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In Concentrating Solar Power (CSP) technologies, direct solar radiation is reflected from a concentrating
system to a receiver, where it is transformed into process heat. In particular, in solar tower plants, the
phenomenon of atmospheric extinction between both systems must be studied since the radiative losses
can be important due to the increasingly large distances in the gradually larger plants. Large distances are
necessary in order to measure the extinction since, in reduced distances, it can be undetectable. How-
ever, the great uncertainty of some available instruments and/or the monochromaticity of others, make it
possible to affirm that, at present, there is no experimental device that allows a credible measure of solar
extinction to be carried out. Nowadays, digital cameras are used in many scientific applications due to
their ability to convert available light into digital images. Their broad spectral range, high resolution and
high signal to noise ratio, make them an interesting device for extinction measurement. The aim of this
work is to present the description of a novel measurement system for solar extinction at ground level
based on two digital cameras and a Lambertian target. The first experimental results show that the
system can measure solar extinction in the bandwidth 400—1000 nm with an accuracy of less than an
absolute +2%. This measurement system is currently running on a daily basis at Plataforma Solar de
Almeria.
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1. Introduction plants are designed, built and operated without knowing this local

parameter. The marked local character of this phenomenon and its

Atmospheric extinction of solar radiation reflected by heliostats
on a receiver is recognized as an important cause of energy loss in
the increasingly larger solar tower plants. This energy loss increases
with the content of atmospheric water vapour and aerosols in the
heliostat-receiver path due to the absorption and scattering
mechanisms. During the design of these plants, it would be desir-
able extinction maps similar to the solar resource's ones. It would
also be beneficial to have real information on extinction during the
daily operation of the tower plants. Unfortunately, there is no
standardized measurement method for this and currently the
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temporal variability makes it unfeasible to extrapolate extinction
models to different sites and seasons.

Some authors have measured the extinction with pyrheliome-
ters. Sengupta and Wagner's study [1] provides a model for atten-
uation losses between heliostat and receiver in a central receiver
system that depends only on DNI measurements. This model relies
on the fact that, atmospheric constituents that are not well mixed
but significantly influence DNI are mainly present close to the
surface. In the case of Tahbouba's work [2], four different pyrheli-
ometers have been used at different altitudes. From the analysis of
these measurements, a model was designed in order to simulate
the attenuation of direct irradiance with distance of propagation.

There exist commercially available and documented instruments
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that measure visibility, which is related to atmospheric transmission
at 550nm following the Koschmieder approximation [3] and
neglecting the spectral variation of the extinction coefficient.
However, the extension to the overall solar spectral range is not
trustworthy. The inverse proportionality between the visibility and
the extinction coefficient is only applicable under very limited
conditions which are far away from reality. These instruments are
frequently used at airports to estimate the atmospheric visibility,
taking measurements at a few meters distance and then extrapo-
lating them to larger distances. Transmissometers quantify visibility
by measuring the light extinction of the atmosphere between the
transmitter and the receiver, situated at a limited distance from each
other. The light source of these instruments is spectrally quite
different to the solar distribution and the application path is very
different from the real heliostat-receiver slant ranges. Another type
of optical instruments, called scatterometer, are based on forward
light scattering, placing the transmitter and the receiver less than
1 m apart with their optical axes crossing each other at a certain
angle. However, the small sample volume, without taking into ac-
count the atmospheric absorption, the monochromaticity and the
influence of the sensor body in the phenomenon, makes the results
non representative of the extinction of the atmosphere in a larger
spatial area. Based on some of these instruments, several mea-
surement methods have been proposed in recent years but without
giving a sufficiently sound solution to the problem to be considered
reliable for the measurement of solar energy extinction [4,5].
Nowadays, digital cameras are used in many scientific applications
due to their ability to convert available light into digital images.
Their broad spectral range, high resolution and high signal to noise
ratio, make them an interesting device in solar technology [6]. In a
previous work regarding air pollution research, Du et al. [7] devel-
oped a digital optical method to measure atmospheric visibility. In
Du's method, two digital images of the same target were taken at
two different distances in the same straight line. The images were
analyzed to determine the optical contrast between the target and
its sky background, and visibility was calculated. In previous works,
we have shown the order of magnitude of the extinction with the
distance in certain scenarios [8], which gave the necessary resolu-
tion to measure this parameter correctly. We have also conceptually
shown previously the methodology to measure atmospheric
extinction using two digital cameras and a Lambertian target [9].
This work describes this measurement system in detail, showing the
configuration and instrumentation that is being used at Plataforma
Solar de Almeria (PSA) and the accuracy in extinction measures. An
analysis of the first extinction measurements is presented.

