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Contents of this Deliverable 

This Deliverable report deals with the activities carried out within INSHIP Task 4.4 – “High-

concentration optics for high-temperature solar reactors” of INSHIP project. The focus was 

on conceptual design of medium-to large-scale implementation of high concentration 

solar optics for selected high-temperature reactor designs of: a) metallurgical processes; b) 

lime processing from limestone; c) fuels production from H2O and CO2 via redox cycles or 

from agricultural waste via gasification. 

Four Research Activities (RA) were established to fulfill the goals of the Task 4.4: 

1. Solar dish systems: spherical and non‐imaging optics to provide concentration ratios 

> 1000 suns (RA4.4.1; Lead: FBK; Participation: ETHZ, UEVORA) 

2. Solar tower systems: non‐imaging optics to provide concentration ratios > 1000 suns 

(RA4.4.2; Lead: UEVORA; Participation: FISE, CYI) 

3. Solar tower systems: Computer tools for the analysis, design, and optimization of the 

LCC subsystem and experimental validation (RA4.4.3; Lead: CYI; Participation: FISE) 

4. Development of a concentrator system providing a vertical beam for solar chemical 

reactors without need of active cooling (RA4.4.4; Lead: CIEMAT) 

Throughout the project’s lifetime, there was an intense cooperation between the 

partners and a clear intention for cross-cutting activities between Task 4.4 and the other 

Tasks of WP4 – devoted to the solar chemical processes, development of solar reactors, 

thermal storage solutions and techno-economic analyses (results of which have been 

reported in other WP4 Deliverables, namely D4.1, D4.2, D4.3 and D4.5). In this sense, 

results of such collaborations are presented in this Deliverable, wherever applicable, in 

particular the development/adaptation of optical layout of a heliostat field for the 

specific high‐temperature thermochemical processes. The RAs from other INSHIP Tasks 

with which cross-cutting activities were accomplished are: 

• RA 4.1.1: Solar hybridization of Zn, Al, Mg, Cu and Sn production (Lead: METU; 

Part.: INTEC, ETHZ, METU, UEVORA) 

• RA 4.2.2: Solar hybridization for cement production (Lead: METU; Part.: 

UEVORA) 

• RA 4.2.3: Fluidized bed thermal storage for solar lime integration (Lead: METU) 

• RA 4.2.4: Study of thermal performance of a solar receiver at different 

operational conditions (Lead: CIEMAT; Part.: UEVORA, CYI) 

• RA 433: Development of a volumetric air receiver for the solar thermochemical 

H2O/CO2-splitting redox cycle,  coupled to a TES for 24/7 operation (Lead: 

ETHZ & FBK; Part.: FISE, UEVORA, CYI, IMDEA) 
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1. Solar dish systems: spherical and non‐imaging optics to provide 

concentration ratios >1000 suns 

1.1. Optical performance of FBK’s Contest parabolic dish 

This section has been prepared by the Fondazione Bruno Kessler (FBK), Italy based on its work under 

INSHIP Task 4.4 (“High-concentration optics for high-temperature solar reactors”). 

Solar dish systems are one of the technological solutions to concentrate solar rays on a 

target with a high concentration ratio [1]. In this section and in the Section 1.2, we will 

describe the performance of the parabolic dish realized by FBK, hereafter called “Contest” 

parabolic dish. The Contest parabolic dish is mainly composed of a support structure fixed 

to the ground, which includes two kinematic joints allowing elevation and azimuth 

movements where the mirrors are hung. The structure parts, realized by laser cutting, and 

the mirror joint regulation permit to have a rigid and precise structure. Six metallic beams 

are connected to the dish perimeter to support the Stirling engine frame. Two single turn 

encoders are connected in the two slewing bearings as feedback position measurements 

with 16 bits resolution each. Both axes are moved using a brushless motor with respect 1.57 

kW for the azimuth and 2.89 kW for the elevation [2]. To equilibrate the structure, two 

counterweights are filled with concrete and fixed opposite the dish, Figure 1. The design of 

the geometrical shape of the reflector was created with the aim of cost reduction, 

especially in the realization of the mirrors, whose high costs are due to the glass molds 

fabrication. For this reason, a spherical shape was chosen; a viable solution for having 

mirrors not constrained with respect to a radial direction orientation. This permits to fill empty 

spaces on the dish surface better, by having only two kinds of mirrors instead of three. The 

overall dish has a diameter of 8.6 m and is covered by two differently shaped mirrors, in the 

central part and in the peripheral ring, Figure 1. The spherical part, located in the central 

zone of the dish, is filled with 30 hexagonal mirrors, the best candidate for filling the circular 

area. The spherical curvature is 9.293 m and represents the dish profile from 0 to 2.850 m in 

radius. The external parabolic reflector is built with 32 mirrors shaped as an annulus sector 

and covers the rest of the dish from 2.850 m to 4.305 m in radius [2]. They are built following 

a parabolic profile in the radial dish direction and circular shape on the tangential one. The 

mirrors have a thickness of 0.004 m and are made by glass tempered on the surface. The 

production method starts from a plane glass formed as the envelope of the final one, 

heated up to 800°C then shaped by a pressing of two molds and finally quickly cold down 

by a high air flux on the glass surfaces. They are rigid enough to be self-supporting in all the 

dish zenith positions. Both the hexagonal and the annulus sector-shaped mirrors are 

supported with six plastic swabs located in the corners for the hexagonal ones and along 

the radial sides of the others.  
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Figure 1: Lateral  view of the solar dish and frontal view 

Each swab locks the mirror and the adjacent one and can move slightly for an eventual 

need of position correction. A spherical profile has the advantage that the mirrors are not 

constrained in having a fixed orientation with the radial direction of the dish, being the same 

curvature for all of the mirror tangential vectors. This permits each spherical mirror to rotate 

with respect to its main symmetry axis without changing the dish’s profile surface. Thanks to 

this, it is easy to fill the dish better, arranging all the mirrors and minimizing the space. This 

aspect brings the necessity to optimize the filling ratio. The dependent parameters are the 

mirror shape, mirrors arrangement and the main dimension of the mirror. Using SolidWorks, 

the filling of the central part of the dish has been optimized. The implemented feature “Fill 

Patterns” fills the defined region with a pattern of features or a predefined cut shape. Three 

case studies have been considered, and the best compromise has been found with a filling 

ratio of 81.8 %.  
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Figure 2: Irradiance contour map for a circular target of 10cm radius located at 4.5m from the 

centre of the solar dish (right) 

The final choice also allows free space for sensors. The locations of the unused space are 

concentrated in six defined sectors. In one of them, a digital industrial sun sensor has been 

installed for solar tracking - model ISST5 from the company SOLAR-MEMS. The reflector profile 

needs to take into account the amount of radiative power used to introduce in the cavity 

of the target flux distribution and hot spots. Considering the efficiency enhancement of the 

solar system as the primary purpose, an optical coupling analysis was conducted between 

the FBK solar dish and the optical target (now Stirling engine and in the future a hierarchical 

volumetric receiver, HVR). In the following section, an assessment of the Parabolic dish as a 

concentrated source is illustrated (RA 4.4.1). Then the optical performances of an upscaled 

version of the HVR were analyzed, as reported in Prattico et al. [1]. In this part, we 

considered the optical study on FBK solar dish and the receiver. The whole study employed 

the open-source software Tonatiuh [3] to perform ray-tracing Monte-Carlo simulations. As 

parameters of the mirrors, we set 85% of reflectivity and a specular error of 4 mrad. Figure 2 

shows the irradiance map of the target zone of CONTEST parabolic dish. The chosen target, 

which has a circular shape with 0.2m diameter, is described as a map with the x, y axes with 

a dimension of 200mm x 200mm. The colour map reports the irradiance flux measured in 

W/mm2, the range of the flux between 0.1 to 2.5 W/mm2.  The maximum intensity is located 

in the centre of the map with 2.3W/mm2; the minimum is localized in the external annulus. 

In Figure 2, the distribution of the incidence angle of photons hitting a circular target is 

shown. The angle is calculated with respect to the normal axis of the evaluated target. The 

target has 15cm radius and is located at 4,5m form the dish centre. The range of incident 
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angle is from 0 to 60.4°. In Figure 3, the ordinate axis reports the number of photons with a 

range of 0 to 12*105 versus the incident angle of the photons on the target. The distribution 

is continuously growing until the 50.6°. Where the maximum is located. The average value 

of the incidence angle is 39.8°, with a standard deviation of 3.1°. The concentrated 

radiative source has aperture mid-angle of about 60°, and more than 77% of the photons 

hitting the target has incidence angle greater than 30°. As a consequence of this radiative 

source, we remark the importance of a proper evaluation of the radiation evolution 

throughout the non-solid lateral surfaces inside receiver geometry.  

 

Figure 3: Incidence angle of photons hitting a circular target measured from the normal axis of the 

target 

1.2. Optical coupling of hierarchical volumetric receiver (HVR) and Contest 

solar dish 

The work reported in this section was jointly carried out by FBK, the University of Evora and the Cyprus 

Institute as a cross-cutting activity between Task 4.3 (“Solar fuel production for the transportation 

sector”) and Task 4.4 (“High-concentration optics for high-temperature solar reactors”). 

A viable solution for the production of sustainable fuels is through thermochemical 

reactions. The high temperature enables the endothermic reactions that are able to 

produce CO, H2, CH4 [4][5]. An example of these thermo-chemical reactions is the 

production of liquid hydro-carbons fuel from H2O or CO via the pyrolysis and gasification of 

biomass [6][7,8]. For instance biomass – fuel conversion and utilization using gasification has 

been regarded as one of the most promising solutions to deal with the increasing energy 

demand from the growing population and the climate change caused by the excessive 

consumption of fossil fuels[9]. Thermochemical conversion of wood via gasification is an 

attractive process to produce syngas (a mixture of hydrogen and carbon monoxide), which 
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is a key chemical feedstock for the production of liquid hydrocarbons and oxygenates. 

However, gasification, pyrolysis and the production of liquid hydro-carbons fuel from H2O or 

CO requires heat at high temperature (>600 °C). A possible renewable source capable of 

feeding a thermochemical reactor is solar thermal energy. Figure 4 reports the scheme of 

the possible applications of the solar heat provided by the parabolic dish.  

 

Figure 4: Simplified diagram of the solar dish coupled with HVR and thermochemical reactor 

 

The thermochemical reactor can produce, as main product, solar fuel and for specific 

processes such as pyrolysis, byproducts such as graphite that can be valorized in the 

market. To provide heat at high temperature, an optical system composed by the solar 

concentrator with concentration ratio >1000 suns and a receiver is necessary. To obtain a 

good efficiency, it is very important that each component of the optical system and the 

optical coupling between the concentrator and the receiver is intensively studied and 

optimized. In the following paragraphs, we report the direct coupling of solar dish reported 

in RA 4.4.1 with the metallic solar receiver described in RA 4.4.3. The metallic solar volumetric 

receiver consists of radiative-convective heat exchangers in which porous interlocking 

structures are arranged to fill a volume. Concentrated solar radiation is gradually absorbed 

and conducted into their solid volume, and transferred to a working fluid by forced 



Deliverable Report   

 

D 4.4    GA No. 731287 9 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

convection. The solar receiver is realized using metal Selective Laser Melting (SLM) 

technique that utilizes a laser beam to melt successive layers of powder into a finished part.  

                  

 

Figure 5: Picture of the original  cell of  hierarchical  volumetric receivers (HVR) (left), and drawing of 

upscaled HVR, red line dimension of original  HVR (right)[1] 

 

Direct coupling has been studied by FBK, while for the secondary optics FBK provided the 

technical information of the parabolic dish and volumetric receiver to the University of Evora 

and the Cyprus Institute to develop a dedicated secondary optics.  

The HVR optical analysis has been conducted on the upscaled version of the original cell of  

HVR, Figure 5.  The design of HVR upscaling has been tailored to the focus area of Contest 

solar dish (upscaled HVR diameter 9cm). This absorber is simulated in Monte-Carlo ray-

tracing (MCRT) simulations. The simulation results of this upscaled cup have higher accuracy 

in representing the real behaviour of the radiation evolution that happens inside the HVR 

geometry. Indeed, in this analysis, several cells are simulated; thus it is possible to evaluate 

the radiation evolution through non-solid lateral surfaces of HVR elementary cells. It has to 

be noted that this lateral radiation evolution has great importance in the radiation 

propagation in the whole receiver. This importance is due to the capability of non-solid 

surfaces to spread the concentrated radiation. A correct radiation flux spreading through 

the lateral surface is crucial to avoid fluxes that are unbearable for the absorber structure. 

