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Abstract 

Concentrated Solar Power (CSP) constitutes one suitable solution for exploiting solar resources for power 

generation. In this context, parabolic dish systems concentrate the solar radiation onto a point focusing 

receiver for small-scale power production. Given the modularity feature of such system, the scale-up is a 

feasible option; however, they offer a suitable solution for small scale off-grid electrification of rural areas. 

These systems are usually used with Stirling engines, nevertheless the coupling with micro-gas turbines 

presents a number of advantages, related to the reliability of the system and the lower level of 

maintenance required. The OMSoP project, funded by the European Union, aims at the demonstration of 

a parabolic dish coupled with an air-driven Brayton cycle. By looking at the integrated system, a key-role is 

played by the solar receiver, whose function is the absorption of the concentrated solar radiation and its 

transfer to the heat transfer fluid. Volumetric solar receivers constitute a novel and promising solution for 

such applications; the use of a porous matrix for the solar radiation absorption allows reaching higher 

temperature within a compact volume, while reducing the heat transfer losses between the fluid and the 

absorption medium. The aim of the present work is to deliver a set of optimal design specifications for a 

volumetric solar receiver for the OMSoP project. The work is based on a Multi-Objective Optimization 

algorithm, with the objective of the enhancement of the receiver thermal efficiency and of the reduction 

of the pressure drop. The optimization routine is coupled with a detailed analysis of the component, based 

on a Computational Fluid Dynamics model and a Mechanical Stress Analysis. The boundary conditions 

are given by the OMSoP project, in terms of dish specifications and power cycle, whilst the solar radiation 

boundary is modelled by means of a Ray Tracing routine. The outcome of the analysis is the assessment of 

the impact on the receiver performance of some key design parameters, namely the porous material 

properties and the receiver geometrical dimensions. From the results, it is observed a general low pressure 

drop related to the nominal air mass flow, with several points respecting the materials limitations. One 

design point is chosen among the optimal points, which respects the OMSoP project requirements for the 

design objectives, i.e. a minimum value of efficiency of 70%, and pressure losses below 1%. The final 

receiver configuration performs with an efficiency value of 86%, with relative pressure drop of 0.5%, and 

it is based on a ceramic foam absorber made of silicon carbide, with porosity value of 0.94.  Moreover, the 

detailed analysis of one volumetric receiver configuration to be integrated in the OMSoP project shows 

promising results for experimental testing and for its actual integration in the system.  
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Abbreviations 

Abbreviation Significate 

AISI American Iron and Steel Institute 

CFD Computational Fluid Dynamics 

CLFR Compact Linear Fresnel Reflector 

CNRS Centre National de la Recherche Scientifique 

CSP Concentrated Solar Power 

DIAPR Directly Irradiated Annular Pressurized Receiver 

DNI Direct Normal Irradiation 

DSG Direct Steam Generation 

EES Engineering Equation Solver 

FEM Finite Element Method 

HTF Heat Transfer Fluid 

KTH Kungliga Tekniska Högskolan 

LFR Linear Fresnel Reflector 

LNTE Local Non-Thermal Equilibrium 

MATLAB Matrix Laboratory 

MGT Micro Gas Turbine 

MOO Multi-Objective Optimization 

NDS Non-Dominated Set 

OMSoP Optimized Micro-turbine Solar Power system 

PDS Parabolic Dish System 

PS10 Planta Solar 10 

PTC Parabolic Trough collector 

PVLCR Pressure Loaded Volumetric Ceramic Receiver 

RANS Reynolds-Averaged Navier-Stokes 

RPC Reticulated Porous Ceramic 

SEGS Solar Electric Generating Systems 

SIREC Solar Thermal Central Receiver Systems  

SOLGATE Solar Hybrid Gas Turbine Electric Power System 

SPT Solar Power Tower 

TIT Turbine Inlet Temperature 

UV Ultra Violet 
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Symbols 

Latin symbols Unit Significate 

ℎ𝑠𝑓 𝑘𝑊/𝑚2𝐾 Interfacial heat transfer coefficient 

ℎ𝑣𝑜𝑙 𝑘𝑊/𝑚3𝐾 Volumetric heat transfer coefficient 

𝐴1, 𝐴2/𝑏1, 𝑏2 𝑚 Coefficient of the double Gaussian curve 

𝐴𝑐 𝑚2 Cross-sectional area honeycomb channel 

𝐶𝑒 − Inertia coefficient 

𝐷ℎ 𝑚 Hydraulic diameter (honeycomb) 

𝐾𝑒𝑥𝑡 1/𝑚 Extinction coefficient 

𝐿𝑎 𝑚 Absorber length 

𝐿𝑐 𝑚 Distance absorber-window 

𝑁𝑝 − Size of the initial population 

𝑁𝑟𝑎𝑦𝑠 − Number of rays 

𝑃𝑤 𝑚 Wetted perimeter (cross-section honeycomb) 

𝑐𝑝 𝑘𝐽/𝑘𝑔𝐾 Specific heat capacity at constant pressure 

𝑑𝑐 𝑚 Cell diameter (foam) 

𝑑𝑝 𝑚 Particle diameter (foam) 

𝑑𝑟𝑒𝑐 𝑚 Receiver diameter 

𝑑𝑣 𝑚 Average void diameter (foam) 

𝑓𝑓 − Friction factor (distributed losses) 

𝑓𝑙 − Friction factor (local losses) 

𝑘𝑢 − Material utilization 

𝑙𝑐𝑒𝑙𝑙 𝑚 Geometrical parameter for honeycomb structure 

�̇� 𝑘𝑔/𝑠 Mass flow 

𝑛𝑝 − Discretization parameter on the parabola 

𝑛𝑟 − Discretization parameter on the angular direction 

𝑛𝑟𝑒𝑓𝑟 − Refractive index 

𝑟𝑖𝑛𝑡 − Intercept ratio 

𝑠𝑤 𝑚 Window thickness 

𝑡𝑤 − Window transmission coefficient 

𝑡𝑤 𝑚 Wall thickness honeycomb structures  

𝑢+ − Dimensionless velocity 

𝑢𝜏 𝑚/𝑠 Friction velocity 
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𝑦+ − Dimensionless distance 

ℎ 𝑘𝐽/𝑘𝑔 Enthalpy 

x, y, z 𝑚 Cartesian coordinates 

Δ𝐿 𝑚 Cavity steepness parameter 

𝐴 𝑚2 Area 

𝐶 − Empirical constant for the porous material 

𝐶𝐷𝐹 − Cumulated Distribution Function 

𝐷 𝑚 Dish aperture diameter 

𝐷𝑁𝐼 𝑊/𝑚2 Direct Normal Irradiation 

𝐸 𝐺𝑃𝑎 Young’s modulus 

𝐸 𝑊 Ray Power 

𝐹 𝑁/𝑚3 Volumetric force 

𝐹𝑜𝑆 − Factor of safety 

𝐺 𝑊/𝑚2 Irradiance 

𝐻 𝑚 Parabola height 

𝐼 𝑊/𝑚2 Ray Specific Power 

𝐽 𝑊/𝑚2 Radiosity 

𝐾 𝑚2 Viscous permeability coefficient 

𝐿 𝑚 Extinction length 

𝑁𝑢 − Nusselt number 

𝑃 𝑘𝑊 Power 

𝑃𝑟 − Prandtl number 

𝑅𝑀𝑆𝐸 − Root Mean Square Error 

𝑅𝑒 − Reynolds number 

𝑇 𝐾 Temperature 

𝑑 𝑚 Directional vector 

𝑓 𝑚 Focal length 

𝑘 𝑊/𝑚𝐾 Conductivity  

𝑝 𝑃𝑎 Pressure 

𝑟 𝑚 Radial coordinate in a cylindrical reference system 

𝑟 − Reflectivity  

𝑠 𝑚 Parabola arc length 

𝑡 𝑠 Time  

𝑢 𝑚 Displacement  
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𝑣 𝑚/𝑠 Velocity modulus 

𝑥 𝑚 Axial coordinate in a cylindrical reference system 

𝑼 𝑚/𝑠 Velocity vector 

 

Greek symbols Unit Significate 

𝛼𝑠𝑓 1/𝑚 Superficial interfacial area per unit volume 

𝛼𝑡ℎ 1/𝐾 Thermal expansion coefficient 

𝛼𝑤 − Absorptivity of the window 

𝜎𝐼 , 𝜎𝐼𝐼 , 𝜎𝐼𝐼𝐼 𝑃𝑎 Principal stresses 

𝜏𝑤 𝑃𝑎 Shear stress at the wall 

Δ − Interval 

Φ 𝑟𝑎𝑑 Refractive angle 

𝛼 𝑟𝑎𝑑 Second angular coordinate in a spherical reference system 

𝛾 𝑟𝑎𝑑 Discretization angle  

휀  − Surface emissivity   

휁 − Random number  

휂 − Efficiency 

휃 𝑟𝑎𝑑 First angular coordinate in a spherical reference system 

𝜇 𝑃𝑎 ∙ 𝑠 Dynamic viscosity 

𝜈 − Poisson’s ratio 

𝜋 − Pi number 

𝜌 𝑘𝑔/𝑚3 Density  

𝜎 𝑟𝑎𝑑 Deviation/error 

𝜓 𝑟𝑎𝑑 Angular coordinate of a polar reference system 

𝜔 𝑚 Deviation of the ray from the focal point in the focal plane 

𝜙 − Porosity 

 

Subscripts 

Subscripts Description 

abs Absorber  

air Air  

amb Ambient  

annulus Parabolic dish annulus 

d Referred to the directional vector 
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dish Solar Dish 

f Fluid  

fe Fluid effective 

i 𝑖𝑡ℎ ray 

I Inner point I of the interval 

in Inlet  

int Intercepted 

max Maximum 

out Outlet  

P Central point P of the interval  

rad Radiative  

rec Receiver (thermal) 

ref Reference 

refl Reflectance 

s Solid  

se Solid effective 

slope Slope 

sun Sun  

th Thermal  

w Window  

wall Wall  
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1 Introduction 

The environmental concerns on the use of fossil fuel to produce electricity have been increasing during 

the past years, together with the awareness of the limited availability of their supply. A major attention has 

been focused on exploiting renewable energy sources and research is currently on-going on several 

different technologies. Among these, solar radiation is the largest carbon-neutral renewable source, with 

two available technologies utilized for electricity production, i.e. photovoltaic panels and Concentrated 

Solar Power (CSP) [1]. 

CSP exploits thermal energy derived by solar radiation, concentrated on small surfaces by means of 

mirrors, in several possible configurations; the collected heat is then used in a power block where 

electricity is generated [2]. Among the different CSP technologies, parabolic dishes, often called sun or 

solar dishes, constitute a promising technology for power generation at different scales; with the highest 

efficiency achieved by a CSP system so far [3], solar dishes are suitable for small-scale domestic or 

commercial application, fitting also off-grid power production in rural areas. 

The topic of rural electrification has raised major interest in the recent decade, despite the energy access 

situation of developing countries has not changed significantly, with 1.3 billion of people lacking access to 

electricity in 2011 [4]. In this context, decentralized off-grid power generation often offers a suitable 

alternative to the high costs related with the infrastructure (transmission and distribution lines) to connect 

remote areas. In countries with high solar resources, solar power represents a clean and sustainable 

alternative over the most widely used diesel generators [5]. 

Within the framework of CSP, solar dishes are usually combined with Stirling engines. However the use of 

a micro-gas turbine presents a number of advantages, since the higher reliability and lower cost of 

maintenance. Moreover, the possibility to integrate the system with hybrid configurations (diesel back-up) 

seems of particular relevance, in order to provide a continuous energy supply for off-grid applications. In 

this regard, the OMSoP (Optimized Micro-turbine Solar Power system) project seeks the demonstration 

of the technological feasibility of a solar dish coupled with a Brayton cycle, providing power in the range 

of 3-10 kW [6].  

