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bCIESOL, Joint Centre of the University of Almeŕıa-CIEMAT, 04120 Almeŕıa, Spain.
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gCDEA, University of Antofagasta, 02800 Antofagasta, Chile

Abstract

In the search for techniques that control the final energy reaching the receivers

of central solar power plants, this work presents a novel combination of several

methodologies for establishing a complex and valuable system within the user

operating system.

∗Corresponding author: Telephone: +34 950 214430
Email address: joaquin.alonso@ual.es (J. Alonso-Montesinos)



To establish the final energy level in the central receiver, the direct normal

irradiance (DNI) was predicted at ground level using METEOSAT images

combined with a novel system involving two digital cameras that determine

atmospheric Extinction in the lower atmospheric layer. The predicted values

were used as inputs for a solar plant model (Fiat-Lux) to trace the path of the

sunlight according to the mirror features. The flux simulations presented a

normalized root-mean square error (nRMSE) below 6% and correlation coeffi-

cients (R) above 0.94 when compared to real and predicted values. Therefore,

it would be possible to quantify the losses produced in the path between the

heliostats and the central receiver by integrating different technologies.

Keywords: DNI forecasting, Flux prediction, CSTP plant, MSG imagery,

Extinction

1. Introduction

The construction of Central Solar-Tower Power (CSTP) plants has in-

creased significantly around the world over the last few decades. Their func-

tion is to produce electricity by concentrating sunlight from heliostats onto

a receiver placed at the top of a central tower. Solar-tower power plants are

of interest to the CSP industry due to their greater efficiency resulting from

the higher working temperatures and the possibility of operating with high
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capacity thermal storage systems. Many recent solar power system projects

and deployments have included at least one solar-tower plant in their plans.

The capability of these plants allows us to include thermal storage systems;

this is because of the large solar field comprising thousands of heliostats that

concentrate the incoming direct solar irradiance onto the receiver at the top

of the tower. Normally, molten salts are used as the heat transfer fluid for

the thermal storage. Different studies have assessed the possibility to con-

struct CSTP plants in the appropriate climate places, such as Algeria and

China [1, 2]. Moreover, the importance of this technology has caused the

development of tools to determine the optimal performance of this kind of

solar plants [3].

Cloud transients have a negative effect on the plant’s final production and

on the peak of the transfer fluid’s heat flux [4], making it necessary to adapt

the plant’s management to the variable climatic conditions. Considering this

factor, one has to evaluate the importance of the features that affect the vari-

ability, looking for new strategies to assist the plant’s operators. Variations

in cloud position and form are presented in solar system literature. Pre-

dicting solar radiation when it appears in smaller timesteps is unattainable

given the variability of clouds [5]; in particular, transients of clouds provoke
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a decrease in solar irradiance, which come in the form of ramps, and pose

a challenge to energy-load balancing in a spatially distributed network; for

example, on solar farms.

The short-term evolution of the cloud field may simply be approximated

translationally to first order, but care must be taken about how the advec-

tion is handled and where the impacts are assigned [6]. In addition, not all

the incoming radiation hitting the mirror surfaces reach the receiver. Most

CTSP plants are located in areas with low or medium probability of cloud

occurrence but with a high probability that episodes of high aerosol or dust

intrusion concentrations will occur [7, 8]. In a CTSP plant, the solar energy

reflected by the concentrating mirrors is attenuated by the atmospheric con-

stituents as it travels to the receiver tower [9, 10, 11]. There are geographical

points where the presence of dust episodes is more frequent than in other

places, like the Iberian Peninsula which has suffered several dust episodes

from Sahara desert [12, 13].

Some tools, like System Advisor Model (SAM) try to replicate the final

production of concentration solar plants which is served like a general idea

about energy generation [14, 15]. Unfortunately, this atmospheric mirror-

to-tower attenuation is given a minor importance amongst the ray-tracing
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and plant optimization tools, most of which codes are limited to only two

different turbidity conditions (DELSOL [16], MIRVAL [17], among others).

This problem, which limits the size and geometry of the solar-tower plant

field, is considered by ray-tracing and plant optimization tools for standard

atmospheric conditions. That is why it is necessary to include both factors,

in order to properly evaluate and predict the direct radiation values in the

tower receiver [18, 19].

Appropriate control of the heat flux distribution and thermal loads on the

solar central receiver is essential in order to achieve an efficient and safe oper-

ation of the solar-tower systems [20, 21, 22]. One important conclusion from

these articles is that a control strategy (based on forecasting) contributes to

a continuous and safe performance of the solar central receiver when subject

to transient flux distribution.