However, for this wide structure, the computational effort is high, including geometry 

generation, simulation and post-processing. Where the whole needs more than two days to 

be completed. The MCRT simulations use a geometrical configuration that consists of: a 

solar source, an optical concentrator, hierarchical receiver and auxiliary planes as reported 

in Figure 6. The solar source, represented in Figure 6(a) by a black box, produces up to 108 

photons with a pillbox sun-shape. The source has an equivalent solar DNI of 0.001 W/mm2 

and the circumsolar ratio of 4.65 mrad. The solar dish behaviour and characteristics are the 

same as explained in preceding sections. 
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Figure 6: MCRT simulation geometrical configuration, (a) Overall configuration: Contest Project solar 

dish (bottom), HVR receiver geometry (center) and Solar source (top). (b) Particulars of the 

configuration: lateral auxiliary plane (blue), receiver geometry (grey), auxiliary section 

planes(orange) 

Figure 7 shows the relative radiative power evolution inside the HVR receiver. All results are 

weighted to incoming power from the Contest solar dish that is 1.6015∙104 W. This incoming 

radiation evolves in the forward direction from the frontal face to the rear decreasing to less 

than 2% of the incoming power that leaves the HVR rear face. It may be noted that the 

forward power trend has four exponential decays. These decays depend on the different 

HVR layers that the radiative power is hitting on the way to rear face. The exponential decay 

gets slower in the last part of every layer due to the lower presence of the solid body. As 

well as for forward direction, the evolution of backward power is influenced by solid 

geometry. This effect could be observed in the reversed decay of the backward direction 

power, especially from 15 mm to 10 mm where the second layer is absorbing or reflecting 

more than 5% of the total incoming power.  Figure 7 shows, moreover, the relative radiative 

powers evolution along the main axis of the upscaled receiver: radiative power moving in 

forward direction (from front to rear absorber face), backward direction, lateral non-

absorbed power and absorbed power. 
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Figure 7: Relative radiative power evolution along the main axis of Configuration 1: Radiative power 

moving in forward direction (from front to rear absorber face), backward direction, lateral non-

absorbed power and absorbed power. 

The power absorption also shows a trend that is influenced by the presence of solid material. 

On this parameter, it should be noted the importance of the frontal surface of the third layer, 

at 15mm from the frontal surface, that absorbs slightly less than 20% of the incoming power. 

The power spread on lateral non-solid surfaces through the whole absorber is 5.3% of the 

total incident power. Most of this power is dispersed in the first and second layer of absorber 

geometry. Only 0.1% of radiation is spread on the lateral non-solid surface in the absorber 

rear part (third and fourth layer). Therefore, the first part of absorber makes the ongoing flux 

more collimated. At the same time, the percentage of absorbed light in the last layer of 

HVR is between 80-84%. Thanks to the ray-tracing simulations, we estimated the 

performance of the upscaled HVR placed at the focal distance and covering the focal 

area of FBK’s solar dish.  The results show that the HVR with a proper up-scaled structure still 

keeps an excellent optical performance (> 82% of absorbed light). 

  



Deliverable Report   

 

D 4.4    GA No. 731287 12 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

1.3. Non-imaging optics for a parabolic dish system 

1.3.1. CEC secondary mirror design process 

The CEC-type concentrator is one of the most trusted non-imaging optics solutions and very 

similar to the CPC (Compound Parabolic Concentrator). In the present case, CEC is chosen 

because the source that illuminates the receiver is the PD mirror, a finite source placed at a 

finite distance [10,11]. As shown in Figure 8, the PD primary P1P2 is seen as a Lambertian 

source fully illuminating the receiver R1R2 within an acceptance-angle of 2θs (solid angle) 

considering the edge rays r1 and r2 coming from points P1 and P2, respectively. Now, one 

can design the CEC secondary mirror which is composed by the two elliptical arcs e1 and 

e2. The elliptical arc e1 has points R2 and P2 as foci, starting at point R1 and ending at point 

S1 intercepting ray r1. The elliptical arc e2 has points R1 and P1 as foci, starting at point R2 and 

ending at point S2 intercepting ray r2.   

 

Figure 8: Design process of the CEC secondary mirror. The PD primary is considered as a Lambertian 

source fully illuminating the receiver R1R2 within the acceptance-angle 2θs. 

 

The final shape of the concentrator can then be obtained by rotation symmetry. 

1.3.2. TERC mirror design process 

The TERC-type concentrator [12,13] is non-imaging optics obtained through an interactive 

process, thus not having a well-defined analytical solution [10,11].  

The design process is shown in Figure 9. We start by the bottom point P of the PD system. 

From P a solid angle 2θt is establish, which corresponds to the size of the receiver “seen” 

from point P. According to the Edge-Ray Principle, the edge rays coming from the primary 

should be redirected to the edges of the receiver. Hence, ray r1 is redirected to point R1 and 

ray r2 is redirected to point R2 and then reflected to point R1. Notice that point R2 later 

corresponds both one of the edges of the receiver and the first point of the TERC mirror. 

From the path P-R2-R1 is possible to calculate the normal vector n.  
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Now, we can move forward along the primary mirror to another point P0 (here the step 

between points P and P0 is exaggerated for better visualization purposes). The ray r3 is 

redirected to the edge R1 and ray r4, rotated by an angle 2θt, will miss the receiver, and 

must be captured by the TERC mirror. This can be done by intersecting ray r4 with the 

perpendicular vector to n coming from point R2, which corresponds to point T2 and the path 

P0-T2-R1 defines the normal vector n2.  

Mathematically speaking, this process corresponds to solving the differential equation of 

the TERC mirror. This process goes on and until the last point of the primary P2 where ray r5 

goes to point R1 and ray r6 is reflected by the TERC mirror and redirected to point R1. For 

good precision in the shape of the mirror using the method described previously, we need 

to proceed in very small steps along the primary and calculate many points on the TERC 

mirror.  

This does not mean we need to save all those points. We may, for example, calculate 106 

points, but save the position on the TERC only every 104 points. This method will provide us 

with just 100 points on the mirror but calculated with high precision.  

 

 

Figure 9: The TERC mirror design process. 

In theory, the TERC mirror should touch point P2 which would correspond to a match of 

etendue exchanged between the primary and the receiver. However, as it can be seen in 

Fig. 5., this does not happen, and it is mainly related to the geometry of the system provided. 

Furthermore, the process described above considered that all the red rays are redirected 

to point R1, i.e., the primary is a parabola tilted by an angle 𝜋 2⁄ + 𝜃𝑡 and with foci at R1.  
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This is, of course, an approximation and will lead to imprecisions. Such approximations are 

common when the main dimensions and geometry of the system are already established, 

which is the present case.  

Despite this, in practice the full TERC mirror is never used as this would fully shade the PD 

primary. In this work a truncation point was chosen in a way that receiver and TERC 

corresponds to 6% of the total width of the PD mirror.  

The final geometry can be again obtained by rotation symmetry. 

1.3.3. Trumpet mirror design process 

The Trumpet mirror is another non-imaging optic solution, based on the flow-lines or Winston-

Welford design method [10,11]. The design process is rather simple, and it is shown in Figure 

10. Since the receiver is a flat Lambertian source, the flow-lines coming from it are 

hyperbolas which can be used as mirrors. In fact, according to the Winston-Welford design 

method, if an optical element is placed along a flow-line it will not change the radiative 

field and, additionally, the etendue is proven to be conserved between two consecutive 

flow-lines [11]. Hyperbola hP1 has foci points R2 and R1 and passes through point P1 and 

hyperbola hP2 has foci points R1 and R2 and passes through point P2.  

 

Figure 10: The Trumpet mirror design process. 

 

As can been seen, both hyperbolas do not touch points R1 and R2 which reduces the size of 

the receiver “seen” from the PD primary. This optic must also be truncated to be useful. A 

truncation point was chosen such that Trumpet + receiver cover 6% of the PD primary mirror. 
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1.3.4. Simulation analysis 

1.3.4.1. Optical performance 

The four configurations were tested to assess their optical performance using the raytracing 

software Tonatiuh. This optical performance focused on three main parameters: 

1. The Concentration-Acceptance Product (CAP). 

2. The optical efficiency at normal incidence (ηopt0) 

3. Irradiance map of the receiver.  

CAP is defined as 𝐶𝐴𝑃 = √𝐶𝑔  sin 𝜃 being Cg the geometric concentration of the system and 

θ the half-acceptance angle of the concentrator and in the limit case CAP = 1 (maximum 

theoretical concentration) [10]. 

Cg It is defined here as the ratio between the mean irradiance on the receiver (W/m2) and 

the irradiance of a uniform source which fully illuminates the concentrator (sunlight 

irradiance). This definition is strictly related with the ray tracing approach used in Tonatiuh, 

in which C was calculated by creating a uniform source of rays with a well-defined 

irradiance value and calculating the mean irradiance on the receiver. In this specific 

calculation, the material properties of all optical elements should be ideal, i.e., the optical 

losses of the concentrator are only due to geometry and not to optical characteristics such 

as reflectivity or absorption. In this way, only the geometry of the system comes into play 

and one can calculate how many times (X) the mean irradiance on the receiver is higher 

than the irradiance of the uniform source. 

θ is the half-acceptance angle of the concentrator, the effective acceptance angle of the 

optic, defined for practical purposes as the off-axis incidence angle for which the 

concentrator collects 90% of its on-axis power. Such definition is usually used for non-ideal 

optical devices, in which the transmission-acceptance curve has not the ideal pillbox 

shape. In the ray tracing approach used, θ is calculated creating a uniform source of rays 

and determining the incidence angles of sunlight for which the concentrator collects 90% 

of the on-axis power, keeping the primary fixed (no further rotation). 

The optical efficiency, ηopt0 quantifies how much energy is absorbed in the receiver (ER) from 

all the energy incident on the primary mirror (EP) at normal incidence: 𝜂𝑜𝑝𝑡0 = 𝐸𝑝 𝐸𝑅⁄ . 

The Irradiance map shows the light distribution over the receiver, a critical point as in such 

optics hot spots tend to appear which can damage the system and/or difficult the 

operation of the system. 

1.3.4.2. Simulation results 

Table 1 shows the results of the optical analysis for the different configurations studied in this 

work.   

Table 1: Optical performance of the systems. 
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Configuration Cg θ (º)  CAP ηopt0 

PD 1240 0.56 0.35 0.62 

PD + CEC 1336 0.71 0.45 0.58 

PD + TERC 1290 0.61 0.38 0.64 

PD + Trumpet 1169 0.59 0.35 0.62 

 

For this simulation, a mirror with a specular reflectivity of 92% and a coefficient of 0.03 in 

BDRF (Bidirectional reflectance distribution function) component [14] was considered and 

used for all the configurations (PD mirror and non-imaging optics mirrors). The 

receiver/entrance was considered as a perfect absorber to measure the total power that 

hits it. 

1.3.4.3. Conclusions and future work 

Several non-imaging optics configurations for an existing PD system were presented. These 

solutions tend to increase the overall concentration of the system at an eventual loss of 

optical efficiency due to additional shading losses.  

The PD + CEC mirror seems to be the most promising and interesting solution and it is already 

used in other systems such as Linear Fresnel Reflectors. This solution can also induce higher 

concentration of the sunlight around the receiver’s center when compared with the initial 

PD system. In view of these reasons, it seems that such solutions must be considered in future 

works to increase the performance of this PD system. 

Nevertheless, the PD + TERC mirror is also quite interesting and it might have an advantage 

when compared to the CEC mirror: a potential easier and cheaper 

manufacturing/operation process. In fact, the TERC mirrors are nearly flat and, therefore, 

they are potentially easier to manufacture with lower operation/maintenance costs. 

1.4. Optical design and experimental characterization of a solar 

concentrating dish system for fuel production via thermochemical redox 

cycles 

This section has been prepared by the Swiss Federal Institute of Technology (ETH), Zurich, Switzerland 

based on its work under INSHIP Task 4.4 (“High-concentration optics for high-temperature solar 

reactors”). A brief overview of the work is provided here. For details, see Ref.[15] . 

The design, fabrication, and on-sun characterization of a solar dish concentrating system 

for performing the two-step thermochemical redox splitting of H2O and CO2 was performed. 

