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github.com/otsun-uib/CassegrainSuppMat sources, particularly when integrated with storage systems. To address the challenges of energy
Keywords: transport and re-radiation losses, beam-down configurations combined with paraboloid-type dish
Beam-down concentrators provide a compact and efficient solution. In this study, we perform an optical
Cassegrain analysis of a Cassegrain concentrator using the open-source software OTSunWebApp, a ray-tracing
Concentrating solar power program that allows for the spectral optical analysis of solar collectors. The analysis accounts
Ray tracing for specular scattering of the reflectors, the spectral behavior of the materials, and the angular
Parametric design size of the sun. The geometric design is parametrized with six degrees of freedom, while some

other parameters, such as the number of mirrors and the aperture area, have been previously
chosen. The resulting aperture area is 67.52 m?. We optimize the optical efficiency for operation
at 600 °C, identifying the key parameters that influence performance. The system achieves a power
output greater than 45 kW under direct radiation of 900 W/m?. Additionally, maintaining optical
efficiency above 74% requires a tracking error below 0.2°, with peak radiation values at the
receiver reaching 26 kW/m?. These results underscore the potential of Cassegrain concentrator
designs to advance CSP technology, suggesting that they could significantly enhance this field.

1. Introduction

Concentrated Solar Power (CSP) technologies offer significant promise as a renewable energy source, mainly due to their ability
to intermittently generate power when integrated with thermal storage systems [1]. A prominent example of a CSP tower plant that
employs thermal storage is the Gemasolar facility, located in Seville. This plant uses molten salts, reaching temperatures of up to
600 °C, and exhibits a capacity of 19.9 MWe [2]. Despite its potential benefits, conventional CSP tower plants involve the transport
of thermal energy from the receiver to storage tanks through pipes, which implies significant infrastructure costs and thermal losses
[3]. Furthermore, radiation losses that occur in the receiver can decrease the efficiency of the system, posing significant challenges.

To better understand the classification and different configurations of CSP technologies, readers are referred to a comprehensive
review of these systems [4], where the technical construction and components of various CSP technologies are extensively discussed,
with particular attention to Dish/Stirling concentrated solar power systems.

In recent years, the beam-down concept has gained attention as a potential solution to these problems [5]. This approach utilizes
two-stage reflectors to concentrate solar radiation closer to the ground, resulting in a more compact system with reduced height and
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Fig. 1. (a): Operating principle of a beam-down type central tower solar concentrator. (b): Optical principle of the Cassegrain telescope.

reduced maintenance requirements; see Fig. 1a. Furthermore, integrating a reactor or a thermal storage system closer to the receiver
helps mitigate the disadvantages associated with conventional CSP technology. Some operating examples of central tower-type beam-
down systems are located in Masdar (United Arab Emirates) [6,7], in Miyazaki (Japan) [8], and in Italy [9].

Alternatively, solar dish collectors have recently gained significant attention in the field of CSP technology. This is due to their
remarkable efficiency, effectiveness in terms of cost per kWh, when compared to parabolic trough systems, and their ability to serve
as self-contained electric generators, making them suitable for power plants with a capacity ranging from 1 kW to several megawatts
[10]. However, conventional designs have the disadvantage of placing the receiver above the primary mirror, which can increase
complexity and maintenance costs. This issue becomes particularly relevant when developing technologies for thermal energy storage,
as is the case with conventional tower plants, where the aforementioned advantages of beam-down technology still apply. In response
to these challenges, beam-down technology on solar dish collectors is attracting significant attention [5].

In 1672, the physicist Laurent Cassegrain published in Journal des s¢avans a new telescope design. The telescope was made up of
a primary (parabolic) reflector that concentrates light at the focal point of a secondary (hyperbolic) reflector. This second reflector
reflects the light towards the other focal point of the hyperbola to generate the image; see Fig. 1b. The Cassegrain design can be
employed in many applications, such as antennas [11] and solar concentrators [12]. Using this principle, a beam-down solar dish
collector can be designed. The first case of this technology was presented in 1979 by Mauk et al. [13], where a furnace was placed
at the lower part of a paraboloid dish primary concentrator. An upper secondary hyperboloid reflector redirected the sun rays to the
furnace.

Most studies on beam-down solar technologies focus on tower reflector systems and dish reflectors. Comparisons reveal that dish
technologies boast higher optical efficiencies (78-87%) compared to tower systems (approximately 57%) [5]. This fact is associated
with cosine effects [14].

Given the aforementioned factors, including the drawbacks associated with conventional CSP technologies, and the enhanced
optical efficiency of beam-down dish systems, this paper introduces a Cassegrainian concentrator for thermal applications with a
nominal power of 45 kW. Before detailing our design and its outcomes, we review previous studies to contextualize the novelty of
our work.

0O.J. Nydal [15] analyzed the optical design of a Cassegrainian solar concentrator for thermal applications using ray tracing
software. The study focused on determining the effect of the position of the secondary reflector, sensitivity to tracking errors, and
the effect of the size of the flat mirrors for the primary reflector (in addition to considering curved surfaces). All other geometrical
parameters were kept fixed. Meng et al. [16] analyzed the optical design of a Cassegrainian solar concentrator with predetermined
structural parameters using the TracePro software system. The purpose of the study was to investigate the effect of the solar angular
size and angular error in mirror reflection. The proposed design consisted of a mixed photovoltaic-thermal (PVT) receiver where solar
radiation that impacts the edges of the focal zone is used by PV cells for direct electricity production, while solar energy hitting its
central region was used in a thermal receiver to produce heat. Dhiler et al. [17] conducted a comprehensive study on the optical
design and experimental characterization of a Cassegrainian solar concentrator for fuel production through thermochemical redox
cycles. They analyzed seven different configurations of the concentration system with fixed structural parameters, obtaining power
as a function of the solar reactor’s aperture radius. The system alternates two reactors intermittently. The optical analysis was carried
out using the ray tracing software LightTools.

In the studies just referenced, most of the geometric parameters that define the optical system are determined prior to the opti-
mization process and optical analysis of the system. This can cause that the optimal solutions found are not globally optimal for the
proposed application, leaving room for improvement so that systems can achieve even higher efficiencies. In this regard, in a recent
bibliographic study on double-stage solar concentrators conducted by Malik et al. [10] (most of which are of Cassegrainian type) it
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is concluded that most of the reviewed studies only validate the proposed systems experimentally, and that analytical results could
help identify future improvements. In addition, parametric models can also help identify better designs, combining geometry and
environmental conditions, according to energy applications. Recent studies have applied parametric analyses specifically to Solar
Dish-Stirling Systems, demonstrating their usefulness in optimizing power output and efficiency [18,19].

Furthermore, beam-down solar dish systems have certain limitations that need to be overcome in order to make them a mature
technology. One of the main advantages of these systems is their reduced height, which can lead to more intense ray dispersion
effects but requires the optical design of the system to be performed with high accuracy [5]. One limitation is the lower optical
efficiency compared to conventional systems due to the incorporation of multiple reflecting surfaces. These limitations highlight the
need for precise optical simulations that consider the real optics of the system using advanced methods. Ultimately, investigating
these geometries is essential, as they offer the significant advantage of placing the heaviest equipment on the ground, simplifying
installation and maintenance.

Building upon the aforementioned works, this article presents a comprehensive study focused on determining the optimal de-
sign of a Cassegrainian solar concentrator through optical simulation. Our investigation incorporates various aspects, including the
consideration of variable design parameters, a realistic optical model for the materials, assessment of reflected dispersion, and the
modelization of the size of the sun [20]. Optical simulations were carried out using the web tool OTSunWebApp [21], which is
available at the url https://otsun.uib.es and its documentation can be found at https://otsun-uib.github.io/. OTSunWebApp is a com-
panion tool of the OTSun ray tracing software [22]. In fact, we used an evolution of this webtool, with the same computation engine,
but with a different interface and an architecture based in containers (using docker) that allowed us to parallelize the computations
using a cluster of computers. We will shortly report on this evolution and make it available to the scientific community. Hereafter,
whenever we refer to OTSunWebApp, we will be referring to this evolution.