By looking at the solar-to-power conversion system, the solar receiver is the component absorbing the 

concentrated sunlight and transferring it to the heat transfer fluid as usable thermal energy. In parabolic 

dish systems high concentration ratios can be achieved, hence the receiver has to withstand high 

temperatures, within the range of 700-900°C. Several configurations exist for point-focusing applications. 

Among these, volumetric receivers seem to be particularly suitable; a porous structure is employed to 

absorb the concentrated radiation, while transmitting the energy to the heat transfer fluid by convection; 

the inherent advantage of using such configuration is the so-called “volumetric effect”, which allows the 

radiation spreading over the volume of the porous material, reducing the temperature at the receiver front 

surface and the related convection and re-irradiation losses [7]. In this regards, it is clear that assessing and 

optimizing the performances of a volumetric solar receiver is of particular importance for improving the 

feasibility of parabolic dish systems. The aim of the present work is to conduct a detailed optimization 

study to choose a suitable receiver configuration for a parabolic dish system, coupled with a micro-gas 

turbine, within the framework of the OMSoP project.  

1.1 Research framework: the OMSoP project 

As the title suggests, the aim of the present thesis is to design and model a volumetric solar receiver. This 

receiver has to be designed for a particular application, known as the “OMSoP” project, whose acronym 

stands for “Optimized Micro-Turbine Solar Power system”.  

This project is partly funded by the European Union (belonging to the EU 7th Framework Programme for 

Research and Development) and it “aims to provide and demonstrate technical solutions for the use of state-of-the-art 

concentrated solar power system (CSP) coupled to micro-gas turbines (MGT) to produce electricity” (cf. [8]). Currently, 8 
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different institutions, belonging to 5 different countries, are contributing to the project, each of them 

having a specific work package and objectives. KTH is one of the consortium members, specifically 

working on the development of one of the system component, namely the solar receiver. The OMSoP 

consortium members seek to achieve the construction of a modular power system, able to produce 

electricity with rated power in the range of 3-10 kW [8]. 

The preliminary layout of the system is shown in Figure 1.  

 

Figure 1: OMSoP project-preliminary layout of the system [6] 

A parabolic dish concentrator (shown in the Figure as component A) is coupled with a Brayton cycle; in 

order to do this, the conventional combustor, whose function is to burn fuel producing high temperature 

flue gases for the turbine inlet, is substituted with the solar dish. The dish, as it is explained in Section 

2.1.4, concentrates the incoming solar radiation into a point-focusing receiver, shown as component B in 

the Figure. Air is used as working fluid: pressurized in the compressor, it is first pre-heated in the 

recuperator by the air outflow from the turbine, and then sent to the receiver. Here, a volumetric absorber 

is placed: the porous material heats up by the incoming solar radiation and releases this thermal energy to 

the flowing air, which is lastly sent to the turbine for power generation.  

KTH has the task to develop and test a solar receiver for this system; the aim of this thesis is to provide 

the design specifications of a volumetric receiver, working with air as heat transfer fluid, and after proper 

testing and evaluation, the proposed solution could possibly be integrated in the OMSoP system.  

1.2 Previous work 

The literature review on volumetric solar receivers shows how this technology started to be applied since 

the early 1990s in research projects and related development applications. A number of different 

configurations exist, which make use of different absorber materials, working fluids, operating pressure 

and temperature [7]. One common characteristic of these projects is that their design is specifically 

addressed to Solar Tower Power Plants, i.e. a particular configuration of CSP technologies, with large 

heliostat fields concentrating solar radiation on top of a tower. The nominal capacity of such plants usually 

lies between 100-200 MW, thus constituting a very different application with respect to parabolic dish; for 

instance, the OMSoP project seeks the demonstration of a power production system able to deliver power 

within 3-10 kW.  

Once reference work regarding the adaptability of volumetric receiver configurations for solar dishes has 

been carried by Lukas Aichmayer at the KTH CSP Research Group in [9] [10] and [5]. A volumetric solar 

receiver design has been developed for a small-scale parabolic dish. Moreover, an optimization study has 
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been developed in order to assess the influence of the relevant design variables on the receiver 

performance; the optimization was based on a fluid-dynamics model of the component developed in the 

MATLAB environment, and the solar flux impinging on the receiver was estimated by means of a 

correlation derived by experimental data taken from the EuroDish system [11]. Furthermore, a chosen 

receiver configuration was modelled with the commercial software COMSOL and a receiver prototype 

was designed.  

1.3 Objectives and novel aspects 

The objective of the present Master thesis is to design a volumetric solar receiver to be used in the 

OMSoP project. In particular, the receiver is modelled and an optimization study is conducted in order to 

find a suitable combination of design parameters. The receiver design is based on the preliminary 

configuration developed by Aichmayer et al. in [9] [10] and [5]. However, novel aspects are introduced and 

investigated in this work; specifically: 

1. The solar flux absorption in the component is modelled by means of a Ray Tracing routine, 

which is developed in the MATLAB environment; in this context, the dish boundary conditions 

are given by the OMSoP dish specifications. 

2. The Computational-Fluid Dynamics (CFD) model and the mechanical analysis are developed by 

means of the commercial software COMSOL, and they are coupled with a Multi-Objective 

Optimization (MOO) procedure, implemented in the MATLAB environment.  

3. Considerations on the following design aspects are carried: 

a. Absorber shape; 

b. Absorber ceramic material; 

c. Absorber porous structure. 

As it will be introduced in the literature survey in Section 2.2.1.3, the existing volumetric receiver 

configurations are based on the use of ceramic foam made of silicon carbide as absorber materials. In this 

work, other ceramics used for high temperature applications are reviewed and compared. Also, an 

alternative model is developed for honeycomb structures, so to differentiate the analysis with respect to 

the most conventional foams. The honeycomb model is used as basis for a further optimization study.  

Last, it is worth it to stress again that the boundary conditions of this Master thesis are given by the 

OMSoP project, and this has not been done yet. The specific boundaries given by the project will be 

explained more in details later in the report. 

1.4 Report structure 

The Master thesis structure is briefly explained, so that the reader is facilitated for a good understanding of 

the report. In the present Section, a brief introduction on the thesis topic was given, together with the 

explanation of the research framework. Moreover, the research work developed so far on volumetric solar 

receivers has been introduced; special focus was given to the research developed by Lukas Aichmayer, 

constituting the basis of the present work. The objective of the Master thesis was explained, and the novel 

aspects were introduced, with special focus on the integration of the receiver analysis within the 

framework of the OMSoP project, and the further steps for improving the modelling of the component. 

The following part of the report is organized as follow: 

 Section 2 explains the theoretical framework of the thesis, by reporting a brief literature review on 

the research topic. More specifically, CSP technologies are presented and explained, and focus is 

set on the state-of-the-art of solar receivers for point focusing applications; special attention is 

given to working principle, limitations and existing configurations of the volumetric receiver type. 

 Section 3 deals with the methodology followed for the development of this thesis. The different 

models needed for the optimization of the receiver are introduced, and the integration between 

the different parts is explained. 
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 Section 4 describes the Ray Tracing model, developed in the MATLAB environment, and the 

related outcomes needed for the receiver modelling. 

 Section 5 deals with the detailed modelling of the volumetric receiver, i.e. the CFD and the Stress 

Analysis by means of the software COMSOL; furthermore some additional design considerations 

on absorber materials and shape are reported. 

 In Section 6, the Multi-Objective Optimization model is explained, with some references to the 

theoretical framework and the model structure; the optimization results are presented and 

discussed, and one optimal design configuration is chosen. This constitutes the most relevant 

deliverable of the present work.  

 The report concludes with Section 7, i.e. final remarks and future work. 
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2 Theoretical framework 

Concentrated Solar Power technology (CSP) exploits thermal energy derived by solar radiation, which is 

redirected, focused and concentrated on a small surface; the collected heat is then used in a power block, 

where electricity is generated by means of a turbine or a heat engine. A sun tracking system follows the 

direction of the solar radiation during the day, in order to have the light constantly concentrated onto the 

focusing surface [2]. 

The sunlight is concentrated in the solar receiver, where the heat transfer fluid (HTF) heats up, in the so-

called primary circuit. Different configurations of the system exist, in which the primary fluid can be 

directly sent to the turbine or it can be used in a heat exchanger, releasing heat to the secondary circuit 

[12]. Furthermore the reflector system can be configured in different ways, according to the sun tracking 

concentrating collectors arrangement, and the shape and the position of the optical elements (mirrors). 

Depending to the system layout scheme, various concentration ratios can be achieved; the concentration 

ratio, expressed in “suns”, indicates the ratio of the solar flux onto the receiver surface and the flux on the 

mirror, thus 1 sun corresponding to the average radiation level at the Earth surface, equal to 1000
𝑊

𝑚2.  

The manipulation of this concentration ratio permits the regulation of the system operational temperature, 

so that the CSP plant can be thermodynamically adapted to the different applications [1]. The higher the 

temperature, the higher the thermodynamic system efficiency; however, the receiver efficiency decreases 

with increasing temperature, since re-irradiation losses are larger. This means that a trade-off must be 

found in order to find the optimal temperature at a given concentration ratio; nevertheless selective 

materials can be used to reduce these losses, when the receiver is working at high temperatures [2]. 

In order to produce electricity, a power cycle is connected just after the solar concentration field; there is 

no special power production system developed for CSP applications, but conventional fossil fuel cycles 

are adapted to them. Existing plants use steam turbines and Stirling engines, while gas turbines are 

currently exploited only as experimental facilities. However, the overall conversion efficiency solar-to-

electricity stays lower compared to traditional steam or combined cycles, since an additional conversion 

step is included, i.e. solar radiation converted into heat [2].  

Nowadays, operating CSP systems vary from medium to large scale; the research started in 1970-80s, 

when the first oil price crisis generated awareness about limited fossil fuel resources availability, unequally 

distributed around the world. However, after the first research projects and prototypes, the CSP 

development was interrupted for around 20 years, mainly due to non-competitive production prices and 

unfavorable market conditions. In the early 2000s, a new commercial development began, which in 

Europe was led by Spain. The CSP capacity installed (in operation) at the end of 2012 is 2,7 𝐺𝑊, with 

additional 31,7 𝐺𝑊 planned and 2,3 𝐺𝑊 under construction [2].  

2.1 CSP reflectors layout classification 

As already stated, CSP applications can be differentiated according to different aspects.  One simple 

distinction is made accordingly to concentrator mirrors configuration; in particular, line focusing systems 

concentrate the sun radiation onto an absorber tube, while point focusing configurations exploit a two-

axis tracking system in order to concentrate the sunlight onto a single focal point. Parabolic Trough 

Collectors (PTC) and Linear Fresnel Reflectors (LFR) belong to the first category, whereas Solar Power 

Tower (SPT) and Parabolic Dish System (PDS) to the second one [2].  

Some characteristics of these four different systems are reported in Table 1; however a more detailed 

description follows in this Section.    
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Table 1: Some characteristics of the different CSP technologies [2] 

Type Capacity [MW] 
Concentration 

ratio [-] 

Annual 

efficiency [%] 

Peak efficiency 

[%] 

Parabolic 

Trough 
10-200 70-100 10-16 21 

Linear Fresnel 10-200 25-100 9-13 20 

Power Tower 10-200 300-1000 8-23 23 

Dish-Stirling 0,01-0,4 1000-3000 16-28 29 

 

Figure 2 shows a schematic view of the four different technologies for sunlight concentration.  

 

Figure 2: Currently available technologies to concentrate the solar radiation: PTC and LFR on the left-hand side, SPT 
and PDS on the right-hand side [2] 

2.1.1 Parabolic Trough Concentrators 

The parabolic trough system consists of parallel rows of reflectors with a parabolic shape, created by using 

bending sheets of a highly reflective material (usually silvered low-iron glass). The receiver is an absorber 

tube, which is usually a black metal pipe, coated with a glass pipe in order to reduce heat losses by 

convection. Selective coating is applied to the internal pipe, to enhance tube absorbance and reduce its 

emittance. The glass pipe is instead covered by anti-reflective coating, in order to increase trasmissivity [1].  