2. Experimental setup for solar extinction measurement

The aim of this measurement system is to take simultaneous
images of the same target at very different distances using two
identical optical systems with digital cameras, suitable lenses and
filters. A topographic study shows a distance between cameras of
741.63 +£0.01 [10] meters which, in view of previous simulation
studies, is considered sufficient to detect the phenomenon and to
carry out the measurement [8]. The distances of the cameras to the
centre of the target have been chosen (82.88+0.01m,
824.51 + 0.01 m) [10]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 camera. In this procedure, it is
necessary to work with diffuse solar radiation reflected by the
target in order to avoid direct solar radiation and thus, minimize
specular influences and directionality. For this reason, the target
and the two cameras were placed in a north-south line; the target
was situated south looking north, to avoid the direct solar radiation
and the cameras were located north pointing towards the target.

The intensity levels of the digital images were proportional to the
diffuse solar radiance coming from the target and the difference of
intensity between the images was due to the extinction of the solar
radiation in the path between both cameras.

Radiance is a measure of the flux density per unit solid viewing
angle and it is independent of the distance to an extended area
source because the sampled area increases with distance, cancel-
ling inverse square losses [11—13]. The law of conservation of
radiance allows us to affirm that the losses of detectable energy
between target and cameras are due to the atmospheric extinction
in the spectral range of the cameras. The refractive effects of light at
these distances are considered negligible.

2.1. Digital cameras, lenses and ND filters

A CCD or CMOS sensor, proportionally transforms the incoming
luminous energy from each point of a scene into an electrical signal.
Such sensor is composed of photo-sensitive cells called pixels. It is
an element in the acquisition chain, located, on one hand, behind
an optical system which focuses the image on the photosensitive
cells and, on the other hand, in front of an electronic system which
amplifies the output signal for digitization. All these elements can
produce errors in the measurements. They are called systematic
errors or systematic noise, meaning that they are repeatable.
Knowing the patterns of these errors allows us to develop some
methods to eliminate the noise in the images. Whatever the
application is, the pre-processing that allows the extraction of the
useful information from the image inside the noisy signal, is
required [14,15]. Several digital cameras (CCD and CMOS) have been
tested in the Radiometry Laboratory at PSA using an Ulbricht sphere
(integrated sphere) as homogeneous halogen light source. Using
neutral density filters and different exposure times, we were able to
detect different homogeneous luminance levels with the digital
cameras. The chosen camera to measure solar atmospheric
extinction has the following interesting properties:

1. High signal to noise ratio: Images from the homogeneous light
supplied by an Ulbricht sphere have been taken with the cam-
era. Considering the ratio between the standard deviation and
the mean value (o/p) from images as figure of merit, the values
obtained were under 1%.

2. High resolution (16 bits): Using a neutral density filter and
different exposure times, it was possible to detect intensity
levels as close as 1.5%, which was enough resolution to detect
the expected extinction levels.

3. Spectral range 400-1000 nm: About a 73% of the extinction oc-
curs in the spectral range of the camera, which is quite repre-
sentative of total extinction [9]. Future digital cameras could be
based on graphene-CMOS integration which would be sensitive
to UV, visible and infrared light (300—2000 nm) [16]. Approxi-
mately 98% of the solar extinction phenomenon would take
place in this promising bandwidth.

Two sensors are widely used in digital photography: charged
couple device (CCD) and complimentary metal-oxide semi-
conductor (CMOS). Traditionally, due to their superior image
quality, CCD cameras were used for scientific purposes, which is
why flux measurements have been conducted with CCD cameras
[6]. With modern technology however, CMOS sensors have reached
image parity with CCD. Furthermore, CMOS offers more chip
functionality, lower power dissipation, smaller system size and
lower price and are therefore favoured in newer cameras. In a
CMOS chip, each pixel has its own charge-voltage conversion and
the sensor often includes other circuitries, such as noise-correction
and amplifiers. The chosen cameras in order to measure solar
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atmospheric extinction are two Hamamatsu® cameras, model
ORCA-flash4.0 v3 CMOS, A/D conversion 16 bits output, effective
number of pixels 2048(H) x 2048(V), cell size 6.5 um x 6.5 pum,
quantum efficiency higher than 82% at 600 nm and 60% at 750 nm,
exposure time 1 ms to 10s.

