model (NREL, 2010) (Michael J. and Gilman, 2011), a publicly available 105 

renewable energy systems simulation program developed by the National Renewable Energy 106 

Laboratories (NREL) and used by other authors for similar purposes (Casati et al., 2015; 107 

Meybodi et al., 2017; Polo et al., 2016). Sixteen years of 10-min DNI measurements from a 108 

radiometric station sited in Seville are used as input. The PTPs modelled are similar to two real 109 

plants currently in operation: Andasol 3 (Guadix, Spain) and Solnova 1 (Sanlúcar La Mayor, 110 

Spain). Both plants have an installed net capacity of 50 MWe; the first one has a 7.5 hours TES 111 

system while the second has no TES. In the second part, the daily indexes kb, VI and Fm are 112 

calculated for the same period and the relationship of daily kp versus each of these indexes is 113 

addressed. Finally, using the selected indexes and applying the unsupervised clustering 114 

technique described in (Moreno-Tejera et al., 2017), the kp behaviour at each cluster is assessed.  115 

2. The clear sky yield index. Definition and calculation 116 

The clear sky yield index kp is defined as the ratio between the electricity production of a CSP 117 

plant during a certain period (daily, monthly, annual) and the electricity production of the plant 118 

if there had been clear sky conditions all the time during the same period (daily, monthly, 119 

annual): 120 

  
   

   

   
           (1) 121 

where P
Δt

 is the electric energy produced by the plant during the period Δt and P
Δt

CS the electric 122 

energy produced by the plant during the same period, but under clear sky conditions. The 123 

dimensionless definition of this index removes seasonal effects derived from the sun-earth 124 

geometry and allows the comparison of the exploitation of the solar radiation of different days 125 

of the year for a specific plant or the exploitation of the radiation of a specific period from CSP 126 

plants with different configurations. This index can be defined for the gross or for the net 127 
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electricity production. A similar index could also be defined to evaluate the thermal energy 128 

collected by the solar field.  In this work, the kp index is calculated with the gross power 129 

produced and used to compare the utilization of the solar resource on a location of two parabolic 130 

trough CSP plants with different configurations.  131 

3. Methodology 132 

In this work, the value of the daily kp index of two PTPs with and without TES for a specific 133 

location is assessed in a first step. To this end, 16 years of DNI measurements are used to 134 

simulate the performance of each plant and calculate the kp index for the period (Fig 1). In a 135 

second step, the types of days classified according to the sky conditions defined by Moreno-136 

Tejera et al. (2017), are statistically characterized from the perspective of the production of both 137 

PTPs. This classification is based on three solar radiation indexes that represent the variability, 138 

the energy and the time distribution of the daily DNI curves. To help characterize the relation 139 

between kp index and day types, the relation between kp and the three classification indexes is 140 

evaluated and then the frequency distribution of the kp index for each type of day is obtained 141 

(Fig. 2).  142 

 

Fig. 1. Schematic description of the process followed in the first step of this work: First, 16 

years of 10-min DNI values and a year of 10-min DNI under clear sky conditions (DNICS) 

values are used to simulate the performance of a PTP without TES and a PTP with 7.5h of TES 

using SAM. Then, the daily kp index is calculated and assessed for the same 16 years for the 

plants with and without TES. 

 143 
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Fig. 2. Schematic description of the process followed in the second step of this work: First, the 

relations between kp and kb, VI and Fm, are studied. These indexes are related to three features of 

the DNI curves (energy, variability and temporal distribution). Then, the kp index of each of the 

10 day types defined in a previous work according to these three features of the DNI curves is 

characterized.  

 144 

3.1. Meteorological data 145 

The meteorological database used for the simulation covers sixteen years (2000-2015) of DNI 146 

measurements recorded in Seville (37.40° N, 6.01° W) by the Group of Thermodynamics and 147 

Renewable Energy (GTER) of the University of Seville. These measurements were recorded 148 

every 5 seconds with an Eppley Normal Incidence Pyrheliometer (NIP) mounted on a Kipp & 149 

Zonen 2AP 2-axis tracker. This pyrheliometer is a secondary standard device according to ISO 150 

specifications. The hourly and daily uncertainty specified by the manufacturer is 1 %, 151 

assuming proper maintenance of the instruments. The GTER station follows a regular 152 

maintenance and calibration procedure according to the recommendations from the instrument 153 

manufacturers. The database passed a quality control check (Moreno-Tejera et al., 2015) and it 154 

was gap filled when necessary by applying gap filling techniques described in (Moreno-Tejera 155 

et al., 2016). The DNI database was averaged every 10 minutes for this implementation. 156 

3.2. Plant models and simulation 157 

Two PTPs similar to operational plants sited in the South of Spain and currently in operation 158 

have been selected as reference to model the plants that are going to be analysed: Andasol 3 159 
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(NREL, 2013) and Solnova 1 plant (NREL, 2017). Both plants have an installed capacity of 50 160 

MWe of net nominal power and use parabolic trough technology to collect the solar energy. The 161 

main characteristics of these plants are summarized in Table 1.  162 

Table 1. Main technical data used in SAM to model the plants. PTP0 and PTP7.5 models are 

based on the characteristics of SOLNOVA 1 and ANDASOL 3, respectively, both plants 

located in Spain. 