OTSunWebApp uses the program FreeCAD [23] to design the physical model of the solar concentrator, and applies an accurate
optical model using the Fresnel optical equations. The distinguishing aspect of our study lies in the development of a parametric model
comprising six design parameters. This model aims to identify the most efficient design within predetermined structural constraints
for its thermal application, targeting a power output of 45 kW at a working temperature of 600 °C. Furthermore, using the software
system OTSun has allowed us to work with CAD-type objects emulating the boundary and dimensions of each of the elements that
constitute the system, applying an accurate model for the optics involved in real conditions [24]. The ultimate goal is to design a
beam-down solar collector with a nominal design power of 45 kW. In this work, our focus is on the optical design, where radiation
losses are considered. This analysis will provide the foundation for future research into the heat transfer, thermal energy storage
capabilities, and power production potential of the solar concentrator.

2. Geometrical design of the Cassegrainian concentrator

The design of the solar concentrator consists of a tower and a set of optical components. Within the tower, there are provisions
for housing the receiver system, storage elements, and solar energy conversion devices. The optical components include a faceted
primary parabolic mirror, a hyperbolic secondary mirror, and a compound paraboloid mirror connected to the receiver sphere. In
addition, several structural components are essential to support these optical elements. An illustration of the design is depicted in
Fig. 2, where a Le Corbusier Modulor has been added as a reference to represent the actual dimensions of the system. Fig. 3 shows
a plot of some traced rays in an idealized scenario, assuming no optical material errors and modeling the sun as a punctual source.
Initially, the rays are reflected by the primary paraboloid mirror towards the focal point of the secondary hyperboloid. Subsequently,
the rays are directed towards the receiver sphere, where a compound paraboloid has been incorporated to enhance ray collection,
which is relevant when both the sun cone and potential optical errors are considered (as discussed later on). Under ideal conditions,
the focal point is located exactly at the center of the compound paraboloid, located at the circular aperture of the receiver sphere,
as shown in Fig. 3. It is worth noting that certain elements in the illustration have been rendered with transparency to allow the
visibility of the traced rays.

It should be noted that the integration of a spherical receiver offers substantial advantages, as exemplified in the study by E. Bellos
[5] on the effectiveness of cavity receivers. This approach improves the concentration ratio, reduces thermal losses, and ensures a
uniform heat flux distribution. Once solar radiation is captured by the receiver sphere, its temperature raises, and the heat is dissipated
through convection via the working fluid circulating through the cylindrical heat exchanger depicted in Fig. 3. In this article, we
focus on optical aspects and hence we do not address in detail the problem of modeling the transfer of heat, for which we use a
simplified model to quantify radiative losses and their impact on power gain.

2.1. Structural model

The overall structure of the solar concentrator has already been shown in Fig. 2. Fig. 4 shows a top-down view of the design, and
Fig. 5 gives the main optical parameters of the overall system. Note that it is not possible to add an extra mirror on the other side of
the tower, since the overall system has to move in order to follow the sun. Indeed, the tower has to be mounted on a tracking system
that allows it to rotate around its vertical axis, and the optical system can rotate around the horizontal axis to track the apparent
movement of the sun; this last movement makes it impossible to place mirrors at the front side of the tower. The simulation of both
movements can be modeled using the OTSunWebApp software, which computes the rotations that have to be applied to the system
to track the sun. Since the results do not depend on the position of the sun, once we assume that the system is tracking the sun, we
can consider the sun as located at the zenith.
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Fig. 2. Experimental setup of the Cassegrain concentrator along with a Le Corbusier Module for reference of the dimensions.

7 :/15’
%I"'
/ I‘ i

e

NS

S

A NSNS

Th
79
‘!

l

\4;5

Fig. 3. Optical path of solar rays under ideal conditions (assuming no optical errors in materials and considering the sun as a punctual source), illustrating the details
of the absorber sphere, focal point, and the heat transfer mode through a cylindrical heat exchanger.

The primary parabolic mirror is composed of seventeen sections: Two sets of eight mirrors each one, located at both sides of the
tower, and one extra mirror between them. Each mirror is defined as the intersection of the paraboloid that has to be modeled, whose
focal distance is F,, with a2 m X2 m square prism, except for the central mirror, where the basis of the prism is a 1.76 m X2 m rectangle.
A distance of 20 mm is maintained between the sections of the mirror to facilitate their positioning. With this configuration, the net
aperture area of the primary reflector is 67.52 m?. Finally, the central tower is a square prism with basis a square 1.66 m x 1.66 m and
with a height of 5 m. There is a 70 mm gap between the tower and the nearer mirrors, which facilitates the installation of structural
support elements.

The hyperbolic secondary mirror, with square section, has its vertex at a distance H, from the vertex of the primary mirror
(see Fig. 5) and has a focal distance F},. Its dimensions are calculated to ensure the interception of all reflected rays. To make this
computation, a reference ray is generated, originating from one of the corners of the primary reflector, and its path to the receiver
is computed taking into account the optical deviations caused by the angular size of the sun, the specular dispersion of the primary
mirror, the position error of the mirrors and the tracking error.
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Fig. 4. Top view of the solar concentrator, illustrating the overhead perspective.

Hyperboloid focal distance £,

Hyperboloid height distance /7,

Paraboloid focal distance 7,

Receiver height distance H,

Fig. 5. Sketch showing the locations and focal distances of the main elements, such as the hyperboloid and receiver placement, and focal distances of the primary and
secondary mirrors. In orange, the image illustrates the optical path of a solar ray to showcase the ideal path.

In the presence of multiple error sources, each characterized by a Gaussian distribution with a standard deviation o;, the resulting
angular error can be represented by a distribution with a standard deviation ¢, according to the Central Limit Theorem [25]:

n
2= o? &)
i=1

The specular angle deviation of rays reflected by mirrors is characterized by the deviation o, from Eq. (1) and is a combination
of the following error sources: solar disk ogp, error due to non-specularity from microscopic effects o; (scattering dispersion), tilt
error of the mirrors o, mirror alignment error o,, and tracking mechanism error o,,. It is important to note that a factor of 2 must
be included due to the law of reflection:

07 =(Q205p)* +(20,)* + (20,)* + 20,)* + (26,,)%, @

where o =4.65 mrad is the semi-angle of the solar disk, and o, = # mrad is the specular standard deviation (as we expose

latter). For the mirror positioning errors, we assume a value of 2 mrad for both tilt and alignment errors, o, and ¢, respectively.
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Fig. 7. Visual representation of the geometric parameters of the compound paraboloid concentrator coupled to the receiver.

Regarding the tracking mechanism error, a tracking error of 0.2° has been considered, corresponding to o, = 3.49 mrad. Based on
the combined error contributions, the total specular deviation is 6, = 10.41 mrad.

The point of intersection of the rays with the hyperbolic surface is used to determine the boundary of the secondary reflector.
Hence, the size of the secondary reflector depends on the design parameters that define the concentrator. Finally, Fig. 5 also illustrates
the receiver height distance H,, which is defined as the distance between the vertex of the primary mirror and the center of the
receiving sphere.

As for the receiver system, it consists of a sphere with diameter D, = 300 mm coupled to a compound paraboloid reflector. The
parameter D, is the diameter of the circle defined by the intersection of the sphere with the paraboloid; see Fig. 6 for a depiction. Note
that adding a third mirror has the inconvenience that more reflections take place. However, it is compensated by the increase of the
interception factor. Regarding the compound paraboloid geometry, it is determined by the acceptance half-angle a, and the truncation

factor 7 = %, defined as the ratio between the theoretical height of the compound parabolic mirror, and real height considered. See
Fig. 7 for a depiction of these parameters.
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Table 1
Technical specifications and dimensions of the Cassegrainian concentrator system.
Component Specification Detail
Primary mirror Number of sections 17
Mirror size Two sets of 8 mirrors each, plus 1 extra mirror
Distance between sections 20 mm
Net aperture area 67.52 m?
Focal distance F, (variable parameter)
Secondary mirror Focal distance F,, (variable parameter)
Size Calculated to ensure interception of all rays
Receiver sphere Diameter 300 mm
Receiver height distance H, (variable parameter)
CPC Reflector Aperture diameter D, (variable parameter)
CPC acceptance half-angle a (variable parameter)
CPC truncation factor 7 (variable parameter)
Central tower Dimensions Square prism with base of 1.66 m x 1.66 m and height of 5 m
Table 2

Thin layers of the first-surface mirror showing ma-
terials, thicknesses, and sources for refractive index.

