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Abstract

In this work we introduce a methodology which enables to predict the cloudiness in the short and medium termanywhere in the
world. Satellite images (Meteosat of Second Generation) are used in combination with images from a sky camera (fisheye lens),
showing a ground vision of the clouds, and using the real-time radiation measured on-site as a feedback and as a complement to
the cloudiness. The methodology is based on the determination of cloud motion in the images. Obtaining cloud movement
vectors from consecutive images, we are able to anticipate the displacement of the previously detected clouds, thus knowing the
distribution of clouds in the future. The short-term forecast (less than 1 hour) and the medium-term forecast (up till 3 hours) have
a rate of success of 80%. Aiming to have an accurate knowledge of the evolution of cloudiness in the short and medium-term
(useful for CSP plant management) an interactive portal has been developed. The application is a user-friendly interface which
shows three hours real-time forecasts refreshed each minute, along with useful information for the operation of the CSP plant like
the DNI evolution, the original and processed image from satellite MSG-2 as well as that from sky camera. In the application 400
Wm? will be considered as the DNI threshold for the optimal operation for a CSP plant. The application has been tested and
validated in two different locations: University of Almeria (Almeria, Spain) and Gemasolar Central Tower Plant (Fuentes de
Andalucia, Spain) and it is going to be installed in Valle 1 and 2 Parabolic Trough Plant (San Jos¢ del Valle, Spain).
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1. Introduction

Concentrating Solar Power (CSP) Plants have the best technology available to make possible the conversion and
exploitation of the sun energy due to their ability to adapt their production to electricity grid requirements thanks to
their storage systems. However, CSP plants have some challenges related with the weather forecast and the presence
of clouds, both of which affect the thermal production. Therefore, it seems logical to conduct an exhaustive study of
cloud cover and forecast for an efficient management of CSP plants.

The use of satellite images for weather forecasting is one of the most widespread and used techniques. Chiefly,
these images have been useful to study solar radiation in different places around the world. Janjai et al. (2009) [1]
derived global hourly solar radiation from the visible channel of the Geosynchronous Meteorological Satellite 5
(GMS-5) satellite, while Senkal and Kuleli [2] utilized Meteosat imagery together with Artificial Neural Networks
(ANNSs) for the estimation of solar radiation in Turkey. For their part, Zarzalejo et al. (2005) [3] developed a model
based on ANNSs to quantify the influence of the satellite detected clouds on hourly solar irradiation. More recently,
Senkal (2010) [4] used remote sensing and ANNSs to predict global solar radiation without any meteorological data
and with a relatively good connection between measures and predicted values. Also, the cloudiness has been
analyzed through the use of satellite images. Ghosh et al. (2006) [5] applied certain rules to METEOSAT-5 satellite
images to study three different types of cloud coverage: overcast, partially covered and cloudless. One further step
has been taken by Escrig et al. (2013) [6], where satellite imagery has been used to do a classification of clouds.

Due to the resolution limitations of satellite images -which are unable to predict small clouds in the sky-,
hemispheric sky cameras (fisheye lens) are the most suitable technology to study the cloudiness from a ground
vision. Sabburg and Wong (1999) [7] analyzed whether the solar disk in sky images is blocked by clouds by using a
lineal algorithm applied to images obtained with a sky camera, and comparing the results with human observations.
Later, Kassianov et al. (2005) [8] developed a model to study the cloudiness coverage using a TSI camera (Total
Sky Imager). Long et al. (2006) [9] did a characterization of clouds, but they encountered a problem in the
classification of the Sun area: they mistakenly classified this zone as cloud or sky one. Largely, the saturation comes
from aerosol loading, thin cirrus clouds or haze. Solar altitude was employed to establish that in low solar altitudes,
the problem appears more frequently. Olmo et al. (2008) [10] presented a model to retrieve the optical depth of the
aerosols using images from a sky camera when Sahara dust and aerosol load are analyzed. In 2011, Martinez-Chico
et al. [11] presented a model where a classification of clouds was done with images from a sky camera (TSI-880). In
this work, direct solar radiation was required to observe the occurrence of clouds classified in four groups, allowing
a possible study of the attenuation of direct solar radiation depending on the type of cloud.

The aim of this work is to present a methodology and an interactive portal able to make a short and medium-term
forecast in real-time using MSG and sky camera (TSI-880 model) imagery and radiometric data.

