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Abstract

Accurate modeling of atmospheric attenuation phenomena is a crucial aspect for the
performance of solar tower plants. The development of suitable models requires of reliable
measurements of the extinction coefficient near surface. Continuous monitoring of the
extinction coefficient at ground is being recorded at Plataforma Solar de Almeria (PSA) facility
in south-east Spain since July 2017 offering a unique and long experimental database for
model assessment. This work presents the assessment of Polo’s model with over two years of
ground measurements. In addition, a new corrected and improved version of the model is
presented here with a very good performance, maintaining the versatility of the model. Hourly
estimations of the atmospheric attenuation at PSA with the new version of the model resulted
in a 6.1% of RMSE and very good agreements in both inter- and intra-annual variability is
found. The new model proposed here is easy to be used in both ray-tracing, optimization
software and performance tools commonly and widely used for modeling solar tower plants
behavior and production. This new model offers a better and novel approach that can be used
at any site where AOD information is available.
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1. Introduction

Central receiver technologies, particularly molten salt tower plants, have been gaining interest
and prominence in the concentrating solar power (CSP) industry. The large thermal storage

capacity and high working temperatures at the receiver are the great attractions of this kind of
plants. Current and future perspectives of CSP technologies and developments, including solar



tower projects, can be found extensively in the information provided by SolarPACES
programme from the International Energy Agency (https://www.solarpaces.org/).

The solar field of a solar tower plant consists of a very large number of mirrors (heliostats)
tracking the Sun’s position in the sky and reflecting the solar direct radiation to the receiver
placed in the upper part of the tower. The image of the solar flux on the receiver is affected by
the optical losses taking place in the solar field, which include cosine loss, shadowing and
blocking, spillage and atmospheric attenuation [1]. In order to minimize most of the negative
effects of the optical losses, optimization algorithms have been developed for effective
designing of the solar field [2—-4]. The atmospheric attenuation is due to scattering and
absorption processes that take place in the optical path between the heliostats and the
receiver, known as slant range, and depends on the turbidity conditions in the atmospheric
boundary layer (the bottom layer of the atmosphere in the order of the tower height). Thus,
the optical losses due to atmospheric attenuation may produce a significant reduction of the
optical efficiency of plants with a large solar field (large power output) in desert or semi-arid
climates [5].

Different methodologies have been proposed in the recent years for measuring the
atmospheric attenuation on ground [6—10]. Ballestrin et al. proposed an innovative measuring
system based on two cameras of very high resolution facing a lambertian target [6]. The same
team reported intra-annual analysis of extinction after one year of measurements [10].
Hanrieder at al. developed a measuring technique by combining a scatterometer and a
visibility transmissometer [7]. More recently Hanrieder et al. reported a methodology for
determining the atmospheric attenuation based only on direct normal irradiance (DNI)
measurements [9]. Sanchez et al. presented recently another method by using reflector
telescopes [8]. However, only the measuring system ta PSA has provided rather continuous
and long measurements of the extinction near ground.

On the other hand, several methodologies have been also proposed for modeling the
atmospheric attenuation [11-17]. Sengupta et al. proposed a simple transmittance model
based on DNI [16] which was further reviewed and enhanced by Hanrieder et al. [13]. Another
model based on DNI and Beer-Lambert equation was also proposed by Tahboud et al. [17].
Radiative transfer computations have given rise to other formulations. Polo et al. proposed a
model based on multiple radiative transfer computations that formulate the atmospheric
attenuation as a function of the AOD and the slant path [14]. In addition, a thorough study on
the impact of the time resolution of AOD input information and the impact on plant
performance was further highlighted [15]. In addition the use of satellite-derived AOD
information for modeling the extinction was also explored by Carra et al. [11]. A thorough
review on both measuring and modeling atmospheric attenuation including the initial studies
in the late seventies can be found in the recent literature [18].

