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Abstract. Beam-down solar towers are presented as an alternative to conventional solar 
towers that allow modular design, easily adaptable to industrial environments. Secondary 
reflectors are a key component in this type of configuration, due to the high concentration of 
radiation received from the solar field. The results of a technical and economic study of new 
secondary reflectors, based on a polished stainless-steel substrate with silver PVD coating 
and a system of protective layers, are presented and compared with aluminum reflectors, 
currently used in such configurations. For this, twelve different designs, grouped in three cases 
are simulated using ray tracing and finite elements. The results show that the steel reflectors 
reach lower temperatures compared to aluminum reflectors, allowing for greater durability. 
Additionally, the optical efficiency of the plant was determined, and it was estimated that steel 
reflectors can reduce the LCOH of the plant by approximately 3.5%. 
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1. Introduction

Concentrating beam-down solar towers (BDST) have several advantages over state-of-the-art 
solar towers, especially the ground-based receiver. Its possible integration with the thermal 
storage is regarded as a promising simplification for the integration in industrial processes or 
modular power plants. Heliostats concentrate the sun to the receiver via a secondary reflector, 
installed at elevated position. The reflectance, shape and durability of the secondary reflector 
play a major role for the efficiency of the beam-down power plant, while increased 
concentration and lightweight design are challenging conditions for the component. In existing 
systems, aluminum reflectors are used, which have a solar-weighted specular reflectance of 
about 90%. The aluminum limits the reflectance as well as the operating temperatures to below 
473 K. In the SOLBEADO project [1], polished steel with silver physical-vapor-deposition 
(PVD) coated reflectors are in development to improve both aspects: on one hand, an increase 
in reflectance to at least 93%, and on the other hand, durability at higher operating 
temperatures. 

The purpose of this publication is to demonstrate the positive technical and economic 
impact of the implementation of steel reflectors by using Finite Element Analysis (FEA) and 
ray tracing simulations. For this, calculations of the solar flux density on the secondary 
reflectors, of the resulting temperature profile on its surface, of the deformation caused by 
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temperature changes and by gravity, of its impact on the optical efficiency and of the Levelized 
Cost of Heat (LCOH) for six different reflector designs are carried out. 

2. Methodology

To calculate the LCOH of the BDST (Fig. 1), the first step is to calculate the maximum incident 
solar flux on the surface of the secondary reflectors via a ray tracing simulation using the in-
house Fraunhofer ISE tool Raytrace3D [2]. Concentration maps on the secondary reflectors 
are derived for several sun positions at a given location. The maximum concentration is used 
as input to FEA, allowing to determine the deformation of twelve secondary reflector designs 
due to temperature and gravity. Subsequently, the local slope deviations of the reflector 
surfaces are calculated and imported back into Raytrace3D to compute the impact of the 
gravitational and thermal deformation on the optical efficiency of the BDST plant. Finally, a 
techno-economic analysis is carried out considering the manufacturing cost of the secondary 
reflectors and the calculation of the optical efficiency of the plant, allowing to obtain the LCOH 
of the different designs used. 

Figure 1. Methodology for the techno-economical assessment using ray tracing and FEA simulations. 

2.1. Ray tracing 

The Fraunhofer ISE in-house simulation tool Raytrace3D [2] is a ray tracing engine based on 
the Monte-Carlo method, which allows the analysis of energy transmission within concentrating 
collector systems. Raytrace3D is a flexible program containing different modules for 
geometrical modeling, which considers several optical loss mechanisms as tracking errors, 
atmospheric attenuation, shading, spillage and reflector surface errors. 

The model scene in Raytrace3D consists of a solar field of approximately 12000 m2, a 
tower of 33 m meters high, which holds a secondary reflector area of 1580 m2, and optically 
relevant structural elements. The reflectance of the heliostats is 92.2%, while the reflectance 
of the stainless-steel secondary reflectors is 93% and that of the aluminum reflectors is 90%. 
The circular receiver has an aperture width of 2.2 m. The sun is described with the 
Buie/Neumann model. In Fig. 2, the ray tracing scene is depicted. The simulation is run for 100 
representative solar zenith/azimuth combinations to find the largest concentration value on the 
secondary reflectors that occurs during operation. 