Material Thickness [nm] Reference
SiO, 3000 [37]
TiO, 60 [38]
Sio, 95 [37]
Al (pure) 65 [39]1
Al (substrate) - [39]

In summary, there are six geometric parameters that structurally define the solar concentrator: the paraboloid focal distance F,,
the hyperboloid focal distance Fj,, the receiver height distance H,, the receiver aperture diameter D,, the acceptance half-angle «
and the truncation factor z. These parameters and other technical details are summarized in Table 1.

2.2. Optical model

As already mentioned, in this study we have used an evolution of the webtool OTSunWebApp [21] that uses the same compu-
tation engine, based on the OTSun Python package [22], which allows the user to analyze solar harvesting devices regardless of its
application (thermal/PV). In comparison to other ray tracing programs, such as the well-established Tonatiuh [26] and SolTrace [27],
the tools based in OTSun take advantage of its direct implementation of the Fresnel optical equations, among other features. OTSun
considers multiple optical characteristics, including wavelength-dependent light, solar angular size, specular reflectivity dispersion,
optical interference from thin films, and the wavelength-dependent Lambert-Beer law for energy absorption when rays pass through
materials, whether they are transparent or semiconductors. OTSun uses FreeCAD [23], an open-source parametric 3D modeling tool,
for constructing the geometries of the solar harvesting devices, and for computing how these objects interact with the simulated rays.
It is also worth mentioning that FreeCAD includes a Workbench called Optics, which enables solar concentrator simulations within
this environment [28]. In this study, however, we rely on the OTSun environment, which has been validated in different settings
[29-31,22].

We provide now a description of the optical materials we have used for our simulation of the Cassegrainian concentrators.

2.2.1. Mirror

The selected material for the solar mirrors is a first-surface reflector primarily composed of aluminum as the reflective layer, with
an additional coating layer applied for protection. It is chosen for its high reflectivity and durability. Of the three mirrors in the solar
concentrator, only the CPC mirror is subjected to elevated temperatures near the focal point. In such scenarios, heat dissipation occurs
through natural convection with ambient air; however, if temperatures were to exceed acceptable limits, the reflective material could
degrade, compromising performance. In this case, additional thermal management strategies, such as heat sinks, could be employed
to mitigate the effects.

We determined the optical properties of the chosen material using the results of Sutter et al. [32,33], who previously investigated
the optical characteristics and thin-film structure of these mirrors. We computed the spectral reflectance of this material using the tmm
Python package developed by Steven Byrnes [34]. This package allows for the simulation of light propagation in planar multilayer
thin films, considering the impact of multiple internal reflections and interference, using the Transfer Matrix Method (TMM) for the
computations. See [32] for details of the coating stack. Table 2 gives, for each material, the thickness of the layer and a reference to its
optical constants, obtained from the refractiveindex.info database of optical constants [35], and used to compute the refractive index.
These values are essential for constructing the optical material within the OTSun system. Fig. 8(a) shows the spectral reflectance of
the solar mirror for angles of incidence equal to 0° (i.e. normal incidence) and 60°, where the direct solar standard spectrum AM1.5,
according to ASTM G-173-03 [36], is provided as a reference for the solar spectrum.
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Fig. 8. Spectral behavior of materials used in simulations, with the solar spectrum as a reference: (a) Reflectance of the mirror, (b) Absorptance of the receiver material.

Additionally, in our model, the specular scattering behavior of the reflector material was characterized using the results by Sutter
et al. [33], where the specular reflectance is given by

2 ¢2

P40, 9) = p(4, 0, M| 1 = ke 1 —(1—=ke 3 |, @)

where p(4, 6, h) is the hemisferical reflectance at wavelength A and at an incidence angle 6;; o; and o, are the statistical standard
deviations; k is a weight parameter; and ¢ is the acceptance angle (half-space).

It is important to note that in the implementation of the scattering behavior, the standard deviations to be used should be those
obtained from experiments, divided by two. This adjustment is necessary because, in the OTSun framework, the deviation of the
surface normal vector is considered, whereas Sutter et al. [33] focus on the deviation of the reflected ray.

For additional details regarding these parameters, we direct the reader to the OTSunWebApp materials manual, available at
https://otsun-uib.github.io/manuals/materials.pdf. In this study, we used materials that exhibit deviations from specular reflec-

tion, employing a method based on the deviation of the normal to the surface of the reflector. Taking into account all the factors
_ 24529

mentioned above, the standard deviations for the normal vector of the reflector surface in our simulations are ¢, = =——,mrad,
o, = 10 mrad, and k =0.9226.

2.2.2. Absorber

The absorber material selection is crucial and depends on the operating conditions of the device. Mo-Si-N-based semiconductor-
ceramic hybrid materials are an appropriate option for high-temperature and high-pressure environments due to their excellent
properties, including high resistance to oxidation, high thermal conductivity, and low emissivity in the infrared region [40]. The
material used for the absorber sphere in our model was the one considered by Rodriguez-Palomo et al. in [41], where the thermal
stability of solar selective coatings based on the novel MoSi,-Si;N, hybrid composite material was investigated. Fig. 8(b) shows the
spectral reflectance of this material at a working temperature of 600 °C after 515 hours, where the emissivity is 0.33 + 0.05 [41].
Fig. 8(b) displays the spectral absorptance of the receiver material, along with the direct solar standard spectrum AM1.5 according
to ASTM G-173-03 [36], as a reference.

3. Methods and results

He has used a multi-step methodology to optimize the optical performance and energy balance of the system. It encompasses
optical simulations with varying parameters to eliminate non-optimal configurations, analysis of optical efficiency to identify optimal
parameters, power balance calculations accounting for incident radiation and thermal losses, and a detailed evaluation of radiation
distribution. In addition, it includes an error analysis of the accuracy of the tracking to assess its impact on efficiency. This structured
approach enables a comprehensive understanding of the system’s performance under realistic conditions. Finally, in line with the
principles of open science, the code used to generate the geometries, the ray tracing results via OTSunWebApp, and the scripts for
generating the curves are publicly available at https://github.com/otsun-uib/CassegrainSuppMat.

3.1. Optical efficiency

Once the structural design and optical model were established, the next step was to define the specific geometric parameters
to construct the Cassegrain designs. Two sets of simulations were performed to identify the optimal configurations. The first set,
simulating the emission of 50,000 rays per case, aimed to dismiss parameter values that were clearly not optimal. Subsequently,
a second set of simulations was performed with the emission of 200,000 rays per case to enhance the accuracy of the ray tracing
results, thereby identifying the optimal optical designs (see below for details). The estimated error in our computation of the optical
efficiency is +1% and +0.5% for 50,000 and 200,000 rays, respectively, with a confidence level of 98%, as illustrated in Appendix A.
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Table 3

Summary of input parameters for simulating Cassegrain designs using
the Total analysis (AM1.5 ASTM G-173-03 direct) mode in OTSunWe-
bApp.

Input name (as it appears in OTSunWebApp) Value

Number of rays 50,000/200,000
Aperture collector for PV [mm] Empty
Aperture collector for thermal [mm] 67520000

Ray distribution from the source (CSR value) 0.05

Table 4
Geometric design parameters, their corresponding symbols, and the ranges of
values (initial, final, step) used for the first round of simulations.

Name Symbol Initial Final Step
Paraboloid focal distance [mm] F, 1000 4500 500
Hyperboloid focal distance [mm] F, 100 900 200
Receiver height distance [mm] H, —400 600 200
Receiver aperture diameter [mm] D, 200 240 20
CPC acceptance half-angle [°] a 14 24 2
CPC truncation factor T 0.2 0.8 0.2

Table 5
Geometric design parameters, their corresponding symbols, and the defined
ranges of values (initial, final, step) for the second series of simulations.