The measurement of the attenuation and the extinction coefficient at the atmospheric
boundary layer has been addressed at PSA under the PRESOL project by using two
simultaneous images of a proper target at a representative slant range [6,19]. Continuous
monitoring of the attenuation between two cameras is being carrying out since July 2017;
nevertheless, maintenance and other actuations on the measurement system have resulted in
few gaps in the experimental database. Local extinction coefficient is then derived from the
atmospheric attenuation corresponding to the slant range of the PSA experimental system.
The availability of such a long experimental database allows the assessment, validation and
improving of models developed during the PRESOL project for accurate estimation the
atmospheric attenuation [14,15]. This work presents the validation of the Polo’s model and a
new improved version based on incorporating characteristics of the distribution function of


https://www.solarpaces.org/

observations. The improved version of the model is able to estimate the local atmospheric
attenuation in hourly basis with a 6.1% of RMSE using as input the aerosol optical depth (AOD)
at 550 nm.

The novelty of this work is remarked by the unique characteristics of the experimental
database on atmospheric attenuation that is monitoring accurately and continuously the
extinction near ground for more than two years; these measurements in south-east Spain are
also representative of proper climatic conditions for solar tower plants (arid climates with high
direct normal solar irradiation). In addition, the long experimental database is very adequate
for evaluating and developing reliable models for computing the atmospheric attenuation. The
model proposed here is then proven to permit an accurate estimation of the attenuation since
the relationship between column AOD and near surface extinction has been accurately fitted
with the help of experimental measurements. Finally, the new improved model allows
dynamic modeling of attenuation with applications to central receiver technologies because
the dependence with the AOD, proposed and characterized in this work, make suitable its use
in solar tower modeling tools and it can be used universally as long as reliable data on AOD be
available.

2. Experimental data

A novel and reliable method for continuous measuring the atmospheric attenuation was
proposed by CIEMAT researchers and set up at Plataforma Solar of Almeria (PSA). The
measuring system consisted in the synchronized acquisition of images of a lambertian target
by two high-resolution digital cameras placed approximately at 83 and 825 m, respectively
[6,19]. A topographic study and a rigorous individual optic adjustment of each camera ensured
the same target area with the same resolution for both cameras images. A thorough and
detailed description of all the aspects and configuration of the measuring system at PSA can be
found in the referenced literature [6]. The proper analysis of the two images at every
acquisition instant produces a measurement of the extinction coefficient and, thus the
atmospheric attenuation in percentage corresponding to the distance between cameras (742
m). Figure 1 shows a picture of PSA facilities and the position of the cameras and target. It
should be remarked that both the distance and the operational spectral range of the cameras
are representative experimental conditions of the phenomena under study in the framework
of solar tower plants (the furthest heliostats in solar tower plants are in the range of 1 km).
Thus the distance of 742 m is the slant range of the atmospheric attenuation phenomena
being measured. The experimental facility is in operation since July 2017 so that there is a long
database of measurements available that allow the characterization of intra and inter-annual
variability of atmospheric attenuation at PSA [10].
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Figure 1. Experimental set up for measuring atmospheric attenuation at PSA.

The light extinction taking place along the distance D can be obtained by the difference of
intensity between two simultaneous images. The atmospheric attenuation as a function of the
effective intensity of each image is defined by,

A(%) = 100 ( —j—j) (1)

Where I;and I, are the effective intensities of the images corresponding to camera 1 and 2,
respectively. The lambertian target is divided in two areas of the same size, one painted in
white Amercoat® 741 and the other in black Zynolyte®, to ensure highly reflective and
absorbed surfaces, respectively. Therefore, the effective intensity of camera i is determined
by the difference between white (I;;,) and black (I;5) sides of the lambertian target,

I = Ly — Iip (2)

This is an effective way to remove the scattered light from the surroundings that could be
received by each camera and ensure that the cameras only accounted for the reflected light
from the target.



In addition to the atmospheric attenuation measurements, an AERONET station is also placed
at PSA site, named Tabernas PSA-DLR station (Figure 1). AERONET is an extensive network of
ground stations providing accurate measurements of AOD, and other parameters for optical
characterization of atmospheric aerosols, from spectral direct normal irradiance
measurements with sunphotometers [20,21]. AOD level 2.0 data (cloud-screened and quality
controlled), with the inversion direct sun algorithm version 3 [22,23], from this station has
been collected for the period 2017-2019. Nominal standard aerosol wavelengths are 340, 380,
440, 500, 675, 870, 1020 and 1640 nm [23]. Following the Angstrom equation for the AOD
dependence with the wavelength, AOD 550 nm data have been obtained by linear
interpolation from the two nearest wavelengths in logarithm scale (AOD 500 nm and AOD 675
nm). The wavelength dependence of the Angstrom exponent can be better described by a
second-order polynomial empirical relationship between the logarithmic AOD and logarithmic
wavelengths [24]. However the curvature in that relationship depends on the aerosol type and
for coarse mode dominated aerosols (associated with dust and sea salt) the linear
interpolation can be used without significant error [25].