The two chosen lenses are Sigma®, model APO 50—500 mm
F4.5—6.3 DG OS HSM (Zoom range: 50—500 mm). Working with
these different focal distances, it is possible to obtain the same area
of target image on pixel in both cameras despite having a great
distance between them.

Neutral density filters are attached to the lenses to prevent light
over-saturation. These filters are designed to reduce light intensity
over a specific wavelength range without affecting the image's
contrast. The chosen filters are MIDOPT® (Midwest Optical Sys-
tems), flat response range [400—2000] nm, 6.25% transmittance.

Cameras, lenses and filters were installed in refrigerated con-
tainers to minimize the influence of thermal noise in the images
and to preserve the cameras of the external environment. A heat
resistance was installed in each container to prevent internal
condensation. Borosilicate windows of high transmittance allow
taking images from the interior of the containers through them. The
cleaning of the optical systems occurred every day before the image
acquisition process. The chosen software for image acquisition and
processing was ImagePro Plus, 7.0 (Media Cybernetics®). The
cameras were operated by laptops connected to the network to
allow a remote use (Fig. 1).

As in all real systems, the hardware used to capture the image
has some limitations. These limitations cause imperfections which
manifest themselves as image imperfections or noise. Noise is any
additive, unwanted measurement that is generated by the sensor

Fig. 1. Camera, lens and laptop in a container.

independently of incoming light. There are two types: random
noise and systematic noise. Random noise cannot be predicted and
varies from one image to another. Systematic noise, on the other
hand, can be predicted and compensated for, if necessary. The
major sources of systematic noise that can be compensated for are:
bias, vignetting and imperfect sensors [14,15].

2.1.1. Bias

Taking a dark frame image (an image generated in the absence
of any incoming light), each pixel should read zero since no light is
falling on the pixel. However, zero values in a dark frame are pur-
posefully avoided in camera design as any value below zero will
also be read as zero. Therefore, to account the uncertainty, digital
camera manufacturers deliberately insert an offset value above
zero. In order to account for bias, a dark frame or bias frame should
be removed from all experimental images.

A set of dark images was taken with each camera for 3 h, in total
36 images, one every 5min. A similar behavior was observed in
both and the results were consistent with the manufacturer's
specifications. In particular, the statistic of the dark average image
for Camera 1 (averagel =98.9, stdv1 =1.1, deviation 1=1.1%) and
for Camera 2 (average2 = 99.4, stdv2 = 1.7, deviation2 = 1.7%) rep-
resented 1—2 intensity levels, uncertainty that can be neglected
when working at 80—90% of cameras dynamical range
(216-1 =65535), as we were. As a consequence of this analysis and,
since our measurement procedure is a differential process, we
decided not to subtract the dark image from our images to avoid
introducing unnecessary uncertainties. The stability of both cam-
eras will be checked periodically by a similar test.

2.1.2. Bias vignetting or shading

Vignetting is an imaging phenomenon that happens with every
optical system. It is a radially dependent illumination strength
falloff due to the camera lens and optical properties of the system.
All lens systems have light ray spread which increases as the light
rays are further from the center. Vignetting results in a radial
shadowing effect towards the image periphery [14,15].

The image is brighter in the center than the edges. The impor-
tance of this effect depends on the optical configuration that is used
(long or short focal length and large or small aperture) and the
measurement process to be carried out.