Name Symbol  Initial  Final  Step
Paraboloid focal distance [mm] F, 1500 4500 500
Hyperboloid focal distance [mm] F, 100 600 100
Receiver height distance [mm] H, -200 400 100
Receiver aperture diameter [mm)] D, 220 240 20
CPC acceptance half-angle [°] a 17 23 1
CPC truncation factor T 03 0.7 0.1

The simulations, as previously noted, were done with an evolution of OTSunWebApp. In particular, using the computation named
Total Analysis (AM1.5 ASTM G-173-03 Direct) therein, which models the optical response of the solar concentrator considering the
direct solar spectrum ASTM G-173-03 [36], with an irradiance of 900 W/m?2. The parameters used in these computations, as needed
to run the simulation, are given in Table 3.

Table 4 lists the parameters used for the initial set of designs, giving their corresponding symbols and the range of values (in the
form of: start, last, step) that were used. This provided the foundation for generating 17,280 FreeCAD files. However, some were
discarded due to impractically short distances (< 100 mm) between the CPC and the secondary reflector, or because the semi-major
angle of the hyperbola was negative, which is physically impossible. The remaining 13,549 files were analyzed in the first round of
ray tracing simulations.

Fig. 9 displays the results obtained for the optical efficiency depending on the different parameters, and where the cases with an
efficiency lower than 66% have been discarded to ease the visualization of the most relevant cases. From the observation of these
plots some remarks arise. First, the paraboloid focal distance, F,, exhibits interesting values clustered around 2500 mm. However,
no clear trend is observed in relation to the values that offer higher optical efficiency. Therefore, for a comprehensive understanding,
it is advisable to explore the range of values centered precisely at 2500 mm with greater precision. Regarding the hyperboloid focus
distance, F},, the highest efficiency is observed at 300 mm, and therefore, further analysis should focus on values close to this distance.
Regarding the receiver height distance, H,, optimal values are concentrated between -200 mm and slightly higher values. Hence, it
is crucial to explore the optical performance in the range from -200 mm to 400 mm.

When examining the aperture diameter of the receiver, D,, a positive correlation with efficiency is observed as the value increases,
but preliminary internal investigations have indicated that surpassing a diameter of 240 mm is not advisable due to the resulting
reduction in the heat exchange surface area of the absorber sphere with the surroundings, and hence the upper limit for this parameter
is set at 240 mm. Regarding the acceptance angle «, optimal values are mainly centered around 18°. Although there is no need to
expand the range of values in further simulations, a closer examination of the behavior near this critical value is warranted. Lastly,
the truncation factor, 7, reveals optimal values precisely at midpoints of the considered range, specifically at 0.4 and 0.6. Hence,
a more detailed analysis of values centered around 0.5 is required.

Based on these observations, the analysis was extended to a second set of 20,580 files, which were reduced to 19,709 after
discarding those that resulted in impractical designs, as in the first round. This set aimed to explore further the ranges of interest
for the parameters, taking lower values for the steps and increasing the number of emitted rays in each simulation to 200,000. The
values of the parameters used in the simulation are shown in Table 5.
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Fig. 10. Optical efficiencies for the second set of designs, based on the parameters detailed in Table 5. Only cases with efficiency greater than or equal to 73% are
displayed. Parameters analyzed are: Paraboloid focal distance, hyperbola focal distance, receiver height, receiver aperture diameter, acceptance angle, and truncation
factor.

Fig. 10, displays the computed optical efficiencies for the second set of parameters. Based on these results, optimal cases can
be identified for all parameters. The design with the maximum efficiency corresponds to the following choice of parameters: F, =
3000 mm, Fj, =400 mm, H, =0 mm, D, =240 mm, a = 19°, and 7= =0.5. This design achieves an optical efficiency of 75.75%.
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Table 6
Results for the ten designs with the highest absorbed power by the receiver.

P, [kW] napt[%J F[J [mm] F,, [mm] H, [mm] D, [mm] a[°] T

45.54 75.75 3000 400 0 240 19 0.5
4553 75.73 2000 200 0 240 20 0.4
45.52 75.72 2500 300 0 240 20 0.5
45.52 75.71 2500 300 0 240 22 0.6
4551 75.71 2000 200 —100 240 21 0.6
45.50 75.69 2500 300 100 240 20 0.5
45.49 75.67 3000 400 -200 240 19 0.5
45.49 75.66 2500 300 -200 240 20 0.5
45.49 75.66 2500 300 100 240 19 0.4
45.48 75.66 2000 200 -100 240 19 0.5

3.2. Power balance

After the determination of the geometries optimizing the optical efficiency, a comprehensive power balance analysis was performed
to find their nominal power. This analysis took into account an incident solar radiation of 900 W/m? as well as radiative losses from
the receiver operating at 600 °C. To quantify these losses, a model based on Planck’s blackbody radiation was employed, utilizing
the Stefan-Boltzmann law:

P.= eaA,T4. (C))

In this equation, P, represents the total radiative heat power emitted by the receiver, ¢ is the Stefan-Boltzmann constant (5.67 X
2
108 Wm—2K™), 4, = ”f’ denotes the aperture area of the absorber sphere, T is the working temperature (873.15 K), and € = 0.33

is the emissivity of the material. The material selected for the absorber sphere is a MoSi,-Si;N, hybrid composite [41], as previously
mentioned.
The power balance equation that gives the useful power absorbed by the sphere is

Py = optGpniA = B &)

Here, 7, represents the optical efficiency of the system, Gpy; = 900 W/m? denotes the incident direct normal irradiance, and A
stands for the aperture area of the solar concentrator, 67.52 m2. The term P, accounts for the radiative losses, given by Equation (4).

In Table 6 we present the ten cases with greater power balance, giving both the design parameters and the corresponding useful
power (P,) and optical efficiency (#,,,) for each of them. These optimal designs demonstrate a generated power ranging from 45.48
to 45.54 kW and an optical efficiency between 75.66% and 75.75%. Notably, the most optically efficient designs also exhibit higher
absorbed power, despite accounting for thermal losses due to radiation at the receiver. These findings provide valuable insight into
the specific values of the parameters that contribute to the efficiency of the presented Cassegrain solar concentrator design. The solar
concentrator illustrated in Fig. 2 corresponds to the most efficient case listed in Table 6.

3.3. Tracking error

The deviation in the position of the sun, which represents the tracking error, is a critical factor in analyzing the performance of
high solar concentrating systems. Given the optimal designs identified from the results presented in Table 6, which are ranked from
highest to lowest power absorption, two designs deserve special attention. These designs, referred to as Case 1 and Case 2, occupy the
first two positions in the table. Notably, although both designs demonstrate similar absorbed power, they differ significantly in their
design parameters. Specifically, Case 2 exhibits greater optical compactness compared to Case 1, with the vertex of the secondary
mirror positioned 800 mm closer.

Using these two designs as reference points, the optical efficiency of both designs is analyzed when the position of the sun deviates
by a certain angle, ranging from 0° to 2°, in both the transversal and longitudinal planes. The longitudinal plane is defined as the
plane that aligns with the axis of the tower gaps. As shown in Fig. 11, the optical efficiency in the transversal plane exhibits greater
sensitivity to tracking errors compared to the longitudinal plane. Finally, regarding the tracking error, to maintain an efficiency above
74% in both cases, it is necessary to have a tracking system with a precision of 0.2°, as illustrated in Fig. 11.

3.4. Radiation distribution on the receiver

Understanding the distribution of concentrated solar radiation on the receiver is essential for analyzing the conversion efficiency of
solar radiation into heat. To achieve this, a Spectral Analysis (single solar direction) simulation was conducted using the OTSunWebApp
tool, which allows users to determine the optical response for a specified range of wavelengths. This simulation provides detailed
information about each ray that impacts the receiving sphere, enabling quantification of radiation flux. The parameters used for this
simulation are listed in Table 7. A total of 5,000 rays were emitted for each wavelength, ranging from 280 nm to 3000 nm, at 10 nm
intervals. This methodology ensures comprehensive coverage of the relevant solar spectrum and facilitates precise analysis of the
radiation distribution on the receiver.
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Fig. 11. Comparison of optical efficiency between Case 1 and Case 2 in transversal and longitudinal planes, with the solar angle deviation representing the tracking
error of the system.

Table 7
Summary of inputs for the simulation of Case 1 and Case 2 using
Spectral Analysis (single solar direction) in OTSunWebApp.