Figure 2 shows the raw data of both atmospheric attenuation and AOD 550 nm, hereafter
AOD, collected from the extinction measuring system and AERONET station at PSA for the
period 2017-2019. A clear direct correlation can be observed between both parameters.

The collected AOD measurements of Tabernas PSA-DLR station have a sampling time around
10 minutes and there are gaps in the experimental database. On the other hand, the
attenuation measurements in the PSA experimental system started with 15-minute sampling
from 11:00 to 14:00 and they were extended to 1-minute basis with a time window of 10:00-
15:00 every day. Therefore, there are no simultaneous and perfectly matched values in the
instantaneous measurements of both AOD and attenuation measurements.
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Figure 2. AOD and atmospheric attenuation measurements collected at PSA for the period
2017-2019.

3. Modeling

The model to assess and validate in this work was proposed from extensive radiative transfer
calculations with libRadTran code [26—28] covering a wide range of AOD values and slant
ranges [14]. The Polo et al. model was designed as a functional model that could be expressed
in a polynomial form and with parametric dependence on both AOD and slant path in order to
be used at any site where AOD information was available. Therefore, an analysis of the range
of variability of AOD 550 nm was performed using all the AERONET ground stations, selecting
finally the AOD ranges from 0.06 to 0.72 [14]. Radiative transfer calculations where performed
on the AOD variability and on different slant paths ranging from 150 m to 3 km to create a
database of computed attenuation that could be fitted to a polynomial function.

The Polo et al. model calculates the atmospheric attenuation in percentage assuming a third
order polynomial function of the slant range (expressed in km),



A(%)=aS3+bS?+cS+d (3)

The polynomial coefficients have a functional dependence on the AOD, which is the explicative
variable of the attenuation variability in the model. Using the data from the multiple radiative
transfer calculations for the different slant paths and AOD values third order polynomial
expressions where fitted for the coefficients as a function of the AOD [14].

a =3.13 A0D3® —1.96 AOD? + 1.60 AOD — 0.133
b =—14.74 AOD3 + 2.49 AOD? — 11.85 AOD + 0.544
¢ =28.32A0D3 —7.57 AOD? + 48.74 AOD + 0.371

d = —2.61 A0D3 + 3.70 AOD? — 2.64 AOD + 0.179

Modeling the atmospheric attenuation by a third order polynomial seems to be a convenient
and versatile approach due to: 1) the third order polynomial function fits quite well the
attenuation dependence with the slant range observed in many studies [29,30], 2) most ray-
tracing tools and performance models have already implemented this polynomial functional
form to estimate the atmospheric attenuation [31,32]. Therefore, in order to keep the
polynomial function of the model the dependence with the AOD was formulated through the
polynomial coefficients. The use of AOD as input parameter allows the model to have
sensitivity to the dynamic behavior of the atmospheric boundary layer. AOD is accurately
measured in many sites worldwide and, in addition, retrievals from reanalysis-based models
and satellite are available as gridded data worldwide.

Even though the instantaneous AOD data do not overlap perfectly in time with the
instantaneous attenuation measurements it is illustrative to estimate attenuation with this
model using raw AOD data as input. Figure 3 shows the comparison of estimated and
measured attenuation for the 3-year period. There are similarities in the behavior of modeled
data with the AOD trend but an underestimation of the attenuation is generally observed in
the model. The discrepancies are expected since the model formulates the sensitivity of the
attenuation at a given distance as a function of AOD. The attenuation (perceived as extinction
phenomena occurring in a nearly horizontal optical path) depends, in absence of very low
clouds and fog, fundamentally on the turbidity or visibility conditions in the atmospheric
boundary layer, i.e. the aerosol surface extinction coefficient. The AOD is the integral of the
extinction coefficient along the entire atmospheric vertical column. The aerosol extinction
coefficient decreases with the height, and thus since the AOD is the integration of the
extinction coefficient along the vertical path, it is expected that AOD underestimates the
extinction near ground; only under long stable atmospheric conditions the AOD could be a
good estimation of the extinction near ground. Therefore, the knowledge of the relationship
between the AOD and aerosol surface extinction coefficient requires a good determination of