Since the collector is linear, with the parabolic shape only in one dimension, the receiver has a tubular 

shape, with a single axis tracking required. Furthermore, these concentrators have a modular feature, since 

each row of reflectors is an independent system, with its own receiver tube, and tracking the sun 

autonomously [2]. 
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Thermal oil, in particular diphenyl-oxide/byphenyl eutectic mixture, is usually used as HTF, but the 

operating temperature has to stay below 400°𝐶 to avoid decomposition. Thermal energy storage can be 

easily implemented in this type of plant, usually with a dual tank of molten salt, for hot and cold wells. 

Molten salts might be directly used also as HTF, offering the advantage of being less corrosive and having 

a higher boiling/decomposition point rather than synthetic oils; however they usually have a high 

solidification temperature (around 150°𝐶), thus a trace heating system has to be included along the tubes 

to avoid freezing of the salt [2]. Also water has been used in existing plants, and usually the preferred 

configuration is Direct Steam Generation (DSG), where the water/steam HTF is directly sent to the 

turbine [1]. 

PTC offers the most mature technology among the CSP applications, and 75% of the existing facilities are 

based on this technology [2]; a large number has been installed around the world, for instance the SEGS 

(Solar Electric generating Systems) has been installed in the California desert, with a total capacity 

of 354 𝑀𝑊 [1]. 

2.1.2 Linear Fresnel Reflector 

LFRs are series of very long, narrow and with a light curvature (tending to be flat) collectors, which reflect 

light onto the surface of a linear absorber; this absorber is a fixed structure, which is placed above the 

mirrors and it is the same for all the rows. The advantages are therefore the simpler design and the use of 

low-cost flat mirrors, since they can be simply curved elastically [12]. The overall cost is also lower, 

because only the small mirror facets have to rotate during the sun tracking, while in PTCs the rotating 

structure has to support the whole system (concentrators and absorber tubes). However the use of these 

mirror facets introduces further optical losses, reducing the output (of focused sunlight) by 20-30% 

compared with PTCs [2].  

A novel concept has been introduce in this category, known as the Compact Linear Fresnel Receiver 

(CLFR): more than one linear absorber are placed above the collectors, so that at a certain distance from 

the receivers, two adjacent collectors are placed in order to reflect the sunlight onto the two opposite 

receivers, as it shown in Figure 3.  

 

Figure 3: Sketch of the Compact Linear Fresnel Concept [1] 

This configuration allows a more compact distribution of the reflectors, thus reducing the land 

requirements, and decreases shading between the mirrors [1] 

2.1.3 Solar Power Towers 

Solar Power Towers, also known as Central Receiver Systems, have high temperature concentrators, in 

which the solar radiation is reflected by a large field composed by two-axis tracking mirrors called 

heliostats, and focused onto a solar receiver, placed on the top of a supporting tower; each heliostat has a 

typical surface area of 50 − 150 𝑚2, and it is able to move from east to west and up/down [13].  The 

mirrors can be slightly concave, increasing the reflected solar radiation, yet increasing manufacturing costs. 

The receiver is placed on a tall tower because this decreases the minimum distance between the heliostats 

to avoid shading [1].  
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As well as PDS, two axis tracking allows focusing of the radiation in a single point, so that point-focusing 

receivers are used in both the application. More detailed information about the types of receiver used in 

SPTs and PDSs, and their classification, are presented in Section 2.2.  

Compared to PTC and LFR, central receiver systems can achieve higher temperatures, thus with higher 

conversion efficiency; different HTFs can be used, liquid or gaseous, like water/steam, molten salt and/or 

air. Some examples are the PS10 plant in Seville (Spain), where saturated steam at 250°𝐶 is produced 

inside a metallic tubular receiver, the Gemasolar plant in Seville, where molten salts are used as HTF and 

storage medium, and the Julich SPT in Germany, where air at near ambient pressure is used in an open 

volumetric air receiver and heated up 700°𝐶 [2]. 

This technology is currently at a first commercialization stage, where the first plants are already under 

operation, whilst larger plants are under construction. Large scale plant are usually built (minimum size 

of 10 𝑀𝑊), in order to compensate for the very high investment costs [1]. The current largest CSP plant 

is a Solar Power Tower, namely Ivanpah SEGS, built in 2014 in the California desert, and delivering 

392 𝑀𝑊 of power [14].  

2.1.4 Parabolic Dish Systems 

This technology consists of a round parabolic solar mirror, and it is often called solar or sun dish; usually 

the dish is formed by several smaller faceted, which all focus the sun radiation into a single point [15]. In 

the focal point, the receiver absorbs the solar radiation; the absorbers usually used are direct illumination 

receivers, heat pipes or volumetric receivers [13].  

The use of facetted mirrors allows easier fabrication process [16] and a better performance of the entire 

system in terms of resistance to strains caused by strong wind: the mutual position and the interspaces 

between the squared or round faceted mirrors reduce the action of the wind on the structure [15]. In order 

to increase the durability of the mirrors, which are exposed to the action of the weathering (especially 

wind blowing onto the surface small particles, acting as abrasive and therefore reducing the mirror 

reflectivity), the surface has to be hardened: for this aim, a thin glass layer is usually used (1 mm), with 

reflective coating on silver or aluminum, which are able to reflect above 90% of the solar radiation on a 

wide range of the solar spectrum (300 to 1200 nm) [15]. The glass layer is supported by a surface of 

carbon-steel or stainless steel sheet (1 mm of thickness). As alternatives to the glass layer, aluminized or 

silvered reflective foils can be used, but they show shorter durability [15]. The low thickness of the whole 

layer has to accomplish the curvature needed to reflect the solar rays onto the focal point, which is at a 

relatively short distance from the dish [16]. 

The size of the concentrator is given by the rated power output of the coupled Dish/engine system; with 

existing Stirling engines, an output of 5 kWe requires a dish of approximately 5.5 meters of diameter, 

while for a 25 kWe output 10 meters of diameter are required [16].  

According to the state of the art carried out by Reddy et al. (2003) [13], this type of concentrator is almost 

always coupled with Stirling engines, for a production of power that stays in the range of kWs. For this 

reason, the system is conceived to be suitable for small-scale applications, thus off-grid production of 

electricity in rural areas.  

However coupling of solar dishes with Brayton cycles (in open and close loops) or Rankine cycles (with 

organic working fluid or water steam) are actual possibilities [13]; the main advantage of using gas turbines 

in a Brayton cycle is the potential to reach higher temperatures rather the conventional steam cycles (up to 

1200°C), with a range of power output from kW (in the case of coupling with solar dishes) up to MW (in 

case of coupling with central receiver systems) [2]. Nevertheless, solar gas turbines have only been 

developed at experimental levels, and there are no commercial units available. The OMSoP project, which 

gives the boundary framework for the development of the receiver design in this thesis, aims to be the 

demonstration plant of the small-scale gas turbine coupling with solar dishes [17].  
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On the contrary, in the past 30 years, several Dish-Stirling systems have been built and commercialized by 

the companies, in US, Europe, Russia and Japan [18]. One of the Dish-Stirling coupled systems performed 

the world record in terms of solar to electricity conversion efficiency: six prototypes with a total output 

power of 150 kW scored 31.25% in New Mexico, US [3]. The bottlenecks, currently slowing down the 

rate of diffusion of such a technology, are the poor reliability and complexity of the system, together with 

the high costs [18]. The consistently high conversion ratio which they can achieve, as also shown in Table 

1, is the main strength of this configuration with respect to the other layouts; moreover, the modularity of 

the technology allows the flexibility of scaling up the system, whilst keeping the overall conversion 

efficiency to very high levels.   

2.2 Receiver classification 

The solar receiver is the component of the CSP system absorbing as much possible of the concentrated 

sunlight and transferring it to the heat transfer fluid as usable thermal energy.  

Four different types of system have been introduced, each exploiting a different sun-tracking system and 

mirrors configuration; for the receiver design, it is important to distinguish between system with a single 

axis tracking system and two-axis tracking system. In fact, the formers (PTC and LFR) need a linear 

omnidirectional receiver in order to collect the sunlight coming from any direction, while the latters (SPT 

and PDS) focuses the radiation in one single point and therefore require the so-called point focusing 

receivers. 

Given the aim of the present work, i.e. to design a volumetric receiver for a parabolic dish layout, different 

types of point focusing receiver are hereafter presented and discussed, with their basic design principles, 

advantages and limitations, and existing configurations. In particular, volumetric receivers are analyzed and 

discussed with more details.  

2.2.1 Point focusing receivers 

The first distinction is usually made between external and cavity receivers. The difference between the two 

principles is shown in Figure 4. 

 

Figure 4: Schematic view of tubular external receiver (left-hand side) and cavity receiver (right-hand side) [19] 

External receivers are usually made with panels of numerous vertical tubes, which are connected to each 

other to form a cylindrical shape. The heat losses are mainly given by the convective contribution of the 

tubes external area, that indeed has to be kept at a minimum value; however, the area, together with the 

heat removal capacity of the heat transfer fluid, influences the outlet temperature and the power extracted 

by the receiver itself. The choice of a HTF with a good heat removal capacity decreases the area required 

for the same power output, thus also reducing heat losses. Therefore often liquid sodium is used, 

performing better than water/steam or molten salt for heat transfer [20]. 

The design of cavity receivers started as an effort to reduce the heat transfer losses given by the large 

external area of external receivers. The absorber is located inside an insulated cavity while the solar flux 

impinges on the cavity aperture; in this way, the cavity opening can be reduced to minimum, so to 

minimize convective and radiative losses, without blocking the incoming radiation. Typical values of the 
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aperture stay around one-third or one-half of the internal absorber area. In order to increase the total 

absorber surface, often multiple cavity receivers are placed next to each other [20]. Figure 5 shows the 

design of one cavity receiver, from Sandia National Laboratory (California).  

 

Figure 5: Tubular cavity receiver (Sandia National Laboratories) [20] 

As it can be notice from Figure 5, this design is only suitable for point-focusing receiver, since the 

radiation impinges on the absorber surface only when it comes for the aperture (located in front of the 

inner shield in the Figure). When coupled with solar dishes, this aperture is placed in the focal plane of the 

parabola, normally with respect to its axis. In this particular case, the tubular absorber consists of walls of 

coiled tubes.  

Depending on the material and the configuration of the absorber, a different classification can be made. 

Different types of absorbers have been investigated, among which most important are tubular, heat pipes 

and volumetric, presented respectively in Sections 2.2.1.1, 2.2.1.2, 2.2.1.3.  

Another distinction can be made between direct irradiation receivers and indirect irradiation receivers. The 

formers usually present a volumetric absorber, designed with or without a glass window at the opening, 

whose porous matrix directly absorbs the solar radiation and heats up the heat transfer fluid. In the latters, 

the radiation is absorbed by the heat exchanger wall, which first transmits the heat by conduction through 

its thickness and only then releases the heat to the absorber; the absorber configuration can be tubular 

(either external or cavity) or as heat pipe [21].  

2.2.1.1 Tubular receiver  

Tubular absorbers can work with both gas and liquids as heat transfer fluids, in both external or cavity 

configuration. They usually use thin tubes, made of stainless steel or alloyed, stacked together and 

transporting the heat transfer fluid, usually in multiple passes though the solar 

radiation. The diameter and the thickness of the tube are designed to reduce 

the pumping losses and to enhance the heat transfer [19]. The sketch of the 

working principle of a tubular receiver is shown in Figure 6, together with the 

radial temperature distribution at the inlet and outlet flow.  