Input name (as it appears in OTSunWebApp)  Value

¢byun (solar azimuth angle) [°] 0
0,,, (solar zenith angle) [°] 0
Wavelength Initial [nm] 280
Wavelength Final [nm] 3000
Wavelength Step [nm] 10

Number of rays 5000
Aperture collector for PV [mm?] -

Internal Quantum Efficiency -
Aperture collector for thermal [mm?] 67520000
Ray distribution from the source (CSR value) 0.05

Figs. 12 and 13 illustrate the radiation distribution on the absorbing sphere for Cases 1 and 2, respectively, from Table 6. In
Fig. 12a, the radiation flux within the sphere is depicted in a 3D representation for Case 1. To provide a more detailed insight into the
radiation distribution, Fig. 12b presents a heat map plotted using spherical coordinates. Here, the angle 6 corresponds to the zenith
angle, while ¢ represents the azimuthal angle, both taken from the center of the sphere. The visualization highlights that the maximum
radiation is concentrated in the lower parts of the sphere and remains relatively consistent across different azimuthal angles. The
peak radiation intensity is recorded at 25.9 kW/m?. Figs. 13a and 13b show analogous representations for Case 2. Here, a uniformly
distributed radiation pattern is observed with respect to the angle ¢, reaching a maximum radiation intensity of 26.6 kW/m? at the
lower portion of the sphere, mirroring the findings observed in Case 1.

3.5. Comparative discussion of other beam-down dish systems

In our study, the optimal geometry achieved a simulated optical efficiency of 75.7%, assuming realistic conditions such as the
spectral behavior of materials, scattering in reflective surfaces, the angular size of the sun using a CSR (circumsolar ratio) of 0.05,
and radiation losses at the receiver. Although comparisons are complex due to the different assumptions made in each study, several
conclusions can be drawn when comparing with other parabolic dish beam-down systems.

For instance, Yang et al. [42] reported a peak optical efficiency of 77.8%. However, their optical model does not account for critical
factors such as scattering in the reflectors, mirror reflectivity, or the angular size of the sun, resulting in an overestimated efficiency
under real-world conditions. Similarly, Xu et al. [43] reported a peak efficiency of 79%, but their model also did not consider specular
scattering or the angular size of the sun. Both cases present idealized models, which would likely yield lower efficiencies under more
realistic assumptions as those we have made.

On the other hand, Yang et al. [44] reported a peak optical efficiency of 73%, using Buie’s model to account for the sun’s angular
size (CSR = 0.05), with mirror reflectivity assumed at 0.935 and a slope error of 1.3 mrad. This study is directly comparable to ours,
as it employs a similarly realistic approach. Our optical efficiency of 75.7% aligns closely with their results, with minor differences
likely attributable to variations in the concentrator geometry or material properties.
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Fig. 12. Radiation flux distribution for Case 1: (a) Heat map in spherical coordinates, (b) 3D representation of the absorbing sphere.
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Fig. 13. Radiation flux distribution for Case 2: (a) Heat map in spherical coordinates, (b) 3D representation of the absorbing sphere.

Finally, Dahler et al. [17] reported an experimental peak optical efficiency of 60%. This lower efficiency is expected in experimental
settings due to practical factors such as construction imperfections and environmental conditions, which typically reduce performance
compared to simulations.

In summary, although direct comparisons with other studies are challenging due to the different assumptions in the models and
variations in design parameters, our results are well aligned with those using realistic models, such as Yang et al. [44], and show
better performance than idealized models that overlook key factors.

4. Conclusions

The Cassegrain-type solar concentrator, with its beam-down configuration, emerges as a strong candidate for addressing the
challenges inherent in CSP technology, particularly those related to radiation losses at the receiver and heat transport through pipes.
In this sense, optimizing complex geometries is crucial; hence, optical simulations arranged with parametric models are essential for
optimizing the efficiency of the design.

This study analyzed a Cassegrain-type solar concentrator with a 67.52 m? aperture surface, parameterized by six geometric
parameters, using OTSunWebApp. This tool integrates ray tracing with CAD-based design and considers the wavelength dependence
of optical materials. Material selection plays a strategic role; hence, a first-surface reflective aluminum material was chosen for the
mirrors, and the absorber was made of a Mo-Si-N-based semiconductor-ceramic hybrid material, for which we considered their optical
response as dependent of wavelength.

Two sets of simulations were conducted to explore the possible values for the design parameters. The first set involved emitting
50,000 rays for each of 13,549 designs, identifying the values to be discarded due to low optical efficiency. The second set involved
varying the set of parameters under consideration, giving rise to the construction of 19,709 design cases, and increasing the number
of rays to 200,000 to enhance the precision of the results. Additionally, considering a working temperature of 600 °C, the power
balance in the receiver was quantified, accounting for radiation losses and identifying the values giving the most efficient design.
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Selecting the two most efficient cases, the results indicate that these designs can achieve a power output exceeding 45.50 kW under
direct radiation of 900 W/m?. Additionally, the sensitivity of the tracking mechanism was determined, revealing that a precision of
0.2° is necessary to maintain optical efficiency above 74%. Furthermore, the spatial distribution of radiation within the absorber
sphere shows azimuthal uniformity with a noticeable concentration in the lower regions, achieving peak values of 26 kW/m?.

When comparing our findings with other parabolic dish beam-down systems, we find that we achieved a simulated optical effi-
ciency of 75.7%, which is competitive with existing studies. While Yang et al. [42] and Xu et al. [43] reported higher efficiencies
(77.8% and 79%, respectively), but their models overlooked critical factors like scattering and the angular size of the sun, making
our results more realistic for practical applications. Furthermore, our efficiency is closely aligned with Yang et al. [44], who reported
73% under similar conditions, underscoring the robustness of our design approach. These findings suggest that optical models based
on realistic models, such as those implemented in OTSunWebApp, allow for a more accurate understanding of the optical behavior
of solar concentrators.

These findings highlight the potential of Cassegrain concentrator designs to advance CSP technology and justify further exploration
into their practical implementation. Future work will focus on studying the optimal method for transferring heat to the working fluid,
as well as analyzing the most efficient processes for both storage and direct conversion to electricity. Notably, the solar concentrator
tower has been designed with dimensions that accommodate the necessary elements for these processes. Additionally, the structural
elements to withstand mechanical loads and the tracking system’s accuracy, as established in this study, will be subjects of further
investigation.
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Appendix A. Error in optical efficiency as a function of emitted rays

In this appendix we quantify the error committed in the computation of the efficiency using the OTSunWebApp ray tracing
program, emphasizing the importance of accurately characterizing the system and understanding the error attributable to the number
of emitted rays. To achieve this goal, we selected the geometry corresponding to Case 1 in Table 6 and performed simulations where
the number of emitted rays were 1 X 10%, 5% 10%, 1x 10%,2%x 105, 5% 103, and 1 x 10°, respectively, and each simulation was repeated
1000 times to ensure statistical robustness.

The first step in determining the simulation error for optical efficiency was to verify if the distribution of results followed a normal
distribution. This verification is illustrated in Fig. A.14, which presents histograms of optical efficiency for each simulation scenario,
along with the best-fitting Gaussian probability distribution curve. It’s important to note that the histograms presented in Fig. A.14
are normalized, so that they represent the probability density. Additionally, each graph shows the R-squared coefficient (coefficient
of determination) of the fitted Gaussian, which ranges between 0.977 and 0.997 for all cases. This high R-squared value validates
that the optical efficiency obtained with the OTSunWebApp program fits well to a normal distribution, indicating symmetry around
the mean and predictable probabilities within standard deviations.

Upon analyzing the histograms, it was observed that the distribution of optical efficiency values tended to converge as the number
of emitted rays increased, as expected. Table A.8 below presents key parameters extracted from the Gaussian fits of the optical
efficiency distributions for each simulation scenario. These parameters include the mean (u), Gaussian fit standard deviation (¢), and
standard deviation from data (6,,)-

The robust fit to a normal distribution in the OTSunWebApp results validates the reliability of using standard deviation values
from the original data (o4,.,) to quantify errors in the optical efficiency obtained by the app. Under this assumption, an estimation
of the error with a given a certain confidence level can be computed as

Oct = Zeritical X Odatas
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Fig. A.14. Histograms of optical efficiency for varying numbers of rays, relative to Case 1 in Table 6.