Some researchers have determined that the use of satellite images is a good

option in order to study the particular vertical atmospheric column present at

a specific location, which includes the influence of dust on the final daily DNI

forecasting [23]. Other authors have combined satellite observations from the

MODIS and CALIPSO satellites with AERONET measurements, the radia-

tive transfer model and the chemical transport model [24]. In this work, the
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authors show daily DNI predictions attenuated to a degree, reaching values

of 80-90% during extreme dust episodes. In this work, the authors show that

the daily DNI predictions were attenuated to a degree, reaching values of

80-90% during extreme dust episodes. Based on DNI, temperature, relative

humidity and atmospheric pressure, a model of atmospheric transmittance

was developed for CTSP plants [25]. The model was validated in three dif-

ferent places of Spain and Morocco, presenting a root mean square error

between 5 and 8%. Moreover, the atmospheric extinction was calculated by

a simulation tool at the Plataforma Solar de Almeŕıa (PSA), presenting losses

between 1.6 and 7% [26]. However, the solar extinction has been determined

physically by a sophisticated system using two digital cameras [27] at the

PSA, where after nearly one year of measurements, the authors determined

that, under haze episodes, the extinction can reach values near to 20%.

When studying these publications, there are two important issues to deal

with: firstly, the spatial vision and the temporal resolution that limit the

satellite information (there are many situations in which the satellite cannot

provide optimal information because of the atmospheric composition caused

by limited spatial viewing of the lower atmospheric layers). The second issue

is the time between images; satellites only provide one picture per day, which
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is insufficient for several solar power-plant applications.

In our work, we have developed a novel system that combines satellite

images, two digital cameras and the Fiat-Lux model to predict, at a sub-

hourly scale, the total flux and the irradiance peak distribution on the CESA-

I CSTP plant receiver located at the PSA. Specifically, the METEOSAT

satellite images were used to predict the DNI at the CESA-I emplacement,

the two digital cameras provided the real Extinction value (measured in-

situ at the PSA site) and the Fiat-Lux model determined the total reflected

power and the peak of irradiance on the receiver placed on top of the CESA-I

tower.

2. Experimental data

The complete development of the system to determine DNI forecasting

in the solar-tower plant receiver was carried out at the Plataforma Solar de

Almeŕıa, where different strategies and systems were combined in order to

maximize knowledge regarding the atmospheric attenuation involved in the

pathway between the heliosats and the receiver.
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2.1. Solar field features

In order to have a better representation about the solar field modelled in

this work, a complete explanation is presented. The idea is to consider this

solar field as reference to test the importance of several factors involved in

the plant operation, including the energy potential forecasting. Moreover,

having the solar field’s technical data, it would be possible to scale and

reproduce the method to other solar fields. The installation captures direct

solar radiation using a field of 300 heliostats, each with a surface area of

39.6 m2, distributed in a northern field of 16 rows covering an extension of

330 x 250 m. The receiver is a 2.2 x 2.6 m2 volumetric receiver composed

by 270 individual absorbers made of SiC (silicon carbide) ceramic material.

The nominal thermal power of the receiver is 3 MW. The heat transfer fluid

employed in the receiver is atmospheric air at 850 oC of nominal temperature.

Fig. 1 shows a picture of the solar field.

Interesting measurements of the solar field are: the distance between the

central tower and the first row of heliostats is 45 m; with the farthest row

259 m, and the maximum width of the solar field is 312 m. The heliostats

have an average nominal reflectivity of 90%, the solar tracking error on each

axis is 1.2 mrad and the reflected beam image quality is 3 mrad. Despite
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Figure 1: Aerial view of the solar tower power plant at PSA.

being more than 20 years old, the heliostat field is in an optimal operational

state as it has been strategically maintained by replacing mirrors and facets

and repairing drive mechanism components. To the north of the heliostat

field, there are two additional areas that are used as a test platform for new

heliostat prototypes, one located 380 m from the tower and the other 500 m

away. The maximum thermal power that the field provides over the receiver

opening is 7 MW; at a typical design irradiance of 950 Wm−2, a peak flow of

3.3 MWm−2 is achieved. Ninety nine percent of the power is collected in a
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circle with a 4 m diameter, and 90% of this is in a 2.8 m circle diameter. The

hot air of the receiver can be either directed to a steam generator to drive

a Rankine thermodynamic cycle; or conducted through a rock packed bed

thermal storage. This thermal storage is made of 12 tons of small alumina

pieces with a total thermal power of 1MWh.

The tower is made of concrete and is 80 m height. It can support a 100-

ton load. In the tower, there are three testing levels: at 45 m height, there

is a cavity adapted to use as a solar furnace and to test materials, which has

been employed to reproduce the heating ramp that exists on re-entry into

the atmosphere, to test the ceramic pieces of space shuttle shields and used

in the surface treatment of steels and other metal compounds. There is also

cavity with a calorimetric test bench of volumetric receivers pressurized to

60 m whereas in the upper part of the tower, at a height of 80 m, there is a

test installation for atmospheric volumetric receivers. On top of the tower,

there is a crane with a 5-ton capacity and a forklift with a 1000 kg capacity.

2.2. Meteorological station description and radiation data

For this study, the meteorological station located in the CESA building

was used. It has a two-axe solar tracker (2APKipp & Zonen) above which

direct, global and diffuse horizontal irradiance are measured. Additionally,
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we have an image reception system from the Meteosat Second-Generation

(MSG) satellite located in the CIESOL building at the University of Almeŕıa.