It comprises a primary sun-tracking 4.4 m-dia. solar dish concentrator coupled to a 

secondary planar rotating reflector. This optical arrangement enables the operation of two 

(or more) solar reactors side-by-side for performing both redox reactions simultaneously by 

alternating the solar input between them while making continuous and uninterrupted use 

of the incoming concentrated sunlight. On-sun characterization of the complete 

concentrating system revealed a peak solar concentration ratio of 5,010 suns and an 

average of 2,710 suns measured over the 30 mm-radius aperture of the solar reactor. A 
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detailed optical analysis reveals measures to increase the optical efficiency and 

concentration ratio. 

 

Figure 11: Schematics and photographs of the solar dish system: a) 3D rendering of the primary two-

axis sun-tracking parabolic dish and secondary rotating flat reflector; b) solar reactors, water-

cooled calorimeter, and Lambertian target. The dashed circle indicates the focal point trajectory 

during rotation of the secondary reflector. 

 

  

Figure 12: Solar concentration ratio distribution measured for: a) the stand-alone primary dish 

concentrator; and b) the complete system including secondary reflector. The white circle indicates 

the 30-mm-radius circular area, which corresponds to the size of the solar reactor’s aperture. 
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Various optical configurations were analyzed for the design of a high-flux solar dish system 

that alternates the focus of concentrated solar radiation between two solar redox reactors. 

The design comprising a two-axis tracking primary parabolic dish coupled to a secondary 

rotating planar reflector was selected for further analysis and subsequently for construction 

because of its good combination of optical performance, simplicity, robustness, and 

manufacturability. The fabricated system was optically characterized by optical 

measurements and verified with a water-cooled calorimeter. For a DNI of 1 kW m-2, it delivers 

a solar radiative power of 7,680 W to the 30-mm radius aperture of the solar reactor with a 

mean and peak solar concentration ratio of 2,710 suns and 5,010 suns, respectively, yielding 

an overall optical efficiency of 59.6%. Detailed optical analyses based on experimentally 

measured and numerically simulated data identify measures to increase the optical 

efficiency to 82%. 
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2. Solar tower systems: non‐imaging optics to provide concentration 

ratios >1000 suns 

This section has been prepared by the University of Evora, Portugal based on its work under INSHIP 

Task 4.4 (“High-concentration optics for high-temperature solar reactors”). 

Outputs of RA 4.4.2 were divided into five Actions, each of which have been described 

here. 

2.1. Survey on existing solar tower systems for selected solar 

metallurgy/lime/fuel production reactors (Action 1) 

Using the tool “Google Forms”, an online survey was created [16].  

The survey was divided in six parts:  

• Institution Data: Data about the institution where the solar tower system is located; 

• Installation Data: General data about the system; 

• Heliostat Field Data: Data about the main characteristics of the heliostat field; 

• Solar Tower Beam Down Data: Specific data for beam down configuration. The user 

should skip this if the current system does not use this approach. 

• Solar Tower Data: Specific data for solar tower configuration. The user should skip this 

if the current system does not use this approach. 

• Materials Data: Data about the materials used in the configuration. 

The installation data results are shown in Table 2 and Table 3 shows the heliostat field data 

results.  
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Table 2: Installation data results. 

Participant 

number 

Installation 

name 

Installed 

thermal 

power 

capacity 

(MW) 

Concentration 

ratio (1sun 

=1kW/m2) 

Estimated 

number of 

hours of 

operation 

per year 

Estimated 

O&M 

costs per 

year (€) 

Typical 

range of 

temperatures 

(º) 

1 CESA-I 7 2500 1500 80 000 - 

120 000€ 

500 - 1000 

1 VHCST 0.250 3000 600 n/a Up to 1500 

3 Jülich Solar 

Tower 

1.5 800 n/a n/a Up to 700 

1 CRS-SSPS 2 1500-2000 1400 190 000 800 - 1400 

4 SANDIA 

BEAM 

DOWN 

3 1600 n/a n/a Up to 1500 

5 PROTEAS 0.15 250 (1500 

peak) 

505 200 000 350 - 550 

6 Particle 

heating 

receiver 

system 

0.3 300 -500 300 n/a Up to 700 

7 MISP Beam-

Down 

Optical 

Experiment 

(BDOE) 

0.1 600 300 n/a Up to 550 

8 Thémis 10 3600 n/a n/a Up to 900 
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Table 3: Heliostat data field results.  

Installation Number of 

heliostats 

Heliostat area 

and 

dimensions 

Typical range 

of curvatures 

(m) 

Total field 

area 

(heliostats + 

spacing) 

(m2) 

Layout 

configuration 

CESA-I 300 39.6m2 (6.2m x 

6.5m) 

90-270 80 000 16 parallel rows 

with different 

lengths 

(pentagonal 

shape) 

VHCST 169 3m2 (1.6 x 1.9) 40-60 990 Diamond 

Jülich Solar 

Tower 

2153 8.2 m2 (n/a)  n/a 170 000 Half-circular  

CRS-SSPS 91 40 m2 (n/a) n/a 10 500 Half-circular 

SANDIA BEAM 

DOWN 

6606 1 m2 (1.07 x 

1.07) 

10-100 13 481 Circular  

PROTEAS 50 5m2 (2.25 x 

2.25) 

25, 33, 45 250 Rectangle 

Particle heating 

receiver system 

66 8.2 m2 40 2500 Rectangle 

MISP Beam-

Down Optical 

Experiment 

(BDOE) 

33 8.5 m2 (n/a) 20-23 1200 Circular  

Thémis 201 54 m2 (n/a) n/a 12 000 Half-circular  

 

As mentioned in the beginning, the main purpose of this survey was to establish a set of 

practical parameters for a future solar tower to be developed within T4.4 of WP4. The goal 

of this future concentrator is to be able to achieve high concentration for specific high‐

temperature thermochemical processes (above 1000ºC). Following a similar analysis for 

the main parameters, and considering that a small-scalable system is desired, one can 

establish the range of values for the future optic to be developed, as shown in Table 4 and 

Table 5.  

Table 4: Non-imaging solar tower range values. 

Concentration Height of 

the tower 

for the 

secondary 

mirror (m) 

Number of 

heliostats 

Curvature 

of the 

heliostats 

Total 

field 

area 

(m2) 

Shape 

of the 

heliostat 

field 

Area of the 

secondary 

mirror (m2) 

Height 

of the 

reactor 

> 1000X < 100 50 - 200 

(targeting 

a small-

scalable 

system) 

Optimized 

by the 

optical 

design 

5000 - 

12 000 

Half-

circular 

or 

circular 

40 - 80 As 

closer 

as 

possible 

to the 

ground 
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Table 5: Non-imaging solar tower range values (continuation).  

Tertiary 

concentrator 

Height of 

the tower 

for the 

secondary 

mirror (m) 

Volume 

of the 

reactor 

(m3) 

Mirror 

reflectivity 

(%) 

Transmissivity 

(%) 

Absorptivity 

(%) 

Yes, a non-

imaging 

optic 

solution.  

< 100 > 2 94 > 90 > 90 

 

2.2. Conceptual design of a solar tower beam-down system and a Solar 

Tower system with a tower-mounted cavity (Action 2) 

This section has been prepared by the University of Evora, Portugal based on its work under INSHIP 

Task 4.4 (“High-concentration optics for high-temperature solar reactors”). 

2.2.1. Introduction 

Solar Tower (ST) concentrators belong to the so-called point-focus or 3D systems. These 

systems have much higher concentration factor than the line-focus or 2D systems such as 

Linear Fresnel Reflectors (LFR) and Parabolic Troughs (PT). In fact, the maximum possible 

concentration for 3D systems is given by [11,17]: 

 𝐶3𝐷  =  
𝑛2

𝑠𝑖𝑛(𝜃)2
 (1) 

 

Where n is the refractive index in which the receiver is immersed and θ is the half-

acceptance angle of the concentrator. Usually n =1 (receiver is immersed in air or vacuum) 

and considering that the angular radius of the sun is θsun = 4.7 mrad [18], the maximum 

concentration for such systems is about 45300X. In practice these systems have a much 

lower concentration factor to be able to accommodate several optical errors such as 

manufacturing tolerances, tracking deviations, etc. 

Non-imaging optics (NIO) is a branch of optics devoted to the development of highly 

efficient optical solutions, achieving in many cases the maximum concentration. However, 

if used only by themselves, these optics are usually constrained to low concentration factors 

(high acceptance-angles) as they tend to be very tall for such cases (low compactness). 

In this sense, one can combine imaging with non-imaging optics, having a good 

compactness and high concentration factors [17].  

The developments within NIO field have mainly been done for line-focus or 2D systems. The 

direct design of 3D optics is much more complex and not surprisingly many developments 

have been done throughout the recent years for such systems. However, since 3D systems 

can be obtained from 2D systems by rotation symmetry, one can take advantage from all 

the development done for line-focusing and apply them to ST concentrators. In this sense, 

a ST concentrator can be seen as a 3D version of an LFR concentrator (like Parabolic Dish 
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concentrators can be seen as 3D version of PT concentrators) and, therefore, many ideas 

can be taken from combination between LFR primaries and NIO secondary mirrors [19–23].  

Another possibility for ST is the use of a Cassegrain or beam-down approach [24–26].  

In such configurations, the light reflected by the heliostats is brought down by a mirror on 

the top of the tower, as schematically shown in Figure 13. This enables the receiver to be on 

the ground (or very close to it) which may facilitate the operation, which can be especially 

important for metallurgy/lime/fuel production reactors. 

 

Figure 13: Schematic representation of Cassegrain or beam-down approach. The light reflected by 

the primary field P1P2 is reflected to a secondary mirror S1S2 and then reflected down to entrance 

of a third optic T1T2 finally reaching the receiver R1R2. 

2.2.2. Concept of Etendue and Etendue-Coupling  

As light travels through an optical system (e.g., a solar concentrator) it requires area and 

angular space (see Figure 14). These two “rooms” define a geometric quantity known as 

etendue. For 2D systems, the etendue U2D is given by [10]: 

 𝑈2𝐷 =  2𝑛𝑎𝑠𝑖𝑛(𝜃) (2) 

 

U2D is the etendue of the radiation crossing the length a immersed in a refractive index n 

within an angle ±θ. For 3D systems the etendue, U3D, is given by [10]: 

 𝑈3𝐷 = 2𝑛2𝑎𝑠𝑖𝑛(𝜃)2 (3) 

 

Where a now is the area of the entrance of the optical system. 
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Figure 14: Etendue of the radiation crossing the length a within a solid angle ±θ. 

In practice, usually n=1 (and it shall be used for all the calculations presented in this work) 

and θ is chosen through Eq. (1) by selecting a desired concentration factor. This quantity 

must remain constant throughout the whole optical system to achieve maximum 

concentration. This is a crucial aspect in solar concentrator as the non-conservation of the 

etendue penalizes the CAP (Concentration-Acceptance Product) of the system. The CAP 

is, for 3D systems, given by: 

 𝐶𝐴𝑃3𝐷  = √ 𝐶𝑔 sin(𝜃) (4) 

 

Where Cg is the geometric concentration of the concentrator. This equation can be 

obtained from Eq. (1) and in the best case CAP3D = 1 (for n=1 as considered in this work) for 

which the concentrator is ideal, achieving the maximum concentration.  

This etendue-coupling process can also be used to establish the proper dimensions of the 

system (aperture entrance, height of the tower, etc.), since there is, for a set of inputs, a 

physical constrain on the system to conserve the etendue.  

Let us consider again the schematic representation of the Cassegrain approach shown in 

Figure 13. The light hits the primary P1P2 and it is reflected towards the secondary S1S2. Then 

the light is reflected towards the tertiary T1T2 and finally collected by the receiver R1R2. The 

inclusion of the tertiary is related to the fact that, without it, the distance between the 

secondary and the receiver (which can be seen as an optical channel) would be very 

large, considerably increasing the size of the first hence increasing the shading losses.  

The first step is to set the proper dimensions of each stage through which the light passes. 

This can be done using an etendue-coupling between all the stages using the Hottel’s string 

method [17]. Note that, although the final configuration is a 3D-optic, the design and 

optimization can be done in 2D since the final solutions can be achieved by rotation 

symmetry. Suppose then the positions of P1P2 are known as well as the half-acceptance 

angle θ. The etendue reaching P1P2, UP1P2, is then given by: 

 𝑈𝑃1𝑃2 = 2[𝐏1, 𝐏2]sin(𝜃) (5) 

 

Where [A,B] is the Euclidean distance between two points A and B.  