2. Data

The methodology explained below employs Meteosat Second Generation (MSG) imagery. MSG satellite takes
earth's pictures every 15 minutes in 11 spectral channels with a 3 km resolution. The images from a sky camera
(TSI-880 model) are taken every minute with 352x288 color-pixels resolution divided in the three channels of the
RGB color space, and the diffuse, direct and global irradiance which are taken with the same frequency.

Throughout this project we have chosen and analyzed images from all possible types of skies, from the earliest
moments of the day till the latest just before the sunset, and from different times of the year. The total studied period
covers from 2010 to 2012, including the modeling and testing stages. For the modeling part, we have used data from
2010 till 2012; and for the testing part, we have chosen two different locations: University of Almeria (Almeria,
Spain) and Gemasolar Plant (Fuentes de Andalucia, Spain) during 2010 and 2011. The TSI images can be only
collected when the solar altitude is above 5° and for MSG images when it is above 10°.
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3. Methodology

In this section we will be briefly introduce the methodology used to make the cloudiness forecasting for short and
medium-term periods using MSG and TSI images along with radiometric data, with the purpose of generating useful
information for the operators of CSP Plants.

3.1. Clouds detection in MSG imagery

Due to the specific situation of the MSG Satellite, its vision of clouds can only inform us about the highest
portion of the clouds. Therefore, if there is a situation where there are clouds at different layers, the MSG Satellite
can only study the highest ones. Despite this, the MSG is a potential tool to study atmospheric phenomena over
time. In the present work, cloud detection is conducted using five channels (VIS 0.6, VIS 0.8, IR 3.9, IR 10.9 and
IR12.0). The first step consists of converting each pixel from a grey level to radiances in accordance with MSG
calibration parameters. After that, depending on the wavelength of the channel, different tests are applied to each
pixel. A snow detection test has been used prior to the other test to avoid misclassification of bright cold snowy
clouds, Derrien and Le Gléau (2010) [12]. Infrared - visible channel ratio test [9], emissivity difference test [13, 12]
and spatial texture test [14], have been used according to their specifications in order to improve cloud detection.
Using this as our starting point, an albedo map for cloudless pixels for each month has been defined to compare the
value of each reflectance with the corresponding map for detecting cover pixels. Also, an infrared temperature
threshold test has been used to determine the temperature of pixels in order to determine the presence or absence of
clouds in the analyzed pixel. Finally, the detection of clouds allows us to have an accurate model that can be used to
identify whether or not the pixel with the desired location is covered by clouds.

3.2. Clouds motion using MSG imagery

As a complement of the above, a specific model has been developed to follow the trajectory of clouds using
images from MSG Satellite. For having a better understanding of clouds motion, clouds are classified as low,
medium and high by the latitude criterion from Stowe et al. (1988) [15].

Satellite image is further divided into five horizontal sectors defined around the place of study. Four rectangular
sectors are obtained by dividing the image along its two bisections. The fifth sector has the same shape and size as
the previous ones, but centered in the middle of the image. Figure 1 shows the different sectors.

Figure 1. - Sectors of an image from MSG satellite

Thus 15 binary matrices (cloud/cloud-free pixel) are generated for one raster image.
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In the analysis of the clouds motion, three consecutive images are taken from the MSG satellite. Then, through
the method of binary cross correlation and different coherence tests, it is possible to obtain the clouds motion of
each sector. After that, each sector is moved according to the vectors obtained by estimating the cloudiness for short
and medium term (3 hours). The cloud movement will be estimated once every 15 minutes (the time spent between
two consecutive images).

3.3. Clouds detection in TSI-880 images

Images from sky camera (fisheye lens) are taken every minute, as it is the best frequency to do so due to the
constant changes that happen in the atmosphere. For the successful detection of clouds in the images it is necessary
to process the three channels that make up the image. Additionally, each image is transformed in the HSV color
space, having a total of six different channels for detecting the clouds. After testing, we faced some difficulties, such
as the saturation of pixels in the sun area, which made it clear the necessity of using another variable that could
improve the model. In this case, a radiometric variable was selected as the most useful tool to solve those problems.

3.3.1. Use of radiometric data

The presence of clouds has a direct relationship to radiometric variables. Thus, values from pyranometers (diffuse
and global components) and pyrheliometer (direct component) were taken to establish a classification of sky
conditions as observed in the TSI images. This classification determines whether the sun is cloudless, partially
cloudy or overcast (the same categories indicated for the MSG Imagery). Also, an estimation of diffuse, direct and
global radiation has been conducted for the improvement of the classification.