As it can be seen in the Figure, the radiation impinges on the external tube 

wall, and it is transmitted by conduction to the internal one; the fluid (gas or 

liquids) increases its temperature of Δ𝑇 between the inlet and the outlet, 

exchanging heat by convection with the internal wall.  The tube can be part of 

the internal absorber of a cavity receiver or be placed on the outer surface of 

an external receiver.  

Figure 6: Tubular receiver schematic view (upper) and temperature distribution of the wall and the HTF at inlet and 
exit [22] 
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With gas tubular receiver, higher temperature can be theoretically reached but the limiting factor is the low 

heat transfer coefficient gas/wall [19]. 

Liquid tubular receivers have higher heat removal capacity and they have been employed in the first CSP 

demonstration plants in Spain, namely Solar One and Solar Two; possible heat transfer fluids are 

water/steam, molten nitrate salt, fluoride salts and liquid sodium. Molten salts offer the advantage of using 

the same fluid as HTF and storage medium, with no need of an intermediate heat exchanger, lowering the 

overall conversion efficient; however concerns were raised for salt decomposition for temperature 

above600 − 630°𝐶. A valid alternative is given by liquid sodium, whose higher thermal conductivity 

implies a higher heat removal rate, thus reducing the tube temperature, allowing for higher incident solar 

flux and reducing thermal stresses [19] [20].  

Selective coating can be applied to the tube walls, so to improve the component efficiency, reducing the 

radiation losses [19].  

Recent research projects seek to apply porous material absorbers, typical of the volumetric configuration, 

to the design of tubular receivers, so to enhance the heat transfer coefficient between the absorber and the 

heat transfer fluid, by keeping the advantages of the simple tubular design. Two different designs have 

been proposed by Hischier et al. (2010) [23] and by Lim et al. (2014) [24]. 

Lim et al. (2014) [24] stated as “compared to volumetric receiver, the tubular receiver has advantages in terms of 

machinability, the sealing of compressed air, and no requirement to handle a fragile quartz window” (cf. [24]). In their 

novel design, porous metallic foam is employed for the filling of a tube, and only its frontal surface is 

exposed to solar radiation. Air is compressed and supplied at the back surface through inlet pipes, which 

perforate the shell and inject air directly into the metal foam. The working principle is shown in Figure 7 

c). 

 

Figure 7: Schematic view of a) cavity receiver proposed by Hischier et al.  b) Volumetric receiver, c) Tubular receiver 
filled with porous medium proposed by Lim et al (on basis of [23] [24]) 

Figure 7 a) shows the schematic view of the cavity receiver proposed by Hischier et al, where an annular 

reticulate of porous ceramic foam (indicated by RPC in the Figure) is inserted between two concentric 

cylinders. The concentrated solar radiation impinges on the wall of the internal cylinder, entering through 

an aperture. Pressurized air flows though the porous material, heating up. It is interesting to notice as in 

both these two recent projects, the authors exploit the heat transfer advantages of exploiting a porous 

material, which is always used in volumetric design (whose typical configuration is shown in Figure 7 b) ), 

but adapting it to a tubular receiver.  

2.2.1.2 Heat pipe receiver 

A heat pipe consists of a sealed container, whose walls are covered by a layer of a porous material, namely 

a wick. A working fluid, in equilibrium condition between its liquid and vapor phases, flows along the 

pipe. In particular, the liquid flow is confined into the porous matrix, while the vapor state is free to flow 

in the central pipe section. The schematic principle is shown in Figure 8. 
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Figure 8: Heat Pipe working principle [25] 

When heat is provided at the evaporator side of the tube, the temperature is slightly raised and since the 

liquid in the wick is in saturation conditions, the temperature difference results in a pressure difference 

(given by the so-called capillary effect), thus generating the evaporation of the liquid into the vapor state 

and its motion towards the condenser side. Here, thermal energy is released for the condensation of the 

vapor into the liquid state, which in turn flows through the porous matrix towards the evaporator, for the 

pressure difference given by capillarity. This process is considered isothermal, since the working fluid is 

always in saturation conditions and the heat exchanged is transformed in a capillary pressure difference, 

rather than in a temperature difference [26]. 

Heat pipes have been applied as solar receiver in point focusing applications. The evaporator acts as the 

point in which the solar flux is concentrated, and the absorbed energy is then released to a working fluid 

of the power cycle, in the condenser section.  In general, a heat pipe fits application for the coupling of 

CSP and Brayton and Stirling engines, with gaseous working fluids, like air and helium. The advantages of 

using heat pipes, compared to other receiver configurations, are the wide range of operating temperature 

(500-1000°C), isothermal heat transport, low-pressure stresses of the component and redundancy, given 

by the fact that heat pipes are exploited in bundles, with several pipe unites, independent one to each 

other. On the other hand, heat pipes also come with some disadvantages, for instance the upper and lower 

limits for operating temperature, being 400°C and 1000°C respectively; this implies that outlet temperature 

of gas flows usually do not exceed 900°C [26]. The limited working temperature range is due to the 

inherent limitations of the device, i.e. the boiling limit with vapor bubbles formation in the wick, the 

pumping limit when gravitational and frictional forces are higher than the capillarity force driving the 

working fluid, and the velocity limit, when the friction losses cause high pressure drops between 

evaporator and condenser [27].  

There is no literature regarding recent applications of heat pipe receivers for the coupling of parabolic dish 

system with Brayton cycles; however, Bienert (1980) presented a system configuration in which nine 

modular panels, each having 637 liquid metal heat pipes, are used as solar receiver for a regenerative open 

gas cycle. The cycle configuration is analogous to the OMSoP one (shown in Figure 1), and the heat pipe 

absorbers heat air up to 816°C. The configuration of receiver is shown in Figure 9.  

 

Figure 9: Receiver configuration for the coupling of a parabolic dish with a Brayton cycle, as described in [26] 

As it can be noticed in the Figure, the nine panels are placed in the back wall of the receiver cavity; the 

evaporator sections of each panel are extended up from the front surface, thus being directly exposed to 
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the concentrated radiation. On the right-hand side of the Figure, the receiver is shown titles of around 5°, 

for optimal distribution of the solar flux on the heat pipes and panel walls [26]. 

Other applications described in literature concern the coupling of heat pipe receivers with Stirling engines. 

One example is described in [27], and the operating principle of the system is schematically shown in 

Figure 10. 

 

Figure 10: Operating scheme of a heat pipe receiver coupled with a Stirling engine, as developed as Sandia 
Laboratories [27] 

The solar receiver uses sodium inside the heat pipes; their condenser sections releases thermal energy to 

the engine working fluid, whose is used to run the heat engine, in order to produce electricity by means of 

a generator [27].  

2.2.1.3 Volumetric solar receiver 

The volumetric solar receiver is one particular suitable application for high temperature point focusing 

receiver, thus potentially being coupled with a solar dish or central receiver systems. The development of 

volumetric receivers started in 1980s; they employ porous materials which are exposed to the concentrated 

solar radiation [19]. The porous material, which is the component absorbing solar energy, forms the so-

called receiver absorber. One of the advantages with respect to indirectly irradiated receivers is given by 

the ability to absorb higher solar fluxes, while having a compact design; this allows the heat transfer fluid 

reaching higher temperature and therefore being coupled with several more applications. However, in 

order to be able to reach high temperature levels, the use of a window is required, thus complicating the 

absorber design [28]. This will be further explained in Section 2.2.1.3.3.   

2.2.1.3.1 Working principle  

A working fluid (in gaseous state), usually air, passes through the porous structure, heating up to high 

temperatures by means of forced convection: the outlet temperature of the working fluid depends on the 

porous material and, according to Ho and Iverson [19], it can reach 800-1000°C for metals, 1200°C for 

ceramics and 1500°C for silicon carbide SiC. The outgoing fluid flow is then sent directly to a gas turbine 

(in order to complete a Brayton cycle) or it is sent to vaporize a separate operating fluid (in order to 

complete a Rankine cycle).  

The working fluid flow through the porous material is ensured by the pressure difference between the two 

sides of the sample, which is forced by a blower [7]; the main advantage of the volumetric receiver with 

respect to tubular design, is that the heat exchanger is constituted by the porous structure, which is able to 

absorb the concentrated radiation, converting the radiant energy into thermal energy, and in the 

meanwhile the same structure is able to transmit this thermal energy to the working fluid, by convection. 

This peculiarity allows reducing radiation and convection losses, with respect to the tubular design, where 

the heat transfer occurs in the two different inner and outer surfaces of the tubes [29]. Indeed, the so-

called “volumetric effect” allows the radiation spreading over the volume of the porous material, rather 

than concentrating it onto the front surface; as consequence, the local flux density on the absorber surface 

is lowered, thus decreasing its temperature and the related re-radiation losses [30]. Figure 11 shows the 
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working scheme of the volumetric receiver. In the temperature distribution graph, the volumetric effect is 

shown: the porous material temperature is lower at the front surface (corresponding to the inlet air section 

in the right-hand part of the Figure) rather than at the outer surface. Heat is released by the material to the 

gas passing through it, thus heating it up from the inlet to the outlet.  

 

Figure 11: Simple working scheme of a volumetric solar receiver (left), temperature distribution of the fluid and the 
material along the length of the receiver (inlet and outlet) [7] 

2.2.1.3.2 Limitations 

Limitations of solar receiver, regarding flow stabilities and therefore possibilities of irreversible damages to 

the receiver, are described in the works of Kribus et al. (1996) [30] and Becker et al. (2006) [31].  

In both the papers, analytical and numerical approaches are used in order to understand which parameters 

influence the stability of the working fluid flow through the absorber. The understanding of these 

influencing parameters becomes essential when designing a volumetric receiver, since they need to be 

considered for the choice of the absorber material, as well as the operating conditions.  

Several tested volumetric receivers have shown non-uniform flow conditions, with the occurrence of local 

overheating, possibly leading to melting or cracking of the component. This effect is due to the non-

uniform distribution of solar radiation at the surface of the absorber; as it is clearly shown in Figure 12, 

regions with high solar flux correspond to low air (working fluid) mass flow and high receiver 

temperature, while low solar flux leads to low temperature and high air mass flow rate: this effect has been 

associated with the variation of air viscosity with the temperature, whose increase reduces the mass flow. 

The undesirable consequence is given by the fact that some regions in the receiver are subject to melting 

or cracking, due to temperature of the porous medium above the resistance limits, since the flow is 

lowered, thus reducing the heat removed by air from the absorber.  

 

Figure 12: Solar flux distribution at the surface of the absorber, with corresponding air flows [31] 

The analytical analysis has shown how the pressure drop across the porous material influences the 

occurrence of instabilities; the pressure drop across the porous material is the driving force allowing the 

air flow. According to the Forchheimer extension to Darcy’s law, it holds [7]: 
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where 𝑝[𝑃𝑎] is the air pressure along the x-direction, 𝜇[𝑃𝑎 𝑠] is the dynamic viscosity, 𝜌 [
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2] and 𝐾2[𝑚] are the viscous and 

inertial permeability coefficients, respectively, properties of the porous material.  

Becker et al. (1996) [30] determined the analytical solution for the temperature distribution along the 

receiver, by using Equation (1) together with the ideal gas law to model air properties, the mass flow 

relation with the velocity �̇� = 𝜌𝑣,  and the viscosity variation according to temperature, set as: 

 
𝜇(𝑇) = 𝜇(𝑇0) (

𝑇

𝑇0
)
0.7

 (2) 

The analytical outcome showed as the temperature distribution is directly related to the quadratic pressure 

drop 𝑝𝑖
2 − 𝑝𝑓

2. Instabilities occur when more solutions are possible, for a given pressure drop and a 

radiation value. This means that the air mass flow varies accordingly to the regions, and therefore there are 

zones with high mass flow and low temperature and regions with low mass flow and high temperature. 

This is clearly indicated in Figure 13. 