Table A.8

Parameters from Gaussian fits of optical efficiency
distributions for various numbers of emitted rays, in-
cluding the standard deviation of the data values for
comparison with the obtained o value.

Number of Rays  u c Cdata

1x10* 0.7545  0.0093  0.0088
5% 10* 0.7553  0.0042  0.0042
1x10° 0.7553  0.0028  0.0028
2x10° 0.7553  0.0021  0.0021
5x10° 0.7554  0.0013  0.0013
1x 106 0.7555  0.0009  0.0009

Table A.9

Error Intervals at different confidence levels.

Number of Rays 6 (95%) 6 (98%) 6 (99.75%)
1x10* +1.7% +2.0% +2.7%
5% 10* +0.8% +1.0% +1.3%
1x10° +0.6% +0.7% +0.9%
2x10° +0.4% +0.5% +0.6%
5%x10° +0.2% +0.3% +0.4%
1x10° +0.2% +0.2% +0.3%

where the critical value Z ;.. can be computed by the expression

_ 1-CL
Z critical = P ! (1 - T)’

where ®~! is the inverse function of the standard normal cumulative distribution and CL is the desired Confidence Level. Table A.9
gives the error estimations for the simulated optical efficiencies with different confidence levels, computed using the formula above.
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Data availability

Data underlying the results presented in this paper can be found at the GitHub repository https://github.com/otsun-uib/
CassegrainSuppMat.

References

[1] M. Liu, N.H. Steven Tay, S. Bell, M. Belusko, R. Jacob, G. Will, W. Saman, F. Bruno, Review on concentrating solar power plants and new developments in high
temperature thermal energy storage technologies, https://doi.org/10.1016/j.rser.2015.09.026, jan 2016.

[2] S.S. Mostafavi Tehrani, Y. Shoraka, K. Nithyanandam, R.A. Taylor, Cyclic performance of cascaded and multi-layered solid-PCM shell-and-tube thermal energy
storage systems: a case study of the 19.9 MWe Gemasolar CSP plant, Appl. Energy 228 (2018) 240-253, https://doi.org/10.1016/j.apenergy.2018.06.084.

[3] C. Prieto, R. Osuna, A.I. Fernandez, L.F. Cabeza, Molten salt facilities, lessons learnt at pilot plant scale to guarantee commercial plants; heat losses evaluation
and correction, Renew. Energy 94 (2016) 175-185, https://doi.org/10.1016/j.renene.2016.03.039.

[4] ML.E. Zayed, J. Zhao, A.H. Elsheikh, W. Li, S. Sadek, M.M. Aboelmaaref, A comprehensive review on Dish/Stirling concentrated solar power systems: design, optical
and geometrical analyses, thermal performance assessment, and applications, J. Clean. Prod. 283 (2021) 124664, https://doi.org/10.1016/j.jclepro.2020.124664.

[5] E. Bellos, Progress in beam-down solar concentrating systems, Prog. Energy Combust. Sci. 97 (2023) 101085, https://doi.org/10.1016/J.PECS.2023.101085.

[6] S. Yang, J. Wang, P.D. Lund, C. Jiang, X. Li, Modelling and performance evaluation of an integrated receiver-storage for concentrating solar power beam-down
system under heterogeneous radiative conditions, Sol. Energy 188 (2019) 1264-1273, https://doi.org/10.1016/j.solener.2019.07.031.

[7] M. Diago, N. Calvet, P.R. Armstrong, Net power maximization from a faceted beam-down solar concentrator, Sol. Energy 204 (2020) 476-488, https://doi.org/
10.1016/j.solener.2020.04.061.

[8] T. Kodama, N. Gokon, K. Matsubara, K. Yoshida, S. Koikari, Y. Nagase, K. Nakamura, Flux measurement of a new beam-down solar concentrating system in
Miyazaki for demonstration of thermochemical water splitting reactors, Energy Proc. 49 (2014) 1990-1998, https://doi.org/10.1016/j.egypro.2014.03.211.

[9] R. Chirone, P. Salatino, P. Ammendola, R. Solimene, M. Magaldi, R. Sorrenti, G. Michele, F. Donatini, Development of a novel concept of solar receiver/thermal
energy storage system based on compartmented dense gas fluidized beds, in: The 14th International Conference on Fluidization — From Fundamentals to Products,
jan 2013, https://dc.engconfintl.org/fluidization_xiv/123.

[10] M.Z. Malik, P.H. Shaikh, S. Zhang, A.A. Lashari, Z.H. Leghari, M.H. Baloch, Z.A. Memon, C. Caiming, A review on design parameters and specifications of
parabolic solar dish Stirling systems and their applications, Energy Rep. 8 (2022) 4128-4154, https://doi.org/10.1016/J.EGYR.2022.03.031.

[11] J. Yang, W. Caiyang, P. Jiang, H. Yang, J. Deng, J. He, L. Hu, Y. Qin, M. Zhou, Design of coupling system for Cassegrain antenna array, Optik 272 (2023) 170306,
https://doi.org/10.1016/J.1JLE0.2022.170306.

[12] J.-w. Pan, P.-A. Lin, Cassegrain-based concentrator with a high uniformity and acceptance angle, Appl. Opt. 63 (17) (2024) 4661-4667, https://doi.org/10.
1364/A0.521192.

[13] C.E. Mauk, H.W. Prengle, E.C.H. Sun, Optical and thermal analysis of a Cassegrainian solar concentrator, Sol. Energy 23 (2) (1979) 157-167, https://doi.org/
10.1016/0038-092X(79)90117-8.

[14] S. Shao, X. Zhu, Y. Fan, A study on cosine efficiency in a tower reflector solar power system, in: Proceedings - 2019 Chinese Automation Congress, CAC 2019,
2019, pp. 4224-4227.

[15] O.J. Nydal, Ray tracing for optimization of a double reflector system for direct illumination of a heat storage, Energy Proc. 57 (2014) 2211-2220, https://
doi.org/10.1016/j.egypro.2014.10.188.

[16] X. long Meng, X. lin Xia, C. Sun, Y. Li, X. lei Li, A novel free-form Cassegrain concentrator for PV/T combining utilization, Sol. Energy 135 (2016) 864-873,
https://doi.org/10.1016/j.solener.2016.06.034.

[17] E. Déhler, M. Wild, R. Schéppi, P. Haueter, T. Cooper, P. Good, C. Larrea, M. Schmitz, P. Furler, A. Steinfeld, Optical design and experimental characterization
of a solar concentrating dish system for fuel production via thermochemical redox cycles, Sol. Energy 170 (2018) 568-575, https://doi.org/10.1016/j.solener.
2018.05.085.

[18] M.E. Zayed, J. Zhao, A.H. Elsheikh, W. Li, M.A. Elaziz, Optimal design parameters and performance optimization of thermodynamically balanced Dish/Stir-
ling concentrated solar power system using multi-objective particle swarm optimization, Appl. Therm. Eng. 178 (2020) 115539, https://doi.org/10.1016/j.
applthermaleng.2020.115539.

[19] M.E. Zayed, J. Zhao, A.H. Elsheikh, Z. Zhao, S. Zhong, A. Kabeel, Comprehensive parametric analysis, design and performance assessment of a solar Dish/Stirling
system, Process Saf. Environ. Prot. 146 (2021) 276-291, https://doi.org/10.1016/j.psep.2020.09.007.

[20] D. Buie, C.J. Dey, S. Bosi, The effective size of the solar cone for solar concentrating systems, Sol. Energy 74 (5) (2003) 417-427, https://doi.org/10.1016/
S0038-092X(03)00156-7.

[21] R. Pujol-Nadal, G. Cardona, Otsunwebapp: a ray tracing web application for the analysis of concentrating solar-thermal and photovoltaic solar cells, SoftwareX
23 (2023) 101449, https://doi.org/10.1016/j.s0ftx.2023.101449.

[22] G. Cardona, R. Pujol-Nadal, OTSun, a python package for the optical analysis of solar-thermal collectors and photovoltaic cells with arbitrary geometry, PLoS
ONE 15 (10) (2020) 0240735, https://doi.org/10.1371/journal.pone.0240735.

[23] J. Riegel, W. Mayer, Y. van Havre, Freecad (v. 0.20.2), http://www.freecadweb.org, 2001.