Figure 2. Beam Down Solar Tower scene in Raytrace3D. 

For the first step, the ray tracing simulations are adapted to represent the extreme case 
regarding concentration on the secondary (clean heliostats with zero mirror errors, low 

FEA Simulat ions Opt ical eff iciency Economic
assessmentRaytracing Slope deviat ion Raytracing
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circumsolar radiation, no atmospheric attenuation). A concentration map of the surface of the 
secondary reflector array is obtained for the different solar angles. The maximum value is used 
as an input of the FEA Simulations. From these, the deformation and the local slope deviations 
are computed. 

Once the finite element simulations have been carried out, a second ray tracing simulation 
is performed, this time with realistic (instead of extreme case) parameters including the local 
slope deviations in the secondary reflectors. The scene of the ray tracing simulations is 
identical to the one mentioned above, only that in this second simulation, when the rays interact 
with the secondary reflector surface, the ideal surface normal is replaced by the local normal 
defined by the slopes coming from the FEA simulations. This allows to account for the optical 
losses of the secondary reflectors due to gravity and thermal deformation. The loss or increase 
in optical efficiency will be considered for each design model in the economical assessment. 

2.2. FEA Analysis 

Secondary reflectors can be attached to the tower using different fixation supports. The optimal 
support structure to suspend the secondary reflectors on the tower minimizes the reflectors 
slope deviation, which is occurring due to gravity, wind loads and deformation due to 
temperature gradients. Twelve designs for the secondary reflectors are analyzed using FEA. 

The new studied stainless-steel secondary reflectors coated with a PVD silver layer of 
thickness >100 nm embedded in barrier and adhesion layers deposited using PVD, plasma-
enhanced chemical vapor deposition (PE-CVD) and/or plasma-enhanced atomic layer 
deposition PE-ALD. Silver-coated secondary reflectors have a solar-weighted reflectance of 
92 to 96%. For this study, a reflectance of 93% is assumed. The state-of-the-art reflectors are 
made of aluminum including a reflective layer, which have a reflectance of 90%. For 
simulations, the dimensions of the square secondary reflector panels are 0.85 x 0.85 m2 and 
thickness of 2 mm and 3 mm.  

In total, three design cases are studied, each of them with 2 mm and 3 mm reflector 
thickness: 

 Case 1: Five welded brackets: In case 1, the supports used are 2mm thick steel bend
plates with a height of 150 mm and a width of 60 mm. The supports are welded on the
top surface of the reflector (Fig.3A).

 Case 2: Four supports: In case 2, the reflector is cut at the center of each edge with
a length of 15mm and is bent above to attach the steel bend plate support. The steel
bend plate support dimensions used in this case have a height of 0.15 m, a width of 15
mm, and a thickness of 1 mm (Fig. 3B).

 Case 3: Four support at edges and one central bracket: Case 3 is similar to case
2, but one support is welded at the center of the reflector (Fig. 3C).

A) B) C) 

Figure 3. Possible designs of the suspension structure of the secondary mirror. A) Case 1, B) Case 2, 
C) Case 3.

The material properties are presented in Table 1. 
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Table 1. Physical properties of stainless steel and aluminum. 

Properties Stainless-steel Aluminum Unit 
Density 8000 2700 Kg/m3 

Specific heat capacity 460 900 J/Kg K 
Thermal conductivity 16.2 238 W/m K 
Thermal Expansion 

Coefficient 
17.2 x 10-6 23 x 10-6 1/K 

Young’s Modulus 192 x 109 70 x 109 [Pa] 
Poisson’s ratio 0.265 0.33 - 

Emissivity 0.44 0.11 - 

The boundary conditions of the study are: 

 Gravity: Including all the elements of the reflector.
 No displacement: At the end of the welded brackets and supports.
 Incoming solar radiation: Maximum concentration obtained from the ray tracing

simulations and applied over the surface of the reflector. The concentration is multiplied
by the DNI (1000 W/m2) and by the absorptance of the reflector (7% for the silver coated
stainless-steel and 10% for aluminum).