For the radiation forecasting, MSG satellite channels were collected every

15 minutes throughout 2017. For the DNI prediction, two computers were

employed. The first one collects the satellite channels in real time, for where

there are no special operating system requirements. The second computer

(Intel(R) Core (TM) i7-3537U CPU @ 2.00 GHz with an 8.00 GB RAMmem-

ory) processes the images and executes the algorithm designed to obtain the

final forecasting. In this case, the OS should be 64 bits and MATLAB must

be installed as the development environment. These computer specifications

guarantee that the efficiency of each iteration’s execution is the lowest be-

cause, under 64 bits, the advantage of the total RAM size along with an octa

core means that the workload is evenly distributed. After obtaining three

consecutive images, the average time spent for one 2-h forecast is less than

4 seconds.

3. Methodology

This section describes the different tasks used to define the methodology

and processes carried out to predict the energy flux distribution in the central
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solar power plant receiver. The section is divided into different subsections

according to the thematic involved in each process. In order to have a global

view about the process to predict the power flux on the central tower receiver,

Fig. 2 shows a flowchart with the main steps.

Yes

MSG satellite
image collection

3 consecutive
images

DNI forecasting

Simluation of energy
flux in the receiver

Solar extinction
determination

Forecasting
vs

Experimental

No

DNI ExperimentalFiat-Lux model

Figure 2: Sequence of steps for determining the flux forecasting in the receiver of the
CESA tower plant.

The first step consists on having three consecutive MSG images, centered

in the PSA, to provide the DNI forecasting. Subsequently, the solar extinc-

tion is calculated in the PSA emplacement. After that, the DNI is included

in the Fiat-Lux model to obtain the energy flux simulation in the receiver of
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the power tower plant. At this point, two calculations are performed: one of

them by including the extinction, and another one without it. In parallel, the

Fiat-Lux model receives the measured DNI value, for the predicted time, also

in order to calculate the simulation of the energy flux. Finally, the results

are compared in order to obtain the best accuracy.

3.1. Detection and motion of clouds

The first step in carrying out solar radiation forecasting is to correctly

collect the satellite images. The MSG takes pictures of the Earth every 15

minutes over 11 spectral channels with a 3-km resolution at nadir and one

high-resolution vision channel with a 1-km resolution. For cloud detection,

only five channels are used; these are listed in Table 1.

Table 1: Meteosat channels used for the cloud detection.

Channel name Wavelength (µm)
VIS 0.6 0.635
VIS 0.8 0.81
IR 3.9 3.90
IR 10.8 10.80
IR 12.0 12.00

The received images are reduced by taking a 121x161 pixel raster image

centered on the Plataforma Solar de Almeŕıa (PSA). After that, an algorithm
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used to detect the presence of any clouds is applied to the various atmospheric

layers of the raster map, considering the full raster image [28]. With the

cloud detection carried out in the three consecutive images, the cloud motion

vectors are determined.

When clouds are detected in the three images (over 45 minutes, with one

image every 15 minutes), each image is divided in five sectors for better mo-

tion definition. The Maximum Cross Correlation (MCC) method is applied

to each sector between the first and second raster images, and between the

first and third images, producing a pixel maximum between each pair of two

consecutive images where they are most similar [29, 30]. This maximum

describes the pixel motion and, consequently, the cloud motion. Following

this, six quality tests (to delete erroneous, invalid or incoherent vectors) are

applied to the vectors to choose the cloud tracking vector. Accordingly, the

wind vectors are defined for each sector, supposing one displacement for a

15-minute period. Using this condition, each motion represents the future

cloud position and, therefore, the future positions of the pixels [31, 32].

3.2. DNI forecasting from MSG imagery

To consider all the possible sky types, the Heliosat2 algorithm is applied,

which works using Meteosat images as the input data. Basically, this method
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considers the DNI estimation under cloudless skies and then applies an at-

tenuation factor determined by the presence of clouds. The expression which

represents this approach is defined by Eq. 1:

DNI = DNIcless kcs (1)

where DNIcless is the direct normal irradiance in Wm−2 for cloudless

skies; and kcs is the attenuation factor.

The value of DNIcless is calculated in the last raster image, simulating

that the atmosphere is clear of clouds. For this, the ESRA model was used

as one of the most extended and validated solar radiation estimation models

under clear skies by using satellite images [33], as shown in Eq. 2:

DNIcless = I0εTrb(α) (2)

where I0 is the solar extraterrestrial radiation, ε is the correction used

for the variation in the sun-earth distance from its mean value and Trb(α)

is represented as a function of the α (solar altitude angle), and is calculated

using Eq. 3:
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Trb(α) = exp(−0.8662TLmδR(m)) (3)

where TL is the Linke turbidity factor, defined as the number of clean and

dry atmospheres needed to achieve the observed level of attenuation, basically

comprising the attenuation caused by aerosols and water vapor combined; m

is the air mass and δR(m) is the Rayleigh optical thickness.