Parameter PTP0 PTP7.5 

Net output at design (MWe) 50 50 

Collector type EuroTrough ET150 EuroTrough ET150 

Receiver type Schott PTR70 2008 Schott PTR70 2008 

Number of loops 90 156 

Collectors per loop 4 4 

Solar field aperture area (m
2
) 300,000 510,120 

HTF Therminol VP-1 Therminol VP-1 

Design loop outlet Temp. (ºC)  391 391 

Thermal Storage Capacity  

(full-load equivalent hours) 

0 7.5 

TES type and medium - Two-tank, Hitec Solar Salt 

 163 

The Andasol 3 and Solnova 1 models have been used to estimate the electricity generation of 164 

both plants during the period 2000 – 2015 in 10-minute time-steps with SAM, (version 165 

2017.1.17). Hereinafter, the plant modelled similar to Andasol 3 is called PTP7.5 and the plant 166 

modelled similar to Solnova 1 is called PTP0. 167 

To assess the daily k
d
p value, the electric energy produced by the plant every day must be 168 

computed. The operation strategy of the PTP7.5 TES has been defined to provide full power 169 

output the maximum time as possible. The purpose of defining this operating strategy is to use 170 

all the remaining energy in the storage tanks after the sunset, so that the TES is empty at 171 

sunrise. The large capacity of the PTP7.5 TES permits the generation of electricity during the 172 

first hours of the next day. To avoid the effect of the energy collected during a given day on the 173 

assessment of the next day, the electricity yield is computed from 4:00 a.m. to 3:50 a.m. of the 174 
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next day. As shown Fig. 3, where the electricity generation of PTP7.5 during the most 175 

favourable day, June 21
st
, is simulated using the enveloping clear day (Moreno-Tejera et al., 176 

2017) as input, the hot tank is empty before 4:00 a.m. of June 22
nd

. 177 

 

Fig. 3. DNI and gross electrical power produced by the PTP7.5 plant on the 21th and 22th of 

June in envelope clear sky conditions. 

3.3. Assessment of the daily clear sky yield index 178 

The daily clear sky yield index is calculated and statistically characterized for two different 179 

PTPs sited at a specific location. To this end, 16 years of 10-min DNI measurements are used to 180 

simulate the performance of two different PTPs models. Moreover, a year of 365 envelope clear 181 

sky days is built to simulate the performance of the two PTPs models in clear sky conditions. 182 

This year is necessary to calculate the kp indexes. To build these DNI curves, a clear sky model 183 

is adjusted with the moments of less turbidity recorded at the site as function of the solar 184 

elevation angle (Moreno-Tejera et al., 2017). Thus, 16 years of daily kp values of two PTPs with 185 

different configuration are used to study and show the capacities of this new index. Fig. 1 186 

shown a schematic description of the process followed in this section.  187 

3.4. Relation between the clear sky yield index and the day-type clusters 188 

In a previous work, the DNI data from the GTER station of the University of Seville (37.40ºN, 189 

6.01ºW) for the period 2000-12 were used to test a classification of days methodology based on 190 

three features of the daily DNI curves: the energy, the variability and the temporal distribution 191 

of energy (Moreno-Tejera et al., 2017). Three indexes were used to represent each feature: the 192 

clearness index, kt (Liu and Jordan, 1960); the variability index, VI (Stein et al., 2012) and the 193 

morning fraction, Fm (Moreno-Tejera et al., 2017). The relation between these three indexes and 194 

kp is analysed for the 16 years of measurements and the two PTPs models outlined in the section 195 

3.2. Then, the 16 years are classified according to the methodology proposed by Moreno-Tejera 196 
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et al. (2017) and the kp values for each type of day are assessed. Fig. 2 shows a schematic 197 

description of the process followed in this part of the work.  198 

3.4.1.  Evaluation of clear sky yield index vs. classification indexes 199 

Several indexes have been used in the literature to try to classify days according to the sky 200 

condition. Moreno-Tejera et al. (2017) proposed a classification method based on three 201 

dimensionless indexes defined from DNI measurements. These indexes take into account three 202 

useful features of the DNI curves from a CSP viewpoint: the daily energy, the distribution over 203 

time of this energy and the variability (high frequency changes) of the instantaneous values 204 

caused by the passage of clouds throughout the course of the day.  205 

The index used to characterize the daily energy of the DNI is the transmittance index (kb) 206 

introduced by Skartveit and Olseth (1992). The definition is shown in Eq (2):  207 