This etendue must remain constant throughout all the optical stages to reach maximum 

concentration. Let us consider now that P1P2 is a Lambertian source fully illuminating S1S2, 
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i.e., each point between P1 and P2 fully illuminates the secondary. Consider also that S1S2 

also fully illuminates the tertiary T1T2 and that there are no other optical elements connecting 

both. The etendue exchanged between S1S2 and T1T2, US1S2-T1T2, is given by Hottel’s string 

method: 

 𝑈𝑆1𝑆2−𝑇1𝑇2 = [𝐒1, 𝐓2] + [𝐒2, 𝐓1] − [𝐒1, 𝐓1] − [𝐒2 − 𝐓2] (6) 

In order to conserve the etendue UP1P2 = US1S2-T1T2 and since the system is symmetric with 

respect to the vertical line v, points S2 and T2 are the symmetric of S1 and T1, respectively. To 

get the solution one can, for instance, force a certain height for points S1 and T1 (the ‘y’ 

component) relatively to P1P2 and find the appropriated width (the ‘x’ component) which 

fits the conservation of the etendue. 

A similar process can now be applied to find the dimensions and position of the receiver 

R1R2. Again, consider that the tertiary T1T2 fully illuminates the receiver and that there are no 

optical elements connecting both. The etendue exchanged between T1T2 and R1R2, UT1T2-

R1R2, is given by: 

 𝑈𝑇1𝑇2−𝑅1𝑅2 = [𝐓2, 𝐑1] + [𝐓1, 𝐑2] − [𝐓2, 𝐑2] − [𝐓1, 𝐑1] (7) 

It is of course possible to add more optical stages to reduce the distance between them. 

This has the advantage of reducing the size of each optical component but the drawback 

of increasing the complexity of the system. Nevertheless, the process is still the same by using 

the conservation of the etendue and for standard ST concentrators the etendue-coupling 

can be done in a similar way.  

2.2.3. Conceptual design of a ST concentrator with a beam-down approach  

The general process of the design of a ST concentrator with a beam-down approach is 

shown in Figure 15. Having the dimensions of the system, i.e., portions P1P2, S1S2, T1T2, R1R2 

defined, one can start the design of the system. Once again notice that the concentrator 

is designed in 2D and the full 3D version is obtained by rotation symmetry. We start by 

choosing the first point of the primary mirror, P, the first point of the secondary mirror, S, and 

a focal point F.  
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Figure 15: The design process of the ST concentrator with beam-down approach.  

The position of S must be between S1S2 and along the vertical axis v. Its final position must 

be adjusted in order to match the size of S1S2, i.e., the last point of the secondary mirror, S4, 

must be point S2 so to match the etendue. This, however, does not happen for reasons that 

shall be discussed later. Similarly, point F must be chosen between T1T2 and along v. Its final 

placement is a matter of optimization of the optic, although one simple criterion can be to 

collect the edge rays coming from heliostat mirror, as shown in Figure 16, following the Edge-

Ray Principle. In this way we are increasing the optical tolerances (acceptance-angle) of 

the concentrator, leading to a better performance.  

 

Figure 16: The optimization of the focal point of the secondary mirror can be done by launching the 

edge-rays (red and blue rays) over the heliostat mirrors to check if they end up (approximately) 

near the edges of the tertiary optics (T1 and T2).  
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Suppose now we already know the position of point P3 of the first mirror p1 as well as the 

path of the ray r1. Between point P and P3 there is a distance ρ1 which is called magnification 

and it is what defines an aplanatic optic. ρ1 is given by: 

 𝜌1 = 𝑓sin𝛼1 (8) 

Where f is given by: 

 𝑓 =
𝑛𝑅

2sin𝜃
 (9) 

R is the size of the receiver R1R2, n is the refractive index in which the receiver is immersed (in 

this case we consider n=1) and α1 is the angle that ray r1 makes with v after its reflection of 

the secondary mirror. Now we can move to another heliostat by intersecting P3 with the 

horizontal axis h (for better visualization see the path of ray r3 hitting point P6 and crossing P5) 

leaving a distance d1 between p1 and the second heliostat mirror p2. Now we move to a 

point P4 using a magnification ρ2: 

 𝜌2 = 𝑓sin𝛼2 + 𝑑1 (10) 

Where α2 is the angle that ray r2 (hitting point P4) makes with v after its reflection of the 

secondary mirror. Now the process goes on and on until point P7 (belonging to heliostat 

mirror p6) vertically above point P2, filling the primary field P1P2. ρ6 is given by:  

 𝜌6 = 𝑓sin𝛼6 + 𝑑1+. . . +𝑑5  (11) 

After reflection on P7, ray r6 hits the secondary mirror at point S4 and it is reflected to point F. 

Ideally, point S4 should be S2, which would correspond to a match of the etendue (as 

discussed in the previous chapter). However, this does not happen due to the 

approximation considered in this method (source considered as a point) as well as by the 

fact the primary is discontinuous, having the “cosine losses of etendue” in each mirror. 

Nevertheless, changing the position of point S and inducing a small step of calculation of 

each heliostat is possible to minimize this effect.  

This process is used to design the primary and secondary mirrors. Now is it necessary to 

design also the tertiary concentrator (defined between points T1T2).  A simple solution is to 

use a CEC (Compound Elliptical Concentrator), as shown in Figure 17. In this case the right 

side of the elliptical mirror, e1, as foci S1 and R1 and passes through T2. The left side is 

symmetric with respect to the vertical axis v. It is possible that, in the end, there is collision 

between the first heliostats (the closest to the vertical axis v) and the tertiary optic. In this 

case the mirrors must be removed. The final solution can be obtained by rotation symmetry, 

as shown in Figure 17.  
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(a)  

 
 

(b) The complete ST concentrator with a CEC 

as tertiary concentrator.  

Figure 17: The ST beam-down design process. (a) A CEC as a tertiary optic. (b) The complete ST 

concentrator with a CEC as tertiary concentrator. 

In this case, however, the CEC connects T1T2 and R1R2 and the Hottel’s string method is no 

longer valid (the method assumes that no optical elements connect the entrance and exit 

of the optical channel). The method would be valid if, for instance, a lens was used (the 

light is refracted by the lens and travels through the air till it reaches the receiver). 

Nevertheless, there is a way to solve this problem and aim for maximum concentration. In 

fact, the etendue of the receiver, UR1R2, is given by: 

 𝑈𝑅1𝑅2 = 2[𝐑1𝐑2]sin𝜃 (12) 

Since we want the maximum concentration, sin θ =1 and according to the conservation of 

the etendue UP1P2 = UR1R2. Therefore, R1R2 = UP1P2/2. The position of the final receiver can be 

found intersecting the edge ray coming from T1 (T2 is also valid) with the vertical axis v.  

The top of the tertiary optic can also be closed by a glass cover to avoid convection 

thermal losses. An interesting possibility is to use a Fresnel lens as a tertiary optic, fulfilling two 

tasks at the same time. However, calculations have shown that this optics achieves a very 

small CAP (Concentration-Acceptance Product and it is given by CAP = C sin θ, which, in 

the limit ideal case is equal to 1) below 0.3. This is related to the limits of the refraction law 

of the lens. A possible way to increase the CAP, besides the CEC, is to introduce a trumpet 

concentrator. In fact, the flow lines connecting S1S2 and R1R2 are hyperbolas. According to 

the Winston-Welford design method [10,11] if an optic element (e.g., mirror, lens, etc.) is 

placed along the flow lines it will not change the radiative field but also conserve the 

etendue. The flow lines are also used to define the facets of the Fresnel lens. 

Hence, starting at point T1 (T2 is of course also possible) the position and size of the final 

receiver can be chosen. The final configuration is then composed by the same primary and 

secondary mirrors seen before and a Fresnel lens, L, two hyperbolic mirrors, H1 and H2, and 

a final flat receiver, Rf, as shown in Figure 18a and the complete optic is then obtained by 

rotation symmetry, as shown in Figure 18b.  
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(a)  

 
 

(b)  

Figure 18: The ST beam-down with a trumpet concentrator design. (a) Cross-section; (b) The 

complete 3D version of the ST concentrator using a Fresnel lens and a trumpet as tertiary optics. 

 

2.2.4. Conceptual designs for standard ST concentrators 

The design of standard ST concentrator follows the same guidelines as seen before – the 

conservation of the etendue throughout all the optical stages is the key-idea to reach the 

maximum concentration and to establish the dimensions of the system.   

Figure 19 shows the cross section of a such solution and Figure 20 the 3D version (once again 

obtained by rotation symmetry).  

 

Figure 19: Cross-section of the ST concentrator with a CEC secondary and a flat receiver.  

.  
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Figure 20: 3D version of the ST concentrator with a CEC secondary and a circular receiver.  

Another possibility is to use a TERC (Tailored Edge Ray Concentrator) [20] as a secondary 

mirror, as shown in Figure 21. In this case the TERC will connect the primary P1P2 to the 

receiver R1R2 and, therefore, the Hottel’s string method is no longer valid. Nonetheless, there 

are alternative ways to design this solution for maximum concentration. 

Suppose that we already know the position of a point P as well as the height of the receiver, 

hR. Now point P (which will be the middle point of the primary) fully illuminates the receiver 

within a solid angle 2θ (the value of θ can be calculated according to the 2D version of 

Eq.1). A simple trigonometric calculation shows that the size of the receiver will be given by: 

 [𝐑1𝐑2] = 2ℎ𝑅tan(𝜃) (13) 

Now the design of the TERC can be started. Ray r1 goes to the edge R1 and ray r2 goes to 

the edge R2 and then it is reflected towards R1, following the Edge-Ray Principle. Notice that 

R2 is simultaneously one of the edges of the receiver and the first point of the TERC mirror. 

Using the path of r2 its possible to determine the normal vector n at point R2. Moving forward 

along the primary mirror on the horizontal axis we can choose a new point P3. Ray r11 is 

reflected towards R1 and ray r21, rotated by an angle of 2θ, is reflected towards a point S1, 

which is a new point of the TERC mirror. This point S1 can be calculated intersecting r21 with 

the perpendicular to n. Mathematically speaking, this corresponds to solve the differential 

equation, leading to the final shape of the TERC mirror. This process goes on and on until the 

TERC mirror crosses the horizontal plane at a point P2, corresponding to a match of the 

etendue exchanged between the primary and the receiver. Point P1 and the other half of 

the TERC are symmetrical with respect to the vertical axis v.  

 

Figure 21: Design process of a ST concentrator using a TERC secondary mirror. The step between 

points P and P3 is intentionally large for better visualization of the reader.  

However, the configuration shown in Figure 21 has a severe drawback: the TERC mirror fully 

shades the primary and, therefore, it must me truncated in order to be useful. Figure 22a 

shows a configuration with a TERC shading around 8% of the primary (already composed 



Deliverable Report   

 

D 4.4    GA No. 731287 31 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

by a set of heliostats). Once again, the 3D version can be obtained by rotation symmetry, 

as shown in Figure 22b.  

 
(a)  

 

 
(b)  

Figure 22: The ST with a TERC secondary mirror design. (a) The TERC must be truncated in order to 

be useful. (b) The 3D version. 

 

2.2.5. Simulation of concentrators optical performance 

In order to test the merits of the concentrator, a simulation of their optical performance was 

carried out. This simulation was done using the raytracing software Tonatiuh, calculating all 

the major optical parameters. Figure 23 shows an example of a such raytracing. 

  
 (a)  (b) 

Figure 23: The software Tonatiuh was used to calculate the optical performance of the ST 

concentrators. (a) general overview; (b) detail of the light entering on the tertiary concentrator. 

Table 6 shows the geometric data of the considered concentrators and Table 7 shows the 

respective optical performance.  
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Table 6: Geometric data of the concentrators 

Optic Total 

reflective 

Area 

(m2) 

Number 

of 

heliostats 

Secondary 

height (m) 

Secondary 

mirror 

area (m2) 

Tertiary 

cavity 

volume 

(m3) 

Receiver 

area 

(m2) 

ST Beam Down with CEC 

tertiary concentrator 

3800 139 95 38 32 1.78 

ST Beam Down with 

Trumpet+Fresnel lens tertiary 

concentrator 

3407 112 95 57 38 1.01 

ST with a CEC secondary 

concentrator 

10178 102 95 30 - 2.64 

ST with a TERC secondary 

concentrator 

10612 118 95 128 - 2.60 

 

Table 7: Optical performance of ST concentrators using a raytracing technique. 