the aerosol vertical distribution [33]. A two layer aerosol model with a well-mixed bottom
layer and an upper layer with exponential decrease of aerosol extinction with the altitude has
been recently proposed with good results [34]. Therefore, despite AOD and the extinction at
the lower boundary layer are correlated, they may represent different attenuating conditions
at the same time instants. Studies in the literature evaluating the representativeness of near-
surface in situ measurements compared to the total atmospheric column has shown
correlation, but also important bias between in situ and sun photometer measurements [35].
Recent works showed that aerosol extinction coefficients tends to be larger near the ground
and thus surface extinction based on AOD would result in underestimating the actual
attenuation [36]. The same authors proposed decreasing exponential functions of the AOD to
better modeling the surface extinction coefficient [36]. The results of these recent studies are
consistent with the bias and underestimation of modeling surface attenuation with vertical
AOD observed in Figure 3.
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Figure 3. Assessment of Polo’s model using raw AOD measurements.

4. Assessment and improvement of modeling



In order to have overlapped data on both measured AOD and attenuation level all the
experimental data (attenuation measurements and AOD) have been aggregated in hourly,
daily and monthly means. Modeling of hourly, daily and monthly attenuation was performed
with the Polo’s model. Figure 4 shows, in the upper plot, the scatter plot of the modeled
versus experimental hourly data, and in the lower plot, the probability density functions (pdf)
of experimental and modeled hourly data. Both plots indicate a trend to underestimate the
hourly attenuation measured at PSA. In addition, the distribution functions of modeled and
measured data show significant differences as a consequence of the bias. Mean bias error
(MBE) and root mean squared error (RMSE) of hourly modeled attenuation are 1.6% and
10.9%, respectively. In order to correct and improve the model performance techniques based
on correcting the distribution function of modeled data can be used. These kinds of techniques
have been previously used in climatology analysis for correcting bias in modeling results with
the use of the distribution function of observations.
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Figure 4. Assessment of Polo’s model for hourly attenuation data.

The quantile mapping (QM) technique is frequently used in meteorology and climate modeling
for correcting large bias modeled data. The technique makes use of the empirical distribution
of the observations to correct the data. The cumulative distribution function (CDF) can be used
as an operator to correct data in the quantile domain [37],

Ye = CDF5*[CDFy ()] (5)

where CDF, and CDFr, are the cumulative distribution functions of the observed and modeled
data, respectively, x,,, are the modeled data and . are the new corrected modeled data. The
quantiles of modeled and observed data can be computed by the full empirical non-parametric
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distribution or by a fitted theoretical parametric distribution [38—40]. QM has been also used
recently in improving solar radiation modeled datasets among other methodologies for site
adaptation [41].

Using QM a new set of modeled attenuation data, in hourly basis, have been created whose
distribution function fits the one of the experimental attenuation hourly data. Figure 5 shows
the CDF of the uncorrected and corrected modeled attenuation compared with the CDF of the
experimental data where the improvement of the new estimations is very remarkable.
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Figure 5. DF of modeled attenuation by Polo’s model and by QM corrections.

The results of QM can be used for developing a correction factor to Polo’s model that
improves the performance and reduces the uncertainty of modeled attenuation. Let’s define a
correction factor f as the ratio of the corrected attenuation data resulted from QM to the
original output of Polo’s model. The values of f show a very interesting dependence with the
AQOD that can be very well fitted to piecewise exponential functions (Figure 6). The proposal of
decreasing exponential function of the AOD is in agreement with recent studies for better
modeling surface extinction coefficient [36].

f= {2.874 e 305940D _ 7 4451147400 A0D < 0.05 (6)

2.358 ¢77:09440D 4 (8360141 40D AOD > 0.05
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Figure 6. Correction factor for modeling attenuation as a function of AOD.