   
   

 

   
          (2) 208 

where H
d

bn is the daily DNI and H
d

cs is the daily irradiation in clear sky conditions. Both daily 209 

irradiation values are obtained as the integration of the 10-min irradiance values. 210 

In (Moreno-Tejera et al., 2017) two indexes, previously used for the GHI component, are 211 

evaluated to characterize the variability of the DNI. As result, the Variability Index (VI) was 212 

found as the most proper index for the classification method proposed. This index was 213 

introduced by Stein et al. (2012) to identify periods and locations with high GHI variability. VI 214 

compares the length of the GHI curves with the length of the corresponding clear sky GHI 215 

curves. The VI used by Moreno-Tejera et al. (2017) is defined as the ratio between the length of 216 

the DNI curve and the length of the maximum enveloping clear sky day curve:  217 

   
              

 
 
     

   

              
 
 
     

   

        (3) 218 

where Ics is the maximum DNI clear sky average every 10 minutes, Δt refers to an interval of 10 219 

minutes, and n is the number of 10-minute intervals of the considered day. This index was 220 

normalized dividing by the maximum VI obtained for using in the classification method.  221 

Characterizing the time distribution of a curve by mean of an index is not an easy task. Moreno-222 

Tejera et al. (2017) proposed a new index that inform about the fraction of energy concentrated 223 

for the morning. The morning fraction is defined as the ratio between the accumulated DNI in 224 

the first half of the day and the accumulated DNI for the whole day. This index allows knowing 225 

if the daily radiation is concentrated in the first or the second part of the day:  226 
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          (4) 227 

where      
  is the DNI recorded from the sunshine to the solar noon and    

  is the daily DNI. 228 

In the classification method, this index was segmented in three values to optimize and facilitate 229 

the clustering of the data. As result, a new index called time fraction Ft is defined by Eq. (5).   230 

                     

                              (5) 231 

                     

The relation between the kb, VI and Fm with the kp for the 16 years of measurements and the two 232 

PTPs models is addressed in this work. Moreover, 16 years with symmetric DNI curves to the 233 

16 years of recorded DNI measurements respect to the solar noon are built and simulated. The 234 

relation between kp and Fm for this symmetric set is also evaluated. The analysis of both sets 235 

avoids conclusions related to the typical days from the location because of the climate. 236 

3.4.2.  Clear sky yield index vs. the day types  237 

In (Moreno-Tejera et al., 2017) the kb, VI and Ft indexes were used to group the days for the 238 

period 2000-12 from the Seville station using unsupervised clustering techniques that defined 239 

the number of groups and their features.  Results were compared with a visual classification 240 

carried out by 5 experts according to the 11 day types represented in Fig. 4. The best result 241 

classifies the days in a total of 10 clusters or day types. The medoids (or centres of the clusters) 242 

of each cluster were matched to the day types used as reference by the experts to find 243 

similitudes between plots, resulting in a merging between the days with very high and high 244 

energy, balanced and with low variability. The reference plots used by the experts and the 245 

resulting merging between day types are illustrated in Fig. 4. Moreno-Tejera et al. (2017) 246 

identified 10 day types from the solar radiation viewpoint, suggesting that the 4 low-level 247 

energy classes could be merged for the application to CSP plants. In Fig 4, the day types as 248 

classified as per (Moreno-Tejera et al., 2017) are grouped by similar levels of energy and 249 

variability in rows and similar temporal distribution in columns. To help to identify each type of 250 

day with its features, each cluster is called with the first letter of its type of energy temporal 251 

distribution (“M” morning, “B” balanced and “A” afternoon) and the first letter of its level of 252 

energy (“H” high, “M” medium, “L” low and “N” null). The relation of each day with the level 253 

of variability is shown in Fig. 4. 254 

 255 
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Fig. 4. DNI representation of the days corresponding to the reference plots used by the experts 

to carry out the visual classification. The experts proposed these eleven classes of day types 

initially, but the unsupervised classification found that the class on the top of the figure is 

classified among the high energy days.  

The days from the period 2013 – 2015 have been automatically classified into the same 10 256 

classes or day types. The data where quality-controlled and gap filled when necessary using the 257 

methodology described in (Moreno-Tejera et al., 2016). Thus, the resulting database consists of 258 

the meteorological database and the classification of all the days for the period 2000 – 2015.  259 

 260 

4. Results and discussion 261 

In this section, the daily values of the kp index of PTP0 and PTP7.5 for the 16 years of 262 

measurements of Seville is assed in a first step. In a second step, the relation between kp and the 263 

three classification indexes kb, VI and Fm is studied and the statistical characterization of the kp 264 

index for each type of day defined by Moreno-Tejera et al. (2017) is obtained.  265 