When DNIcless is obtained for cloudless skies, the last step for estimating

the DNI value is to obtain the kcs value. To do this, the Heliosat-2 method

is used, a model which employs satellite images to calculate atmospheric

attenuation [34, 35]. As with the DNIcless estimation, the Heliosat-2 model

is applied to the last satellite image, considering the ground apparent albedo,

the minimal ground albedo and the cloud albedo. In this way, two matrices

are obtained; one representing the DNIcless estimations at pixel level and the

other representing the kcs factors, also at the pixel level. Given that cloud

motion defines the motion of the pixels, every displacement of the kcs matrix

represents a 15-minute prediction for each motion, so 8 motions are practiced

to obtain a forecast from 15 to 120 minutes.

Therefore, to calculate the DNI for the subsequent two hours, when the

kcs pixels are moved, the DNIcless is estimated for the future moments and
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for a cloudless sky in all the pixels of the satellite raster image [26], ending

with the product between the DNIcless, estimated in a pixel, and the kcs, in

the same pixel, thus generating the final DNI forecast. To understand this

process better, Figure 3 represents the matrices with the satellite estimations

for cloudless skies depending on the emplacement described by each pixel (3-

A) and the kci indexes (3-B). Each pixel of each matrix is moved according

to the cloud motion vectors and, finally, the product of the two matrices

determines the predicted DNI value at PSA (the central pixel of each matrix

marked in red) [36].

Figure 3: Satellite vision for a particular moment studied in the PSA site.

3.3. Determination of the attenuation coefficient

To determine the attenuation coefficient, a novel system was implemented

[27]. The aim of this measurement system is to take simultaneous images of

17



the same target at different distances using two identical optical systems

based on digital cameras, (Hamamatsu, model ORCA-flash4.0 v3 CMOS)

using suitable lenses and filters.

The distances from the cameras to the center of the target were chosen

as 82.88±0.01 m and 824.51±0.01 m, so that the target area projected per

pixel is similar in both cameras (10.4 mm in diameter for the nearest camera

and 11.2 mm for the farthest). With this procedure, it is necessary to work

with the diffuse solar radiation reflected by the target in order to avoid the

direct solar radiation; thus minimizing specular influences and directionality.

The spectral range of the cameras is focused between 400 and 1000 nm.

The target has a Lambertian surface with dimensions of 2 x 2 m. Two

standard 2 x 1 m steel plates were used for its construction: one painted

white (Amercoat741) and the other one in Zynolyte black to avoid the air

light in the measurements [37]. Figure 4 shows the scheme for this novel

attenuation coefficient determination using digital cameras.

Camera 2

Camera 1

Lambertian
target

Figure 4: General scheme for the configuration of cameras and Lambertian target in the
PSA emplacement.
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Each camera is connected to a laptop integrated into a customized box

with programmed refrigeration. The cameras take an image focusing on the

Lambertian target. The attenuation is determined by comparing the two

images, following Eq. 4:

Extinction (%) = 100

(
1− I2

I1

)
, (4)

where I1 (I1=I1W -I1B) and I2 (I2=I2W -I2B) are the average intensities of

the images.

Moreover, the system has a minimizing noise reduction system, taking 20

images in less than a second. With this process, the images are well defined

for characterizing the final atmospheric attenuation value. As the Extinction

obtained is for the distance between the cameras (741.63 m), we need to apply

the Extinction coefficient for the distance of each heliostat to the central

tower. Accordingly, we applied the Beer-Lambert-Bouguer law to rescale

the Extinction from 741.63 m to 140 m, which is the average distance from

the heliostats to the receiver. To accomplish this, the Extinction coefficient

(βExt) can be derived from the Beer-Lambert-Bouguer law, following Eq. 5:
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βExt = −
ln I2

I1

D
, (5)

where D is the distance between cameras (741.63 m).

The Extinction for a given distance (D) can now also be determined

in relation to previous expressions using the same law, concluding with the

general expression provided by Eq. 6:

Extintcion(D) = 1− e−βExtD, (6)

As the Extinction calculation methodology is applied to the distance be-

tween the cameras, set at 741.63 meters, the next step consists on extrapolat-

ing the Extinction to the distance from the heliostats to the receiver at the

top of the central tower. Considering a (βExt) common to the surroundings

of the measurement emplacement of the cameras (near to the CESA-I PSA

solar field), we can calculate the Exctinction coefficient for the Exctinction

obtained from the cameras by clearing this variable, as shown by Eq. 7:

βExt =
ln(1− Extinction(D))

D
, (7)

When the extinction coefficient (βExt) is calculated, we can use expression
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6 to consider the new distance of 140 meters (the average distance from the

CESA-I PSA solar field heliostats to the central receiver). Consequently,

the extinction for the new distance is obtained and included in the DNI

forecasting methodology, decreasing the predicted DNI, which will serve as

the input for the flux prediction method (Fiat-Lux).

3.4. Flux prediction on the central tower receiver

When the DNI has been predicted, the optical losses are computerized.