Optic Cg (X) θ (deg) ηopt0 CAP3D 

ST Beam Down with CEC tertiary  2088 0.29 0.7 0.23 

ST Beam Down with 

Trumpet+Fresnel lens tertiary 

concentrator 

2300 0.55 0.5 0.46 

ST with a CEC secondary 

concentrator 

3000 0.52 0.78 0.5 

ST with a TERC secondary 

concentrator 

3010 0.54 0.76 0.52 

 

The figures presented in Table 6 are just examples of the dimensions, not establishing the 

final dimensions of each system.  

Table 7 shows some optical results for each system. Cg is the geometric concentration 

calculated using raytracing technique. It is now defined here as the ratio between the 

mean irradiance on the receiver (W/m2) and the irradiance of a uniform source which fully 

illuminates the concentrator (sunlight irradiance). This definition is strictly related with the ray 

tracing approach used in Tonatiuh in which Cg was calculated by creating a uniform source 

of rays with a well-defined irradiance value and calculating the mean irradiance on the 

receiver. In this specific calculation, the material properties of all the optical elements 

should be ideal, i.e., the optical losses of the concentrator are due only to the geometry 

and not to optical characteristics such as reflectivity or absorption. In this way, only the 

geometry of the system comes into play and one can calculate how many times (X) the 

mean irradiance on the receiver is higher than the irradiance of the uniform source. As can 

be seen, all optics have a value of Cg > 1000X as desired (see Table 4).  

On the other hand, θ is the half-acceptance angle, the effective acceptance angle of the 

optic, defined as the incidence angle for which the concentrator collects 90% of its on-axis 

power. Such definition is usually used for non-ideal optical devices, in which the transmission-

acceptance curve has not the ideal pillbox shape of the ideal ones. In the tracing 
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approach used with Tonatiuh, θ is calculated creating an uniform source of rays and 

determining the incidence angles of sunlight for which the concentrator collects 90% of the 

maximum power, the on-axis power, keeping the heliostats fixed (no further rotation). 

ηopt0 is the optical efficiency at normal incidence. The calculations were done using the 

material properties from Table 5.  

The results obtained show different advantages and drawbacks for each system. The ST 

Beam Down with CEC tertiary has a high optical efficiency but a small CAP. This happens 

due to the fact the CEC is not the ideal tertiary solution for this system (although probably 

the simplest one). Nevertheless, the CAP is such system is not so important to be very high 

due to the already high values of concentration (which should be enough to reach the 

desired operating temperatures).  

The ST Beam Down with Trumpet+Fresnel lens tertiary concentrator has a higher CAP but a 

smaller optical efficiency (due to the additional refractions on the Fresnel lens and 

reflections inside the Trumpet concentrator).  

For the standard ST concentrators, they have higher optical efficiency (due to at least one 

reflection less compared to the beam down solutions) and also higher CAP. These results 

are promising, although for solar metallurgy/lime/fuel production it could be more 

interesting to use the beam down solutions for practical reasons.  

2.3. Simulation analysis using a Monte Carlo raytracing technique to study 

the optical performance (Action 3) 

This section has been prepared by the University of Evora, Portugal based on its work under INSHIP 

Task 4.4 (“High-concentration optics for high-temperature solar reactors”). 

2.3.1. Introduction 

The “ST Beam-Down with CEC tertiary” (hereafter defined as BD-ST) was chosen for the 

simulation’s tasks as this is configuration aligned with the present state-of-the-art. 

Nevertheless, a comparison with a standard solar tower is carried out using information 

taken from the literature [18].  

2.3.2. Simulation results of BD-ST concentrator 

Using the raytracing software Tonatiuh, the performance of the BS-ST concentrator was 

analyzed. This analysis was based on the calculation of the Incidence Angle Modifier (IAM) 

profile, enabling the calculation of the total amount of energy collected in a year for a 

specific location (latitude) and DNI (Direct Normal Irradiance) data.  

Table 8 shows various the IAM profile for different elevation angles (θs) and azimute angle 

(φs) The IAM, K(θs, φs), is given by: 

 𝐾(𝜃𝑠, 𝜑𝑠) =
𝜂𝑜𝑝𝑡(𝜃𝑠, 𝜑𝑠)

𝜂opt0

 (14) 
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Where ηopt(θs, φs) is the optical efficiency for a given incidence direction and 𝜂opt0
 is the 

optical efficiency at normal incidence (corresponding to the design base position). Each 

one is calculated using Tonatiuh dividing the total amount of collected power of the 

receiver by the total effective power hitting the primary field (already considering the 

cosine losses effect).  

Table 8: IAM profile of the BD-ST system.  

 Azimuth angle (ϕs) 

E
le

v
a

ti
o

n
 

a
n

g
le

( 
𝜽

𝒔
) 

 0 30 60 75 90 110 130 

90 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

65 1.103 1.087 0.990 1.019 0.973 0.918 0.854 

45 0.919 0.910 0.805 0.768 0.699 0.612 0.532 

25 0.713 0.6804 0.508 0.427 0.337 0.227 0.154 

15 0.531 0.505 0.332 0.2439 0.150 0.061 0 

5 0.157 0.180 0.115 0.080 0.036 0 0 

 

2.3.3. Energy collection analysis 

As mentioned before, the energy collection analysis was carried out considering the IAM 

profiles of the system and meteorological data from the location of Évora, Portugal 

(Latitude: 38°34.0002′ N, Longitude: 7°54′ O) and Hurghada, Egypt (Latitude: 27°15'26.57"N, 

Longitude: 33°48'46.48"E.). The choice of two locations is justified to measure the impact of 

lower latitudes on the performance of the system. From the meteorological data it was 

obtained an annual DNI value of 2214 kWh/m2/year and 3047 kWh/m2/year for Évora and 

Hurghada, respectively [27]. 

The energy collected in a year, Eyear, can then be given by the following expression (for all 

the 8760 hours of the year): 

 Eyear = ∑ 𝜂opt0
 KT(θT)KL(θL)

8760

i=1

AnetIb (15) 

 

Where 𝜂opt0
 is the optical efficiency at normal incidence, KT(θT) is the transversal IAM, KL(θL) 

is the longitudinal IAM, Anet is the total mirror area and Ib is the DNI value. Here, it is assumed 

that the variation of the optical efficiency for different incidence angles can be obtained 

by the product of the two components of the IAM, an approximation successfully used in 

the past in other systems [18]. Table 9 shows the energy collection results.  

Table 9: Energy collection analysis for Évora and Hurghada. 

Location Annual DNI [kWh] 

Maximum optical 

efficiency (%) 

Collected thermal 

energy by System 

[kWh] 

Annual 

system yield 

[%] 

Évora 2214 77 4 050 e+03 48 
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Hurghada 3047 78 6 029e+03 52 

 

As expected, the annual system yield is higher in Hurghada due to the lower latitude value 

(less cosine losses). 

2.3.4. Performance comparison between BD-ST and ST systems  

In order to measure the impact on the optical performance in the studied BD-ST system, a 

comparison with a conventional ST system was carried out. The data of the ST system was 

taken from the literature [18]. The corresponding IAM profile was then calculated and it is 

shown in Table 10. 

Table 10: IAM profile of ST system considered. 

 Azimuth angle (ϕ) 

E
le

v
a

ti
o

n
 (

𝜽
𝑺
) 

 0 30 60 75 90 110 130 

90 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

65 1.122 1.106 1.008 1.037 0.992 0.936 0.872 

45 1.126 1.117 1.012 0.975 0.906 0.819 0.739 

25 1.091 1.058 0.885 0.804 0.714 0.605 0.531 

15 0.970 0.942 0.770 0.682 0.588 0.499 0.428 

5 0.531 0.554 0.489 0.455 0.411 0.326 0.288 

 

Using the IAM profiles of both configurations, the optical efficiency for each day of the year 

was calculated for the locations Évora and Hurghada.  

Table 11 and Table 12 summarizes the results for both systems in these two locations.  

Table 11: Comparison of the systems under study in Évora. 

 
Maximum optical 

efficiency [%] 

Annual DNI 

[kWh/m2] - Évora 

Collected energy by 

System [kWh] 

Annual 

optical 

system yield 

[%] 

ST system 82 
2 214 

5 679 e+03 68 

BD-ST system 77 4 050 e+03 48 

 

 

Table 12: Comparison of the systems under study in Hurghada. 

 
Maximum optical 

efficiency [%] 

Annual DNI 

[kWh/m2] - 

Hurghada 

Collected energy by 

System [kWh] 

Annual 

optical 

system yield 

[%] 

ST system 82 
3 047 

7 956e+03 69 

BD-ST system 77 6 029e+03 52 

 

As can be seen, the BD-ST system has a lower efficiency when compared to the ST system. 

This is mainly related to the additional optical losses (more reflections of the light). However, 
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one can notice that the overall efficiency of the BD-ST system increases around 8% in 

Hurghada whilst around only 1% for the ST system. This might indicate that the BD-ST can 

benefit more being placed at lower latitudes. Nevertheless, this is a clear drawback of this 

configuration and one of the reasons why ST systems have prevailed during the last years.  

The results of the Monte Carlo raytracing analysis of the BD-ST shown that this system has 

lower optical efficiency when compared to conventional ST systems. The studied 

configuration, similar to the present state-of-the-art, was optimized as described in internal 

deliverable D2 but this optimization is not enough to avoid the additional reflections of the 

light which lowers the overall systems efficiency.  

An analysis of systems yearly efficiency was carried for two different locations (Évora and 

Hurghada). The results shown a clear advantage for ST systems, although it seems that BD-

ST systems can eventually benefit more being placed at lower latitudes when compared to 

ST systems, a result that might be explained with BD-ST unique design optimization which 

was done for the normal incidence.  

Despite these results, BD-ST can be still seen as a viable option, especially for 

thermochemical processes. The price of having lower efficiency might be compensated by 

a more compact system where the receiver cavity is placed closer to the ground. 

Moreover, due to the light path of the BD-ST, it is possible to have the solar flux hitting the 

cavity at roughly normal incidence regardless the incidence angle of the light, something 

that does not happen in conventional ST systems. Eventually, this might induce a better 

irradiance distribution of the cavity, a key-aspect in thermochemical processes. In future 

works, such analysis will be carried out as well as adaptation of the BD-ST to existing cavities 

in ST systems.  

2.4. Annual simulations using a transient optical model (Action 4) 

This section has been prepared by Fraunhofer ISE, Germany based on its work under INSHIP Task 4.4 

(“High-concentration optics for high-temperature solar reactors”). 

Due to the strong diurnal and seasonal dependency of the DNI on the one hand and of the 

optical efficiency of a solar tower plant on the other hand, annual simulations are necessary 

for yield predictions. 

An annual simulation relies on the assessment of the system’s optical efficiency at different 

sun positions. The necessary sun positions through the year are defined by the geographical 

location of the power plant and are chosen here with a resolution of 1 hour. Given that the 

orbit of the Earth is a smooth trajectory the system’s optical efficiency is also changing 

smoothly. Therefore, we assume that it is sufficient to derive the necessary values for the 

system’s optical efficiency by means of interpolation based on a mesh of a few neighboring 

sun positions, for which the optical efficiency was obtained explicitly from a raytracing 

simulation. This approach is called sky discretization [28] and significantly reduces the 

amount of simulation cases. A discretization in the temporal domain with a resolution of 1 

hour would require 8760 independent simulation runs, whereas the sky discretization applied 
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here allows to obtain the annual gain based on only 29 relevant simulations. The sky 

discretization for Evora (details for this location are given in Section 2.3), based on 50 sky 

nodes used here is shown in Figure 24. In order to avoid unrealistic artifacts very low sun 

elevations (near horizontal sun positions) are excluded from the discretization by restricting 

the maximum zenith angle of the hemisphere to 85°. 

 

Figure 24: Sketch of the discretization for the sky above Evora (Portugal) using 50 equidistant nodes 

on the sky hemisphere, restricted by a maximum zenith angle of 85°. The area in red highlights the 

sun positions, which occur throughout the year. This area is covered by 29 of the total 50 nodes. The 

axes values are arbitrary. 