4.1. Assessment of the clear sky yield index 266 

In Fig 5 the daily kp values for the PTP0 (left side) and the PTP7.5 (right side) for the 16 years 267 

are represented. The median value of each day of the year for the period is also shown in both 268 

graphs (red lines). In the case of PTP0, kp values close to 1 are reached mainly in summer, but 269 

also in spring and the first part of autumn. In winter, the maximum values obtained are around 270 

0.9, because the clear sky model is adjusted with the clearest instances of cloudless sky, which 271 
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are mainly found in spring. The frequency of days with kp close to 1 for summer, spring and 272 

autumn is higher in PTP7.5. In general, the median kp values are higher for PTP7.5 although 273 

these differences are less significant in winter season.  274 

  

Fig. 5. kp values and median kp values of each day of the year (red line) of PTP0 (left side) and 

PTP7.5 (right side) for the 16 years considered. 

 275 

On the left side of Fig. 6, the kp values of PTP7.5 are represented versus the kp values of PTP0. 276 

As shown, in almost all days kp values of PTP7.5 are higher than for PTP0, showing a better 277 

utilization of the solar resource available. However, some days with higher values of kp from 278 

PTP0 are observed. In these days the PTP0 generated more energy with respect to the 279 

production of the corresponding enveloping clear sky day than the PTP7.5. These days are 280 

winter days with high energy and low variability in most of cases. 281 

The right side of Fig. 6 shows the frequency distributions of the kp values for the two PTP 282 

models. Both distributions have a bimodal character, with a maximum located in the range 0-0.1 283 

and the other in the range 0.9-1. The first maximum represents the production of cloudy days 284 

were the energy yield is almost null. The second maximum represents the production of clear 285 

days, very frequent in summer season as shown Fig 5. Both maxima of the bimodal distribution 286 

are similar in frequencies for PTP0, however, the maximum located in the range of 0.9-1 is 287 

higher for PTP7.5. In more than 30 % of the days, PTP7.5 yields as much energy as it would 288 

have yielded in the corresponding enveloping clear sky day, almost 40 % of days more than in 289 

the case of PTP0. 290 

The clear sky yield index kp can be used to evaluate and compare the exploitation of the solar 291 

resource by two CSP plants with different configurations sited in the same location. This 292 

property can be used to optimize the design of the plant. 293 
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Fig. 6. Representation of kp values of PTP7.5 versus PTP0 for the period 2000-15 (left side). 

Frequency distribution function of kp of PTP0 (blue) and of PTP7.5 (red) for the period 2000-

15 (right side). 

 294 

4.2. Evaluation of clear sky yield index vs. classification indexes 295 

In this section, the relation between kp and the kb, VI and Fm indexes for the 16 years of 296 

measurements and the PTP with and without TES system is presented and discussed. 297 

4.2.1. kp vs. kb 298 

Fig. 7 shows the representation of kp values for PTP0 (left side) and PTP7.5 (right side) versus 299 

kb values for the period 2000-15. In both graphs, a positive correlation between kb and kp is 300 

observed, but with a significant dispersion. For a value of kb, a range of kp values can be reached 301 

indicating that, although closely related, kp does not depend on kb only. Since the integration of 302 

the DNI to calculate the kb value cannot reflect the fluctuation and the distribution of solar 303 

radiation, the stand-alone use of kb has limitation for the production analysis (Kang and Tam, 304 

2013). Comparing both scatter plots, it is worth noting that the upper limit of PTP7.5 is higher, 305 

showing kp values close to 1 for days with kb values lower than 0.6 and increasing the number of 306 

days that reach this value of kp.  307 
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Fig. 7. Representation of kp values of PTP0 (left side) and of PTP7.5 (right side) versus kb 

values for the period 2000-15. 

 308 

The frequency distributions of the ratio kp to kb are shown in Fig. 8. Both distributions show a 309 

bimodal behavior with a maximum located in the range of null production and the other 310 

between 0.9 and 1.2. The values higher than 1 represent days where the ratio of production to 311 

daily DNI is higher than the ratio of production to daily DNI for the same day in clear sky 312 

conditions. This frequently occurs in clear days when the thermal energy dumped by the system 313 

(due to partial solar field defocusing) is significantly greater under clear sky conditions than 314 

under actual conditions; it also occurs, for the same reason, in some non-clear days when most 315 

of the energy is received during periods of highest optical efficiency. 316 

 

Fig. 8. Frequency distribution function of the ratio kp/kb of the PTP0 (in blue) and of the PTP7.5 

(in red) for the period 2000-2015. 