 

Figure 13: Quadratic pressure drop plotted against the air temperature, for different solar fluxes [31] 

In the figure, the different possible temperature levels are located at the intersection points between a 

given Δ𝑝 and the curves. For low values of the radiative flux (for instance the blue curve, corresponding 

to 500
𝑘𝑊

𝑚2 ) the solution becomes unique, so that instabilities are avoided. This means that an important 

design parameter is the maximum radiation flux absorbed at the surface of the receiver, which avoids the 

occurrence of flow instabilities, given the absorber properties (𝐾1 and 𝐾2) and the configuration 

(influencing the quadratic pressure drop). 

Here, it is worth mentioning that the instabilities occurrence can be decreased by increasing the pressure 

drop along the receiver (since it increases the mass flow); however, Kribus et al. (1996) [30], pointed out as 

for open receiver the inlet conditions are fixed to the ambient values, and only the outlet pressure can be 

regulated, even though it cannot go below zero. On the other hand, the pressurized receiver allows the 

inlet air pressure regulation, so that flow instabilities might be possibly relieved by increasing 𝑝𝑖 , as 

necessary. This constitutes a relative advantage of the closed design, with respect to the open receiver, 

whose differences is further investigated in Paragraph 2.2.1.3.3.  

In addition to these aspects, it is important to understand the influence of absorber properties on the 

incidence of this phenomenon; in Figure 14, the same graph is shown for a fixed value of the irradiance 

level and different value of 𝐾2. 
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Figure 14: Quadratic pressure drop against the air temperature for a given irradiation level, for several values of the 
inertial permeability coefficient [31] 

In the limit case of 𝐾2 →  ∞, the Forchheimer extension in Equation (1) becomes the simpler Darcy law, 

with the linear relation between the pressure drop and the velocity (directly related to mass flow). In such 

cases, as it can be seen in Figure 14, flow instability is more likely to occur, since different points of 

solution exist for a range of Δ𝑝. It can also be noticed that by decreasing the value of 𝐾2, the occurrence 

of instabilities decreases as well. Becker et al. (2006) [31] calculated a critical ratio between 𝐾1 and 𝐾2: 

 𝐾1

𝐾2
= 1.94𝑥10−6 𝑚 (3) 

that is the minimum value to obtain in order to avoid instabilities.  

Lastly, another important material property is the thermal conductivity: the higher the conduction in the 

porous medium, the higher the rate at which thermal heat is dissipated, so that overheated zones might be 

levelled [31].  

2.2.1.3.3 Existing configurations 

There are several differences among the volumetric absorbers proposed in the literature, so that several 

attempts of classification have been made, by considering geometry, material, application, and so on. The 

materials that can be used as porous structures consist mostly of metals or ceramics, depending on the 

operating temperature of the power cycle [19]; furthermore the receiver can be either in a closed or open 

loop configuration, depending on the pressure level of the working fluid. Ávila-Marín (2011) [7] proposes 

a simple classification into three sub-groups, taking into account the above-mentioned characteristics: 

 Open-loop volumetric receiver with metallic absorber; 

 Open-loop volumetric receiver with ceramic absorber; 

 Closed-loop volumetric receiver with metallic or ceramic absorber. 

Ceramic and metallic absorbers are considered as one category in the closed-loop configuration, given the 

limited number of research projects and prototypes carried out for closed metallic receivers, due to the 

maximum allowable temperatures for metals. 

Given the framework of this research, particular attention is given to closed-loop volumetric receivers.  

Open-loop volumetric receiver with metallic absorber 

The first prototype (Mk-I, delivering 3 𝑘𝑊𝑡ℎ) consisted of a thin wire mesh, able to produce up to 842°𝐶 

hot air, without problems to the absorber or the receiver structure itself. Several improvements of this 

first wire mesh design led to the Phoebus-TSA project (Technology Program Solar Air Receiver), whose 
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receiver of 2.5 𝑀𝑊𝑡ℎ was integrated with an air-return system for efficiency improvement and connected 

to a steam generator. The material chosen for the absorber was a coiled knit-wire knitted packet; the outlet 

air maximum temperature reached around 700°𝐶 [7].  

The most recent developments in this category involved the SIREC project, in which an alloy wire mesh 

was used, performing well in terms of thermal properties. According to the local intensity of the radiation 

flux at the absorber surface, the pressure drop at each location was adjusted by means of a perforated 

sheet behind the absorber, so that variable mass flow was obtained in order to level the temperature for 

the whole absorber. The maximum registered air temperature for this newest model is around 980°𝐶. 

However, the model had problems concerning effective radial mass flow distribution and reduction of the 

effective absorber heat transfer surface, due to a poor cooling-air system design [7]. 

Open-loop volumetric receiver with ceramic absorber  

In general, the most important advantage of ceramic materials is the possibility to work with higher 

temperature heat transfer fluids; in addition, they perform better in terms of durability, mechanical 

tolerance and resistance to higher solar fluxes and thermal gradients. For all these reasons, research on 

ceramic absorbers was carried out since the 1980s [7].  

In June 2006, a solar tower power plant started its operation in Julich, Germany, based on an open high 

temperature air receiver, delivering 1.5 𝑀𝑊𝑒. The receiver was based on a modular combination of 

1000 ceramic receivers; the size was set as four times larger than the previous prototypes. This 

achievement has been obtained with the consequent improvements of four different prototypes, built 

from the 1995: HiTRec I, HiTRec II, SOLAIR 200 and SOLAIR 3000 [7]. 

The basic design principle was to create modular units, which could have been assembled in order to scale 

up the delivered power. The first experimental results involving HiTRec I were promising, with 800°𝐶 

reached as air outlet temperature and acceptable efficiencies. This first model consisted of ceramic cups 

forming the front side of the receiver and a stainless steel structure supporting them at the back; however, 

the stainless steel structure was subject to consistent deforming during the tests, also due to an error in the 

air cooling system design, so that the HiTRec II project aimed to solve this particular problem. A steel-

nickel alloy was chosen as material for the structure, given its low expansion coefficient [7].   

The following SOLAIR 200 and 3000 projects also aimed at the creation of modular units, working at 

high temperatures with acceptable efficiencies. Within the SOLAIR 200, single modules of 200 𝑘𝑊𝑡ℎ 

were assembled in order to create a 3 𝑀𝑊𝑡ℎ output, while the SOLAIR 3000 purpose was to further scale 

up the system. This last system was able to deliver an air flow at constant temperature between 680 −

800°𝐶 [7].  

Closed-loop volumetric receiver with ceramic or metallic absorber  

Differently than for the open receivers, closed-loop volumetric receivers work with pressurized air as inlet 

fluid; therefore a suitable window has to be designed so that the solar radiation first impinges on the 

window surface and then it is transmitted to the absorber.  

The design of the absorber window is of particular importance. The material chosen is usually quartz 

glass; the thickness should be kept to minimum in order to reduce optical losses in transmission, however 

being mechanically strong enough to withstand high temperature and pressure. In addition, the formation 

of impurities and microbubbles has to be avoided during the manufacturing process, since they 

consistently shorten the window lifetime; cleanings and constant maintenance of the window is also 

required to ensure high optical efficiency [21]. All these aspects constitute additional issues, avoided in the 

open configuration.  

Closed-loop configurations started to be investigated in 1989, with the PVLCR-5 and PVLCR-500 

(Pressure Loaded Volumetric Ceramic Receiver 5 𝑘𝑊𝑡ℎ and 500𝑘𝑊𝑡ℎ) projects. The windows were made 
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of domed quartz glass, with cooling water flowing inside the frame. The domed shape was chosen for 

reducing radiative losses and for its better resistance to high pressures, compared to the flat configuration. 

The absorber was made of a foam of 𝑆𝑖3𝑁𝑎4. These first two prototypes reported very low efficiency, 

mostly due to the low flux density at the absorber surface and the black coating resulted in high infrared 

emissions, thus high re-irradiation losses. In addition soon it was clear as the window constituted an 

important issue to take care of, especially at the interface with the frame; in fact, the frame has to be 

flexible, allowing the relative movement of the window given by the different expansion coefficients for 

the different materials [7]. 

One important project of this category is the DIAPR multistage, carried out by the Weizmann Institute of 

Science (Israel), using a porcupine volumetric absorber. The Directly Irradiated Annular Pressurized 

Receiver works at pressure between 10 and 30 bar and the gas outflow can reach temperatures up to 

1300°C [28]. The layout of the system is shown in Figure 15 c).   

 

Figure 15: a) Porcupine absorber scheme [32]; b) frustum-like high pressure window (dimensions in millimeters) [28]; 
c) DIAPR receiver configuration [28] 

The main components of the DIAPR receiver are: 

 A porcupine volumetric absorber, as shown in Figure 15 a). It consists of an array of pin fins, 

made of porcupine quills. The quills are used as heat transfer devices, and they are mounted on a 

base plate, for instance a ceramic insulated plate. The pins are oriented accordingly to the mean 

flux direction. The design of this particular absorber is aimed at reaching very high effective 

convective heat transfer coefficients, in order to enhance the heat removal by the working fluid 

by enhancing the flow mixing in all the three directions of the flow. Consequently, the receiver is 

able to withstand higher impinging solar fluxes at its surface, and higher outflow air temperatures 

can be reached [32] [33].  

 A frustum-like high pressure window made of fused silica [7], shown in Figure 15 b), which 

separates the receiver cavity from the ambient air, allowing pressurized working, and in the 

meantime minimizes reflection losses. The maximum allowable pressure is around 50 bar [28]. 

Kribus et al. (1999) [34] propose the use of the DIAPR combined with a lower temperature receiver, in 

order to minimize the losses. In fact, the heat transfer fluid can absorb thermal energy passing through a 

sequence of receiver elements with increasing solar radiation on their surface; by doing so, the losses are 

concentrated mainly near the end of the receiver, where the temperature is higher. This also matches well 

with the irradiance distribution at the absorber surface, i.e. maximum at the center and decreasing in the 

outer regions.  

The theoretical optimal case would be to have an infinite number of receiver segments with different 

irradiance levels. Nevertheless Kribus et al. state as even two or three stages can significantly improve the 

efficiency of the system. Hence they propose a multi-stage receiver concept, in which four cavity tubular 
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receivers are exposed to the concentrated sunlight and a secondary optical concentration system is located 

at the center, in the highest flux region; this secondary optical system further concentrates the sunlight 

into a central DIAPR receiver unit [7] [34] [33]. The layout of the entire system, together with the 

particular of the low temperature tubular receiver, is shown in Figure 16.  

 

Figure 16: Multi stage solar receiver. Particular of the low temperature receiver (left) and system layout (right) [34] 

Other two major prototypes are the REFOS and SOLGATE projects.  

REFOS seeks the demonstration of solar energy applied to combined gas cycles, thus demanding an outlet 

air temperature around 800°C at the operating pressure of 15 bar. A domed quartz window is used 

together with several layers of a wire mesh made of Inconel. The rated power of a single module 

is 350 𝑘𝑊𝑡ℎ [7]. 

SOLGATE project makes a step further, providing an air outflow of 1000°C, in order to be used in a 

conventional gas turbine. A multi-stage concept is applied: three different modules, at low, medium and 

high temperature are used. The low temperature receiver has a tubular design, which for temperature 

below 550°C and lower irradiance level reduces the manufacturing costs. The medium module applied a 

metallic absorber REFOS receiver, while the high temperature module exploited the REFOS design but 

with a ceramic absorber made of SiC, so that air can reach up to 1000°C [35]. The configuration of the 

entire system, including the power block, is shown in Figure 17. 

 

Figure 17: SOLGATE project configuration [35] 
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3 Methodology 

As aforementioned, the objective of the thesis is to perform an optimization study on a volumetric solar 

receiver. In order to carry out this study, a detailed analysis of the component is needed. Therefore, 

different aspects have to be modelled and integrated in the optimization model. In this Section, the 

methodology of the thesis is briefly clarified, meaning that all the aspects of the modeling which are 

needed for the optimization study are presented and explained, together with the necessary boundary 

conditions, determined by the OMSoP project. 