In contrast with the design of the BD-ST system (as defined in Section 2.3.1) the heliostat 

mirrors were simplified by restricting their size to a very small area (arbitrary set to 1×1 cm², 

which is negligible compared to the BD-ST design) in the vicinity of their pivot points. This was 

necessary because the tracking algorithms currently available in the raytracing tool 

Raytrace3D only support heliostats with a single aiming point like paraboloids, whereas the 

shapes of the heliostat mirrors in the BD-ST system design are more complex. Nevertheless, 

the simulation results are still comparable to the original design, if the obtained annual yield 

is normalized by the total heliostat area for each of both cases and after disregarding losses 

caused by the arrangement of the heliostats. Such include shading and blocking caused 

by the heliostats. These losses are present in the BD-ST design with its dense arrangement of 

heliostats with finite surface area (see Figure 23b), but are nearly absent if only the vicinity 

of each heliostat’s center point is considered. Moreover, astigmatic aberration is 

disregarded when using reduced heliostat surface areas. 

The annual simulation was executed for 2 set of model parameters (see Table 13) and 2 

different locations – Evora and Hurghada (details on both locations given in Section 2.3.3). 

In the idealized simplified model all material properties are set to ideal, the sun is modelled 

as a collimated light source and atmospheric attenuation is ignored. In the realistic 

simplified model all material properties are set to typical realistic values and the sun is 

modelled according to the model of Buie [29]. 

Table 13: System parameters for the 2 simulated cases. The corresponding target properties of the 

BD-ST system design are given for reference, if available. 
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Idealized 

simplified 

model 

Realistic 

simplified 

model 

BD-ST system 

design 

Number of heliostats 115 115 116 

Heliostat mirror shape parabolic parabolic aplanatic 

Single heliostat mirror area 

[m²] 
0.0001 0.0001 2.33 … 2.99 

Heliostat mirrors reflectance 

[%] 
100 95 

 

Secondary mirror reflectance 

[%] 
100 92 

 

Tertiary mirror reflectance [%] 100 92  

Heliostat mirrors surface slope 

standard deviation [mrad] 
0 1.25 

 

Secondary mirror surface 

slope standard deviation 

[mrad] 

0 1.5 

 

Tertiary mirror surface slope 

standard deviation [mrad] 
0 1.5 

 

Average annual cleanliness 

of heliostat, secondary and 

tertiary mirror surfaces [%] 

100 97 

 

Atmospheric attenuation - 
MIRVAL model 

[30] 

 

Sun model 
Perfectly 

collimated rays 

Buie model [29] 

with 5% CSR 

 

Locations 
Evora, 

Hurghada 

Evora, 

Hurghada 

 

 

The outcome in terms of annual efficiency for both models is presented in Figure 25 as a 

breakdown of loss contributions (Sankey diagram). As expected, the idealized model shows 

only cosine losses and heliostat shading caused by obstacles (here - the secondary mirror) 

and serves for model verification. The realistic model gives an overestimated prediction for 

the expected annual efficiency, given that spillage and shading losses are underestimated 

and astigmatic aberration is ignored. For the location of Evora, the annual gain with the 

realistic simplified model equals 1046 kWh/a per m² heliostat area. 
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Evora: 

 
Hurghada: 

 
a) 

Evora: 

 
Hurghada: 

 
b) 

 

Figure 25: Sankey diagrams showing the different loss contributions for the idealized simplified 

model (a) and realistic simplified model (b) for the locations of Evora and Hurghada. The 

absorption on receiver corresponds to the system’s annual DNI weighted optical efficiency. 

The loss contributions from Figure 25 are explained as follows: 

• Cosine losses caused by the orientation of the heliostats and the sun. The lower 

latitude of Hurghada is responsible for the lower annual cosine losses compared to 

the simulation for Evora; 

• Shading losses on primary aperture caused by shading on the way between the sun 

and a heliostat, i.e. heliostats shading each other;  

• Shading losses not on primary aperture caused by shading on the way between the 

sun and a heliostat caused by the secondary mirror; 

• Absorption on heliostat mirrors due to non-ideal reflectance; 

• Absorption on secondary and tertiary due to non-ideal reflectance; 

• Blocking losses by heliostats: rays reflected by a heliostat towards the secondary 

mirror, but blocked at the backside of another heliostat; 

• Spillage losses in rest of system: rays completely missing the receiver entrance plane 

due to their optical trajectory, not due to attenuation; 
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• Spillage around receiver: rays reaching the receiver plane, but missing the receiver 

entrance aperture due to their optical trajectory, not due to attenuation; 

• Atmospheric attenuation losses: absorption in air between heliostats and receiver 

 

Because of the simplifications incorporated in the simulation model (i.e. significantly 

reduced heliostat mirror area), shading and blocking on heliostats are largely ignored 

compared to the design case. Additionally, the absence of astigmatic aberration may 

have influence on the spillage losses. 

Figure 26 shows the annual distribution of DNI and system’s optical efficiency with a 

resolution of 1 hour. As expected, the system has the highest efficiency for high sun 

elevations. The error in terms of optical efficiency originating from the simplifications 

discussed before is mostly pronounced at daytimes with low sun positions. There the optical 

efficiency is overestimated. However, the impact on the annual efficiency is reduced for 

these sun positions because of the typically low DNI. 

 

a) 

 

 
b) 

Figure 26: Carpet plots showing the distribution of DNI (a) and system optical efficiency for the 

realistic simplified model (b) over the year for the location of Evora. 

 

2.5. Application to a solar receiver for metallurgical processing 

The work reported in this section was jointly carried out by the University of Evora and METU as a cross-

cutting activity between Task 4.4 (“High-concentration optics for high-temperature solar reactors”) 

and Task 4.1 (“Solar metals production for the metallurgical industry”).  

Starting from a receiver with the dimensions of 12m x 12x x 5m, a conceptual design of a 

solar tower with a non-imaging secondary mirror was done. Due its simplicity and use in 

practical applications, a CPC (Compound Parabolic Concentrator) was chosen for the 

secondary mirror, as shown in Figure 27.  
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Figure 27: A CPC concentrator for the flat receiver provided by METU.  

The CPC has a concentration factor of 1.19X (corresponding to a half-acceptance angle 

of 57.5°). The concentration factor is small as the heliostat field already provides a high value 

of concentration and, therefore, there is no need for a significant boost in the overall 

concentration. Moreover, if the concentration of the CPC increases, its height will also 

increase [11] significantly which can induce more shading over the primary, difficulties in 

the manufacturing and installation, etc. The CPC is then tilted by an angle of 12.5° to reduce 

the cosine losses of the power coming from the primary field.  

A heliostat field was generated as shown in Figure 28. 

 

Figure 28: A heliostat field for a receiver of 12m x 12m with a CPC secondary mirror.  

It is important to mention that the angular dispersion of the heliostats is limited by the CPC. 

In fact, if we keep increasing the angular radius of the field, a significant part of the light 

coming from those heliostats will either be rejected by the CPC (the light enters beyond the 

acceptance-angle of the system) or hits it laterally.  
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The target of this work was to achieve values of 150kW/m2 – 200 kW/m2 on the receiver. 

Simulations and further calculation show that this would require an area of 29063 m2 (for a 

DNI peak value of 900W/m2), corresponding to 1162 heliostats of 25 m2. In this calculation, 

the mean reflectivity of the mirrors is considered to be 92%. The height of the tower is 100m. 

A flux map was generated and it is shown in Figure 29. It is remarkable that most of the flux 

is concentrated on the top of the receiver. This is explained by the optical path of the light 

coming from the heliostat field and the focal distance. Moreover, in this calculation flat 

mirrors were considered and, therefore, there is no further attempt to concentrate the light 

on a particular region of the receiver.  

 

Figure 29: Flux map on the receiver with a CPC concentrator. 

2.6. Application to a solar receiver for lime production 

The work reported in this section was jointly carried out by the University of Evora and METU as a cross-

cutting activity between Task 4.4 (“High-concentration optics for high-temperature solar reactors”) 

and Task 4.2 (“Solar lime production for the cement industry”). 

A solid particle solar receiver consisting of a gravity-driven granular flow between two 

parallel plates is envisioned, as described in detail in INSHIP Deliverable 4.3, with the purpose 

of pre-heating limestone particles (or similar granular materials for other SHIP applications) 

from ambient to 700 ⁰C. The receiver is formed by affixing the CPC (Figure 27) onto the 

cavity (Figure 30). The receiver is modeled starting with a Discrete Element Method 

simulation of the mechanics and heat transfer at the individual particle level, which is used 

to find the overall heat transfer coefficient to the flowing particle stream. In a separate 

model for the overall heat flows in the receiver, the incident radiative flux map from Figure 

29 is applied to the receiver surface, and the heat gain of the particle stream is solved by 

accounting for heat absorption, and emissive, convective, and reflection losses from the 

receiver surface. Because the flux map shows almost no heat flux on the bottom half of the 

receiver, this portion is not used, leading to a 12 m wide by 6 m tall receiver surface. The 

resulting surface temperatures and heat gained are shown in Figure 31. The average 

particle temperature increases from 27 to 700 ⁰C, and of the 7.94 MW incident to the 
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receiver, 5.02 MW were transferred to the particles, leading to an efficiency of 63.2%. This 

parallel plate design should be taken as the baseline efficiency for a dense granular flow 

receiver concept, which can be improved by adding fins to substantially increase the 

surface area, or orifice plates to mix the particle flow. Other researchers have presented 

higher efficiencies for solid particle solar receivers [31], but the proposed concept has 

benefits of simplicity and flow rate control, which are likely important attributes of a solar 

receiver for SHIP applications.   

 

Figure 30: Solar receiver cavity, with absorption surface being the upper half of the surface shown 

in red. 

 

Figure 31: Contours of receiver surface showing (a) absorbed flux, and (b) surface temperature. 

2.7. Application to solar reactor for carbonate mineral calcination 

The work reported in this section was jointly carried out by the University of Evora and CIEMAT as a 

cross-cutting activity between Task 4.4 (“High-concentration optics for high-temperature solar 

reactors”) and Task 4.2 (“Solar lime production for the cement industry”). 

Similar to what was done in Section 2.8, a secondary mirror was designed for an existing 

heliostat field and receiver provided by the partner CIEMAT.  Again, the choice was a CPC 

concentrator, similar to Figure 27 with a concentration factor of 1.22X (corresponding to a 

half-acceptance angle of 55°). Once again, the idea is to improve the system efficiency 

collection of energy rather than increasing its overall concentration.  

(a) (b) 
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Figure 32: A heliostat field for a receiver of 46 cm x 46 cm with a CPC secondary mirror. 
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Table 14: Geometric dimensions of the simulated heliostat field and receiver. 

TOWER: 

Latitude, Longitude (37,09428º, -2,35595 º) 

Altitude above sea level 502,475 m 

Tower height 47 m 

RECEIVER:  

Height 30,17  m 

Tilt angle (over the horizontal),  23º 

Aperture:  0.46 m x 0.46 m 

HELIOSTAT FIELD: 

Heliostat dimentions Height (X): 6,815 m; Width (Y): 6,853 m 

Facets dimentions Height (X): 1,1 m; Width (Y): 3,05 m 

Number of facets per heliostat 12 

Position of the center of the 

facet in X with respect to the 

center of the heliostat (X,Y=0,0) 

 

X center row 1 2857,5 mm 

X center row 2 1714,5 mm 

X center row 3 571,5 mm 

X center row 4 -571,5 mm 

X center row 5 -1714,5 mm 

X center row 6 -2857,5 mm 

 Y axis 1.6 mrad 

Position of the center of the 

facet in Y with respect to the 

center of the heliostat (X,Y=0,0) 

Y center col 1 1833,9 mm 

Y center col 2 -1833,9 mm 

Mirrors reflectivity 0,90 

Optical quality 

(slope error) 

(includes surface 

and aiming errors) 

X axis 1.6 mrad 
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Next, a comparison between the results of the system with and without the CPC 

concentrator was carried out. Two different scenarios were considered: 1) ideal materials 

and collimated rays; 2) Realist material reflectivity of 92% and solar angular profile (Buie) 

considered. For both case the following criteria were considered: 

• Same souce direction as the original file; 

• Calculation done for a DNI of 850W/m2; 

• Concentration Factor = (PowerReceiver/ReceiverArea)/DNI; 

• Optical efficiency = PowerReceiver/PowerHittingMirrors. 

• Ideal case results 

The results are presented in Table 15.  

Table 15: Results for the ideal case scenario. 

Optic Concentration Factor 

(X) 

Optical efficiency 

Solar Tower 10153  0.53 

Solar CPC Tower 11256  0.59 

 

And Figure 33 shows the flux maps with and without the CPC. 

