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Abstract. Accurate computation of Solar Tower Plants (STPs) accounting for the atmospheric scattering gain and loss is
nowadays possible with new technologies (computation performance growth). Radiative Transfer (RT) codes can be
improved to perform directly and complete optical simulation of incident solar radiation in STPs. In this work, the RT
SMART-G code, enabling fast computation thanks to GPU technology, have been improved to enables interactions
between solar radiation and objects. Considering all the possible optical paths, a classification of the solar beams received
by STPs is presented. The preliminary results obtained with a simplified STP, show that the gains due to atmospheric
contribution at STPs receiver with an average horizontal heliostat-receiver distance from 200 to 900 meters is between
0.7% to more than 5%, depending on the aerosol optical thickness. The studied system is currently a simplified STP of
maximum eight heliostats, but it is a promising way for other studies with more realistic STP and different illumination
conditions.

INTRODUCTION
Solar Tower Plants (STPs) efficiency prediction or validation needs an accurate solar resource assessment, which
is a difficult task as large variations of atmospheric parameters lead to a large variation of the solar resource. STPs
simulation by considering all these variabilities requires huge performance in computation. Studies concerning the
estimation of the solar resource is thus generally separated in two parts. The first part consists to get the solar radiation
incoming at heliostats, using based-ground observations or Radiative Transfer (RT) codes to estimate the Direct
Normal Irradiance (DNI). The second part, using the DNI as an input parameter, consists to simulate the propagation
of the solar radiation in the slant path between heliostats and the receiver using Optical Simulations (OS) codes as
DELSOL3, MIRVAL, HELIOS [1, 2, 3], or more recently SOLFAST, SolTRACE, Tonatiuh [4, 5, 6]. These codes
have limitations, DELSOL3 for example, consider the atmospheric attenuation as only dependent on the slant path
distance [8]. Whereas several studies have recently proven that the atmospheric attenuation efficiency (called the Slant
Path Transmittance) is also greatly dependent on the atmospheric parameters [8, 9]. Currently, to our knowledge, [8,
9] give the most accurate estimates of the atmospheric attenuation, but scattered beams are only considered as a loss,
while it may represent a potential gain. Blanc et al. [10] mention these gains in the circumsolar region, corresponding
to the forward scattering of sunlight by cloud or aerosol particles, but only for the DNI estimation. Some OS codes
use the model of Buie et Monger [11] to approximate, in the slant path, the distribution of scattered beams. However,
this model gives only the approximation of the distribution and not on the gains contribution. To consider the
contribution of gains and provide better estimates of the solar resource, the propagation of solar radiation can be
simulated from the sun to directly the receiver by using RT codes. The main limitation of such simulation is the huge
computational time. However, with the exponential increase of Graphic Power Unit (GPU) performance, such an
ambition is now possible. In addition of considering the gain contribution, this direct simulation of the collected solar
resource offers the advantage of conserving the same atmospheric input data (in situ or/and satellite data) and
uncertainties as for the RT codes estimates of DNI. There is for example no addition of uncertainties of independent
studies for the atmospheric loss estimates. The interest of such a model is shown in this paper. We use the parallelized
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RT SMART-G code enabling the estimates of the incident intensity also directly at STPs receiver. The optical losses
[12] are automatically considered in SMART-G and we focus on the gain contribution at the receiver. The simplified
system used (STP of maximum eight heliostats) enables to have an order of gain contribution from small SPT to larger
SPTs, with an average horizontal heliostat-receiver distance Dhr respectively from 200 to 900 meters. The atmosphere
is defined from observation measurements.
In the method section, we firstly present the radiative transfer model used to conducts the studies, afterwards the
classification used for the receiver incident intensity, then the definition of optical losses and gains, and finally the
description of the performed simulations with modeling, technical parameters, location parameters, etc.

METHOD
The SMART-G Simulation Tool
Speed-Up Monte-Carlo Advanced Radiative Transfer code with GPU (SMART-G) [13] is the chosen tool to
perform this study, this is a polarized Monte Carlo RT code. It enables to simulate the propagation of the light in both
the atmosphere and the ocean. The solar beams can be absorbed and scattered by the atmosphere components as
molecules, aerosols and droplets, and also reflected by the ground. SMART-G has been improved to allow the
interactions of solar beams with objects (i.e. heliostats, receiver...). The information of each solar beam from start to
end of their travel are available, allowing the estimation of losses and gains of the incident intensity at the receiver.