2.1.3. Imperfect sensors

The third influence of noise is due to the fact that the sensor
pixels are not perfectly manufactured. This imperfect
manufacturing shows up as per-pixel noise. In order to correct for
both vignetting and errors associated with imperfect pixel sensors,
a flat field image is captured. Flat fields are fields which exhibit
even illumination. Flat field images were generated by an Ulbricht
sphere, which is considered the best way to obtain them. Exposure
time is set long enough to be close to the saturation of the sensor in
order to ensure that a significant signal level is recorded. Flat field
images under the effects of vignetting exhibit radial deviation away
from a uniform condition. Several flat field images should be
captured and the mean correction factor determined. The correc-
tion of the raw image should be done by a pixel-wise division with
the flat field image. Then, the obtained image should be multiplied
by a coefficient equal to the mean value of flat field image. This
keeps some levels close to the ones in the original image. The
treatments should be done on pre-processed images with offsets
image correction which is subtracted only one time [14,15]. In our
case, as we worked with great distances and paraxial optics, the
target images represent a small percentage of the central part of the
field of view of the lenses, which made the shading effect quanti-
tatively negligible in our measurement process. As a result of this
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analysis, we decided not to perform shading correction on our
images in order to avoid unnecessary manipulations of what we
want to measure.

In spite of having two identical optical systems, it was necessary
to determine the minimum intrinsic offset between them both and
take it into account when treating the images. For this, we chose the
most optimal conditions of reference in a moment and day of high
DNI and minimum extinction according to magnitudes and rele-
vant parameters in the phenomena of atmospheric extinction,
which are relative humidity (RH), particle concentration, Aerosol
Optical Thickness (AOT, i.e. the vertical integral of the extinction
coefficient along the atmosphere) at different wavelengths (http://
aeronet.gsfc.nasa.gov/), atmospheric pressure and wind speed. The
exposure times chosen that day for each camera (9 ms and 15 ms)
guaranteed a high level of luminous intensity without reaching the
saturation in the images throughout the year and a constant offset
between cameras. However, occasionally some images have satu-
ration due to unexpected solar reflections by clouds on the target.
In these cases, the extinction measure is rejected. The appearance
of better conditions would be detected by the system and would
allow correcting previous measures taking into account the new
offset.

2.2. Lambertian target

Having Lambertian targets is important for this measurement
system since the position of the cameras and the angles relative to
the target can never be known for sure at such large distances. With
a perfect diffuser surface, an image of the target taken from any
viewing angle will accurately represent the same brightness or
luminance. For this setup a target of appreciable dimensions
(2m x2m) was needed and its specific manufacturing was
necessary. The target was supported on two pillars, approximately
1 m above the ground. It had two side doors that remained closed
when it was not used in order to protect it from rain, dust, etc. Two
standard steel plates of 2 m x 1 m were used for their construction
(Fig. 2). Both were sandblasted to achieve diffusivity on their sur-
face. Unfortunately this treatment was not enough and it was
necessary to apply a special coating for this purpose. A number of
different paints were tested and it was found that white Amer-
coat®741 and black Zynolyte® had suitable diffuser properties. For
this study, one of the steel plates was painted in high reflectance
white and the other was sprayed in black (Fig. 2).

The white part of the target had a weighted solar reflectance of
76% after being painted. The black part of the target had a weighted
solar absorptance of 95% [17] and the image taken from this part
was considered as the airlight contribution or light scattered in the
air by dust, haze, etc. This light contribution, Ig, was suppressed
from the light input of the images taken of the white part of the
target Iy (Fig. 2). The target was characterized and its good ho-
mogeneity and diffusivity were verified [18,19], and was considered
suitable for the measurement of solar extinction. The analysis of
target images taken with a conventional digital camera showed a
dispersion of luminous intensity of 0.3% on the part painted with
white Amercoat®741 and 0.2% on the part painted with black
Zynolyte® which was proof of adequate homogeneity. Angular tests
with a luminancimeter showed that luminance deviations from
central value were less than 1% in the central positions +10°, which
confirmed an optimal diffusivity to carry out extinction measures
with our system.

3. Extinction measurement

The aim was to take simultaneous images of the same target at
different distances using two identical cameras with suitable lenses

Fig. 2. White and black Lambertian target for extinction measurement. Black (Ig) and
white (Iw) zones of interest.

(Fig. 3). In order to do this, we would need to work with diffuse
solar radiation projected from the target to avoid direct solar ra-
diation and therefore minimize specular influences and direction-
ality. The intensity levels of the digital images would be
proportional to the diffuse radiance coming from the target.