3.1 Boundary conditions for the study 

The boundary conditions needed in order to model a volumetric receiver are given by its application; the 

OMSoP project establishes the nominal conditions for the receiver operations. Specifically, when looking 

at the system integration, represented by Figure 1, two boundaries have to be defined: 

1. Power cycle specifications; 

2. Dish specifications, and nominal condition of the impinging solar radiation. 

The power cycle specifications are needed for establishing the thermal power which has to be sent to the 

turbine inlet. Therefore, the air mass flow, together with the inlet thermodynamic conditions of the flow, 

and the desired outlet temperature, are necessary data for the analysis of the component. The desired 

temperature at the turbine inlet (outlet of the receiver) is used in order to estimate the needed intercepted 

power at the receiver focal plane, which is the basis for dimensioning the aperture diameter of the 

component (Section 5.1.1).  

The dish specifications are needed in order to define the solar radiation boundary condition. In Figure 1, 

the integration of the receiver with the system is shown. It can be seen that from the one hand, the 

receiver has to replace the combustor and its function in the Brayton cycle; hence it has to deliver the 

required thermal energy to the air flow. On the other hand, the receiver is located at the focal plane of the 

parabolic dish, which has the aim to reflect the solar radiation to the receiver surface. Therefore, the 

second boundary condition is given by the dish specifications. These parameters allow a precise estimation 

of the solar power which is absorbed by the component, and then can be transferred to the air. Moreover, 

the solar irradiation, in terms of Direct Normal Irradiation (DNI) has to be established, in order to 

develop the analysis for a precise nominal condition. The dish specifications are sent as input to the Ray 

Tracing model, aiming at determining the absorption of solar power within the absorber volume. 

These boundary conditions will be specifically introduced in the report when needed for the analysis, i.e. 

dish specifications in Section 4 and power cycle conditions in Section 5. 

3.2 Motivation and work structure 

The optimization study is carried with the goal of assessing the influence of some design parameters of a 

volumetric solar receiver on its performances. When integrating a component in a power cycle, one 

important design goal is the maximization of its efficiency; indeed, the power cycle overall conversion 

efficiency is determined by the efficiency of the different components, where the different steps of energy 

conversion occur. In the case of the solar receiver, the solar radiation is converted into a usable enthalpy 

for the air mass flow, which heats up to the desired Turbine Inlet Temperature (TIT). The overall 

conversion efficiency of the CSP system is calculated as the ratio of the electrical power delivered over the 

solar power impinging on the dish surface; therefore this value is affected by the conversion efficiency of 

the solar radiation impinging at the receiver surface into usable thermal power. The design objective of the 

maximization of the receiver thermal efficiency is mainly influenced by the transmission losses between 

absorber and the air, and the thermal losses at the receiver frontal surface, given by the high temperature 

of the window surface. Moreover, the pressure drop of the air flow within the volume of the receiver 

makes an impact on the Brayton cycle performance as well; by increasing the pressure ratio between the 

turbine inlet and outlet (at constant TIT), the cycle efficiency is improved [36]. 
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These two design objectives are two relevant aspects that a designer should take into consideration whilst 

adapting a volumetric solar receiver for a gas-turbine application. Moreover, they are two relevant design 

requirements set by the OMSoP consortium [37] for the solar receiver of the system. Specifically, it is 

required than a minimum of 70% thermal efficiency is achieved, and the pressure drop is minimized to 

less than 1%. This constitutes a further reason for setting an optimization study aimed at studying the 

influence of the design parameters on the receiver functioning.   

The design variables are mainly determined by the absorber properties and by the receiver geometrical 

dimensions. However, when they are varied to study their impact on the design goals, conflicting 

situations can be often generated; specifically, by changing one design parameter, the improvement of the 

receiver thermal efficiency can be achieved but the pressure losses are increased. One example to 

understand such situation is the case of the porosity of the porous material, whose function is to absorb 

the solar radiation and to transfer it to the heat transfer fluid. By increasing the porosity of the absorber, 

an improvement is obtained regarding the air pressure drop, yet the thermal efficiency is decreased 

because higher solid phase content is needed in order to maximize the solar power that the porous 

material is able to absorb.  

One common approach is engineering science for facing such situations is to carry out Multi-Objective 

Optimization analysis. A more in-depth theoretical framework is presented in Section 6; the aim of the 

analysis is to assess the influence of some chosen design parameters on the performances of the receiver, 

and to analyze the trade-off between the conflicting objectives. This is done by making use of the 

MALTAB genetic algorithm. At each run of the optimization, when the design variables are changed, the 

design objectives have to be evaluated; in order to this, the optimizer has to be coupled with the analysis 

of the receiver. This receiver study is built by means of the commercial software COMSOL, where a CFD 

and mechanical stress analysis are implemented. The boundary conditions are introduced in the model at 

this stage, as said in Section 3.1, hence the Ray Tracing routine in MATLAB has to send the solar power 

heat sources to the model in COMSOL. The optimizer works in the MATLAB environment, thus, in 

order to couple the two different programs, the existing interface MATLAB/COMSOL is used; a 

connection port is established and MATLAB is able to extract the needed results from the simulation run 

in COMSOL. The model is based on a preliminary configuration of the solar receiver, which is presented 

in Section 5.1, and which is based on the work of Aichmayer et al. [5].  

The integration between the different parts of the model is represented by the flowchart of Figure 18.  

 

Figure 18: Flowchart representing the integration between the different parts of the modelling 

 As it can be noticed in Figure 18, the multi-objective optimized is coupled with the detailed analysis of 

the component, which is based on a preliminary design configuration. The outcome of the analysis is to 

show the trade-off of the optimized sets of design parameters for the optimization of the design 
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objectives. Figure 19 shows the different models constituting the detailed receiver analysis. The CFD and 

mechanical stress analysis built in the COMSOL environment and Ray Tracing routine in MATLAB. 

Here, it is very relevant to mention how the computational costs of the models are important for the 

optimizer to converge towards the solution. Indeed, the results presented in Section 6.3, are the outcome 

of 5000 evaluations of different sets of design variables by the genetic algorithm, and the detailed model is 

run at each evaluation. In order to keep the computational cost of the simulation below an acceptable 

level, the minimization of the time of the Ray Tracing routine and of the COMSOL model seek to be 

achieved. This is connected with the sensitivity study and the grid independence studies, presented in 

Sections 4.2 and 5.2.2, which are carried in order to estimate a suitable trade-off between accuracy of the 

results and computational cost of the simulation. 

 

Figure 19: Flowchart showing the different parts of the detailed model of the receiver 

As it can be noticed from the two flowcharts, the multi-objective optimization study is carried for a 

receiver model based on a determined receiver configuration. As outcome of the literature review, it is 

shown that mainly two material structures have been analyzed for high temperature applications, i.e. 

ceramic foams and honeycombs. In order to assess the feasibility of both the materials, two parallel 

models are developed: one is based on a foam-made absorber, whilst the second is based on a 

honeycomb-made structure. Therefore, the Ray Tracing model presents differences, regarding the 

absorption of solar radiation, according to the chosen structure, as well as the CFD and Mechanical Stress 

Analysis. These differences are presented in Section 4 and 5.2 and 5.3; it follows that two different multi-

objective optimization routines are implemented for the case of foams and honeycombs, and the results 

represent the sets of optimal design parameters for the two different cases.  
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4 Ray Tracing 

This chapter deals with the methodological approach chosen for the implementation of the ray tracing 

routine in the MATLAB environment; next, a cross-validation of the model is presented, i.e. the 

comparison of the obtained flux distributions with the experimental data collected by Reinalter et al. 

(2008) [11] for the Eurodish system. The results have been validated against experimental data available 

for the EuroDish system, since no data are available for the OMSoP dish at the current stage. To 

conclude, the final results are reported and discussed.  

4.1 Modelling 

The ray tracing routine aims at determining the solar heat sources needed for establishing the boundary 

conditions to model in detail the component. 

In the pressurized configuration chosen for the detailed analysis, the concentrated solar rays are 

transmitted through the silica glass windows to the porous matrix, where their energy content is absorbed. 

It follows that the receiver is subject to a volumetric heat source in the region corresponding to the 

absorber and its volumetric spatial distribution is determined by the absorption properties of the 

constituent material.  

In addition to this, a certain share of the ray energy content is lost due to the partial absorption of the 

glass window, hence an additional heat source is considered in the region of the window.  

Therefore, the objective of the ray tracing modelling is to evaluate the heat sources given by the solar flux; 

these boundary conditions are further used in the detailed model of the component. The evaluation is 

based on geometrical optics and light absorption mechanism in optically thick media.   

The solar radiation, impinging on the dish surface and effectively reflected towards the receiver focal 

plane, is given by the meteorological conditions, sun inclinations and by the geometry of the OMSoP dish.  

The meteorological conditions determine the Direct Normal Irradiation (DNI), as the amount of power 

per unit area impinging on a surface perpendicular to the direction of the solar radiation.  

The geometry of the parabolic dish is represented in Figure 20. On the left-hand side, the paraboloid 

shape is seen according to a Cartesian reference system (𝑥, 𝑦, 𝑧) and a spherical reference 

system (𝑝, 휃, 𝛼), centered in the focus of the generatrix parabola. The right-hand side pictures the detail 

of the dish cross-section passing through the parabola focus. The geometry parameters (aperture diameter 

𝐷,  height of the parabola ℎ, focal length 𝑓, arc length 𝑠) are indicated, and the correspondent values for 

the OMSoP dish are reported in Table 2. The x-direction corresponds to the symmetry axis of the 

parabola, around which the parabola rotates to define the dish paraboloid shape. The points P lying on the 

generatrix1 parabola, are identified by means of polar coordinates (𝑝, 𝜓), and for them it holds: 

 𝑝 =
2𝑓

1 + cos𝜓
 (4) 

where 𝑓 corresponds to the focal length, equal to the distance between the vertex and the focus of the 

parabola.  

The analysis of the dish geometry is the first step of the ray tracing modelling, which is based on creating a 

bundle of rays reflected from the dish uniformly distributed in the space. To create this homogeneous 

distribution, the generation points on the dish surface have to be equally distant between each other. The 

DNI determines the proportional amount of energy carried by each generated (i.e. reflected) ray.  

                                                      
1 Generatrix parabola refers to the parabola which generates the paraboloid surface, by rotating around its symmetry 
axis; the solar dish surface has the shape of an elliptic paraboloid, i.e. a surface which is generated by the revolution 
of a parabola around its axis.  
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Figure 20: 3-D view of the parabolic dish, with spherical and Cartesian reference systems (left); 2-D cross-section of the 
dish (right) 

Table 2: OMSoP dish parameters [38] 

Parameter Unit of measurement Symbol Value 

Dish aperture diameter m 𝐷 11.7 

Shape factor - 
𝑓

𝐷
 0.6 

Focal length m 𝑓 7.02 

Parabola height m 𝐻 1.22 

 

4.1.1 Rays generation 

To define the generation points of the rays on the dish surface, the paraboloid is discretized in several 

small areas. The generation point is set to be at the center of the area; the DNI is related to the energy 

content carried by each ray, so that the overall power balance is respected, and therefore it holds: 

 𝐷𝑁𝐼 ∙ 𝐴𝑑𝑖𝑠ℎ = ∑ 𝐸𝑖

𝑁𝑟𝑎𝑦𝑠

𝑖=1

 (5) 

where 𝐷𝑁𝐼 [
𝑊

𝑚2] is the Direct Normal Radiation,  𝐴𝑑𝑖𝑠ℎ  [𝑚2] is the aperture area of the paraboloid, 

𝑁𝑟𝑎𝑦𝑠 is the number of rays considered in the model, and 𝐸𝑖  [𝑊] is the power carried by the 𝑖-th ray.  

