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Abstract

To properly operate Central Tower Solar Power (CTSP) plants, collection systems must work under
appropriate weather conditions. Therefore, knowing the state of the atmosphere, and more specifically the
level of incident radiation, is a very valuable information for the operation, to adapt the system for electricity
production to atmospheric conditions. Sky cameras have emerged as terrestrial point technologies that can
observe the changes produced in short-time intervals. In this work, we have estimated Direct Normal
Irradiance (DNI) using a total sky camera (TSI-880 model) under high dust load to study its effect in the DNI
estimation, for next compare the results with a cloudless day without these attenuator particles. Furthermore,
a CL-51 Vaisala ceilometer was used to identify the presence of this dust concentration in the atmosphere.

Keywords: Solar radiation estimation, Atmospheric attenuation, Central tower solar power plants, Sky
camera, LIDAR

1. Introduction

The great majority of CTSP plants are in areas with low or medium probability of occurrence of clouds, but
high probability of occurrence of episodes of high concentrations of aerosols or dust intrusion. That is why it
is necessary to include both factors of a correct evaluation and prediction of the values of direct radiation in
the receiver of the tower.

Sky cameras have been used to characterize the atmosphere from a terrestrial point. Its technology makes can
be installed in any geographical location, providing a hemispheric view of the sky in real time. Subsequently,
many researchers have used these cameras for cloud detection (Alonso et al., 2014) and solar irradiance
estimation (Alonso-Montesinos and Batlles, 2015). In that case, atmospheric constituents play also an
important role in the radiation attenuation and must be take into account in the solar irradiance estimation.

On 22" February 2016, an intense episode of Sahara dust intrusion took place in almost all of the Iberian
Peninsula, reducing visibility drastically and producing a remarkable dust deposition. In the southeast,
Almeria was particularly affected by the event (Alonso-Montesinos et al. 2016). Having a sky free of clouds,
the DNI estimation was carried out, obtaining a results very distant than in a normal cloudless sky.
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Therefore, in this work, we present the influence of the concentration of dust particles in the DNI estimation
using a total sky camera (TSI-880 model). To ensure the presence of this dust deposition in the lower
atmosphere layers, LIDAR data were used from a CL-51 Vaisala ceilometer, obtaining different atmospheric
parameters for the days studied.

2. Data

Radiation data were obtained from a radiometric station placed at CIESOL at the University of Almeria,
Spain (36.8°N, 2.4°W, at sea level), at the same time that total sky images (from TSI-880 sky camera) have
also collected. The hemispheric vision was represented in JPEG (joint photographic expert group) images,
with a 352x288 pixel-image resolution. Furthermore, CL51 Vailasa data were used. Fig. 1 shows the
instrumentation in the rooftop of the CIESOL building.

Fig. 1: Total sky camera, TSI-880 model and CL51 Vaisala ceilometer placed in the rooftop of the CIESOL building
at the University of Almeria

3. Methodology and results

In this section, a particular episode occurred in the southeast of Spain is presented where dust particles
appeared over Almeria, provoking a decrease in the Direct Normal Irradiance (DNI). Therefore, a case study
was performed for estimating DNI using a total sky camera under this special situation. The estimations for
this turbid day were compared with the estimations for a clear day, obtaining representative conclusions.
Furthermore, CL51 Vaisala ceilometer data were used to contrast the causes of the DNI decreasing.

The importance of this study comes from the special interest of CTSP plants, which need to measure the DNI
attenuated in the lower layers of the atmosphere. Therefore, one of the main goal of these plants is to model
the irradiance losses between the heliostats and the receiver placed at the top of the tower.