The spatial calibration of both cameras allowed us to select the
same areas of the target in the same zones. The areas were selected
in the central part of the target to avoid edge effects. These areas
were 0.5 x 1 m, same in the white part as in the black part of the
target (Fig. 4). They represented 4656 pixels in cameral and 3961
pixels in camera2, equally in the white zone as in the black zone of
the target, which were adequate matrix dimensions to deal with
statistically. The intensity difference or light extinction between
both images taken was related to the distance between the two
cameras and the extinction for the experimental distance
(D=741.63 + 0.01 m [10]) can be obtained in a direct way by:

Extinction(%) = 100( - :—2> (1)
1

Where I; (I1=Il1w-I1g) and I (I,=Iow-Ip) are the average intensities
of the images (Fig. 4) and D (741.63 + 0.01 m) the distance between
the cameras (Fig. 3).

The extinction coefficient (Bgx) can be derived from the Beer-
Lambert-Bouguer law by:

A< ” > A 1|

Cameral

Camera 2 Lambertian target

Fig. 3. Lambertian target and cameras layout.
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Fig. 4. Images taken simultaneously with both cameras 03-July-2017 14:00:45 p.m. (a) Cameral. (b) Camera2.

Inp
Bext = —p (2)

The uncertainties associated with the measurement of the
extinction and extinction coefficient by this procedure are given by:

. 100 [/I)\?
O Extinction (%) = iT (I_?) 6121 + 6122 3)

1 o1 \?2 oL\ op\ 2 L\?
() () )
Where 611 and oy are the standard deviations associated to I; and I,
that are due to camera noise and some lack of homogeneity on the
surface of the target. To minimize this random noise, 20 images
were taken in less than 1s in each measurement and the average
image of them was considered as the final image [15]. Working
outdoors makes it necessary to resort to this smoothing procedure;
however, the good performance of the cameras, makes it techni-
cally possible. op (0.01 m) represents the uncertainty associated to
the distance between the cameras [10].

Previous equations and information obtained from target im-
ages taken simultaneously with both cameras, allowed us to obtain
uncertainties in the extinction measurements less than absolute
+2%. After several weeks of measurements, most of the extinction
values obtained were less than 7%. Such low values of extinction
lead to low extinction coefficients with high uncertainties. A
campaign of solar extinction measures is under way at PSA to
obtain a representative year. In parallel, meteorological variables
such as DNI, relative humidity, particle concentration, Aerosol
Optical Thickness (AOT, http://aeronet.gsfc.nasa.gov/), atmospheric
pressure and wind speed were recorded.

This extinction coefficient could be used in the nearby sur-
roundings to obtain extinction using the same law and the slant
range, S;, of each heliostat i (i=1, ....n, n = number of heliostats):

Extinction; (%) = 100(1 _ e P Si) 5)

The uncertainty associated with the extinction will then be
given by:

9 - 2 2
OExtintion, (%) = 100€™Pex W (Siope, )" + (Bext 0,) (6)

The uncertainty obtained in this way would be slightly higher
than that obtained by directly measuring extinction and applying
equations (3) and (4).

Applying this methodology during different periods of time will
allow us to obtain average extinction coefficients and solar atmo-
spheric extinction models at the selected sites using the form of
equation (5) without having to use any simulation tool. In general,
the majority of the extinction models in the past [8,20—26] were
obtained through elaborated simulation procedures, using radia-
tive transfer codes (MODTRAN, LibRadtran, SMARTS, ...) [27—29]
and were represented by polynomial expressions that could be
adjusted to equation (5) in order to obtain the corresponding
extinction coefficient or vice versa. System Advisor Model (SAM),
developed by NREL (National Renewable Energy Lab), is a model
that allows to calculate the annual electricity production of solar
thermal and photovoltaic plants that has proved high reliability for
modeling CSP plants [30—32]. The input that describes the tech-
nical characteristics of a solar tower plant in SAM requires a third
order polynomial coefficients for modeling the solar extinction
taking place in the heliostat field. Therefore, the models obtained
with our measurement system can be used to predict the annual
losses in electricity production in a tower solar plant due to
extinction in a selected location.

As mentioned above, the main field of application of this study is
in solar tower plants both for the design process and for the daily
operation of the plant. In other systems of solar concentration the
distances are much more reduced and the influence of the extinc-
tion phenomenon can be considered negligible.