 Convective heat losses: Only natural convection was assumed for all surfaces of the
reflector, including the supports and brackets. This is the “worst-case” scenario, as the
maximum reflector temperature occurs when there is no wind.

 Radiative heat losses: Applied in all the surfaces. The thermal emissivity is set to 12%
for the aluminum reflector and 2% for the silver coated stainless-steel reflector. This is
due to the reflective coating of the surfaces.

The results of the FEA simulations are used as an input for the next ray tracing simulations. 
Specifically, the local slope deviations are exported from the surface of the reflector, so that 
the surface normal can be locally modified, and therefore, the deformations of the reflector are 
considered in the ray tracing, impacting directly the optical efficiency of the system. 

2.3. Economic assessment 

For the economic analysis, estimated values for the investment cost of the solar field, tower 
structure, secondary reflectors, receiver, as well as operation and maintenance costs are used. 

The LCOH is calculated with equation (1): 

𝐿𝐶𝑂𝐻 =
𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋 ∙ LVF −

𝑆𝑎𝑙𝑣𝑎𝑔𝑒
(1 + 𝑟)𝑖

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ∙
(1 + 𝑟)𝑖 − 1
(𝑟(1 + 𝑡)𝑖)

(1) 

Where the CAPEX is the investment cost of the solar field, storage unit, solar tower 
including the secondaries and receiver, the OPEX are the operational expenditures, the 
salvage is the value of the assets at the end of the project lifetime and the production is the 
annual heat produced. The discount rate and project lifetime are r and i respectively. 

For each case studied, the heliostat field, receiver, solar tower, and thermal storage costs 
remain equal. The only parameters that vary are the costs of the secondaries and the optical 
efficiency of the plant for every different secondary case.  
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3. Results and discussion

3.1 Concentration 

Fig. 4 shows the concentration map of the secondary reflectors for the cases of zenith angle 
21.6° and azimuth angle 110.8°. Each trapezoid represents one of the six segments of the 
secondary reflectors divided into the azimuthal sectors 0°, 60°, 120°, 180°, 240° and 300°.  

For this specific solar position, the maximum concentration on the surface of the 
secondary reflectors is obtained, reaching 19.5 suns in the 120° segment. The maximum 
average concentration, however, is found in the 300° segment, reaching 6.6 suns. 

Figure 4. Concentration map of secondary reflectors at zenith angle 21.6° and azimuth angle 110.8° 
sun position. From left to right the 6 segments of the secondary reflectors: 300°, 240°, 180°, 120°, 60° 

and 0° azimuth. 

3.2 Temperature on the surface 

The maximum concentration used to determine the maximum temperature the reflector can 
reach is 25 suns, more than the maximum value found of 19.5. This is considered an additional 
safety factor, as the concentration may increase due to improperly calibrated heliostats or 
overlaps for short periods of time due to heliostat movement. 

The temperature profile of 6 design cases (2 mm thickness) are presented in Fig. 5. The 
largest temperature of 466 K is reached by the aluminum reflector case 2, being close to the 
maximum stability temperature of the reflector (473 K). The steel reflectors present lower 
maximum temperature (405 K for case 2) on the surface of the reflector, mainly due to the 
higher reflectance and emissivity. This allows potentially to increase the concentration on the 
secondary reflectors, and therefore a larger solar field is possible to be installed. In addition, 
they also show a larger temperature difference ranging from 28 K to 31 K, while the aluminum 
reflectors range from 12 K to 14 K, due to the better heat conduction.  
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A B C K

D E F K 
Figure 5. Temperature profile in Kelvin of one secondary reflector facet simulated at 25 suns. A) Case 

1, 2 mm thickness stainless steel; B) Case 2, 2 mm thickness stainless steel; C) Case 3, 2 mm 
thickness stainless steel; D) Case 1, 2 mm thickness aluminum; E) Case 2, 2 mm thickness aluminum; 

F) Case 3, 2 mm thickness aluminum.