 317 

4.2.2.  kp vs. normalized VI 318 
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The kp values of PTP0 (left side) and of PTP7.5 (right side) versus the normalized VI for the 319 

period 2000-15 are represented in Fig. 9. The points located in the higher values of kp for 320 

normalized VI around 0.1 correspond to clear sky days. Both scatter plots show significant 321 

dispersion, although with some differences. In the case of PTP0 the scatter plot has a triangular 322 

shape defined by a vertical in the value of 0.1 of the VI, the abscissa axis and an upper limit 323 

with a downward slope. This shape shows that for a given value of VI, kp can take a range of 324 

values, but the upper limit of this range decreases when the VI increases, reflecting the negative 325 

effect that the variability of the resource has in a PTP without TES. For low values of VI, the 326 

range of kp values extends from 0 to 1 with higher frequency in the range between 0.6 and 1, 327 

indicating a better exploitation of the resource when the variability of the DNI is low. In the 328 

case of PTP7.5 the scatter plot limits have a squarer shape: values of kp close to 1 are reached 329 

on days with VI higher than 0.6, because the TES system reduces the negative effect of 330 

variability and allows for a better use of the available solar resource. 331 

  

Fig. 9. Representation of kp values of PTP0 (left side) and of PTP7.5 (right side) versus the 

normalized VI for the period 2000-15. 

 332 

4.2.3.  kp vs. Fm 333 

To study the relation between Fm and kp, both indexes are calculated for the 16 years of DNI 334 

measurements and for 16 years of symmetrical days (DNI curves time-inverted with respect to 335 

the solar noon). The evaluation of both sets allows us to compare the values of kp in days with 336 

energy mainly concentrated in the morning and days with energy mainly concentrated in the 337 

afternoon that have symmetric profiles, avoiding the effect of possible local climatic 338 

characteristics.  339 

In Fig. 10 the kp values for the measured set and symmetric set of PTP0 (left side) and PTP7.5 340 

(right side) are plotted versus Fm. Both scatter plots are almost symmetrical with respect to Fm 341 

equal to 0.5. The scatter plots have a significant dispersion –showing that kp is not a function of 342 
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Fm only- but a well-defined upper limit, with maximum values of kp equal to 1 for Fm values 343 

around 0.5 (the apparent symmetry axis). In the case of the PTP7.5, this limit is less defined and 344 

decreases more slowly as Fm diverges from 0.5 (kp reaches 0.9 for Fm equal to 0.7, while for 345 

PTP0 kp does not exceed 0.7 for the same value of Fm). The dotted vertical lines shown in Fig. 346 

10 limit the values selected in the classification method to define the days with energy mostly 347 

concentrated on the morning (morning days) and mostly concentrated in the afternoon 348 

(afternoon days). 349 

  

Fig. 10. Representation of kp values of PTP0 (left side) and of PTP7.5 (right side) versus Fm for 

the measured DNI set and its symmetric set. The dotted vertical lines indicate the Fm values 

selected in the classification method to define afternoon days (Fm ≤ 0.3), balanced days (0.3 

<Fm < 0.7) and morning days (Fm ≥ 0.7). 

 350 

To compare the behaviour of the PTP plants in morning days (MH, MM, ML) and afternoon 351 

days (AH, AM, AL), Fig. 11 shows the representation of the kp values of the measured DNI set 352 

and its symmetric for afternoon days vs. morning days (upper row) and the cumulative 353 

distribution function (CDF) of kp values for morning days and afternoon days (lower row). In 354 

the case of PTP0 both representations (upper and lower left side graphs) show that the afternoon 355 

days have mostly higher kp values than morning days. However, in the case of PTP7.5 the 356 

tendency is not so clear (Fig. 11, upper and lower right side graphs). For higher kp values, the 357 

morning days seem to be more favourable for the exploitation of the solar resource, but for 358 

lower values this trend is inverted. 359 
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Fig. 11. Upper row: kp values of afternoon days versus morning days for the measured DNI set 

and its symmetric set for PTP0 (left side) and PTP7.5 (right side); second row: CDF plots of kp 

values of afternoon days (violet line) and morning days (green line) for PTP0 (left side) and 

PTP7.5 (right side). 

 360 

4.3. Clear sky yield index vs the day type clusters 361 

Fig. 12 shows box and whisker plots of the values of kp (period 2000-15) for each day type and 362 

for PTP0 and PTP7.5. Except for the BL, AL and BN day types, the median kp values of all 363 

types of days are higher in the case of the PTP7.5. The TES system permits a better 364 

management of variability and the excess of radiation in clear days. This is also reflected in the 365 

maximum values of kp for PTP7.5. However, the minimum values are quite similar. These are 366 

often found for winter days, when the effect of the incidence angle penalizes the performance of 367 

these PTPs. During these days, defocussing is not required and the TES is not efficiently used. 368 

So, in winter days kp values are similar in both plants. 369 
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Fig. 12. Box and whisker plots of the kp values of each type of day for the plant with (right side) 

and without TES (left side) for the period 2000-15. The boxes are defined by the percentiles 25 

and 75 and 99.3% of the values (considering normal distribution of the set) are within the 

whiskers limits. The red lines within the boxes correspond to the median values of the sets. The 

day types with high, medium, low and null energy are separated with a dotted line. The 

percentage of days from the period belonging to that type of day is shown under each day type 

label. 