For the discretization of the parabolic dish, a 2-dimensional approach is adopted as first step. The half-

parabola, whose length is equal to the arc length 𝑠(as indicated in Figure 20), is divided in several finite 

arcs of equal length. The half-parabola length 𝑠 can be estimated as [20]: 

 

 𝑠 =
1

2
([

𝐷

2
∙ √(

4𝐻

𝐷
)
2

+ 1] + 2𝑓 ∙ ln [
4𝐻

𝐷
+ √(

4𝐻

𝐷
)
2

+ 1])    (6) 

Therefore, the discretized arc length is equal to: 
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 Δ𝑠 =
𝑠

𝑛𝑝
 (7) 

where 𝑛𝑝 is the number of discretization intervals of the half-parabola, estimated by a sensitivity study for 

the accuracy of the result, as explained in Section 4.2.  

Each arc segment subtends one annulus of the solar dish. The position of the annulus is identified by the 

polar coordinates (𝑝, 𝜓) of the center point, indicated with 𝑃𝑖 in Figure 21(left); on Figure 21(right) the 

close-up of a single arc is shown.  

 
 

Figure 21: Discretization of the dish parabola (left); close-up of one single discretized arc (adapted from [20]) 

The discretization procedure divides the arc length 𝑠 into a very high number of small arcs, subtended by 

the small angles Δ𝜓𝑖. Therefore, in the close-up of one single arc shown in Figure 21(right), Δ𝑠 is 

approximated with a line. From the geometry of the close-up of the arc, being Δ𝜓𝑖 a small angle, it is 

possible to obtain [20]: 

  Δ𝑠 =
𝑝𝑖 ∙ sin(Δ𝜓𝑖)

cos (
𝜓𝑖
2 )

 (8) 

where (𝑝𝑖, 𝜓𝑖) are the polar coordinates of the interval inner point 𝐼𝑖.  

The ray generation consists of evaluating the coordinates of the generating point of each ray on the 

paraboloid surface; hence in this first 2-D step, the polar coordinates (𝑝𝑃𝑖
, 𝜓𝑃𝑖

) of the points 𝑃𝑖, 

identifying the center point of each annulus, need to be evaluated. In order to do so, the following 

procedure is implemented: 

 by substituting equation (7) in equation (8), it is possible to evaluate Δ𝜓𝑖 for the i-th annulus; 

 the polar coordinates of the inner point of the first arc coincides with the vertex of the parabola, 

i.e. 𝑉(𝑝1, 𝜓1) = (𝑓, 0°); substituting the coordinates of the parabola vertex in equation (8) , it is 

possible to estimate the value of the first angular interval Δ𝜓1. Therefore it is possible to 

implement an iterative calculation for obtaining the coordinates for the points 𝐼𝑖 of the intervals, 

as: 

 𝜓𝑖 = 𝜓𝑖−1 + 𝛥𝜓𝑖−1 (9) 

 𝑝𝑖 =
2𝑓

1 + cos𝜓𝑖
 (10) 

 once that the polar coordinates of all the points 𝐼𝑖 have been determined, the position of the 

points 𝑃𝑖 is given by: 
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 𝜓𝑃𝑖
= 𝜓𝐼𝑖 +

Δ𝜓𝑖

2
 (11) 

 𝑝𝑃𝑖
=

2𝑓

1 + cos𝜓𝑃𝑖

 (12) 

The points 𝑃𝑖 determine the position of one discretized annulus of the paraboloid. Next, a third 

dimension is added to the problem, and the annuluses are discretized along the direction 𝛾, which is 

indicated in the dish represented in Figure 20. The uniformity in the radial direction is ensured by dividing 

the arc length 𝑠 by the discretization parameter 𝑛𝑝, so that equally distant points 𝑃𝑖 are defined. The rays 

uniformity in the angular direction 𝛾 has to be ensured by dividing each annulus for a different number of 

intervals, so that the distance between two generation points is still equal to Δ𝑠. The discretization 

approach is shown in Figure 22. 

 
 

 

Figure 22: Discretization of the parabolic dish on the third (angular) direction 𝜸 (left); obtained ray generation at the 
parabolic dish surface (right) 

From each annulus, defined by the polar coordinates of 𝑃𝑖, a number of rays is defined as: 

  𝑛𝑟𝑖 =
2𝜋 ∙ 𝑟𝑖

Δ𝑠
 (13) 

where 𝑛𝑟𝑖 is the number of angular intervals corresponding to the annulus 𝑃𝑖 and  𝑟𝑖 = 𝑝𝑃𝑖
𝑠𝑖𝑛𝜓𝑝𝑖

 is the 

distance of the annulus for the x-direction, i.e. symmetry axis of the parabola. 

Therefore, each annulus produces a defined number of rays, whose generation points are given by 

(𝑃1, 𝑃2, …𝑃𝑛𝑟) (as shown in Figure 22). The generation points can be expressed in Cartesian (𝑥, 𝑦, 𝑧) or 

spherical coordinates(𝑝, 휃, 𝛼), as indicated in Figure 20. The spherical coordinates are found starting from 

the discretization of the angular direction 𝛾 as: 

  Δ𝛾𝑖 =
2𝜋

𝑛𝑟𝑖

 (14) 

And from Figure 20, it is possible to obtain the following geometrical relations: 



-27- 
 

 𝑟𝑖 = 𝑝𝑖 ∙ sin𝜓𝑖 (15) 

 휃𝑖 = arcsin (
sin𝜓𝑖

cos 𝛾𝑖
)    (16) 

 
𝛼𝑖 = arcsin (

sin𝜓𝑖 sin 𝛾𝑖

cos 휃𝑖
)   (17) 

while the transformation equations for spherical coordinates are expressed by:  

  {

𝑥 = −𝑝 ∙ cos 휃 cos 𝛼
𝑦 = 𝑝 ∙ sin 휃

𝑧 = −𝑝 ∙ cos 휃 sin𝛼
 (18) 

The discretization of the parabolic dish on this additional third dimension leads to the creation of a ray 

generation distribution on the solar dish surface. The set of generation points constitute the origin of the 

vector associated to each ray; the vector is formed by the initial point of the solar ray and a direction 

vector, which defines the ray path after the reflection on the dish surface. The objective of the parabolic 

dish discretization is to create a uniform bundle of rays reflected from the paraboloid; the discretization is 

shown in Figure 22 (right), and it can be noticed that there are not regions of the dish with a higher 

concentration of rays. This level of uniformity is considered as acceptable for the accuracy of the ray 

tracing simulation.  

4.1.2 Rays Energy 

An important feature which has to be determined for each ray is the value of power intensity, which 

depends on the location of the generation point on the parabolic dish surface. In fact, in order to estimate 

the energy carried by each ray, the area of each discretized region has to be found at a first step. For the 

annuluses, it holds: 

 𝐴𝑎𝑛𝑛𝑢𝑙𝑢𝑠1
= 𝜋 ∙ (𝑝2 ∙ sin𝜓2)

2 (19) 

 𝐴𝑎𝑛𝑛𝑢𝑙𝑢𝑠𝑖
= 2𝜋(𝑝𝑖 ∙ sin𝜓𝑖) ∙ Δ𝑠 (20) 

where 𝑝2 ∙ sin𝜓2 represents the radius of the central circle, while (𝑝𝑖, 𝜓𝑖) are the polar coordinates of the 

i-th annulus and Δ𝑠 is the discretization arc length. By knowing the discretization parameter 𝑛𝑟𝑖, the small 

area on which one ray impinges on the i-th ring, is given by: 

 𝐴𝑖 =
𝐴𝑎𝑛𝑛𝑢𝑙𝑢𝑠𝑖

𝑛𝑟𝑖

 (21) 

Lastly, for the estimation of the reflected solar radiation, the effective area has to be considered, i.e. the 

area perpendicular to the direction of the impinging ray. In Figure 23 a solar ray impinging on the area 𝐴𝑖 

is shown. 

 

Figure 23: Solar ray impinging on a discretized area, with focus on the effective area 
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The area which has to be considered as useful for the reflection of solar energy is the effective area, 

indicated as 𝐴𝑖𝑒𝑓𝑓
 , perpendicular to the direction of the impinging ray, thus: 

 𝐴𝑖𝑒𝑓𝑓
= 𝐴𝑖 ∙ cos

𝜓

2
 (22) 

Last, the reflection coefficient of the OMSoP dish has to be considered, in order to take into account 

reflection losses; the solar radiation associated with each ray can be estimated in  𝑊 as: 

 𝐸𝑖 = 𝐷𝑁𝐼 ∙
𝐴𝑎𝑛𝑛𝑢𝑙𝑢𝑠𝑖

𝑛𝑟𝑖

∙ cos
𝜓𝑖

2
∙ 𝑟       (23) 

where 𝑟 stands for the reflection coefficient of the OMSoP dish, estimated as 0.94, and  𝐷𝑁𝐼 [
𝑊

𝑚2]  is the 

direct solar irradiation; in this study, an average value of  800
𝑊

𝑚2 is chosen, as defined boundary condition 

for the OMSoP project.  

4.1.3 Rays reflection 

Theoretically, given a perfect two-axis tracking system, the solar radiation should impinge as a bundle of 

parallel rays on the dish surface; in addition to this, the parabolic shape of the dish is designed to reflect 

the solar rays perfectly directed towards the focus of the parabola. However, this is not the case of real 

paraboloids.  

There are several sources of error causing the deviation of the solar radiation from their theoretical path. 

According to an internal document of the consortium written by ENEA [38], for the particular case of the 

OMSoP dish, the deviation of the reflected ray from the focus is determined by the finite angular size of 

the sun, generating non-parallel rays impinging on the Earth surface, by the slope error of the paraboloid, 

and by an error on the specular reflectance of the mirrors. These errors and their effective magnitude, 

expressed in milliradiants, are listed in Table 3. 

Table 3: Concentration errors of the parabolic dish [38] 

Type Unit of measurement Symbol Magnitude 

Sun width Mrad 𝜎𝑠𝑢𝑛 2.7 

Dish slope Mrad 𝜎𝑠𝑙𝑜𝑝𝑒 2.86 (x2) 

Mirror specular 

reflectance 
Mrad 𝜎𝑟𝑒𝑓𝑙 3 

As it can be noticed from the table, the slope error has double the impact on the rays deviation. This 

effect can be explained by looking at Figure 24. 

 

Figure 24: Impact of the slope error on the reflection of the ray [16] 
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The left-hand side of  the figure represents an ideal reflection of the ray towards the focus of the parabola: 

according to an ideal mirror specular reflectance, a ray impinging with 30° deviation from the surface 

normal is reflected of exactly the same angle towards the focal point. The right-hand side of the same 

picture shows what happens in case of slope error, i.e. deviation of the parabola shape from the ideal one. 

As it can be seen, a slope error of 5° generates an overall deviation of 10° from the original ray direction.  

According to [20], the errors contributing to the deviation of the solar rays can be expressed in terms of 

standard deviation units. The error magnitudes expressed in Table 3 stand for the angular standard 

deviation of a ray from the theoretical path, hence the combined effect of the different terms can be 

determined statistically, as : 

 𝜎 = √𝜎𝑠𝑢𝑛
2 + (2𝜎𝑠𝑙𝑜𝑝𝑒)

2
+ 𝜎𝑟𝑒𝑓𝑙

2  (24) 

As consequence of the non-perfect reflection of the solar radiation, the rays reflected from the dish create 

a finite size “image”, centered in the focus of the parabola, whose extension is given by the deviation 

angle 𝜎𝑖. For each ray, the deviation angle 𝜎𝑖 is assigned randomly, following a normal distribution with 

standard deviation equal to 𝜎, calculated in equation (24). Figure 25 represents one solar ray reflected at 

the parabolic mirror where the angle 𝜎𝑖 determines a range of possible incidence points on the focal plane 

(corresponding to the position of the receiver frontal surface), hence creating a deviation of the ray from 

the focal point.  