[24] J.R. Garcia, R.C.A. Cota, D.L.R. Almeida, N.L. Osuna, M.Z. Machado, J.R.H. Garcia, H.M. Becerra, A mathematical model to generate a light reflector that produces
a uniform irradiance distribution from a point light source, Optik (2024) 171951, https://doi.org/10.1016/J.1JLEO.2024.171951.

[25] C.-J. Winter, R.L. Sizmann, L.L. Vant-Hull, Solar Power Plants: Fundamentals, Technology, Systems, Economics, Springer, 1991.

[26] M.J. Blanco, J.M. Amieva, A. Mancillas, The Tonatiuh software development project: an open source approach to the simulation of solar concentrating systems,
in: Proceedings of the ASME Computers and Information in Engineering Division, vol. 2005, ASME, 2005, pp. 157-164.

[27] T. Wendelin, SolTRACE: a new optical modeling tool for concentrating solar optics, in: Proceedings of the ISEC 2003: International Solar Energy Conference,
2003, pp. 253-260, https://www.nrel.gov/csp/soltrace.html.

[28] P.A. Bibiloni-Mulet, I. Alonso, J. Vidal-Noguera, A. Moia-Pol, V. Canals, V. Martinez-Moll, Novel additive-manufactured tracking solar concentrating system for
cooking applications: design, geometry assessment, and optical evaluation, Renew. Energy 236 (2024) 121481, https://doi.org/10.1016/j.renene.2024.121481.

[29] F. Bonnin-Ripoll, Y.B. Martynov, G. Cardona, R.G. Nazmitdinov, R. Pujol-Nadal, Synergy of the ray tracing-+carrier transport approach: on efficiency of perovskite
solar cells with a back reflector, Sol. Energy Mater. Sol. Cells 200 (2019) 110050, https://doi.org/10.1016/J.SOLMAT.2019.110050.

[30] F. Bonnin-Ripoll, Y.B. Martynov, R.G. Nazmitdinov, G. Cardona, R. Pujol-Nadal, On the efficiency of perovskite solar cells with a back reflector: effect of a hole
transport material, Phys. Chem. Chem. Phys. (2021), https://doi.org/10.1039/D1CP03313A.

[31] F. Bonnin-Ripoll, Y.B. Martynov, R.G. Nazmitdinov, K. Tabah, C. Pereyra, M. Lira-Cantt, G. Cardona, R. Pujol-Nadal, On performance of thin-film meso-structured
perovskite solar cell through experimental analysis and device simulation, Mater. Today Sustain. 24 (dec 2023), https://doi.org/10.1016/J.MTSUST.2023.
100548.

[32] F. Sutter, S. Ziegler, M. Schmiicker, P. Heller, R. Pitz-Paal, Modelling of optical durability of enhanced aluminum solar reflectors, Sol. Energy Mater. Sol. Cells
107 (2012) 37-45, https://doi.org/10.1016/j.solmat.2012.07.027.

16


https://github.com/otsun-uib/CassegrainSuppMat
https://github.com/otsun-uib/CassegrainSuppMat
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib149A4A13FDAE62B1B86A9AB16CBA2586s1
https://doi.org/10.1016/j.rser.2015.09.026
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib149A4A13FDAE62B1B86A9AB16CBA2586s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib8B85A2963B410C44F96F34620DE82190s1
https://doi.org/10.1016/j.apenergy.2018.06.084
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib8B85A2963B410C44F96F34620DE82190s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib33BC7E01451A96C56CBB59A57B65E52Bs1
https://doi.org/10.1016/j.renene.2016.03.039
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib33BC7E01451A96C56CBB59A57B65E52Bs1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib425E9179DC81B651CD95828A40F58122s1
https://doi.org/10.1016/j.jclepro.2020.124664
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib425E9179DC81B651CD95828A40F58122s1
https://doi.org/10.1016/J.PECS.2023.101085
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibF87CDA60E346EE827070AB0EB122A320s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib83E5180D24A9417CB12FE345C739C2C4s1
https://doi.org/10.1016/j.solener.2019.07.031
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib83E5180D24A9417CB12FE345C739C2C4s1
https://doi.org/10.1016/j.solener.2020.04.061
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib786ABD0FDE95583616B994B408BA4086s1
https://doi.org/10.1016/j.solener.2020.04.061
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib786ABD0FDE95583616B994B408BA4086s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibEA7EEFF1DA21E5C7843D0BBEC0564DEBs1
https://doi.org/10.1016/j.egypro.2014.03.211
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibEA7EEFF1DA21E5C7843D0BBEC0564DEBs1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib66C37B5A36A5F8B92E7BE753F6E223B2s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib66C37B5A36A5F8B92E7BE753F6E223B2s1
https://dc.engconfintl.org/fluidization_xiv/123
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib66C37B5A36A5F8B92E7BE753F6E223B2s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib8512EE8EDDF2923581EECF3D7A961AB4s1
https://doi.org/10.1016/J.EGYR.2022.03.031
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib8512EE8EDDF2923581EECF3D7A961AB4s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib4F034310A285AD2B4D23248B0279C312s1
https://doi.org/10.1016/J.IJLEO.2022.170306
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib4F034310A285AD2B4D23248B0279C312s1
https://doi.org/10.1364/AO.521192
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibA2C41A545703850BB1753AC2066AD04Cs1
https://doi.org/10.1364/AO.521192
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibA2C41A545703850BB1753AC2066AD04Cs1
https://doi.org/10.1016/0038-092X(79)90117-8
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibDB90CE829B1950556D8D7289D69CB506s1
https://doi.org/10.1016/0038-092X(79)90117-8
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibDB90CE829B1950556D8D7289D69CB506s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib8075432184C7A324E4C5060EA8505C2Ds1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib8075432184C7A324E4C5060EA8505C2Ds1
https://doi.org/10.1016/j.egypro.2014.10.188
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib4D35B8AAAA2E80B0ED5406F744A948C7s1
https://doi.org/10.1016/j.egypro.2014.10.188
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib4D35B8AAAA2E80B0ED5406F744A948C7s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib5B7CFFE8E3EB4563313A4B98892BA64Fs1
https://doi.org/10.1016/j.solener.2016.06.034
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib5B7CFFE8E3EB4563313A4B98892BA64Fs1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib5E1A66C57006476AFCED12DCFF0652BAs1
https://doi.org/10.1016/j.solener.2018.05.085
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib5E1A66C57006476AFCED12DCFF0652BAs1
https://doi.org/10.1016/j.solener.2018.05.085
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib5E1A66C57006476AFCED12DCFF0652BAs1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibDE8035DC3872D0FEA33151D0497FD3E7s1
https://doi.org/10.1016/j.applthermaleng.2020.115539
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibDE8035DC3872D0FEA33151D0497FD3E7s1
https://doi.org/10.1016/j.applthermaleng.2020.115539
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibDE8035DC3872D0FEA33151D0497FD3E7s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib5333A1942C6662A49C974846275DE0DFs1
https://doi.org/10.1016/j.psep.2020.09.007
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib5333A1942C6662A49C974846275DE0DFs1
https://doi.org/10.1016/S0038-092X(03)00156-7
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib7C8F6C41AF9F97B4A0C833507AD5180Bs1
https://doi.org/10.1016/S0038-092X(03)00156-7
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib7C8F6C41AF9F97B4A0C833507AD5180Bs1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib6F68D8E5D35DD5804A6135A54DC4F88Cs1
https://doi.org/10.1016/j.softx.2023.101449
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib6F68D8E5D35DD5804A6135A54DC4F88Cs1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib538FAC2DA6FF106B5CE61BE78D800DFFs1
https://doi.org/10.1371/journal.pone.0240735
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib538FAC2DA6FF106B5CE61BE78D800DFFs1
http://www.freecadweb.org
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibFFD43CF0EDA1D1ED3D8A5F85F6AAC7D5s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibFDB54BA2C06FA11D5594E87ABE2BDCD9s1
https://doi.org/10.1016/J.IJLEO.2024.171951
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibFDB54BA2C06FA11D5594E87ABE2BDCD9s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib8AB41907FF3BADB1B2E8A26904B21087s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibB5CE644E2C36ED76ADE7BDEAF062A9D3s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibB5CE644E2C36ED76ADE7BDEAF062A9D3s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib0C3393C4D269F6C351F1C87BAC972305s1
https://www.nrel.gov/csp/soltrace.html
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib0C3393C4D269F6C351F1C87BAC972305s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib0A71DD52AFD637BF67219A0C66411D26s1
https://doi.org/10.1016/j.renene.2024.121481
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib0A71DD52AFD637BF67219A0C66411D26s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib87CEA6BD70D48D820D53656C9F55AB62s1
https://doi.org/10.1016/J.SOLMAT.2019.110050
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib87CEA6BD70D48D820D53656C9F55AB62s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib032895DA620A35A73E793331D29CAE61s1
https://doi.org/10.1039/D1CP03313A
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib032895DA620A35A73E793331D29CAE61s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibAF97D257F938C239B567F446F13946B1s1
https://doi.org/10.1016/J.MTSUST.2023.100548
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibAF97D257F938C239B567F446F13946B1s1
https://doi.org/10.1016/J.MTSUST.2023.100548
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibAF97D257F938C239B567F446F13946B1s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibA64D08330B5414B1A5D0A5DBEDD971F1s1
https://doi.org/10.1016/j.solmat.2012.07.027
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibA64D08330B5414B1A5D0A5DBEDD971F1s1