 370 

For both plants, the higher values of kp are obtained for the BH type. More than 80% of the days 371 

classified in this cluster have a kp higher than 0.7, as shown Fig. 12. The day types MH and AH 372 

show similar boxes with small differences in the extreme values. However, the types MM and 373 

AM show clear differences. The same difference between morning and afternoon days can be 374 

observed for the types of days with low energy: the type ML has kp values higher than zero in 375 

more than half of days while in the type AL only outliers are not nulls. The day types with high 376 

variability and DNI mainly concentrated during the morning are associated with higher kp for 377 

this location. This result can be attributed to specific climatological characteristics of Seville, 378 

considering the results regarding the relation between kp and Fm presented in section 4.2.3. 379 

Noteworthy is the high range of values of kp found in the day type BM. The operation of the 380 

plants –especially PTP0- during these types of days is very complex. Depending on the 381 

frequency and duration of the transients, the plant must stop the turbine or can continue the 382 

operation thanks to the thermal inertia of the plant. In the last three types of day (BL, AL, BN) 383 

the energy production is basically negligible. The period of the year when these day types are 384 

more frequent is the best period to shut the plant down for maintenance.  385 

For a better understanding of the results found in our location, the average and median values of 386 

kp from the sixteen years of simulation of PTP7.5 and PTP0 for each type of day are shown in 387 
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Table 2. In addition, the average and median values of kp7.5/ kp0 from the sixteen years of 388 

simulation are also included. The types MH and AH have very similar statistics, however the 389 

types MM and AM show a different median and average, in agreement with the discussion on 390 

Fig 12. In both cases (with and without TES), the kp values are higher for the MM type than for 391 

the AM type. Except for BL, AL, BN, all median and average kp values are higher for PTP7.5 392 

(when the TES is available) but the differences are more notable in the types of days with high 393 

variability (MM, BM and AM). This result can be observed in the average and median values of 394 

kp7.5/ kp0: kp7.5 statistics are more than 30 % higher respect to kp0. The types catalogued with low 395 

or null energy have averages and median values null or almost null. In all cases, the median 396 

values are close to the average except for the BH and AM day types. The frequency 397 

distributions of the kp values for all types of days are displayed in Fig. 13 for PTP0 and PTP7.5. 398 

The distribution for the day types BH and AM are far from being a normal distribution. In both 399 

plants, the more frequent kp values for the BH type are located between 0.9 and 1 and on 400 

average, as shown in Table 2, more than 50% of the days in Seville are from this type. Fig. 13 401 

shows that BM type covers a wide range of values of kp and has a distribution close to normal, 402 

mainly for PTP0, in concordance with the result observed in Fig 12. Since the BM cluster has 403 

the second highest number of days and the plant operation is more complex in these day types, 404 

dividing this group in two or more subgroups could be interesting for the assessment of the 405 

operation. Moreover, the day types BL, AL and BN could be grouped in a single cluster since in 406 

all cases the median and the average values of kp are null or very close to zero. 407 

Table 2. Average and median values of kp from the sixteen years of simulation of PTP7.5 and 

PTP0 for each day type. The last row shows the percentage of days of each cluster. Dotted 

lines are placed to separate the days with high (H), medium (M), low (L) and null (N) energy. 

Type of day MH BH AH MM BM AM ML BL AL BN 

kp0 

Average 0.38 0.82 0.36 0.23 0.39 0.13 0.06 0.04 0.01 0.00 

Median 0.37 0.87 0.38 0.25 0.38 0.09 0.02 0.00 0.00 0.00 

kp7.5 

Average 0.46 0.86 0.42 0.38 0.51 0.18 0.09 0.05 0.01 0.00 

Median 0.43 0.93 0.41 0.38 0.50 0.14 0.06 0.00 0.00 0.00 

kp7.5/ kp0 

Average 1.21 1.05 1.17 1.65 1.31 1.38 1.50 1.25 1.00 0 

Median 1.16 1.07 1.08 1.52 1.32 1.56 3.00 0 0 0 
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N. days (%) 1.6 51.9 2.9 0.8 19.9 3.2 3.2 7.7 5.5 3.3 

 408 

For our location, the features of the days classified as afternoon types have worse features from 409 

the standpoint of a PTP yield. In Fig. 13, the distributions of the kp values for the AM type show 410 

a clear peak for values between 0 and 0.1 (approx. 50% of values for PTP0 and 35% for 411 

PTP7.5). Moreover, kp takes negligible values at clusters with null or low values of expected 412 

energy except in the case of ML cluster, where approx. 35% of values for PTP7.5 and 25% of 413 

values for PTP0 are greater than 0.1. Thus, in our location, the expected similar behaviour in 414 

clusters with low or null energy levels does not occur if the incoming energy is collected during 415 

the first part of the day. In this case, small but not negligible energy can be produced.  416 

Some similitudes can be observed between the distributions of kp of different types of days for 417 

PTP0 and PTP7.5.  418 
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Fig. 13. Histograms of kp values for each day type or cluster from the simulation of the sixteen 

years of PTP0 (in blue) and PTP7.5 (in red). 