Therefore, the new version of the model consists of new polynomial coefficients that result
from multiplying the actual ones (in equation 4) by the correction factor f. In other words, the
modeled attenuation in equation 1 is multiplied by f to get the corrected attenuation in
percentage. The corrected model has a better performance than the original one with a
significant reduction of bias (MBE =-0.05%) and RMSE of 6.1% in the hourly estimations of the
attenuation. Figure 7 shows the scatter plots of hourly, daily and monthly aggregates of
estimated attenuation compared to the experimental observations. A high good performance
can be observed in the scatter plots for all the aggregated data. Figure 8 shows the time series
of aggregates corresponding to the experimental attenuation and the estimations by both the
original and the corrected model. This plot shows also the good performance of the intra-
annual trend. Therefore, the exponential function f in equation 6 corrects the systematic
difference associated to the fact that AOD underestimate the extinction in the lower
atmospheric layers due to the integral character of the AOD. Thus, the goodness of this
improved model may have a positive techno-economic impact in the studies and analysis with
performance models, like SAM [42,43], or optimization models for heliostat solar fields, like
SoFIA [44].
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Figure 8. Time series of measured and estimated atmospheric attenuation in hourly, daily and
monthly basis.

5. Conclusions

Atmospheric attenuation of reflected direct irradiance taking place between far heliostats and
the receiver may play an important role in the optical losses of a solar tower plant. Large
power plants involve towers around 200 m height and solar fields with radius up to 1-1.5 km.
Ray-tracing and plant performance models usually implement the atmospheric attenuation as
a third order polynomial function of the slant range. The models traditionally included in these
tools have used a very simple approach considering only two extreme atmospheric conditions
(very clear with high visibility of over 20 km, or very hazy atmosphere with visibility in the
range of 5 km). This approach does not allow for dynamic estimation of the atmospheric
attenuation according to the variable dynamics of the atmospheric conditions. In the PRESOL
project a polynomial model was developed by fitting the results of multiple radiative transfer
calculations covering a wide range of AOD conditions. The Polo’s model thus allows easy
implementation in ray-tracing and performance tools (since it is formulated as a third order
polynomial), and also sensitivity to variable atmospheric conditions due to the dependence of
AOD as input parameter to the model.
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An accurate and reliable measuring system is used at PSA for continuous monitoring, started in
summer 2017, the extinction coefficient and thus the atmospheric attenuation at a slant path
of 742 m. The long experimental database is now very suitable for evaluating the performance
of models for estimating the atmospheric attenuation. Therefore, in this work an assessment
of Polo’s model performance has been made and analyzed in aggregated hourly, daily and
monthly means of atmospheric attenuation.

Polo’s model performance has shown an agreement in the trend (inter and intra-annual) and
variability of atmospheric attenuation but also a bias resulting in a general underestimation of
the attenuation measured. In addition, the dispersion of Polo’s model performance
assessment is 10.9% in terms of RMSE. In the literature, there are several studies on the
vertical profile of the aerosols in the atmosphere that remark differences in the near-surface
aerosol extinction and vertical column extinction characterized by the AOD. Nevertheless, they
also point out the correlation between both extinction parameters. Based on that studies and
information in this work a correction method is proposed using the characteristics of the
distribution function of observational values of the attenuation. The methodology for
correcting Polo’s model, denoted as quantile mapping, has allowed to fit a correction factor by
piecewise exponential functions of the AOD. The new proposed model, i.e. the corrected
version of Polo’s model, has shown an unbiased performance and much higher accuracy, with
6.1% of RMSE for the hourly estimations of the attenuation. The correction factor developed
improves the capability of modeling near surface extinction using as input the AOD (a
parameter that integrates the extinction over the vertical column) keeping the polynomial
formulation that make easier the implementation of this model in currently used tools for both
performance and ray-tracing computation. The use of AOD as input parameter to the model (in
addition to the slant range) confers universality and competence to the model since AOD
information is available worldwide at different spatial and temporal resolutions from sun
photometer ground stations, satellite-derived algorithms and reanalysis-based models.

Finally, it should be remarked that a model for estimating the near surface extinction
coefficient as a function of the AOD could have been developed likewise; that approach has
even more physical meaning. Attenuation has an exponential decreasing dependence with the
extinction coefficient by the Lambert-Beer law. However, the formulation of Polo’s models in
terms of polynomial functions of the slant range was selected to easy its use and
implementation in modeling tools for designing the solar field and for estimating the power
output of solar tower plants. The new version of the Polo’s model will be further evaluated in
the future as long as new experimental data is available.
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