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Abstract 

Concentrating Solar Power design is highly dependent on local solar radiation, atmospheric variables (i.e. water 
vapor content, aerosols concentration, etc) and wind velocity. In the special case of central receiver power 
plants, the impact of atmospheric attenuation has to be taken into account to get more accurate designs. 
Atmospheric attenuation impacts both solar resource and heliostat field energy transmission and is neither 
measured nor estimated by main solar atlas. A common heliostat field design consists of overestimating 
heliostat number to ensure that the nominal energy is received at the receiver for all the range of attenuation 
values. Atmospheric attenuation is a physical process that does not impact all wavelengths in the same way and 
therefore it cannot be described as a single atmospheric attenuation without losing its physical meaning. This 
work is focused on deriving atmospheric attenuation values from ground data using a numerical model and 
describes step by step how it should be applied to estimate whole heliostat field attenuation. Atmospheric 
attenuation will first be described from the radiative transfer theory to be express for each heliostat. On a second 
part, numerical application will be shown using SMARTS radiative transfer model with satellite date from 
MERRA-II. Variation in LCOE induced by atmospheric attenuation will be calculated to show importance of 
this parameter in site selection for tower power plant. 
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1. Introduction 
On the path to the ground, sun’s photons interact with atmospherics compounds (scattering and absorption) 
leading to a decrease of solar resource at ground level. In the case of Central Solar Receiver (CSR) technologies 
(like tower power plants), this atmospheric interaction may still impact the amount of reflected flux from the 
heliostat before reaching the tower receiver, due to the high travels distance. This attenuation mostly depends on 
water vapor and aerosols concentration in the atmosphere at ground level and can represent up to 30 % of losses 
for far heliostat (Ballestrín and Marzo, 2012). Knowing well these attenuation losses at the time of the selection 
of the plant location could help to reduce costs (better heliostat field design) and risks (effective solar resource 
well estimated). 

In this work, we will study the impact of the atmospheric attenuation over a whole heliostat field taking into 
account different factors. First, it will be demonstrated that atmospheric attenuation between any heliostat and 
the tower can be written as a function of attenuation between tower and ground in a vertical path. To estimate 
this attenuation, SMARTS model (Gueymard, 2001) will be used to extract atmospheric transmission and 
furthermore calculate the total heliostat field attenuation. Finally, a method to calculate monthly or yearly 
heliostat field attenuation from a single point (time and space) will be detailed. Numerical calculation will be 
done to illustrate the theoretical method. To do so, two sites will be study in the North of Chile, one in the 
Atacama Desert and the other one near to the pacific cost.  

2. Extinction optical depth on heterogeneous atmosphere 
Photons may interact with the atmospherics’ particles in two occasions when using CSR technologies. The first 
time is to reach the heliostat level and the second time is on the way to the tower. Those interactions lead to a 
decrease of the power that can be absorbed by the solar receiver. The Beer Lambert’s law can summarize the 
link between atmospheric attenuation and transmitted power: 

 

𝒯! = 𝑒 !!! ! !"!!
!!     (Eq. 1) 
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In Eq. 1, the atmospheric interactions are summarized in the extinction coefficient 𝑘!(𝑠) for a wavelength 𝜆 and 
position 𝑠 along the path beteen two points 𝑠! and 𝑠!. Knowing the value of the extinction coefficient at each 
point of the atmosphere would be enough to solve both the radiation reaching heliostat and the losses between 
its paths to the tower. Unfortunately this coefficient is usually unknown, and therefore it is hard to estimate 
those losses. If we suppose that the extinction coefficient is constant along the horizontal plane 𝑥𝑂𝑦 (only 
depends on the height 𝑧), and that it is continue, the extinction coefficient can be solved in the plane 𝑥𝑂𝑧 as 
shown in Figure 1. 

 

𝑑𝑙 = 𝑑𝑧 1 +    !!
!!

!
= 𝛼𝑑𝑧   (Eq. 2) 

 

If we combine Eq. 1 and Eq. 2 we can write the atmospheric attenuation between the heliostat and the tower 
(𝒯!,!!) as a function of the attenuation between ground and tower in a vertical path (𝒯!,!!): 

𝒯!,!! = 𝑒 !!!! ! !"!!
! =    𝑒 !!! ! !"!!