Solar Beams Incident at the Receiver Classified in Several Categories (Theoretical
Background)

FIGURE 1. Schematic of three beams reaching the receiver R from three different paths. One path where the beam (blue dashed
line) gets one interaction from the process of heliostats reflection (reflected by the heliostat H), the second beam (green two dotdashed line) gets also one interaction but from the process of environment reflection (here the ground), and the last beam (grey
dot-dashed line) get two interactions, both from the process of atmospheric scattering.

Figure 1 gives a schematic view of three solar beams incoming at the receiver from three radiative processes
responsible to a trajectory modification. The first process is the Atmospheric scattering (A), the second process the
reflection by a Heliostat (H) and the last process the reflection by an element of the Environment (E) as the ground,
building, vegetation, etc. As shown in Fig.1, the solar beams incident at the receiver can be separated in several pieces.
In this study we have chosen to divide them in eight categories following the three radiative processes outlined above
(see Tab.1). The abbreviation AA in Tab.1, for instance, means two interactions with only the process of Atmospheric
scattering as shown in Fig.1 with the grey dot-dashed line. The abbreviation D (for direct) refers to the case where the
solar beam reaches the receiver without any processes.

190012-2

TABLE 1. Solar beams from all the possible optical paths, classified with three radiative processes in eight categories. Only
possible paths from one to three interactions are given, but the classification is valid for any number of interactions. The
category colors are helpful for the Fig.1, 4 and 5.
Number of
Which Process(es)
Possible Paths from 1 to 3 Interactions
Processes

Cat.1
Cat.2
Cat.3
Cat.4
Cat.5
Cat.6
Cat.7
Cat.8

0
1
1
1
2
2
2
3

without any processes
Heliostat reflection (H)
Environment reflection (E)
Atmosphere scattering (A)
H and A
H and E
E and A
H and E and A

D
H, HH, HHH
E, EE, EEE
A, AA, AAA
HA, AH, AAH, AHA, AHH, HHA, HAH, HAA
HE, EH, HHE, HEH, HEE, EEH, EHE, EHH
EA, AE, AAE, AEA, AEE, EEA, EAE, EAA
AHE, AEH, HAE, HEA, EAH, EHA

Optical Losses & Gains
Heliostat field performance of STPs is defined by the optical efficiency, noted ηopt, following this equation [14]:
(1)

∙

In Eq.1, Afield corresponds to the total of the heliostat field surface (m2), Is the DNI (W/m2) and Pfield the power
intercepted by the receiver (W). This efficiency depends on different types of optical losses defined by Li et al [12] :
1) the cosine effect, referring to the loss due to the tilt angle between the heliostat surface normal compared to the
incident beam, 2) the spillage loss, representing the beams missing the receiver due to the heliostat roughness surface,
heliostat misalignment and small receiver aperture, 3) the attenuation loss which is the atmospheric extinction loss
between the heliostat and the receiver, 4) the reflection loss which concerns the heliostat reflectivity loss, affected for
instance by the heliostat soiling, 5) the shadows loss which is due the shadows created by another heliostat, the tower,
the receiver, etc. and 6) the blocking loss which designates the loss after heliostats reflection due to an obstacle as a
second heliostat.
According to other authors, we define Pfield (in Eq.1) as the power intercepted by the receiver of solar beams
incident with only the process of heliostat reflection (corresponding to Cat.2 in Tab.1). That is why the power of the
other incident solar beams (corresponding to solar beams from all the categories except Cat.2) are considered as gains.

Simulations Description
TABLE 2. Receiver and heliostat characteristics

Heliostat

Receiver

Reflectivity []
Width [m]
Height [m]
Pillar Height [m]
Height of receiver middle [m]
Inclination angle [°]
Width [m]
Height [m]

0.88
12.84
9.45
5.17
106.5
11.5
14
12

In this study, we are interested in the gain contribution and since a part of gains comes from the atmospheric
scattering, an area where solar radiation can be highly scattered is preferred. We have chosen to take an atmospheric
profile corresponding to the Noor III STP location, where there is a huge variation of desert aerosols. The AFGL
midlatitude summer profile [15] has been chosen and proportionally modified to allow a surface pressure of 877 hPa
(altitude of Noor III), water vapor values were also modified to fill 1.2 g/cm² (AERONET average observation at
Ouarzazate summer [16]). A desert spheroid aerosols OPAC profile has been chosen [17]. According to the Noor III
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location measurements, the average Aerosol Optical Thickness (AOT) in summer is usually 0.4 and can also reach a
value of 1 (daily resolution) [16]. For the simulations the choice of AOT values are then: 0.25, 0.5, 0.75 and 1.
We start in this paper with preliminary computations of simple systems composed of a receiver and a maximum
of eight heliostats (variation of the number of heliostats: 1, 2, 4 and 8). Because of a lack of information for Noor III
and for more simplicity, the receiver and heliostats modeling has been inspired by the PS10 STP [18, 19]. For instance,
the PS10 receiver is inside a cavity which can be assimilated by a simple rectangular form. The chosen parameters are
summarized in Tab.2.