For this, the flux (in Wm−2) for the tower receiver (located 82 meters above

ground level) is predicted by using the predicted DNI data and the Fiat-Lux

model [38]. The Fiat-Lux code is based on the precise knowledge of the sun-

shape image, which is captured by a 14-bit resolution CCD imaging device

and transformed into a representative matrix of the spatial distribution of the

sun’s intensity. Therefore, the sun’s trajectory from a reference heliostat, also

located at the PSA site, has been studied. This heliostat was selected from

the CESA-I PSA solar field; it consists of a 39.9 m−2 twelve-facet heliostat

with a focal distance of 260 m and a solar weighted reflectance of 0.94.

The first step in the Fiat-Lux model is to define the sun’s reflection on

a single mirror. Subsequently, a CCD camera, picture acquisition and the

PROHERMES processing software are used to study the sun’s shape. The
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sun picture is taken at the time of the test to determine the input signal

properties. Furthermore, DNI measurements are acquired to provide physical

measures. This is how the intensity calibration of the solar disk is performed.

In addition, a spatial calibration of the sun is carried out to properly define

the unitary vectors of the solar area. Once the mathematical operation of the

previous steps has been done, the sun’s projection is determined by taking

into account the sun’s current position, the mirror and the target. The final

projection of the sun shape reflected by the mirror can be determined using

the ray-tracing technique. The goal is to determine the conjugated image

of everything related to the optics system (the mirror) on the target plane

(the mirror’s reflectivity, the geometrical properties of the reflecting surface,

the impact point calculation on the target plane and the proper topology

to manage the flux distribution as a matrix). After applying the Fiat-Lux

model, an estimation of the total flux reaching the receiver is obtained.

4. Results

In this section, the results of the developed work are presented. Two

totally cloudless days, separated in time, were selected in 2017, for which

satellite images and attenuation data were available simultaneously. To ana-
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lyze the influence of the attenuation data on DNI forecasting for the receiver

located on top of the central solar power plant, we calculated the total power

and the peak of irradiance on the receiver for three different scenarios de-

pending on the DNI value used as the input: (1) by using the measured

DNI, (2) by using the DNI forecasting without including the extinction at

the different time-scales and (3) by using the DNI forecasting including the

extinction (Eq. 4) also at the different time-scales. The total power is the

incident energy flux (measured in kW). The irradiance peak is the maximum

value of solar energy flux density incident on the surface of the solar receiver.

This energy comes from heliostats field. Its value is estimated, by simulation,

in a plane that coincides with the surface of the receiver. The objective was

to determine whether results from the total reflected power and the irradi-

ance peak using the forecasting (with/without attenuation) were more alike

than when using the measured DNI values.

One important factor for characterizing the energy flux reaching the re-

ceiver is the form and size of the sunlight concentration from the heliostats.

In this work, we have simulated the sun’s reflection on two different random

cloudless days (at different moments of the year) to observe the optical dis-

tribution on the receiver for a normalized DNI value of 1000 Wm−2. All the
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predictions were made at the same timescale: 15, 30, 60, 90- and 120-min.

Figure 5 shows the distribution of energy in the central receiver for three

different predictions on one of the studied days.

Daily prediction of Irradiance distributión into receiver surface on 18th December 2017 at 11:15 UTC

Daily prediction of Irradiance distributión into receiver surface on 18th December 2017 at 13:45 UTC

+ 15 mins + 30 mins + 60 mins + 90 mins + 120 mins

+ 15 mins + 30 mins + 60 mins + 90 mins + 120 mins

+ 60 mins + 90 mins + 120 mins

Daily prediction of Irradiance distributión into receiver surface on 18th December 2017 at 12:00 UTC

+ 15 mins + 30 mins

Figure 5: Optical distribution of flux in the receiver of the CESA tower plant placed at
Plataforma Solar de Almeŕıa on December 2017.

Considering the nominal DNI values, we can study the variations in size

and form of the irradiance distribution on the surface of the central receiver in

different moments. The strong astigmatism alters the morphological charac-

teristics of the reflection: it is elongated, and the main axes of this elongation

are oriented in a predictable and concrete direction of the target. Further-
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more, the low peak and the Gaussian distribution deform considerably. This

specific form of flow distribution at that moment is invariant in the face of

DNI changes. Therefore, this is the cause why, in this study, the irradiance

distribution is determined by a nominal DNI value. Knowing this, we can

see that the simulations present homogeneous forms in the forecasting car-

ried out at 11:15 UTC, take a circular form in the predictions from 15 to 90

min, but are different in the last prediction (120 min). The same behavior

is presented in the following predictions, where the focus of the heliostats’

projected power represents an oval form. Mainly, this feature results from

the time of the day. As one can see, time is important as to the form of the

irradiance distribution in the rest of the predictions (12:00 and 13:45 UTC),

the aspect of the flux distribution varies. This is mainly caused by the effect

of the sun’s position, which presents a different morphology at noon than at

other times of the day. At these moments, the average extinction value was

3.8%, which is not so much compared with some of the dust events. For this

reason, Table 2 shows the main aspects involved in the simulation of the flux

distribution on the target.