Therefore, based on this classification, the re-processing of images is carried out. As there are three different
classifications, there are three different models to process images. This processing of images is performed by
determining relations between the channels of the RGB and HSV color spaces. The result is an image with the same
length than the original image, and which perfectly represents this original image, identifying the clouds.

3.4. Clouds motion using TSI-880 images

In regards to the clouds motion, three consecutive images from TSI-880 sky camera are taken to study the
evolution of clouds from a ground vision (one each minute). In this case, clouds are not classified as low, medium or
high as it is not possible to calculate the height of the clouds with just one camera.

Due to the curvature of the dome of a sky camera, the clouds which appear in the borders of the images have a
lower motion than the clouds that appear in the center. This effect is so because the pixels in the border of the
camera represent a bigger portion of the sky (the horizon). Figure 2 shows the sectors in which the image is divided
to study the motion of clouds. A total of 23 sectors were established in view of the spherical geometry of the
camera.

Figure 2. - Sectors defined in an image of the TSI-880 sky camera
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For each sector, the clouds motion is analyzed through different tests (spatial, temporal and final coherence) to
check that the movement is correct. These tests are designed to avoid misclassifications of the vectors, having as a
result the displacement which must be applied to each sector to forecast clouds motion. In our case, we will be
processing 30 displacements of the clouds (for a forecast of 30 minutes) to find if there are instances when clouds
may be blocking the sunlight.

3.5. Interactive portal — application to the CSP plant operation

To give a joint view of all the methodologies explained before and to offer the CSP plants Operators an easy and
intuitive application, an interactive portal has been designed to collect the steps and procedures required for a real-
time forecast updated every minute.

The application has been developed using the Matlab development environment, as it is one of the best complex
processing and long operations with matrixes tools and for its ability to generate a user-friendly interface. Figure 3
shows the user interface of the application.

The application starts by retrieving the information of radiation data and images from the MSG satellite and TSI-
880 camera. The recovering time is precisely 50 minutes as it is the exact amount of time needed to get the last three
images off the satellite (15 minutes for each one) in order to make the first medium-term forecast (3 hours). Also,
radiation data and images from sky camera are taken to be shown in the application. Then, while in offline mode,
the images from TSI-880 camera are taken with the same purpose as the satellite images but for making the first 30
minutes forecast. The historical file of radiation (the three radiation components) of the whole day is retrieved from
a file updated and stored every minute in a server which manages and stores both images as well as the radiation
components.

The satellite images are retrieved in a compressed format. Then, using an external application (installed in the
server which receives the original images), the raw images are decompressed and cut, putting together the final
images in Matlab format with the clipping of the desired place. This process is repeated until the offline time
matches the current time, and from here on out the application switches back to online mode to continue the
execution of operations.

Focusing now in the description of the interactive portal, the user-friendly interface is divided in five parts: the
first one is the left part of the screen, where the DNI evolution is shown; the second one in the middle of the screen
shows the area dedicated to the MSG images; the third part is located in the right side of the figure and depicts the
images of the sky camera (fisheye lens); the last two areas are located below the ones already mentioned: the one on
top is designed to display the short and medium-term forecast (from 1 minute till 3 hours) while the some at the
bottom provides relevant information about internal processes.

The first block, which as stated is on the left side of the screen, displays different items. At the top, we see the
date (‘dd-mmm-yyyy' format) and the civil time ('hh:mm' format), both of which are updated every minute.
Underneath there is an area allocated to direct normal irradiance. It comprises three elements that inform the
operators of the evolution of radiation throughout the day. Firstly, the last value of radiation (in W/m?) is shown in a
text box. This value is incorporated into the blue colored graph as a singular connotation (a red circle around a blue
point). The graph has two axes representing direct normal irradiance (from 0 to 1000 W/m?, in intervals of 200
W/m?) vs. civil time (from 00:00 to 23:59). Finally, in the top-left part of the graph there is a box with a fill color.
This color serves as an indicator to the operators to let them know whether or not there is a delay in the reception of
radiometric data. The color green (as in the example) indicates that there is no delay in the reception of direct
normal irradiance; meanwhile, a yellow box shows that there is a delay of one minute, whereas the red color filling
the box means that the last value of direct normal irradiance was taken 2 or more minutes ago. This graph is
originated only when the value of solar altitude is higher than 0°, because bellow this measure the values of radiation
are 0 W/m?. Internally, diffuse and global radiation measurements are taken.
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Figure 3. - Display of the interface for prediction of cloudiness placed in Gemasolar