R. Pujol-Nadal, L. Guerreiro and G. Cardona Heliyon 10 (2024) 39381

[33] F. Sutter, S. Meyen, A. Fernandez-Garcia, P. Heller, Spectral characterization of specular reflectance of solar mirrors, Sol. Energy Mater. Sol. Cells 145 (2016)
248-254, https://doi.org/10.1016/j.s0lmat.2015.10.030.

[34] S. Byrnes, tmm 0.1.8: Python package index, https://pypi.python.org/pypi/tmm, 2020.

[35] M.N. Polyanskiy, Refractiveindex.info database of optical constants, Sci. Data 11 (1) (2024) 94, https://doi.org/10.1038/s41597-023-02898-2.

[36] Solar Spectral Irradiance: ASTM G-173, http://rredc.nrel.gov/solar/spectra/am1.5/astmg173/astmg173.html, 2012.

[37] L.H. Malitson, Interspecimen comparison of the refractive index of fused silica, J. Opt. Soc. Am. 55 (10) (1965) 1205-1209, https://doi.org/10.1364/JOSA.55.
001205.

[38] T. Siefke, S. Kroker, K. Pfeiffer, O. Puffky, K. Dietrich, D. Franta, I. Ohlidal, A. Szeghalmi, E.-B. Kley, A.T. Tiinnermann Siefke, K. Pfeiffer, O. Puffky, K. Dietrich,
A. Szeghalmi, E.-b. Kley, A. Tiinnermann, S. Kroker, D. Franta, I. Ohlidal, Materials pushing the application limits of wire grid polarizers further into the deep
ultraviolet spectral range, Adv. Opt. Mater. 4 (11) (2016) 1780-1786, https://doi.org/10.1002/ADOM.201600250.

[39] A.D. Rakié, A.B. Djurisi¢, J.M. Elazar, M.L. Majewski, Optical properties of metallic films for vertical-cavity optoelectronic devices, Appl. Opt. 37 (22) (1998)
5271-5283, https://doi.org/10.1364/A0.37.005271.

[40] E. Céspedes, A. Rodriguez-Palomo, E. Salas-Colera, E. Fonda, F. Jiménez-Villacorta, M. Vila, A. De Andrés, C. Prieto, Role of Al,O; antireflective layer on the
exceptional durability of Mo-Si-N-based spectrally selective coatings in air at high temperature, ACS Appl. Energy Mater. 1 (11) (2018) 6152-6160, https://
doi.org/10.1021/ACSAEM.8B01183.

[41] A. Rodriguez-Palomo, E. Céspedes, D. Herndndez-Pinilla, C. Prieto, High-temperature air-stable solar selective coating based on MoSi,-Si;N, composite, Sol.
Energy Mater. Sol. Cells 174 (2018) 50-55, https://doi.org/10.1016/J.SOLMAT.2017.08.021.

[42] S. Yang, J. Wang, P.D. Lund, C. Jiang, B. Huang, Design and performance evaluation of a high-temperature cavity receiver for a 2-stage dish concentrator, Sol.
Energy 174 (2018) 1126-1132, https://doi.org/10.1016/J.SOLENER.2018.10.021.

[43] H. Xu, C. Xu, S. Li, Z. Zhang, Y. Liu, T. Xin, Y. Yang, A beam-down solar concentrator with a fixed focus — design and performance analysis, Sol. Energy 241
(2022) 428-436, https://doi.org/10.1016/J.SOLENER.2022.06.017.

[44] S. Yang, J. Wang, P.D. Lund, Optical design of a novel two-stage dish applied to thermochemical water/CO, splitting with the concept of rotary secondary mirror,
Energies 13 (14) (2020) 3553, https://doi.org/10.3390/EN13143553.

17


http://refhub.elsevier.com/S2405-8440(24)15412-6/bib81E3EAF6113BBE6DD1375BE8623461CFs1
https://doi.org/10.1016/j.solmat.2015.10.030
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib81E3EAF6113BBE6DD1375BE8623461CFs1
https://pypi.python.org/pypi/tmm
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib7B43D2429F35FF32F3AF226097CE85EBs1
https://doi.org/10.1038/s41597-023-02898-2
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib2927B8884DA0148B4F351CD9E2A46EB7s1
http://rredc.nrel.gov/solar/spectra/am1.5/astmg173/astmg173.html
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibBC09365A5B595844B2FB72FC97CB7AE7s1
https://doi.org/10.1364/JOSA.55.001205
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibDCEA00018F0F3224D1D50B547971360Cs1
https://doi.org/10.1364/JOSA.55.001205
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibDCEA00018F0F3224D1D50B547971360Cs1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib48151FDDAC81D2F29A55F903D0CAFCBFs1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib48151FDDAC81D2F29A55F903D0CAFCBFs1
https://doi.org/10.1002/ADOM.201600250
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib48151FDDAC81D2F29A55F903D0CAFCBFs1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib37E17A4E5C860DD54FB289FB94EF0DF9s1
https://doi.org/10.1364/AO.37.005271
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib37E17A4E5C860DD54FB289FB94EF0DF9s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib3A218883CE7DCEBE53A2E12E92F698D3s1
https://doi.org/10.1021/ACSAEM.8B01183
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib3A218883CE7DCEBE53A2E12E92F698D3s1
https://doi.org/10.1021/ACSAEM.8B01183
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib3A218883CE7DCEBE53A2E12E92F698D3s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibE21B7B218480A1A3C98E93CF560F554Es1
https://doi.org/10.1016/J.SOLMAT.2017.08.021
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibE21B7B218480A1A3C98E93CF560F554Es1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibBFFD3E540D255B404774C458F387D994s1
https://doi.org/10.1016/J.SOLENER.2018.10.021
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibBFFD3E540D255B404774C458F387D994s1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib1C33FCA23B8D848804B951F19AE0B7CEs1
https://doi.org/10.1016/J.SOLENER.2022.06.017
http://refhub.elsevier.com/S2405-8440(24)15412-6/bib1C33FCA23B8D848804B951F19AE0B7CEs1
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibDDC3FFFA727FC978212294A7346E62CAs1
https://doi.org/10.3390/EN13143553
http://refhub.elsevier.com/S2405-8440(24)15412-6/bibDDC3FFFA727FC978212294A7346E62CAs1

	Design and optical optimization of a 45 kW beam-down solar-thermal concentrator
	1 Introduction
	2 Geometrical design of the Cassegrainian concentrator
	2.1 Structural model
	2.2 Optical model
	2.2.1 Mirror
	2.2.2 Absorber


	3 Methods and results
	3.1 Optical efficiency
	3.2 Power balance
	3.3 Tracking error
	3.4 Radiation distribution on the receiver
	3.5 Comparative discussion of other beam-down dish systems

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Error in optical efficiency as a function of emitted rays
	Data availability
	References