In the previous table, the air mass, the azimuth and the elevation angles

were calculated for each prediction. PE on target (in kW) and Epeak (in
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Table 2: Data of predictions carried out on 18 December 2017 in the CESA tower placed
at Plataforma Solar de Almeŕıa.

Time (UTC) Prediction Azim. (o) α (o) m PE (kW) Epeak (kWm−2) DNIfore (Wm−2)

+15 min 9.47 28.94 2.062 10672.67 4227.77 981.50
+30 min 5.56 29.33 2.037 10690.93 4238.29 984.72

11:15 +60 min -2.34 29.50 2.027 10698.54 4243.05 986.04
+90 min -10.18 28.84 2.068 10667.57 4224.83 980.58
+120 min -17.81 27.40 2.168 10598.25 4188.63 967.89
+15 min -2.34 29.50 2.027 10698.54 4243.05 986.00
+30 min -6.28 29.27 2.041 10687.87 4236.48 984.14

12:00 +60 min -14.03 28.22 2.110 10637.68 4206.02 975.16
+90 min -21.50 26.39 2.244 10549.34 4161.59 958.49
+120 min -28.56 23.86 2.463 10423.42 4100.20 932.56
+15 min -28.56 23.86 2.463 10423.42 4100.20 970.67
+30 min -31.92 22.36 2.618 10346.63 4062.32 952.73

13:45 +60 min -38.29 18.93 3.066 10166.09 3967.94 905.14
+90 min -44.18 14.99 3.828 9950.73 3837.70 835.45
+120 min -49.64 10.65 5.306 9702.29 3663.06 729.01

kWm−2) were determined considering the nominal DNI value of 1000 Wm−2.

The representativeness of this table is the decreasing values of PE and Epeak

variables, whereas the air mass presents increasing values. This atmospheric

variable reduces the DNI hitting the ground and, together with the motion

of the Earth, provokes a diminution of power onto the target. However, as

mentioned before, the size and form of the flux distribution is independent

of the DNI amount. In general, the distribution of energy gives information

about the peak power and the homogenization that occurs in the central

receiver. To contrast this day with one in a different season, we chose the

30th June 2017. Figure 6 shows the optical properties of the simulations for

the selected day.

In this case, the optical properties present a different size and form than

the predictions for December (Fig. 5). One can appreciate that non-circular

26



Daily prediction of Irradiance distributión into receiver surface on 30th June 2017 at 11:15 UTC

Daily prediction of Irradiance distributión into receiver surface on 30th June 2017 at 12:00 UTC

Daily prediction of Irradiance distributión into receiver surface on 30th June 2017 at 12:45 UTC

+ 15 mins + 30 mins + 60 mins + 90 mins + 120 mins

+ 15 mins + 30 mins + 60 mins + 90 mins + 120 mins

+ 15 mins + 60 mins + 90 mins + 120 mins+ 30 mins

Figure 6: Optical distribution of irradiance in the receiver of the CESA tower plant placed
at Plataforma Solar de Almeŕıa on June 2017.

forms are obtained in the flux projection simulation, with the cases near-

est to sunset deforming especially. For these, the sun position means that

the heliostat mirrors do not concentrate the sunlight in a homogeneous and

perfect circle, resulting in an elliptical form, less desirable for a perfect re-

flection. Curiously, the average extinction value for this day was 6.3%, much

greater than in December. Table 3 shows the main characteristics for the

flux distribution simulation on the target in June.

In this table, we can see that the sun’s projection from the heliostats
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Table 3: Data of predictions carried out on 30 June 2017 in the CESA tower placed at
Plataforma Solar de Almeŕıa.

Time (UTC) Prediction Azim. (o) α (o) m PE (kW) Epeak (kWm−2) DNIfore (Wm−2)

+15 min 36.65 73.25 1.044 9872.94 3766.37 999.26
+30 min 25.43 74.80 1.036 9886.18 3786.07 1002.53

11:15 +60 min -1.75 76.50 1.030 9904.16 3801.63 1003.87
+90 min -28.36 74.46 1.017 9892.08 3783.59 998.32
+120 min -47.93 70.73 1.059 9826.52 3724.04 985.40
+15 min -1.75 76.05 1.030 9915.82 3801.63 1006.56
+30 min -15.72 75.59 1.032 9909.19 3798.82 1004.65

12:00 +60 min -39.09 72.80 1.046 9864.52 3757.64 995.49
+90 min -55.18 68.39 1.075 9778.12 3678.38 978.47
+120 min -66.22 63.16 1.017 9650.36 3552.49 952.01
+15 min -39.09 72.80 1.046 9864.52 3757.64 1024.27
+30 min -47.93 70.73 1.059 9826.52 3724.04 1005.34