3.1 Turbid day vs clear day

As the idea of this paper is to determine the influence of dust particles in the estimation of DNI with total sky
cameras, two contrasted days were selected. The first day was conditioned by a high concentration of
Saharan dust particles in the atmosphere (22" February 2016). For the second day, we tried to choose a clear
day in the same date but in other years, obtaining it on 22" February 2012. Fig. 2 shows the difference of
DNI measurements for both days:
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Fig. 2: Representation of measured DNI curves for the days 22" February 2012 and 22" February 2016

As seen, the DNI measured for the two days presented an important difference along the day. This difference
was also captured by the total sky camera where the digital image levels were also very different. Fig. 3
shows the difference between the two sky camera images:

Fig. 3: Sky representation using a TSI-880 sky camera. The image A represents the sky on 22" February 2012 at
12:00 Universal Coordinated Time (UTC), and image B on 22" February 2016 at 12:00 UTC.

In the previous images, the blue sky presents a different appearance: in the picture A the sky appears in a
more intense blue; whereas in the picture B, the sky appears with another blue tone (cloudier). Having this
difference, the objective was to study the influence of the dust presence in the DNI estimation. Subsequently,
the idea was to see how the atmosphere was composed in the lower layers with the CL51 Vaisala ceilometer.
As Vaisala was installed in the CIESOL building in 2014, there was not data available from 2012. Then, a
day with similar DNI was searched, finding 1% March 2016 like the most suitable. Figure 4 represents the
DNI curves for 22" February 2012 and 1%t March 2016 to see that the DNI values had a similar trend in the
two days:
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Fig. 4: Representation of measured DNI curves for the days 22" February 2012 and 15t March 2016

The DNI on 1%t March presented higher values than 22" February, indicating a clearer day. Therefore, the
first day of March was selected like the clear sky for comparing with 22" February 2016 (dust episode).

Figure 5 shows an image for the selected day, where blue sky does no present any perturbation in the
atmosphere due to dust particles apparently.

Fig. 5: Image from TSI-880 sky camera on 1% March 2016 at 12:00 (UTC)

3.2 DNI estimation using a total sky camera

According to methodology presented in Alonso-Montesinos and Batlles, (2015) and Alonso-Montesinos et
al., (2015), the DNI was estimated using TSI-880 sky images for the two studied days: 22" February 2016

and 1% March 2016. The first one presented the concentration of Sahara dust particles; whereas the second
one was a cloudless sky where dust particles do not appear.

Digital image levels are used to estimate a DNI value. For DNI, not all pixels are processed; only pixels in

the sun area. As the sun area has not always the same size, a radius which covers the solar area is obtained in
function of the solar altitude angle (a), following the next expression:

Radius = —0.9646 a + 99.2986 (eq. 1)

Figure 6 represents the solar area detected for a cloudless moment, where the red circle represents the sun
area to estimate the DNI.
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Fig. 6: Image from TSI-880 sky camera, where different areas are established to do the estimation of radiation.

After that, using digital image level correlations and the solar altitude angle, each pixel belonging to the red
circle acquires a DNI value following the methodology described in the previous cites. Finally, the mean
value of the total pixel estimations represents the DNI.

From sunrise to sunset, images from the sky cam were processed every minute. For all results, different
parameters were obtained: RMSE given by Eq. (2) and expressed in (Wm?); nRMSE given by Eq. (3) in
(%); MBE given by Eq. (4) and expressed in (Wm2); nMBE given by Eq. (5) in (%) and R given by Eq. (6)
(dimensionless):

1
RMSE = \/;Z?’zl(DNlest — DNl;00)? (eq2)
RMSE
NRMSE = [m] 100 (eq 3)
1
MBE = ~ 3L 1(DNl st — DNIpeq) (eq4)
MBE
nMBE = [ ] 100 (¢a®
R = IPNlestDNimea (eq 6)
ODNlest

where DNI, is the DNI estimated, DNI,., is the DNI measured, DNI,,, is the maximum observed DNI
value, DNl is the minimum DNI value, 0opyy, ,pni,,,, 1S the covariance of the two input data sets (the
estimated and measured radiations), opy,, is the standard DN, deviation and Opyy,,,, is the standard

DNI,.0 deviation. Tab. 1 shows the numerical results:

Tab. 1: DNI estimation results for the two day analyzed: 22" February 2016 (turbid day) and 1 March 2016 (clear day).