 

a) 

 

b) 

Figure 33: Flux maps for the ideal case scenario. a) Without the CPC; b) with the CPC 

 

• Realistic case results 

The results are presented in Table 16. 
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Table 16: Results for the realistic case. 

Optic Concentration Factor 

(X) 

Optical efficiency 

Solar Tower 10153  0.53 

Solar CPC Tower 11256  0.59 

 

Figure 34 shows the flux maps with and without the CPC. 

 

a) 

 

b) 

Figure 34: Flux maps for the realist case. a) Without the CPC; b) with the CPC. 

 

From the results it is clear that the CPC increases both the optical efficiency and 

concentration factor in both of the two scenarios considered. This happens due to the small 

receiver used (46cm x 46cm) resulting in a low intersect factor. The inclusion of the CPC 

increases the entrance area “seen” from the primary field and, therefore, increases the 

intersect factor. On the other hand, the flux map results shown that the additional flux 

captured by the CPC is not homogenously distributed on the receiver. Nevertheless, this 

might not be a problem because the radiation will enter into a cavity receiver, where the 

temperature will become more homogeneous due to the cavity effect and, additionally, 

the radiation that is measured in the aperture plane will have different direction 

component, and will reach different locations inside the cavity, which will avoid the 

concentration in just a particular zone of the reactor.  

In conclusion, for high concentration factors (small receivers), the inclusion of CPC and/or 

non-imaging optics as secondary mirrors might be very important to increase the 

performance of such systems. 
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3. Solar tower systems: Computer tools for the analysis, design, and 

optimization of large concentrating systems 

The following section has been prepared by The Cyprus Institute (CYI), Cyprus based on its work under 

INSHIP Task 4.4 (“High-concentration optics for high-temperature solar reactors”). 

CYI is contributing to Task 4.4 mainly with the development and validation of a set of 

computational tools to assist in the design and optimization of solar tower systems and in 

particular to the design and optimization of large scale solar thermal systems for material 

processing and solar chemistry applications. 

These tools are all being developed as open-source tools, and will be made publicly 

available in a way that will ensure that anyone interested in using them or in contributing to 

further developing them will be able to do it.  

To achieve this, CYI has put in place an ecosystem of tools to facilitate all the different set 

of activities involved in developing, documenting, releasing, and maintaining the set of 

design and optimization tools of solar tower systems it is developing. 

This software development ecosystem is composed of the following team-collaboration 

and software development tools: 

• Crowd. A centralized identity management tool, used in the software development 

ecosystems to facilitate a single sign-on to all the tools in the ecosystem. 

• Confluence. A smart wiki type of server to provide open and shared work spaces for 

the user and developers of the open source computational tools to interact, 

exchange information and collaborate.  

• JIRA. A work management tool to support the agile development of the open 

source computational tools using agile methodologies like Scrum or Kanban. 

• Bitbucket Web-based version control repository hosting and Git code management 

service. 

• Crucible. A collaborative code review application. 

• Fisheye. An on-premise source code repository browser, which can readily be 

integrated with Bitbucket and Crucible. 

• Bamboo. A continuous integration and deployment server. 

All the mentioned tools are developed by Atlassian, one of the world leaders in team 

collaboration and software development tools. They are highly integrated and state-of-the-

art. How they work together is shown on Figure 35. They are provided by Atlassian at no cost 

to the project because of the open-source nature of the design and optimization tools 

being developed by CYI. 
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Figure 35: Software development ecosystem put in place by the Cyprus Institute to facilitate the 

collaboration in their open source software development efforts aimed to develop computer tools 

to assist in the modelling, analysis, optimization and design of concentrating solar thermal systems. 

Using the mentioned Atlassian software development ecosystem, CYI is currently 

developing or contributing to the development of the following set of tools: 

• SunPath. A small program to determine the optimum sun positions and solar DNI to 

use in order to accurately estimate annual values of variables of interest of a solar 

power plant, such as the total annual energy delivered by each one of the plant 

subsystems, or the optical efficiency of its solar concentrating system. 

• Tonatiuh++. A completely new version of the well-known open source Tonatiuh ray 

tracer, with added functionality, including the ability of running seamlessly in High 

Performance Computer (HPC) clusters and based on a completely new set of 

state-of-the-art open source libraries.  

• FluxTracer. A post-processor of the set of rays generated by Tonatiuh, Tonatiuh++ 

and other ray tracers, which can be used to analyse in detail the optical behaviour 

of solar concentrators, and particularly the optical behaviour of large heliostat 

fields. 

• SolarTherm. An open source Modelica library to simulate the energy behaviour of 

solar power plants and to optimize the sizing of its key components and subsystems, 

particularly the Thermal Energy Storage. 

SunPath, Tonatiuh++, and FluxTracer were started by CYI, which is currently its main 

developer. SolarTherm, however, was started some years ago by the Australian National 

University (ANU) under the framework of the Australian Solar Thermal Research Initiative. 

Since it was started and it is an open-source project, CYI has joined the development 
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effort and is collaborating with ANU in its further development and validation. The 

following subsections describe each tool in detail. 

3.1. SunPath 

The annual performance of a CST system depends on the weather conditions. Thus, to 

simulate the behaviour of the plan during a period of time (typically a year) a weather data 

file representing the long-term behaviour of the weather in that location for such a period 

is needed. This data is usually provided as a time-series, such as ’typical meteorological 

year’ (TMY) file, with a fixed time step. However, running the Monte Carlo Ray Tracing 

(MCRT) simulation for each one of the instant of times, and therefore sun position, indicated 

in the weather data file is computationally expensive and needs a large amount of data 

storage. To reduce the number of ray-tracing simulations needed to estimate the annual 

performance of a CST system, the motion of the sun in the spatial domain can be discretized 

and effective weights for the selected positions of the sun computed [32]. 

The Cyprus Institute has developed an open source computational tool called SunPath to 

do this. This tool, takes as input the geographical location of the plant (latitude and 

longitude), the desired angular resolution for sky partitioning, and the location’s weather 

data, or a clear sky model. Using this input data, SunPath returns the sun positions and the 

values of the effective weights (i.e. a list of points that includes the azimuth, elevation and 

weight) to be used in the ray tracing simulations to achieve an accurate estimate of the 

annual energy sent by the light collection and concentration subsystem of the CST system 

to the receiver or receiver and the annual energies intercepted it or them. The Graphical 

User Interface (GUI) of SunPath is shown in Figure 36. 

 

Figure 36: Graphical User Interface of SunPath showing the sun position at which the optical 

performance of the light collection and concentration subsystem of a CST system should be 

evaluated to be able to estimate accurately its annual performance. 
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The technical details describing how SunPath works are described in the reference: 

Grigoriev, V.; Milidonis, K.; Constantinou, M.; Corsi, C.; Pye, J.; Blanco, M.; “Optimal Sizing of 

Cylindrical Receivers for Surround Heliostat Fields using FluxTracer”, submitted to the ASME 

Journal of Solar Energy Engineering. 

3.2. Tonatiuh++ 

Tonatiuh++ is a Monte Carlo Ray Tracer (MCRT) specialized in the modelling of solar 

concentrating systems. Tonatiuh++ is the evolution of Tonatiuh, the de facto standard of 

open source Monte Carlo ray tracers for the modelling of solar concentrating systems. 

Tonatiuh++ is essentially a better Tonatiuh, i.e., the evolution of Tonatiuh. Its development is 

aimed to provide more functionality, to be equal or more accurate and precise than 

Tonatiuh, and to be much faster, easier to use and flexible than it. This has already been 

achieved. Figure 37 show the differences between the GUI of Tonatiuh (left) and the GUI of 

Tonatiuh++ (right). 

 

Figure 37: Differences between the GUI of Tonatiuh (left) and the GUI of Tonatiuh++ (right). 

The main characteristics of Tonatiuh++ are the following: 

• It is open source and written in C++. 

• It is fast and accurate. 

• It is user-friendly. 

• It can model virtually any solar concentrating geometry that can be envisioned, 

such as Linear Fresnel, Parabolic Trough and Parabolic Dish collectors and solar 

fields, heliostat fields, primary and secondary non-imaging concentrators, both 

reflective and refractive, etc. 

• It can model a large variety of optical materials, both reflective and refractive. 

• It can be easily extended to incorporate new concentrating geometries, new 

materials, new random number generators, etc. 
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• It can take advantage of the computational resources available to it in a given 

computer. If the computer has several cores, it can run in parallel using them. 

• If it is running in a High Performance Computer (HPC) clusters, it can take 

advantages of all the resources provided to it. 

• Currently it runs on CPU, but it is being extended to take advantage of available 

graphic processing units. 

• It compiles and runs on Windows, Linux and MacOS with the same base code. 

• It is scriptable and can be run without its Graphics User Interface in command line 

mode, which facilitates its use in HPC clusters. 

• It is extremely flexible and can be extended in many ways, including the capability 

of using different ray trace schemes and approaches. 

Currently it is fully operational and it is being reviewed and tested in preparation of its first 

public release at the end of December 2020. In its pre-release state already offer a series of 

interesting functionalities not available in Tonatiuh, such as the capability to: 

• Separate the specification of the shape from the specification of the geometrical 

shape from the specification of the profile (Figure 38). This has the effect of 

facilitating a much more compact user interface, by decreasing substantially the 

number of user choices regarding the object-shapes to select.  

• Model any type of one-axis or two axis sun tracking system (Figure 39). 

• Import detailed cad models from Blender and associate to them appropriate 

tracking behaviour (Figure 40). 

• Defining complex optical system completely by scripting (Figure 41). 

• Model solar fields with more than 70,000 elements (Figure 42). 

• Model refractive behaviour in a more physically correct way than Tonatiuh. 

• Run in command mode. 
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Figure 38: Screenshot showing the capability of Tonatiuh++ to allow user to specify a multiplicity 

of profiles for a given geometrical shape. 

 

 

Figure 39: Screenshot showing the capability of Tonatiuh++ to model different types of heliostat 

tracking systems. 

 



Deliverable Report   

 

D 4.4    GA No. 731287 54 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

 

Figure 40: Screenshot showing the capability of Tonatiuh++ of importing detailed cad models 

from Blender and associate to them appropriate tracking behaviour. 

 

 

Figure 41: Screenshot showing the capability of Tonatiuh++ of defining complex optical system 

completely by scripting. 
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Figure 42: Screenshot showing the capability of Tonatiuh++ of modelling very large heliostat 

fields. 

 

For the second public release of Tonatiuh++, scheduled to happen around June 2021, the 

intention is to change the graphic engine used by the program to a more versatile one and 

to increase substantially the efficiency of the ray-tracing engine, as to be able to represent 

and analyse optical systems with millions of elements. Figure 43, shows the kind of advanced 

graphic engines we are considering for the second public release of Tonatiuh++. 
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Figure 43: Screenshot showing the type of advanced GUI we aim to include in Tonatiuh++ with 

the second release of program on June 2021. 

 

In addition to developing all of the mentioned tools, CYI is exploring Artificial Intelligent 

techniques and Scientific Workflows to combine all of these tools in smart and creative ways 

to be able to truly optimize solar tower systems with thermal storage under realistic and 

practical set of constraints. This activity has just started a few months ago and is contingent 

and currently in parallel with the activities devoted to develop the tools, which are the 

building blocks of the optimization approach being pursued. 

In parallel, experiments to validate the software tools developed are also being carried out 

at the PROTEAS facility. These experiments concern the measurement of losses in thermal 

energy storage tanks and molten salt transfer lines within the CSP plant.  

In order to calculate the thermal losses in the energy storage tank, the following two 

methods were used: 

• Isothermal method, which involved measuring of the power consumption of 

immersed electric heaters over a long steady-state period (several hours, with 

no fluid flow) as the storage tank is maintained at constant temperature. 

• Cool-down method, which involved turning the immersed electric heaters off 

and monitoring the evolution of the mean tank temperature with time, over a 

defined period, estimating the thermal losses by the rate of change of the 

mean tank temperature. 

A one-dimensional model for evaluating thermal losses in pipelines was developed and 

calibrated from the experimental measurements. Using this model, an optimization of the 

cost of the insulation materials and heat tracing is carried out, to minimize the capital 

investment required and optimize the thickness of various insulation materials that can 
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potentially be used. By considering both capital and operational expenses of the heat 

tracing system throughout the lifespan of the plant, a general conclusion that increased 

heat tracing capacity over the minimum (e.g. exactly matching the thermal losses) is 

needed. This minimizes the preheating time necessary, thus minimizing the operating 

expenses of the facility. This work resulted in a publication [33]. 