12:45 +60 min -61.18 65.85 1.096 9719.38 3619.94 955.13
+90 min -70.53 60.38 1.017 9571.13 3469.83 881.59
+120 min -77.63 54.63 1.226 9382.44 3274.47 769.93

to the central tower is mainly affected by the cosine effect in the reflection

process. Knowing that the DNI does not vary in the simulation with a

nominal irradiance of 1000 Wm−2, the sun’s position plays an important

role as the main factor for decreasing PE onto the target and Epeak. In

this case, PE is always lower than 10000 kW and the Epeak presents values

lower than 4000 kWm−2. Consequently, knowing the flux distribution on the

target, we can determine the optical properties of the heliostats’ refraction

and the power that reaches the tower receiver. For calculating the real values

of PE onto the target and Epeak according to real or predicted DNI values

(including/not-including extinction), it is necessary to convert the nominal

result values to real episodes, following Eqs. (8, 9).

Real PE (kW ) =
DNIfore
1000

PE (for 1000 Wm−2), (8)
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where DNIfore. is the DNI value predicted using MSG satellite images

(Wm−2), 1000 is the nominal DNI used (Wm−2), and PE on target (for 1000

Wm−2) is the output of the Fiat-Lux model simulation (kW).

Real Epeak (kWm−2) =
DNIfore
1000

Epeak (for 1000 Wm−2), (9)

where Epeak (for 1000 Wm−2) is the output of the Fiat-Lux model simu-

lation (kWm−2).

With these conversions, we obtain the real values of PE and Epeak onto

the target. However, this work also includes a DNI attenuation factor as an

extinction measurement. To discern the best approach, we contemplated two

scenarios: a DNI forecasting including and not including the extinction at

140 meters. Therefore, with these two options, we obtained the predictions

for PE onto the target and Epeak for the scenarios mentioned before, and for

the case in which we use the real DNI values. This allowed us to compare the

predictions with the experimental data. Hence, in the common graphs, the

two predictions were compared with the real data from all the predictions.

Fig. 7 shows the comparisons with the day analyzed on 18 December 2017.

In the figure, there is one graph for each prediction and for each variable

analyzed. In the left column, PE predictions appear at 11:15, 12:00 and 13:45
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Figure 7: Representation of the predictions for PE and Epeak in the receiver of the CESA
tower plant placed at Plataforma Solar de Almeŕıa on December 2017.

UTC. The right column represents Epeak predictions during the same periods.

In all the graphs, the blue lines represent the real measurements; the black

lines represent the predictions including the extinction in the DNI forecast-

ing, whereas the green lines are used to illustrate the forecasting without the

extinction. The first characteristic is the behavioral similitude in the curves

between PE and Epeak. Generally, the predicted variables are overestimated
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in all cases except the last prediction (13:45), where the forecasting is under-

estimated at 14:45 UTC. Therefore, in most cases, the extinction causes a

better fit in the prediction because the extinction is considered as a decrease

in predicted values. In the case of June, Fig. 8 shows the corresponding

graphs:
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Figure 8: Representation of the predictions for PE and Epeak in the receiver of the CESA
tower plant placed at Plataforma Solar de Almeŕıa on June 2017.

In these situations, it is representative that the two predictions (including
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and not including extinction) are very near to the real values for all cases.

This is a result of the accuracy of the DNI forecasting method, which presents

a good fit between the forecasting and experimental data. The prediction

carried out at 12:45 underestimates PE and Epeak values in the predictions

between 13:45 and 14:45 UTC. Normally, this underestimation is because

of the decreasing solar altitude. In cloudless skies, the DNI establishes a

maximum at midday, with constant values existing for a few hours; however,

when the sun starts to go down, the DNI decreases more quickly, which is far

harder to predict one or two hours beforehand. Moreover, it has be found

that this day, the average extinction was placed in a value of 6.3%, whereas

in December it was placed at 3.8%. This fact has allowed us to suppose that

the high extinction has been interpreted like a light cloud, decreasing the

DNI forecasting.

In order to obtain more details regarding the experimental data com-

pared to the predicted values, we calculated the correlation coefficient in all

the scenarios (Eq. 10), considering that σXest,mea is the covariance of the

two inputted data sets [the predicted and measured values (Xest and Xmea,

respectively)], σXest is the standard Xest deviation and σXmea is the standard

Xmea deviation.
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R =
σXestXmea

σXestσXmea

(10)

Fig. 9 shows the dispersion graphs and the correlation coefficient for the

predictions, according to Eq. 10.

In general, according to the graphs, it is not difficult to see the good fit in

all cases. The R coefficient presented a value of 0.97 when comparing the real

values with the predictions, both with and without extinction, with values

of 0.95 and 0.99 for June and December, respectively. In the case of Epeak,

the R coefficients were also calculated (by using Eq. 10) and the graphs are

shown in Fig. 10.