FIGURE 2. Schematic description of the position of the receiver R and the heliostats H1, H2, H3 and H4.

Figure 2 shows a schematic of our simulations (case with 4 heliostats). The increase of the number of heliostats is
done along a straight line (North-South). The first heliostat is at 200 meters (horizontally) from the receiver, and each
added heliostat is further than the previous one of 200 meters. This gap allows to avoid as much as possible the
shadows and blocking losses. The maximum horizontal heliostat-receiver distance is 1.6 kilometers (case for
simulations with 8 heliostats), this is in average the maximum horizontal receiver-heliostat distance of huge STPs as
Noor III and Crescent Dunes. The sun is behind the receiver (the receiver faces North and is in shadows) and the
zenith angle is equal to 14.3°, corresponding to the noon position at Ouarzazate, Morocco.

FIGURE 3. Sum of receiver incident intensities (Arbitrary Unit) of solar beams from Cat.3, 4, 5, 6, 7 and 8 (vertical axis) in
function of the size of the square zone at TOA (horizontal axis).
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Figure 3 shows the intensity variation of all the solar beams incident at the receiver except the direct solar beams
and the solar beams incident with only the process of heliostat reflection (i.e. solar beams from all the categories
except from Cat.1 and 2 in Tab.1) in function of the size of the surface where they are distributed at Top Of
Atmosphere (TOA). A square surface at TOA is used as the input of solar beams to consider the influence of solar
beams from Cat.3, 4, 5, 6 and 7. The horizontal position of this square zone depends of the sun zenith angle and of the
receiver position. Such as the center of the surface produced by the direct solar beams reaching the ground is coincident
with the horizontal position of the receiver. More the square surface at TOA is large more the atmosphere influence
is accurately considered, but also a larger number of solar beams is needed. Then to define an optimum minimal size,
we performed different simulations with one heliostat at 200 meters horizontally from the receiver by varying the size
of the square surface from 1 km² to almost 9000 km². For a size of approximately 2000 km² a stabilization is observed
in Fig.3. The square surface size is thus set to 45 x 45 km².
By accounting the variation of AOT values and the number of heliostats, there are sixteen simulations. The
simulations are performed with 200 billion of beams from TOA in a plan-parallel atmosphere for monochromatic
radiation at a wavelength of 550 nm, which is usually taken as reference [9]. The ground is considered as a plane
Lambertian surface with an albedo of 0.25, this is approximately the spectral average surface albedo of a stone-desert
surface in many parts of the Ouarzazate basin [20]. The attenuation, the cosine and reflectivity losses are taken into
account, the shadow and blocking losses are supposed to be negligible and there is an absence of surface roughness at
the heliostats.

RESULTS AND DISCUSSION
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FIGURE 4. Receiver incident intensities (Arbitrary Unit) of solar beams from Cat.2, 3, 4, 5 and 7 for AOT of 0.25, 0.5, 0.75 and
1 in the first column. Intensities of solar beams from all the same categories except Cat.2 in the second column.