!
!
=    𝒯!,!!

!
     (Eq. 3) 

 

Eq. 3 shows that if we can estimate the transmission between tower and ground level in a vertical path 
(numerically or experimentally measured), the whole heliostat field can be described with the same equation, 
changing only the value of 𝛼 according to the heliostat – tower distance. To make experimental measurements 
of this attenuation, two spectrophotometers could be used, one at the top of the tower and one at the base, both 
measuring DNI spectrum. The main challenge with this experimental method could be the measurement 
sensitivity, as the difference between the two measurements will be very low and may be within experimental 
error. Hence, in the following, a method based on SMARTS will be used in order to estimate this attenuation 
between tower and ground level in the vertical path. Note that the factor 𝛼 from Eq. 2 represents the increment 
of length between heliostat and tower in proportion of high of tower. 

 
Figure 1 Integration path from heliostat to tower and from ground to tower in a vertical way.  

 

3. Heliostat field extinction 
Using Eq. 3, the local attenuation for any heliostat can be written as the integration of the attenuation spectrum 
in a vertical path between ground and tower. If we want to use a plant scale attenuation (ie. only one value to 
describe the whole power plant), each local attenuation has to be summed, taking into account all individual 
cosine effect, blocking and shading.  

Using Eq. 3 for each heliostat allows the calculation of the whole heliostat field attenuation for each wavelength 
𝜆 but the attenuation losses, in percent of DNI power, is often used to design power plants (NREL, 2014). This 
attenuation losses need to be calculated using the current DNI spectrum and Eq. 3. Main drawbacks of this 
calculation reside in the integral form of the transmittance. Indeed, as shown by Eq. 4, due to exponential 
dependency on wavelength, the transmittance of a heliostat cannot be written, in general, as a product of the 
spectral transmittance of any other heliostat (or ground-tower) transmittance by the DNI.   
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𝒯! =    𝐷𝑁𝐼!𝑒!!!!𝑑𝜆

!!"#
!!"#

  ⇎   𝐷𝑁𝐼 𝑒!!!𝑑𝜆!!"#
!!"#

!
   (Eq. 4) 

Therefore, atmospheric losses at a slant-distance 𝛼 ∗ 𝑧! of the tower has to be written: 

𝒜! = 1 −   
!!∗    !"#!∗  !

!!!!!"!!"#
!!"#

!!∗  !"#!!"
!!"#
!!"#

     (Eq. 5) 

Where 𝜌! is the spectral reflectivity of the heliostat and 𝐷𝑁𝐼! the value of DNI at the wavelength 𝜆. Note that 
the reflectivity is used in both numerator and denominator to take into account only atmospheric losses in the 
equation and not reflectivity losses. The full losses for an heliostat, ℎ, can be written: 

𝒜!,! = 1 −   
!!∗    !"#!∗  !

!!!!!"!!"#
!!"#

  !"#!!"
!!"#
!!"#

∗   𝛽     (Eq. 6) 

 

Where 𝛽 is a dimensionless coefficient taking into account cosine effect, blocking and shading losses, supposed 
to be independents of the wavelength. 

4. Numerical application 
 
The implementation of the theoretical method has been employed by using SMARTS with satellite data to 
describe the atmosphere at two sites in Chile. The two sites almost share same latitude but the first site (Point 1) 
is close to the Pacific sea while the second (Point 2) is located into the Atacama Desert of Chile. The elevation 
is also different has first site (Point 1) is 80 meters above sea level while second site (Point 2) is at more than 
2700 meters above sea level. Table 1 shows main characteristics of the two sites used in this study. 

Tab. 1: Locations of the two sites used to illustrate the numerical calculation of atmospheric attenuation.  