Day RMSE (Wm?) | nRMSE (%) | MBE (Wm?) | nMBE (%) R
22" February 2016 192.87 50.36 -141.35 -36.91 0.27
1 March 2016 137.68 16.17 50.13 5.89 0.95

As seen, the results on February presented an nRMSE value higher than on March in a value of 30%.
Furthermore, the nMBE presented a high difference; on February, the DNI was underestimated, with a mean
value of -37%; whereas on March, the value was lower than 6%. The underestimation was consequence of
the classification of pixels. In the February’s case, the pixels were classified like overcast due to the digital
image level of the pixels that belong to the red circle, and therefore, the DNI estimation was done for an
overcast day. As seen, the DNI estimation model is only based on the image digital values without
considering atmospheric measurements. By this reason, in a free cloud day, the appearing of dust situations
provokes that the model presents results very far than for typical cloudless skies. Therefore, CL51 Vaisala
ceilometer data were used to see the behavior of the atmosphere, having another tool which could improve
the solar radiation estimation.
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3.3 Determination of atmospheric factors using a LIDAR ceilometer

CL51 Vaisala ceilometer with LIDAR technology, provides atmospheric information (from 0 to 4
kilometers) related to aerosol presence and visibility, and gives indirect information to calculate some
atmospheric factors. Therefore, with the data collected, it is possible to identify the main attenuation factors
helping to improve the solar radiation estimation models.

In the case of study of this paper, the profiles for the two analyzed days were studied, and the complete
distributions are presented in Fig. 7, where it is shown the evolution along the whole day of the attenuated
backscatter intensity (ABI) profiles from ground up to 4 km:
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Fig. 7: CL51 Vaisala ceilometer profiles: the upper image represents the profiles on 22" February 2016, and the
other one represents the profiles on 15t March 2016



Alonso-Montesinos, J. et al. / EuroSun 2016 / ISES Conference Proceedings (2016)

In this figure, important information is extracted for the two days. In the case of 22" February, the most
relevant data are presented below:

A nearly static dust layer 500 meters thick appears. With the sunrise, the surface temperature rises and this
layer expands up to the boundary layer. Another thin layer, in the upper limit of the residual boundary layer
appears floating on the boundary layer. From 16:00 UTC to the end of the day, the two layers precipitate
progressively, appearing an expanding region of intermediate Attenuated Backscatter Intensity (ABI) values
(in green) reaching up to 4 km in altitude.

For the analyzed case on 1% March, the atmosphere presents clear profiles (low intensity values) along the
day. Perhaps, from 14:00 hours to midnight, a higher concentration of particles appears in the lower
atmospheric layers (from 0 to 250 meters) but in a lower degree than on 22" February. However, this first
day of March can be considered like a very clear day.

As seen, the most important successes occurs in the lower layers (being more representative from 0 to 250
meters, approximately). Taking into account the interest of CTSP plants in the study of the sky conditions in
these lower atmospheric layers to quantify the DNI losses between the heliostats and the receiver placed at
the top of the central tower, these layer are analyzed. Furthermore, the first 250 meters are enough to
measure the losses, covering the higher towers built in the plants.

Therefore, the inclusion of LIDAR information in DNI estimation models can improve the accuracy of that.
For this reason, different atmospheric factors have been obtained from LIDAR measurements. Subsequently,
ABI has been analyzed with the aim to determine the Meteorological Optical Range (MOR) and the Aerosol
Optical Thickness (AOT) from 0 to 250 meters. Concretely, the profiles were obtained at midday (12:00
UTC) for an average time of 20 minutes in the two selected days.

The extinction coefficient (K.y) is obtained solving the ceilometer equation, for a given profile, taking a
particular Lidar Ratio (LR). The LR is a variable which depends on the aerosols and the water vapor, being
33 (Wm)! for a cloudless sky by the manufacturer. Figure 8 represents the K., coefficient on 22" February.