The second part above mentioned is located in the middle vertical section of the screen. This area has been
developed for satellite images. At the top of this area there is a text box showing a time stamp of the last image
received from MSG satellite and a number that represents the order of this image (one every 15 minutes starting at
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00:00 hours). Under this text box a video containing the last 2 hours of images is uploaded, showing the evolution of
clouds in that time. Each image is a composition of three channels: VIS0.6, VIS0.8 and IR1.6 (the numbers express
the wavelength in um) forming a false color representing the vision of satellite in an understanding way. The
sequence of these images provides enough information to CSP Plants operator as to allow them to check the
trajectory of clouds in real time. Under this composition from MSG satellite imagery, the processed images are
presented, reproduced in the same sequence and showing the identification of clouds as a result of applying the
methodology described in the section 3.1. This system starts to operate when the solar altitude angle is higher than
10°.

The area reserved to the TSI images is the one located on the right side of the interactive portal. Firstly, located at
the top of this section there is a text box with periodically updated information of the solar altitude angle expressed
as an integer. On its right there is a check box which is refreshed automatically when a new image is received. Also,
as was the case with the radiometric data, there is a box filled with different colors right beneath the information on
solar altitude. A green color filling the box indicates that at present there is no delay in the reception of images from
the sky camera ; a yellow color informs of the existence of a delay of one minute, while that the presence of red in
the box means that the last image was taken 2 or more minutes ago. In regards to the first picture which can be
found in this area, it shows a sequence of 10 consecutive images displaying the sky conditions present during the
last ten minutes. Underneath this sequence, the processed images are displayed for the same interval. In the
processed images the support of the camera and the shade band are removed to avoid misclassification of pixels. In
this way, it is possible to check if the processed images represent the original ones accurately as thus to ensure that
the model has not any errors. For its part, this section starts to operate when solar altitude is higher than 5°,
providing the short-term forecast for the next 30 minutes.

Next on the explanation of the different parts of the portal is the fourth section, which has been exclusively
design to illustrate the short and medium-term forecast of cloudiness to predict future situations of sky conditions. In
an informative way, there are two boxes at the top (keys) which inform of the colors chosen to establish when there
will be a direct normal irradiance higher than 400 W/m® (green color) and when it is lower than 400 W/m”* (red
color) (this is a threshold value that corresponds to the optimal irradiance indicated to operate a central tower plant).
These boxes give two different forecasts: the first one is focused on the prediction using TSI-880 images, while the
second one is focused on the prediction using satellite images. As shown in Figure 3, the first forecast starts with
thin bars corresponding to the 3o minutes forecast (using the three consecutive TSI images). When the forecast
determines that there will be clouds in the next period, the height of the bar shortens and turns to red. On the other
hand, if the forecast informs that in the next minutes the sky will be free of clouds, the length of the bars lengthens
and turn to a green color. The second forecast, which corresponds to the 3 hours forecast (using images from MSG
satellite), has the widest bars. In this case, the decreasing height of bars in the prediction does not add extra
information to the operators. The color of bars will be red when the forecast establishes that in the near future there
will be clouds in some interval of time, whereas the bar will be green when the forecast informs that the sky will be
clear of clouds.

Finally, the last block located at the bottom of the interface is designed to give useful information about the
internal processes which the program is running. Internal process like "Downloading a TSI-880 image",
"Downloading radiation data", etc. provide the operator with the necessary details to know in which status is the
application.

The application never stops thanks to the embedded algorithm, and it is updated periodically (normally every 10-
15 seconds). At the same time, all the data is stored within the computer where the application may be running at the
time for future analysis and evaluations. If while the application is running a problem occurs (e.g., there is no
synchronization between radiation data and sky camera images, an image from the satellite is lost, etc.) the program
keeps running without any interruption and once troubleshooted, the application continues making forecasts without
mistake.



Joaquin Alonso et al. / Energy Procedia 49 (2014) 2280 — 2289 2287

4. Results

The evaluation of the application has been done after running the software for two consecutive years (2010 and
2011) to observe the accuracy of the forecast, using the images from the sky camera (TSI-880 model) and the
images from MSG satellite. The process carried out to check the model consists of comparing the forecast made by
both tools (MSG and TSI images) with the real values of direct normal irradiance of preestablished moments in two
different places (as it was indicated in the Section 2), University of Almeria (Almeria, Spain) and Gemasolar Plant
(Fuentes de Andalucia, Spain). The application predictive ability is considered to be successful (for both tools) if the
prediction establishes that there are clouds and the radiation is lower than 400 W/m”, and when the prediction
establishes that there are not clouds and the radiation is over 400 W/m®.