Site name Site characteristics Latitude 
[°] 

Longitude. 
[°] 

Elevation 
[m] 

Point 1 Maritime -23.00 -71.25 80 
Point 2 Desert -23.5 -68.875 2780 

 

 

The MERRA-II (Bosilovich et al., 2015) database related to aerosols properties (Aerosol Optical Depth at 550 
nm), total content of water (TCW), total ozone content (TOC) and ground pressure has been used as input of 
SMARTS model to estimate atmospheric attenuation. As this work only aims to demonstrate the feasibility of 
the theoretical method proposed, the atmospheric vertical profile has been set to the US-Standard and the 
aerosol model Rural has been chosen and the simulated tower is 200 meter above ground level. The Sandia 
method (Ebrahimpour and Maerefat, 2010) has been applied to the MERRA-II database, for 30 years of data 
from 1989 to 2018, to get the most representative year of aerosols optical depth by selection of representative 
months.  

Once all the atmospheric description was obtained, two different simulations were done with SMARTS model 
to obtain spectral transmittance between tower and ground along a vertical path and to obtain DNI spectrum at 
ground level for the current sun’s position. As already used by Gueymard et al. (2017), the TCW at tower level 
was calculated using a scale height of 2.0 km. This approach was also used to estimate pressure at tower level 
(but with a typical atmospheric scale height about 8.8 km) and for the aerosols with a scale height about 3.0 km. 
SMARTS spectral transmittance for Rayleigh, Water vapor, Aerosols, Mixed Gas and Trace gas were used for 
both ground level and tower level to obtain a total transmittance on a vertical path between ground and tower.  

Numerical simulations have been done for the whole selected year with an hourly resolution (as MERRA-II 
input data) to generate transmittance and DNI spectrum for each hour at the two sites. In figures 2 and 3, Total, 
Rayleigh, water vapor, aerosol, mixed and trace gas transmittance spectrum is represented at noon for the 
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summer solstice of both sites for two value of 𝛼. Main difference of site transmittance is due to the water vapor. 
Point 1 transitivity of water vapor is close to 0% around 2800 nm even for 𝛼 = 1 (i.e tower to ground in vertical 
path) while it only reach 15% at the same wavelength for Point 2, as shown in Figure 4. Aerosols and Rayleigh 
transmittance shows some difference between the two sites, affecting wavelength from UV to visible part of 
spectrum.  

 

 
Figure 2 Total, Rayleigh, Water vapor, Aerosols, Mixed gas and Trace gas transmittance at Point 1 (Chilean pacific cost) for 
summer solstice at noon for two different distances (𝜶 = 𝟏 and 𝜶 = 𝟏𝟎). Spectrums have been calculated with SMARTS and 

MERRA-II data.   

 

 
Figure 3 Total, Rayleigh, Water vapor, Aerosols, Mixed gas and Trace gas transmittance at Point 2 (Atacama desert) for the 
summer solstice at noon for two different distances (𝜶 = 𝟏 and 𝜶 = 𝟏𝟎). Spectrums have been calculated with SMARTS and 

MERRA-II data.  
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Figure 4 Total transmittance for the two sites at noon of the summer solstice for two different slant distances (𝜶 = 𝟏 and 𝜶 = 𝟏𝟎). 

Spectrums have been calculated with SMARTS and MERRA-II data.  

Spectral attenuation calculated with SMARTS for each hour at the two sites has been integrated around a 
heliostat field of 8790 heliostats. The heliostat field layer was obtained by using System Advisor Monitoring 
(SAM) (NREL, 2014) letting us calculate the value of the parameter 𝛼 for each heliostat. To calculate only the 
heliostat field attenuation, the Equation 5 is used, whit a constant reflectivity of 100%. Table 2 represents the 
monthly value of DNI and attenuation at the two sites and Figure 5 shows the monthly variation of atmospheric 
attenuation at the two sites. The monthly DNI is obtained by summing the hourly DNI while the attenuation is 
calculated as: 

𝒜 =
𝒜!

!!!"#$
!!! !"#!

!!!!"#
!!!

!"#!
!!!!"#
!!!

     (Eq. 7) 

Where 𝑡!"# is the total hour of the month while ℎ represent each heliostat of the heliostat field. 