 419 

The two-sample Kolmogorov-Smirnov test (K-S test) implemented by means of the function 420 

“kstest2” of Matlab (MathWorks, 2016) has been applied to both plants to compare the kp 421 

distribution of the different clusters.  422 

The decision test for the null hypothesis (the two data sets are from the same continuous 423 

distribution) is analyzed. The alternative hypothesis is that the data sets are from different 424 

continuous distributions. The result is ‘false’ if the test cannot reject the null hypothesis at the 425 

5% significance level, and ‘true’ otherwise. The results of the K-S tests are found in Table 3 for 426 

PTP0 and in Table 4 for PTP7.5. In both cases, the null hypothesis (the two data sets are from 427 

the same continuous distribution) obviously cannot be rejected for the same samples, but also 428 

provide a “false” in MH and AH types; however, in the case of the day types MM and AM the 429 

hypothesis is rejected providing a “true” value. In our location, when the variability of the day is 430 

low and the energy high, the kp values have the same distribution regardless of whether the 431 

energy is mainly received during the morning or the afternoon, while for days with medium or 432 

high variability, the distributions are different. In the case of PTP7.5, Table 4, the null 433 

hypothesis cannot be rejected for morning days with medium or high variability (the 434 

distributions for MM, MH and AH day types are similar). These and previous results are 435 

summarized in Table 5 for an easier understanding.  436 

Table 3. Results of the K-S test between the distributions of kp values of each type of day 

obtained with the simulation of the period 2000-15 of PTP0. 

 MH BH AH MM BM AM ML BL AL BN 

MH false true false true true true true true true true 

BH - false true true true true true true true true 

AH - - false true true true true true true true 

MM - - - false true true true true true true 
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BM - - - - false true true true true true 

AM - - - - - false true true true true 

ML - - - - - - false true true true 

BL - - - - - - - false true true 

AL - - - - - - - - false true 

BN - - - - - - - - - false 

 437 

Table 4. Results of the K-S test between the distributions of kp values of each type of day 

obtained with the simulation of the period 2000-15 of PTP7.5. 

 MH BH AH MM BM AM ML BL AL BN 

MH false true false false true true true true true true 

BH - false true true true true true true true true 

AH - - false false true true true true true true 

MM - - - false true true true true true true 

BM - - - - false true true true true true 

AM - - - - - false true true true true 

ML - - - - - - false true true true 

BL - - - - - - - false true true 

AL - - - - - - - - false true 

BN - - - - - - - - - false 

 438 

Table. 5. Qualitative analysis of the kp values per cluster and PTP. kp takes negligible values at 439 

clusters with null or low values of energy except in the case of ML cluster (red kp). BH cluster 440 

shows the highest kp values (green) at both PTP.  441 

PTP0 PTP7.5 

Cluster kp Cluster kp 

BH     BH     

MH & AH    MH & AH & MM    

MM      

BM    BM    

AM    AM    

ML     ML     

BL & AL & BN null BL & AL & BN null 

 442 
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A result from the previous analysis and Table 5 is that 4 groups have intermediate values of kp 443 

in the case of PTP0: MH & AH, MM, BM and AM; while there are only three groups in the 444 

case of PTP7.5: MH & AH& MM, BM and AM. Considering this result, it can be stated that 445 

there are only 7 day-types from the production standpoint for PTP0 and 6 types for PTP7.5. 446 

The characterization of day types in a location from the perspective of the production of PTPs 447 

can be used in forecasting methods (Jiménez-Pérez and Mora-López, 2016). The forecast of the 448 

day types helps to know the most likely level of solar resource utilization (kp) and as result for a 449 

specific day the most probably range of production. Moreover, the prediction of the day types 450 

for the next days can help to decide the best operation mode to apply (Rohani et al., 2016). 451 

From the design point of view, this result could also be used to optimize the TES size by 452 

defining operating strategies and control techniques adapted to the market and tariff conditions 453 

(Casati et al., 2015) and the typical distribution of day types. 454 

 455 

5. Conclusions 456 

The clear sky yield index kp is introduced. kp is defined as the quotient of the energy generated 457 

by a solar plant to the energy that the same plant would generate under clear sky conditions 458 

during a certain period. Thus, a solar plant model and a clear sky model are required to calculate 459 

kp. In this work, the concept of clear sky yield index is applied to CSP plants, using the daily 460 

gross electricity generated. For the assessment of the features and possible applications of kp, 461 

two parabolic trough CSP plants models (PTP0, without TES, and PTP7.5, with 7.5 full-load 462 

hour capacity TES), a clear sky model and 16 years of DNI measurements recorded in Seville 463 