3.3. Slope deviation X direction 

Temperature and gravity cause deformation on the surface of the secondary reflectors. Their 
effect can be seen in Fig. 6, which shows the local slope deviation in x direction (sdx) in mrad 
(the case in Y direction is analogous). The design of case 1 has the lowest sdx due to its 5 
points of fixation of the structure. Case 2 has the highest sdx because there is no fixation at 
the center of the reflector, and therefore gravity increases the deformation at the surface. Case 
3 has deformations at an intermediate point between case 1 and 2.  

A B C 

mrad

D E F 
Figure 6. Local slope deviation in mrad of a secondary reflector facet simulated at 10 suns and gravity 
load. A) Case 1; 3mm thickness stainless steel. B) Case 2; 3mm thickness stainless steel. C) Case 3; 

3mm thickness stainless steel. D) Case 1; 3mm thickness aluminum. E) Case 2; 3mm thickness 
aluminum. F) Case 3; 3mm thickness aluminum. 

In Table 3, the Root Mean Square values of the local deviations of the slope in x direction 
(SDx) are presented. Case 1 presents low values of up to 0.56 mrad, while the case 2 reflector 
(2 mm thick stainless steel) slightly exceeds 4 mrad. Case 3 has intermediate values between 
0.9 and 2 mrad approximately. 
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Table 2. RMS of local slope deviation in x direction in mrad for every design reflector case. 

Case Steel RMS X (mrad) Aluminum RMS X (mrad) 
Case1 2mm 0.54 0.56 
Case1 3mm 0.27 0.22 
Case2 2mm 4.03 3.61 
Case2 3mm 1.86 1.62 
Case3 2mm 2.04 1.99 
Case3 3mm 0.9 0.89 

3.4 Optical efficiency 

After calculating the local slope deviations, the ray tracing is used to estimate the optical 
efficiency of the secondary reflectors. The results are shown in Fig. 7. The reflectors with a 
thickness of 3 mm have a higher or equal optical efficiency than the 2 mm reflectors due to 
their lower deformation, and consequently lower SDx. In case 1 of stainless steel for 2 and 3 
mm the efficiencies are almost equal due to their low SDx. BDST using aluminum reflectors 
have in all cases lower optical efficiency than stainless steel reflectors, mainly due to the 3% 
increase in reflectance of the stainless-steel reflectors. For both, the stainless-steel and 
aluminum, case 1 has the highest efficiency, while case 2 has the lowest efficiency. 

Figure 7. Optical efficiency for the stainless-steel and aluminum reflectors. 

3.5 Economical assessment 

Fig. 8 presents a relative comparison between the LCOH of the aluminum and steel secondary 
reflector cases. A negative value means that the steel has a lower LCOH than the aluminum 
reflectors case, while a positive value means that the aluminum case has lower LCOH than 
the steel case. From this figure, all the investigated cases have a lower LCOH for the steel 
reflectors, reaching a maximum decrease of -3.5 % in case 1 for 2 mm reflector thickness and 
a lowest decrease of -2.9 % in case 2 for 2 mm reflector thickness. The average reduction of 
LCOH when using stainless-steel reflectors compared to aluminum reflectors is 3.2 % for 2 
mm thickness reflectors and 3.1 % for 3 mm thickness reflectors. 
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Figure 8. Levelized Cost of Heat comparison between aluminum and stainless-steel reflectors. A 
negative value represents a lower LCOH for the stainless-steel reflectors. 

4. Conclusions

A technical study of 12 types of secondary reflectors of a beam-down solar tower was carried 
out. For this, the solar concentration on the surface of the reflectors was determined, obtaining 
a maximum of 19.5 suns. Additionally, it was established that the maximum temperature that 
the stainless-steel reflectors can reach is 405 K, which is 61 K lower than the aluminum 
reflectors. This implies that the solar field can be enlarged if the steel reflectors are used. The 
impact of temperature gradients and gravity on the deformation of the reflectors was also 
determined. Case 1 presented maximum SDx values of 0.56 mrad, case 2: 4.03 mrad and 
case 3: 2.04 mrad. With the local slope deviation maps, the optical efficiency of the plant was 
calculated, reaching a maximum of 46%. Finally, an economic analysis was performed, 
establishing that stainless-steel reflectors can reduce the LCOH up to 3.5% compared to 
aluminum reflectors. 
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