As expected, Point 1 suffers higher atmospheric attenuation than Point 2 (2.5 times higher for the yearly value), 
mainly due to its location (close to the sea) and elevation. Linked to the atmospheric attenuation, the DNI of 
Point 1 is 28% lower than Point 2 if we consider the yearly value. Both sites have variations of atmospheric 
attenuation along the year. At Point 2, from April to October (Winter of South hemisphere) attenuation is low 
while it is almost two times higher in summer. Point 1 attenuation is more stable even if some high value can be 
observed in February and October.  

Knowing the atmospheric attenuation, it is possible to estimate the impact on the yearly-generated power for this 
power plant. Here again, SAM has been used to estimate for those two sites the losses on generated power due 
to atmospheric attenuation and therefore the Levelized Cost Of Electricity (LCOE). Point 1 shows an increase of 
LCOE about 7.2% while Point 2 increase is 2.6% in comparison to the same cases without any atmospheric 
attenuation. Even if the variation of LCOE is close to the atmospheric attenuation, there is some difference. This 
is due that the complete process of generation involved in a tower power plant is not a linear function of the DNI 
and therefore a decreased of DNI can leads to an higher decrease of produced energy. 
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Figure 5 Monthly atmospheric attenuation two sites for the whole heliostat field. Attenuation has been calculated with SMARTS 

and MERRA-II data considering a 200 m tower and 8700 heliostats.  

 

Tab. 2: Monthly value of DNI and atmospheric attenuation at the two sites. Yearly value is also written at the end of the table.  

Month Point 1 Point 2 

 DNI [𝑘𝑊ℎ.𝑚!!] Attenuation [%] DNI [𝑘𝑊ℎ.𝑚!!] Attenuation [%] 

January 285.8 5.6 341.8 3.7 
February 227.8 6.9 305.9 3.3 

March 234.3 6.5 309.8 3.4 

April 211.9 5.9 303.3 2.2 

May 189.3 6.0 285.1 1.9 
June 175.6 5.5 265.2 1.6 

July 186.2 5.6 279.6 1.6 

August 194.6 6.6 311.0 1.7 
September 220.1 6.3 321.3 1.9 

October 255.1 6.2 359.1 2.0 

November 265.6 6.1 364.5 2.3 
December 275.2 5.9 360.7 2.8 

Yearly 2721.9 6.1 3807.7 2.4 
 

 

5. Conclusions 
Physical description of atmospheric attenuation has been developed from the single tower to ground attenuation. 
This way to describe attenuation allows simple but physically exact calculation of heliostat field attenuation by 
taking into account heliostat distance and spectral attenuation. This application of the radiative transfer theory 
can be applied to estimate local atmospheric attenuation of a Solar Central Receiver power plant. The theory 
shows that only three parameters are needed to estimated whole heliostat field attenuation: the transmittance 
spectrum between tower and ground in vertical path, the heliostat-receiver distance and DNI spectrum at ground 
level. By combining those three parameters, theory shows that the atmospheric attenuation can be calculated 
exactly for the whole heliostat field. This theory can be applied to any kind of atmosphere at the condition that 
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atmosphere extinction coefficient is homogenous in the horizontal plane but not necessary in the vertical 
direction. It has been shown that derived transmittance spectrum should be considered with the actual DNI 
spectrum, to keep the mathematical calculation exact. 

An application of the theory has been made by using numerical methods to estimate transmittance spectrum, 
heliostat attenuation and DNI spectrum. Any atmospheric radiative model that allows spectral calculation (such 
as ModTran (Berk et al., 2006), LibRadTran (Emde et al., 2016) or SMARTS) could be used to estimate whole 
heliostat field attenuation. As an example, an application has been made using SMARTS model and MERRA-II 
database to study heliostat field attenuation for two sites in Chile and a 200 meters tower power plant. In this 
study, such power plant located near the pacific cost would suffer about 6% of atmospheric attenuation while if 
it is located in the Atacama Desert, this attenuation would be only 2.4%. Knowing the atmospheric attenuation 
of a tower power plant can help to design efficient heliostat field and have best estimation of its Levelized Cost 
Of Energy. At the two sites, using System Advisor Monitor, it has been shown that variation in atmospheric 
attenuation is a good indicator of LCOE variation, but a full calculation taking into account whole power plant 
process need to be done to estimate accurately this variation. 
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