4. Extinction measurement results

After the measurement system was put into operation, extinc-
tion was measured daily with a 15-min time interval which was
considered adequate due to the low variability observed. During
July 2017, 184 measures of extinction were obtained simultaneously
with RH, AOT (500 nm) and particle concentration (0.25—32 pum,
particles/l1). A haze episode took place on July 14 and was revealed
in the recorded measurements (Fig. 5).

Fig. 5 shows a clear dependence of extinction and extinction
coefficient with RH and particle concentration, but not with AOT.
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Fig. 5. Extinction(%), 100Bex(1/km), RH(%), 100AOT (500 nm) and particle concentracion(p/1)/10000 during July 2017. Haze episode on July 14.

The non-dependence of extinction and extinction coefficient with
the parameter AOT was observed in other wavelengths (1640, 1020,
870, 675, 440, 380 and 340 nm).

In view of the observed dependencies, we proposed a linear
relation of extinction and extinction coefficient with RH and par-
ticle concentration (Fig. 6).

Extinction(%) = C; RH(%)
+ C,Particle concentration(p/1)/10000
(7)

Bexe(1/km) = C3RH (%)
(8)

The values of the constants C1 and C2 are respectively 0.0350
and 0.1724 (1/p). Although the statistics are not very large (N = 184),
the results of the canonical correlation analysis performed on the
variables showed an important influence on the extinction.

The Normalized Mean Bias Deviation (NMDB) is —3.8% which is

+ C4Particle concentration (p/l> / 10000

16
12 NRMSE = 6.9% .
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Fig. 6. Measured extinction (%) versus RH (%) and particle concentration (p/1)/10000.

interpreted as that the model provides slightly lower extinction
values than those measured, probably because more variables in-
fluence the phenomena of extinction or that it has not taken into
account particles of greater or smaller size. The Normalized Root
Mean Square Deviation (NRMSD) is 6.9%. Such a small value in-
dicates low residual variance. Both MDB and RMSD were normal-
ized to the range of the measured extinction (Extinctionmax-
Extinctionmiy). The Pearson correlation coefficient, R, is 0.9334
meaning an admissible increasing linear relationship. In the case of
the extinction coefficient, the values of the constants C3 and C4
were respectively 0.0005 and 0.0025 (I/p), and the relevant sta-
tistical parameters were NMBD = -2.3%, MRMSD=6.1% and
R = 0.9348. Although the result was hopeful, more measures must
be performed to statistically corroborate this dependence. We must
consider that these measures were carried out in summer, which is
a period in which the haze processes are common and the extinc-
tion is higher.

5. Conclusions and outlook

Atmospheric extinction of solar radiation reflected by heliostats
to receiver is recognized as an important cause of energy loss in the
increasingly large solar tower plants. During the design of these
plants, it would be desirable extinction maps similar to the solar
resource ones. Unfortunately, the truth is that there is currently no
reliable measurement method for solar extinction and, at present,
these plants are designed, built and operated without knowing this
local parameter.

Nowadays digital cameras are used in many scientific applica-
tions for their ability to convert available light into digital images.
Their broad spectral range, high resolution and high signal to noise
ratio, make them an interesting device in solar technology. In this
work, a novel system for solar extinction measurement based on
digital images and Lambertian target has been presented. The first
experimental results show that the system can measure solar
extinction in the bandwidth 400—1000 nm with an accuracy of less
than absolute +2%. The future development of better digital cam-
eras will allow a more accurate extinction measurement and in a
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wider spectral range.

This measurement system is currently running daily at PSA in
order to obtain a characteristic extinction year. The application of
this methodology for periods of time will allow to obtain repre-
sentative models of solar atmospheric extinction at the chosen sites
without having to use simulation tools. The models obtained with
our measurement system can be used to predict the annual losses
in electricity production in a tower solar plant due to extinction in a
certain location.

The analysis of the first measurements has shown a linear
relation of extinction and extinction coefficient with relative hu-
midity and particle concentration, but more measures must be
performed to statistically corroborate this dependence.

The solar extinction measurement system described in this
work could serve as a reference system in intercomparison cam-
paigns with monochromatic measurement instruments such as
transmissometers and scatterometers.
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