Detailed measurements of the thermal losses in the molten salt storage tank have also been 

carried out. These measurements contribute to the overall model of the plant, improving 

the accuracy of prediction of parasitic loads [34]. 

3.3. Raytrace3D 

The following section has been prepared by Fraunhofer ISE, Germany based on its work under INSHIP 

Task 4.4 (“High-concentration optics for high-temperature solar reactors”). 

Raytrace3D is a Fraunhofer ISE in-house software suite developed especially for the 

assessment and optimization of concentrating collectors. The simulation engine is a quasi-

Monte-Carlo forward ray tracer that considers an additional intensity value for every ray 

[35]. Material properties like reflectivity are either taken into account statistically or by 

adjusting the intensity of the ray. The software suite including the pre-/post-processing tools 

are implemented with a performant yet flexible combination of C/C++ and Python. 

Performance is increased by bounding object algorithms that allow for a hierarchical 

clustering of the scene. The inherent autonomy of the rays allows for the parallel execution 

of the tracing process on multiple CPUs. 

Raytrace3D has been successfully employed for various and very diverse applications - 

Linear Fresnel, Parabolic Trough, Dish, Scheffler Dish, Segmented Dish, CPV, Solar Towers, 

Micro-textured surfaces, View factor calculations. It inherently accounts for various optical 

losses of collectors including cosine loss, blocking/shading, spillage, imperfect surface 

properties, atmospheric attenuation. 

Within the context of the research project STAGE-STE funded by the European Union (grant 

no. 609837), a comparison round robin with different simulation tools has been carried out 

for various predefined central receiver solar tower system scenarios including cavities and 

external receivers. Within this comparison, Raytrace3D has proven to yield results that are 

within ±1% of the average obtained by all simulation tools [36]. 
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4. Development of a concentrator system providing a vertical beam 

for solar chemical reactors without need of active cooling 

4.1. Introduction 

Solar energy has appeared as one of the renewable energy sources that can be extensively 

used in industrial applications where energy charges constitute a high percentage of the 

total cost, as well as a viable solution to reduce total carbon dioxide emissions. 

Currently, there are a large number of these industrial processes that rely heavily on gravity 

as a limiting phenomenon of their layout, forcing their vertical layout. Fixed beds, fluidized 

beds, fusion processes or material treatment are some examples [37]. Most of them require 

solar radiation to be supplied vertically in order to optimize the exploitation of energy. 

Especially small prototypes of solar powered reactors are often tested in solar furnaces. But 

the basic configuration of a Solar Furnace, a flat heliostat and a fixed concentrator (Figure 

44a), provides a horizontal beam and is therefore not suitable for the mentioned gravity-

dependent processes or reactors. There are basically two ways to overcome this problem: 

1- Use of a third, redirection (“diagonal”) mirror (Figure 44b); 2- use of a vertical axes Solar 

Furnace (Figure 44c).  

Both ideas have their pros and cons. The diagonal mirror, needs strong cooling to prevent 

overheating. In addition, the third reflection reduces the power of the radiation. In addition, 

its geometry limits the rim half-angle of the radiation to an angle well below 45°. Its benefit 

is that the existing horizontal axis solar furnace can easily be adapted to the vertical beam 

condition. 
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Figure 44. Solar Furnace configurations: (a) Conventional horizontal axis. (b) Horizontal axis with 

diagonal mirror. (c) Vertical axis. (d) Off-axis (“mussel”). (1) Flat heliostat. (2) Attenuator/shutter. (3) 

Fixed concentrator. (4) Focus with receiver/reactor. (5) Diagonal mirror. 

 

Solar furnace with vertical axes [38] works in a very similar way to a horizontal furnace, only 

with all components inclined 90° towards the vertical, with the concentrator fixed as an 

umbrella on top of the installation. This generally requires a tower structure with a wide 

opening at the bottom of the concentrator room, limiting this type of installation to low 

power units. An additional problem that is difficult to avoid is the shadowing of the tower in 

the heliostat during midday in the summer months. 

The proposed idea in this document, an off-axis setup named "Mussel Concentrator" due to 

the appearance of its concentrator, blends the fixed concentrator and the diagonal mirror 

into one unit (Figure 44d). The radiation enters horizontally from the flat heliostat and is then 

focused and redirected at the same time by the "mussel" to the vertical down in the focus. 

This prevents all the above-mentioned problems of conventional concepts. 
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The solar radiation hits the mirror without concentration, so no cooling is needed. As with 

normal solar furnaces, only two reflections are produced. There are no shading problems 

and no obvious size limit. An additional advantage even over conventional solar furnaces 

is that the experiment (receiver, reactor) is not within the optical path and therefore no 

obstruction causes loss of power. The experiment can be installed on the ground and easy 

access is provided. 

The most important disadvantage of the Mussel Solar Concentration Oven concept is, due 

to the strong off-axis geometry, an increase in the aberrations of the image [39]. This is 

noticeable in an elliptical rather than circular shape of the focal point. Another minor 

disadvantage is that the mussel-concentrator needs a larger reflective surface compared 

to a conventional parabolic concentrator. 

4.2. Mathematical development and geometry of the concentrator 

The geometric figure that allows us to obtain the highest concentration ratios is the 

parabola. The rays coming parallel to the parabola axis are ideally reflected towards a 

single focal point. That is why the concept we propose is based on a parabolic geometry. 

In addition, the radiation from a circular parabolic mirror is reflected making a conical 

beam of rays that reaches the reactor opening. This beam must be arranged vertically, due 

to the reasons explained previously. This conical shape will help to define the reflector.  

According to these principles, the suggested concentrator arises from the intersection of 

two entities: a paraboloid and a cone. The geometry is defined as the part of a rotating 

paraboloid (whose axis is horizontal) that is intersected by the vertical beam cone, with its 

vertex at the focus of the paraboloid (Figure 45a). That vertex is the place where the 

opening of the receiver is located. The resulting geometry is characterized by two main 

parameters: the semi-angle of the radiation cone α and the height h of the concentrator 

(Figure 45b). The height of the concentrator is the vertical distance between the highest 

and lowest points (P2 and P1 respectively) where the two geometric bodies intersect (h=z2-

z1). The cone angle represents the maximum angle at which the solar radiation reaches the 

focus. 
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Figure 45. a) Paraboloid and cone entities, whose intersection gives as result the “mussel” 

concentrator. b) Characteristic parameters of the concentrator. 

 

Taking into account the mathematical expressions of the geometrical entities involved, their 

intersection has been developed to achieve an equation that describes the concentrator: 

tan4 fh =  

(considering the general expression for a parabola can be expressed in this way: 

fazy −= 2
) 

The numerical development of the intersection between both bodies has led to a very 

simple equation that defines the geometry of the system. From this expression it can be 

concluded that the height and the conical semi-angle considered will fully define the size 

and shape of the concentrator: Once both parameters are selected, the focal length (and 

consequently the shape of the concentrator) is totally determined. 

 

4.3. Results of the concentrator behaviour 

4.3.1. Some initial considerations 

A ray tracing software is used to simulate the optical behavior of this reflector, analyzing 

how the concentrated flux evolves according to its characteristic parameters. The optical 

errors of the mirror decisively affect the distribution of the flux, and an appropriate 

evaluation of its value will be decisive for a realistic calculation of the concentrator's 

performance. Thus, a wide range of optical error values has been considered: from 0 mrad 

(ideal concentrator) to 12.4 mrad (quite bad one). This value includes the errors related to 

the curvature of the mirror and the roughness of the reflecting surface. Typical values of 

concentrator surfaces like a heliostat or a solar furnace concentrator are around 3 mrad 

[40], so the range considered covers widely the most common cases. 

Currently, different sizes and typologies of concentrators are being used in a large amount 

of solar thermal applications, from plates less than 1 meter in diameter [41] to heliostats or 

solar furnace concentrators of several meters in height [42]. The energy required in a 

particular process is the main parameter that will define the size of the concentrator. We 

have considered a range of heights between 1 and 5 m, to cover various possible 

applications, ranging from those that need less than 1000 W to those that need up to 15 kW. 

Additionally, the half cone angle considered for the incoming radiation has been chosen 

between 30º and 50º to cover a reasonable range of values. 

4.3.2. Results 

Ray tracing has been performed for the main combinations of the aforementioned 

parameters (cone half-angle, vertical length of the concentrator and optical errors).  
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The highest peak fluxes are obtained by reflectors with a higher beam cone angle, and as 

this value decreases, so does the flux. Concentrators with variable values of h but constant 

α and optical error have identical peak, although the total power supplied increases with 

the square of h. Conversely, the constant h keeps the total power constant, regardless of α. 

This can be seen in cases with optical error equal to 0, where similar power values are found.  

As expected, the peak flow decreases as the optical error increases and the power also 

follows a similar trend. 

The peak flux evolution versus optical error for reflectors with different α is shown in Figure 

46a. As mentioned above, this graph is not dependent on h values, which means that it can 

be applied to a concentrator of any size. 

The size and shape of the flux distribution in the focal plane (Figure 46b) depends on all 

parameters. An important difference from traditional concentrators is the elongated shape 

in the direction of the symmetry axis of the parabola (y-axis). Figure 46b shows an example 

of the flux distribution obtained in the receiver plane for a particular configuration, where 

this feature can be observed. 

 

 

Figure 46. a) Peak flux values versus optical error of the mirror surface, for reflectors with different α. 

b) Isoflux lines obtained from the flux distribution in the receiver plane for , α=40°, err=3.1mrad, 

h=5m. 

 

4.3.3. The “Truncated Mussel Concentrator” 

 
A variation of the original design is the truncation of the concentrator, clipping a part of the 

upper half of the paraboloid that is hit by the radiation under a shallow angle (Figure 47), 

following a specially developed procedure. This reduces the maximum distance between 

the outer parts of the concentrator and the focus, and hence the size of the focus. 
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Figure 47. Geometrical development of the “truncated mussel concentrator”. 

Once the final geometries are created, they are introduced in a ray tracing software to 

perform the simulations in order to analyze the optical behavior of the concentrators. They 

allow to know the power and the flux distribution in the focal plane. Figure 48 shows ray 

tracing simulation results for two different concentrators and the flux distribution provided in 

the focal plane. In case of the truncated one, the shape of the focal spot has been found 

less elongated in the direction of the parabola’s symmetry axis, which means the 

“Truncated Mussel” concept reduces the elongation of the spot for the same effective 

concentrator surface. 

 

Figure 48. a) Ray tracing simulation and flux distribution for the original “Mussel concentrator”. b) 

Ray tracing simulation and flux distribution for the “Truncated Mussel concentrator”. 
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4.3.4. First prototypes 

The first prototypes have already been created with a 3D-printer. Figure 49 shows the first 

models implemented. They include the original “mussel concentrator” concept, as well as 

the latest “truncated” concept. 

   

Figure 49. Left: “Mussel concentrator”. Center: “Truncated Mussel concentrator”. Right: Comparison 

between both geometries. 

Next step will be to create the 3D prototypes with a metallic material and deposit a 

reflective layer over its surface in order to create a working concentrator. 

 

5. Degree of progress 

This document constitutes Deliverable D4.4 under Work Package 4 of the INSHIP project. This 

Deliverable reports results of work done until the end of the project (December 2020) related 

to conceptual design of medium-to large-scale implementation of high concentration solar 

optics for selected high-temperature reactor designs of: a) metallurgical processes; b) lime 

processing from limestone; c) fuels production from H2O and CO2 via redox cycles or from 

agricultural waste via gasification. 

6. Dissemination 

Journal articles: 

1. F. Dähler, M. Wild, R. Schäppi, 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. doi:10.1016/j.solener.2018.05.085. 

2. Within WP4 Task 4.2 RA 4.2.4, the operation of a 100 kW plant in transient conditions 

has been performed, defining several successful ways of regulation of the facility. The 

results of this work has lead CIEMAT to publish an article in Renewable Energy journal 

with the title: “A 100 kW cavity-receiver reactor with an integrated two-step 
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thermochemical cycle: Thermal performance under solar transients” Volume 153, 

June 2020, Pages 270-279, performed  by the authors: Alfonso Vidal, Aurelio 

González-Pardo and Thorsten Denk. 

Conference participations: 

1. Canavarro, D., Delgado, G., Patil, V., Blanco, M.. Horta, P., 2020, “Etendue-Matched 

Solar Tower Beam-Down System for High-Temperature Industrial Processes”, 

SolarPACES 2020 conference (oral presentation). 
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