(Spain) have been used. 464 

The analysis of the results shows that: 1) The daily kp values for both PTP0 and PTP7.5 take 465 

higher values in summer and lower in winter, with greater variability during spring and autumn; 466 

2) the values of kp are normally –but not always- higher for PTP7.5; 3) the frequency 467 

distributions of kp are bimodal with the maximum placed at low kp values for PTP0 and at high 468 

kp values for PTP7.5. All these features are indicative of the advantages in the utilization of the 469 

solar resource provided by the high capacity TES of PTP7.5. 470 

The relation of kp with other indexes proposed for the characterization of the solar resource 471 

features (transmittance index kb, variability index VI, morning factor Fm) has also been 472 

investigated. A good correlation between kb and kp has been found, with well-defined, 473 

increasing upper and lower limits, though the spread indicates that other parameters are required 474 

to relate both indexes. If the shapes of the scatterplot of PTP0 and PTP7.5 are compared, a 475 

higher slope of the upper limit is identified in the case of PTP7.5, showing kp values close to 1 476 
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for days with kb values lower than 0.6 and increasing the number of days that reach this value of 477 

kp. In the case of the VI, a range of kp values from 0 to 1 is observed for lower VI values with 478 

more points close to 1. The upper limit of this range decreases when VI increases. So, the 479 

scatterplot is limited by a decreasing lineal boundary showing that higher variability involves 480 

lower kp. This behaviour suggests, again, that other parameters are needed to relate both 481 

indexes. The influence of variability is less relevant in the case of PTP7.5. The performance of a 482 

PTP with TES can double the kp value with respect to a plant without TES in days with high 483 

energy and high variability. This advantage of TES is not so significant in days with low energy 484 

and high variability. Additional sets of 16 years of DNI synthetic data with symmetric profiles 485 

with respect to the solar noon and the corresponding daily kp values have been elaborated to 486 

investigate the relation between Fm and kp. The higher values are always found for days with a 487 

well-balanced distribution of the solar resource during the day –which are days with high 488 

energy, too. The range where these higher values are found is wider for PTP7.5; reaching values 489 

of kp equal to 0.9 for values of Fm of 0.7 while in PTP0 kp 0.7 is not exceeded for the same value 490 

of Fm. The comparison of the kp values for the days considered as morning days (Fm higher or 491 

equal to 0.7) and as afternoon days (Fm lower or equal to 0.3) are compared for both plants. In 492 

the case of PTP0, afternoon days have, on average, higher kp values than morning days. For 493 

PTP7.5 the behaviour is not well defined, suggesting that no significant differences can be 494 

attributed to this factor. 495 

As an application of the clear sky yield index, the relation between the day types, classified by 496 

means of an unsupervised clustering method based on the variability, energy and time 497 

distribution of the DNI, and the electricity yield, is characterized by means of the clear sky yield 498 

index, kp. All day types, except for days with medium energy, high variability and balanced 499 

temporal distribution of the solar resource (BM type), have characteristic frequency 500 

distributions of kp. The kp values are statistically higher for the BH –high energy, balanced time 501 

distribution and low variability- day type. The kp values for days with the energy concentrated 502 

mainly in the morning or in the afternoon have similar distributions if the variability is low; 503 

otherwise, the distributions are clearly different and kp reaches higher values when the energy is 504 

concentrated in the morning rather than in the afternoon. The already commented results 505 

obtained when the kp values for morning and afternoon days are compared for the measured set 506 

and the symmetric set suggest that the morning days from our location have better features than 507 

afternoon days from the standpoint of the PTP performance. The days with low or negligible 508 

energy (BL, AL, ML and Null) show very similar frequency distribution, thus suggesting the 509 

possibility to merge all these day types (with the possible exception of ML for the location of 510 

this study) in one only type.  Therefore, the 10 day types identified in a previous work can be 511 

reduced to 6 (for PTP7.5) or 7 (for PTP0). So, with the characterization of the 10 day-types 512 
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from the production of a PTP without TES viewpoint the number of types can be reduced to 7 513 

and from the production of a PTP with TES to 6. 514 

The relation between day types and clear sky yield index has a direct application to the 515 

definition of operating strategies and forecasting of the energy generation based on the 516 

qualitative prediction of the type of day. Another potential application is the optimization of the 517 

configuration of CSP plants during the design stage based not only on the solar resource 518 

magnitude, but also on the knowledge of the typical distribution of day types for the location. 519 

In future works, the comparison of different CSP technologies and different locations based on 520 

the clear sky yield index will be addressed. 521 

 522 
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