As occurred with PE predicted onto the receiver, the R coefficient pre-

sented very good values. Analyzing each day, the results are very similar to

those predictions using and not using the extinction in the DNI forecasting,

with the same behavior in all cases. In general, when combining the two

days used for this study (in December and June), the R coefficient is always

higher than 0.95. Moreover, we have used two more statistical variables,

widely employed in these works: the normalized root mean square and mean

bias errors. The first shows the dispersion of the experimental data and is

defined by Eq. 11:
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nRMSE(%) =
100

X
RMSE (11)

where X is the average of measured values and RMSE is the root-mean

square error defined by Eq. 12.

RMSE =

√√√√ 1

N

N∑
i=1

(Xest −Xmea)2 (12)

where N is the amount of data.

Subsequently, the normalized Mean Bias shows the trend above the ex-

perimental data underestimation and is expressed by Eq. 13:

Normalized Mean Bias (%) =
100

X
Mean Bias (13)

where Mean Bias is defined by Eq. 14.

Mean Bias =

N∑
i=1

(Xest −Xmea)

N
(14)

Following the above expressions, Table 4 shows the results of these sta-

tistical errors.

Both nRMSE and nMBE values present good results for the simulation
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Table 4: Statistical errors for the prediction of PE and Epeak for the cases analysed at
Plataforma Solar de Almeŕıa.

nRMSE (%) nMBE (%)
PE on target (no extinction) 5.99 -1.87
PE on target (extinction) 5.90 -0.87
Epeak (no extinction) 4.89 0.21
Epeak (extinction) 5.08 1.32

process. For nRSME, the values are below 6% in PE prediction, slightly

better when the extinction is included.

This result is also applied to the nMBE, where the predicted value using

the extinction is underestimated in less than 1%. If Epeak is analyzed, the

pattern follows an opposite trend, i.e. the results are a little better when the

extinction is not used. However, the extinction supposed for this work was

for a distance of 140 meters. If this work had been elaborated in a commer-

cial solar power plant with greater distances between the heliostats and the

central tower, the results would clearly have been better when including the

extinction in the DNI forecasting.

Therefore, we have reported on an exhaustive analysis of the flux simu-

lation in a real central solar-tower power plant, in which Meteosat satellite

DNI predictions were combined with extinction as an attenuating factor to

model the behavior of PE and Epeak onto the CSTP plant receiver.
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5. Conclusions

In this work, we have developed a methodology that integrates a DNI

forecasting method based on satellite images (from 15 to 120 minutes) with

an attenuation factor provided by a novel system of two digital cameras

which determines the extinction. This integration was used as the input

for a solar power plant simulation model (Fiat-Lux) to ascertain the total

reflected power and Epeak reaching the receiver of the CESA-I tower located

at the Plataforma Solar de Almerá.

The total power and the irradiance peak were predicted on the CESA-I

tower receiver using the DNI values predicted with satellite images. These

predictions were compared with real data. When the attenuation factor was

included in the DNI forecasting, the nRMSE was lower than 6% in PE, and

higher than 5% in Epeak. If the attenuation factor is not included in the DNI

forecasting, Epeak presents better results with an nRMSE value of 4.89% and

an nMBE value of 0.21%.

The correlation coefficient was calculated for the comparison between PE

by using and not the attenuation factor. In general, the results show an R

value higher than 0.94 in all cases, presenting the best adjustment between

PE estimated and predicted by including the attenuation factor, with a value
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of 0.992.

In conclusion, we have presented a proper prediction control system for

the flux distribution in the central receivers of CSP plants, which contributes

for studying the effects altering the sunlight trajectory between the heliostats

and the receiver, and, therefore, to ensure the efficient and safe operation of

solar tower systems.

6. Outlook and future works

This article is a starting point for combining methodologies that predict

solar power plant potential by including remote sensing techniques, digital

cameras and simulation models. In any future work, it would be a good idea

to compare different extinction models (i.e. based on satellite information or

using other sensors) to determine the best option in order to obtain a more

accurate extinction value, including DNI forecasting. Moreover, artificial

intelligence techniques might be a good choice in this area to compare with

the simulations carried out in our work. To determine the importance of this

prediction system in an experimental solar power plant, one needs to extend

the knowledge acquired from a commercial CSTP plant that employs greater

distances between the heliostats and the central receiver (reaching longer
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than one kilometer distances), where extinction losses are more considerable

and the results might be different.
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pact of DNI forecasting on CSP tower plant power production, Renew-

able Energy (2019) 368–377.

41



[16] B. L. Kistler, A user’s manual for DELSOL3: a computer code for cal-

culating the optical performance and optimal system design for solar

thermal central receiver plants, Tech. rep. (1986).

[17] P. L. Leary, J. D. Hankins, A user’s guide for MIRVAL—a computer

code for comparing designs of heliostat-receiver optics for central receiver

solar power plants, Tech. rep. (1979).

[18] M. J. Blanco, A. Mutuberria, D. Martinez, Experimental validation of

Tonatiuh using the Plataforma Solar de Almeŕıa secondary concentrator
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Figure 9: Correlation coefficient (R) for the predictions of PE on target.
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Figure 10: Correlation coefficient (R) for the predictions of Epeak.
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