Figure 4 shows the success of the forecast for a medium-term period (3 hours) using the two technologies.

e MSG Success
TSI Success
100
90
;\? 80 —em————
% 70
7] T S S—
§ 60 —
2 50
§ 40
5 30
= 20
10
0 T :

0 15 30 45 60 75 90 105 120 135 150 165 180
Forecast Minute

Figure 4. - Success of MSG and TSI-880 forecast

While analyzing Figure 4, it is noticeable that the forecast performed with TSI-880 images has a higher success
than the one performed using MSG satellite images because the accuracy with a ground vision is higher than the
resolution of satellite pixels. However, in the interactive portal during the first thirty minutes the forecast made with
TSI imagery is the one being used because, as it has been previously stated, it has a higher accuracy rate than MSG
images; nevertheless, the illustration depicted only comprises this time frame because in many occasions is not
possible (with a TSI-880 camera) to make a forecast more than thirty minutes in advanced due to the limitations of
this sky camera to see beyond its field of view. As such, in these occasions it is not possible to identify futures
clouds motions.

For both technologies, the forecast success decreases as time goes by due to the changes that clouds may
experience, which can modify their form and motion after a while.

In the case of the forecast made using images from sky camera (TSI-880 model), the forecast has a success rate in
the first minute higher than 87%. In the fifth minute, the success value remains close to 87%. The forecast accuracy
in minute 15 is a bit below 86%, whereas in minute 30 the forecast has a probability of success of approximately
84%. From minute 30 on to the last forecast (three hours) the success decreases at a constant rate. The TSI camera
forecasts made from more than thirty minutes in advanced are usually for cloudless skies, when the forecasts are less
relevant and there are no motions to analyze. That is why as a rule we will use the MSG satellite forecast for
predictions beyond 30 minutes.

If we were to check for errors by comparing the forecast made with MSG satellite images to the direct normal
irradiance, the data thus obtained would tell us that for the first prediction (15 minutes) the average success for the
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two years analyzed is close to 78%, similar to that of minute 30. One hour forecasts have an average rate of success
of 72%. For forecasts into the near future (medium-term) the decreasing line of success has a similar trend than the
TSI-880 forecast line, showing the impact that atmospheric conditions may have and the difficulties that they can
present. Nonetheless, this information is very important and transcendental in order to be able to foretell clouds
motions with sufficient time and to adapt the operations of the CSP Plants to the forecasted changes.

5. Conclusions

With the purpose of getting ahead of future events in the atmosphere which can affect the management of CSP
Plants, an interactive portal has been developed which offers a short to medium-term forecast of cloudiness in real-
time.

The benefits of this portal lay primarily in the optimization and in the maximization of the performance of the
thermal production, thanks to the helpful information that the website offers for future clouds movements, which
helps operators take the most appropriate decisions while operating their plants.

Two different forecasts have been presented: the first one a forecast into the first thirty minutes (from input time)
using images from a sky camera (model TSI-880), and the second one a forecast three hours into the future using
images from the MSG satellite. The application is updated every 10-15 seconds, providing operators with constantly
updated information.

The rate of success of the forecast made using a sky camera varies from 87 to 84% for forecasts from one to
thirty minutes into the future. Forecasts over that mark are faced with the limitation of fisheye cameras whereby if
there is a presence of clouds, it is not possible to make displacements predictions in those times. Therefore, in the
application we have developed TSI camera forecast is only used for the first thirty minutes.

For the forecast based on MSG satellite images, for predictions one hour into the future the success rate is
approximately 72%, offering a good accuracy for the cloudiness forecast. With this technology, the limitation of sky
cameras does not apply because it is possible to have a higher vision than using images from said sky cameras.

Traditional images from satellite have been contrasted with ground views for the study of cloudiness, giving a
high accuracy of the short and medium-term forecast using ground views.

Thus, the application we have developed (with its correspondent user-friendly interface) signifies a new step in
improving the management of CSP Plants as it helps to have a better knowledge of future meteorological
phenomena in the atmosphere; with this tool it is possible to establish a better operation mode for a higher
production in these kind of solar power plants.
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