Figure 4 shows the decomposition of the total incident intensity at the receiver following the classification of
Tab.1. As the sun is behind the receiver, the direct solar beams coming at the receiver without any radiative processes
(Cat.1) is always null. As there is no heliostat surface roughness, as the ground is a plane surface and as heliostats are
oriented to reflect all the direct beams to the receiver, the case where solar beams reach the receiver with only the two
processes of heliostat reflection and environment reflection (Cat.6) is not possible. The computed intensity of solar
beams reaching the receiver through the three radiative processes (Cat.8) is for all our simulations very close to zero.
Then the solar beams from Cat.1, 6 and 8 are not represented.
Figure 4 (first column) shows the intensities of solar beams reaching the receiver with only the process of heliostat
reflection (Cat.2), with only the two processes of heliostat reflection and atmospheric scattering (Cat.5), and without
the heliostat reflection process (sum of Cat.3, 4 and 7). Figure 4 (second column) gives a zoom of all these intensities
except from solar beams incident with only the process of heliostat reflection (Cat.2).
In Fig. 4, the increase of the number of heliostats (same behavior for the four AOT) leads logically to an increase
of the intensity from solar beams reaching the receiver with at least a process of heliostat reflection (Cat.2 and 5). For
solar beams with at least a process of environment scattering (Cat.3 and 7), the increase of the number of heliostats
create a diminution of the ground surface, so we excepted a decrease of surface reflection and hence of intensity. But,
the number of heliostats for these simulations is too small. The solar beams with only the atmospheric scattering
process (Cat.4), is as excepted independent on the number of heliostats. The increase of AOT (conducting to a scatter
probability growth) leads as expected to an increase of the intensity from solar beams incident with at least an
atmospheric scattering process (Cat.4 and 7), and to a decline of the intensity from solar beams incident at the receiver
without the atmospheric scattering process (Cat.2 and 3).
The aim is to assess the contribution of solar beams intensity of each category collected by a realistic STP. As
previously commented, the intensities of solar beams from Cat.3, 4 and 7 do not vary or must decrease with the number
of heliostats, and then in a realistic STP their contributions will become negligible. The only remaining contributions
are from solar beams classified by Cat.2 and 5. In Eq.1 we have previously defined Pfield (reference for losses and
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gains) as the power of solar beams incident with only the process of heliostat reflection (Cat.2). Figure 5 shows then
the gain contribution of Cat.5 intensity, which represents combination of atmospheric scattering and heliostat
reflection processes, compared to Cat.2 intensity. Figure 5 shows that relatively to Cat.2, Cat.5 contribution is
increasing by AOT (due to a large decrease of Cat.2). However, this contribution decreases by increasing the Dhr
value. This is logical because there is no loss due to beams missing the receiver from Cat2 (no consideration of
heliostat surface roughness). For the solar beams of Cat.5 (incorporating the forward scattered beams) there are losses
because the aperture of solar beams reaching the receiver increases with the Dhr.

FIGURE 5. Percentage of gain from Cat.5 intensity relatively to Cat.2 intensity (reference for gains and losses) at the receiver, in
function of AOT and the horizontal average heliostat-receiver distance (Dhr).

CONCLUSION
This study presents preliminary results towards the accurate computation of the solar radiation incident intensity
at the receiver of a STP. Several simulations have been performed to study the sensibility of three parameters, the
number of heliostats, the Dhr and AOT. Currently, the STP used for the simulations is composed of maximum eight
heliostats with no surface roughness, and with an environment comprising a desert-stone plane ground. Following
these conditions, the intensities of solar beams incident at the receiver with only the two processes of heliostat
reflection and environment (here the ground) reflection, and with all the three radiative processes at the same time are
equal or very close to zero (solar beams from Cat.6 and 8 in Tab.1). The only contributions, which is increasing with
the number of heliostats, correspond to intensities from solar beams incident with only the heliostat reflection process
and to solar beams incident with the combination of the two processes of atmospheric scattering and heliostat reflection
(respectively solar beams from Cat.2 and 5 in Tab.1). The main contribution, used as reference for losses and gains,
is as expected the intensity of solar beams incident with the only process of heliostat reflection (Cat.2). The other
intensities of solar beams incident with only the process of environment reflection, with only the process of
atmospheric scattering and with only the two processes of environment reflection and atmospheric scattering (solar
beams from Cat.3, 4 and 7 in Tab.1) are as predicted independent on the number of heliostats. They will then be
negligible for STP with hundreds of heliostats. For huge STP, with a Dhr of 900 meters, the gain contribution is then
equal to 0.71% for an AOT of 0.25 and can reach 2.2% for an AOT of 1. For a small STP, with a Dhr of 200 meters,
this gain contribution is equal to 1.28% for an AOT of 0.25 but can reach 5.08% for an AOT of 1. We observe at the
receiver the same order of gain contribution than [10] at heliostats with DNI. The results are expected to be different
for other configurations. For example, a higher receiver as the Crescent Dunes STP receiver, will certainly increase
the gain contribution from Cat.5 because of a larger receiver aperture. The gains may also increase for larger zenith
angles. In addition, a lot of parameters have been neglected, for instance the blocking and shadows losses. The
consideration of these parameters can lead to different conclusions and then deserve to be analyzed. Additionally, an
implementation of a disk sun source with consideration of the sun solid angle for a more accurate sunshape as Reinhard
[21] is planned in SMART-G. Once all these improvements would have been implemented in SMART-G, simulations
for a complete STP for the whole solar spectral range will be realized to obtain more realistic computed powers.
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