1400
1200 (\
\
\
1000
—
v
g 800
£
E
w® 600
(]
I /
400
200
0
5,00E-06 1,05E-04 2,05E-04 3,05E-04 4,05E-04 5,05E-04 6,05E-04 7,05E-04 8,05E-04

Kext (M)
Fig. 8: K. profile obtained from CL51 Vaisala ceilometer on 22" February 2016 at 12:00 UTC

Analyzing the graph, the coefficient shows similar values in the lower atmospheric layers (until 500-600
meters approximately), having a high dispersion from 800 to 1300 meters. It means that the atmospheric
composition was homogenous in the low layers with a K., coefficient value between 2.5E% and 3.5E%; and
next, the homogeneity changed significantly. For comparing this day with the clear studied day, Figure 9
shows the K. profile on 1% March 2016:
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Fig. 9: Kex profile obtained from CL51 Vaisala ceilometer on 1t March 2016 at 12:00 UTC

In this case, the K., values were lower than the values registered on February. For the first 250 meters, the
K.« values presented a decrease, reaching values between 2.8E% for 9 meters and 1.9E for 250 meters.

The MOR (expressed in meters) was also calculated following the next equation:

3

MOR = (eq 7)

Kext

Together with the averaged K.\ values and the MOR parameter, the AOT was obtained integrating the Ko
into the first 250 meters. As the CL51 ceilometer profiles are retrieved every 9 meters, we integrated the
coefficient from ground to 252 meters (multiple of 9). Table 2 shows the summary of variables for the two
days:

Tab. 2: Atmospheric variables obtained from CL51 Vaisala LIDAR ceilometer from ground to 252 meters

Day Kot (m™) MOR (Km) AOT (910nm)
22" February 2016 3.19E™ 9.40 8.04E 2
15t March 2016 2.40E% 125.00 6.05E03

The results show a significant difference between the two analyzed days: in the case of 22" February, the
K.y coefficient was higher than on March, and consequently, the MOR was different too. In the case of
February, the dust particles provoked that the MOR decreased until 10 Km approximately, whereas for the
case of March, with a clean atmosphere, the MOR was higher than 120 Km. The AOT obtained at 910 nm
was also lower under a clear sky, presenting a value of 8.04E°? with the presence of dust particles, and
6.05E for a very clear atmosphere in the lower layers.

Therefore, considering LIDAR measurement, the DNI estimation can be improved taking into account the
attenuation coefficients in the processing of total sky images. The coefficients calculated can help to
determine the optical properties of sky cam images depending on the contamination degree which appears in
the digital image levels. With that, the interpretation of the pixel like cloudless or overcast is improved, and
the consequent DNI estimation too.
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4. Conclusions

In this work, a Sahara dust episode occurred the last 22" February 2016 has been studied and compared with
a totally clear day (1% March 2016) using a TSI-880 total sky camera and a CL51 Vaisala ceilometer with
LIDAR technology.

The DNI was estimated using the TSI camera for the two studied days using the digital image levels. On 22"
February, where the intensity of dust particles was very high, the nRMSE value was higher than 50%,
whereas the nMBE value presented an underestimation of 37%. The other day, 1% March 2016, presented an
atmosphere free of dust particles, and the DNI estimation presented better results, where the nRMSE value
was of 16% and the nMBE was lightly overestimated, with a value of 6%. In this case, the R coefficient
presented also good values. Therefore, the results show that the nRMSE can differ in more than 30% under
cloudless skies, if particular episodes, like the scenarios presented on February, appear.

LIDAR data from the CL51 Vaisala ceilometer have been used to obtain atmospheric parameters. K..;, MOR
and AOT were obtained for the turbid and for the clear day, showing a high difference. In the case of K., and
AOT the values were lower in the clear day, and the MOR presented lower values in the turbid day.

As seen, dust particles have an important impact in the solar irradiance. Depending on the particle load, the
attenuation of solar radiation can be more or less important. Theferore, the DNI estimation with sky cams
can be improved using LIDAR data, where the atmospheric parameters are quantified, helping to identify the
correct classification of pixels and, consequently, improving the solar irradiance estimations.
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