 

Figure 25: Reflection of one solar ray from the parabolic dish to the focal plane  

For small deviation angles 𝜎𝑖, it holds: 

 Δ𝑟 =  𝑝𝑖 ∙ tan 𝜎𝑖 (25) 

And it follows: 

 Δ𝜔 =
Δ𝑟

cos𝜓𝑖
=

 𝑝𝑖 ∙ tan 𝜎𝑖

cos𝜓𝑖
   (26) 

Therefore, by following the statistical approach, each ray is assigned to a specific value of deviation angle 

following a normal distribution curve, centered in the focal point of the parabola and whose standard 

deviation is given by  𝜎, calculated in equation (24).  

The extension for the 3-D approach is given by considering the spherical reference system (𝑝, 휃, 𝛼) and 

by assigning a deviation angle on both the angular directions. Indeed the rays are spread on a circle onto 

the paraboloid focal plane, centered in the focus.  
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Figure 26 shows the 3-D geometry for the calculation of the standard deviation in the directions 휃 and 𝛼. 

Δ𝑦 and Δ𝑧 represents the distances of the ray incidence point from the focus 𝐹, when it impinges on the 

focal plane 𝑥 = 0. Their values can be obtained as: 

 Δ𝑦 =
 𝑝𝑖 ∙ tan 𝜎1

cos 휃𝑖
     (27) 

 
Δ𝑧 =

 𝑝𝑖 ∙ tan 𝜎2

cos 𝛼𝑖
 

(28) 

where 𝜎1 and 𝜎2 are assigned as angular deviations following a bi-variate normal distribution, i.e. the 

adaptation of a normal distribution to two dimensions. 

 

 

Figure 26: 3-Dimensional visualization of the parabolic dish, focal plane and deviation angles of one reflected ray 

Therefore the Cartesian coordinates of the ray incidence point on the focal plane are given by: 

 {
𝑥 = 0
𝑦 = Δ𝑦
𝑧 = Δ𝑧

 (29) 

The estimation of the incidence point of each ray allows the univocal determination of one ray by means 

of the incidence point on the focal plane and by a direction vector, normalized as the difference vector 

between the ray generation point on the parabolic dish and the incidence point on the focal plane. In 

Figure 26, the direction is determined by the difference between the points 𝑃𝑖 and 𝐼𝑖. It follows that it is 

possible to express each ray as the set of points respecting: 

 𝑟𝑖 : {

𝑥 = 𝑥𝐼𝑖 + 𝑘 ∙ 𝑥𝑑𝑖

𝑦 = 𝑦𝐼𝑖 + 𝑘 ∙ 𝑦𝑑𝑖
 

𝑧 = 𝑧𝐼𝑖 + 𝑘 ∙ 𝑧𝑑𝑖
 

 (30) 

where 𝑘 is a constant real number, and (𝑥𝑑𝑖
, 𝑦𝑑𝑖

, 𝑧𝑑𝑖
) are the Cartesian coordinates of the normalized 

direction vector for the i-th ray  𝑑𝑖
⃗⃗ ⃗⃗ , equal to: 

 𝑑𝑖
⃗⃗  ⃗ = (

𝑥𝐼𝑖 − 𝑥𝑃𝑖

|𝑑𝑖
⃗⃗  ⃗|

,
𝑦𝐼𝑖 − 𝑦𝑃𝑖

|𝑑𝑖
⃗⃗  ⃗|

,
𝑧𝐼𝑖 − 𝑧𝑃𝑖

|𝑑𝑖
⃗⃗  ⃗|

) (31) 
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4.1.4 Window refraction and absorption 

For the modelling of the energy absorption inside the porous matrix, the ray path has to be followed 

through its refraction at the window surface and only then its extinction length in the ceramic 

foam/honeycomb can estimated.  

The consequences of the window refraction are the following: 

1. The energy content in [
𝑊

𝑟𝑎𝑦
] has to be modified according to the losses due to the window 

absorption 

2. The ray direction has to be modified according to the Snell’s law 

In order to take into account the refraction losses, the energy content absorbed by the window has to be 

estimated. The material chosen for the window design is silica glass (or quartz, but with similar optical 

properties [39]). The thickness and the radiative properties of the glass are reported in Table 4. 

Table 4: Window thickness and optical properties  

Property 
Unit of 

measurement 
Symbol Formula Value 

Thickness 𝑚𝑚 𝑠𝑤 − 5 

Absorptivity 𝑚−1 𝛼𝑤 − 2.6 

Transmission 

coefficient 
− 𝑡𝑤 1 − 𝛼𝑤 ∙ 𝑠𝑤 0.987 

Refractive index − 𝑛𝑟𝑒𝑓𝑟 − 1.46 

 

As it can be seen from Table 4, only spectral absorption and transmission are taken into account for the 

window; in fact, the reflectivity can estimated as [9]: 

𝑟 = (
1 − 𝑛𝑟𝑒𝑓𝑟

1 + 𝑛𝑟𝑒𝑓𝑟
)

2

 

where 𝑛𝑟𝑒𝑓𝑟 is the refractive index, equal to 1.46 for silica glass [40], leading to a reflectivity value of 3%. 

For the sake of simplicity, and given the low value of the window reflection coefficient, the reflectivity is 

neglected. Here, it has to be mentioned that the transmission coefficient is estimated as 1 − 𝛼𝑤 ∙ 𝑠𝑤, by 

considering a very small window thickness. Therefore the absorption along the window length is 

approximated with a linear relation dependent on the absorption coefficient 𝛼𝑤, similarly to [9].  

It follows that the energy content carried by each ray has to be adjusted as: 

 𝐸𝑖𝑎𝑏𝑠
= 𝐸𝑖 ∙ 𝑡𝑤 (32) 

while the power absorbed by the window can be estimated as: 

 𝐸𝑖𝑤
= 𝐸𝑖 ∙ (1 − 𝑡𝑤) (33) 

Regarding the modified ray direction for the refraction contribution, the Snell’s law in three dimensions 

has been applied to modify the equation expressed in equation (30). The law describes the refraction 

mechanism of one ray travelling through different media, with correspondent different refraction index. 

The law introduces a relation between the refraction indexes and the angle of incidence and refraction. 

According to the law, it holds: 
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 𝑛1 ∙ sin𝜙1 = 𝑛2 ∙ sin𝜙2 (34) 

where 𝑛1 and 𝑛2 are the refractive indexes of the two transmission media, and 𝜙1 and 𝜙2 are angles 

which the ray forms with the normal to the surface. 

Figure 27 represents the refraction process at the receiver frontal surface; since the first and third medium 

are both constituted by air, the solar ray direction is not modified; hence the direction vector 𝑑𝑖
⃗⃗  ⃗  does not 

change during the refraction process.  

 

Figure 27: Snell's law in 2-D 

In the same figure,  𝑃2𝑖 represents the i-th ray exiting the glass medium and keeping its travel towards the 

porous matrix. The position of this point is affected by the refraction process, and therefore the Snell’s 

law has to be applied in order to modify the equation of the ray by taking into account the new point 𝑃2𝑖
. 

The ray equation is changed to: 

  𝑟: {

𝑥 = 𝑥𝑃2𝑖
+ 𝑘 ∙ 𝑥𝑑𝑖

𝑦 = 𝑦𝑃2𝑖
+ 𝑘 ∙ 𝑦𝑑𝑖

 

𝑧 = 𝑧𝑃2𝑖
+ 𝑘 ∙ 𝑧𝑑𝑖

 

 (35) 

where (𝑥𝑃2𝑖
, 𝑦𝑃2𝑖

, 𝑧𝑃2𝑖
) are the Cartesian coordinates of the point 𝑃2𝑖

.  

The geometrical explanation and mathematical derivation on the Snell’s law extension in 3-Dimensions is 

reported in Appendix A; here it is sufficient to say that the coordinates of the point 𝑃2𝑖
 are found by 

considering the deviation of the ray direction on the 𝑦 and 𝑧 coordinates. It holds: 

  {

𝑥𝑃2𝑖
= 𝑠𝑤

𝑦𝑃2𝑖
= 𝑦𝐼𝑖 ± Δ𝑦

𝑧𝑃2𝑖
= 𝑧𝐼𝑖 ± Δ𝑧

 (36) 

where Δ𝑦 and Δ𝑧 are deviations of the ray reported on the 𝑦 and 𝑧 axis, respectively.  

4.1.5 Ray distribution at the absorber surface 

After the solar rays are refracted through the window surface, they continue to travel to reach the 

absorber surface; the ray extinction through the porous medium starts when they touch the absorber 

frontal surface. Therefore, the ray distribution at the absorber surface has to be estimated.  

The absorber shape, seen from an axisymmetric perspective, follows a double Gaussian distribution 𝑐, 

centered in the symmetry axis of the receiver, according to the equation: 
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  𝑐:  𝑥 = 𝐴1 ∙ 𝑒
−(

𝑟
𝑏1

)
2

+ 𝐴2 ∙ 𝑒
−(

𝑟
𝑏2

)
2

 
(37) 

where 𝐴1, 𝐴2, 𝑏1 and 𝑏2 are coefficients of the curve, while 𝑟 is the radial coordinates in a two-axis 

axisymmetric reference system, hence equal to √𝑦2 + 𝑧2. More information on the choice of such 

analytical expression for the absorber curve can be found in Section 5.4.  

In order to find the intersection point between the ray, expressed by equation (128), and the absorber 

curve, expressed by equation (37), the following equation has to be solved with respect to the unknown 

parameter 𝑘: 

𝑥𝑃2𝑖
+ 𝒌 ∙ 𝑥𝑑𝑖

= 𝐴1 ∙ 𝑒

−

(

 
√(𝑦𝑃2𝑖

+𝒌 𝑦𝑑𝑖
)
2
+(𝑧𝑃2𝑖

+𝒌 𝑧𝑑𝑖
)
2
 

𝑏1

)

 

2

+ 𝐴2 ∙ 𝑒

−

(

 
√(𝑦𝑃2𝑖

+𝒌 𝑦𝑑𝑖
)
2
+(𝑧𝑃2𝑖

+𝒌 𝑧𝑑𝑖
)
2
 

𝑏2

)

 

2

 

(38) 

The equation is obtained by substituting the parametric coordinates of the ray line into the equation of the 

absorber curve and it is not possible to solve it analytically. Therefore a numerical method is chosen and 

implemented in the routine, so that the point 𝑃3𝑖
 as indicated in Figure 28, can be computed for each ray.  

 

Figure 28: Ray travel from the window inner surface to the absorber upper surface 

Several numerical approaches can be found in literature in order to solve such non-linear equations [41]; 

however the so-called “fixed-point iteration” approach is adopted and implemented in the MATLAB 

environment. One goal of the ray tracing routine is to keep the computational time to minimum while 

having an acceptable level of accuracy. The “fixed-point iteration” approach is found to be the fastest 

numerical method among the ones implemented, thus it has been chosen for the computation of the 

solution of equation (38), with a computational time of the order of magnitude of 10−4seconds. More 

information on the numerical method chosen and the “fixed-point iteration” algorithm can be found in 

Appendix B.. 

4.1.6 Ray absorption in the porous matrix 

In order to determine the volumetric heat source corresponding to the absorber domain, the volumetric 

region is discretized in several small volumes; by taking a sufficient high number of discretization, a 

volumetric distribution can be found by counting the energy absorbed in each small volume. A cylindrical 

reference system was chosen for the discretization, i.e. (𝑟, 𝜙, 𝑥) where 𝑟  is the radial distance from the 

symmetry axis x, 𝑥 is the axial direction (coinciding with the symmetry axis) and 𝜙 is the angular direction, 

i.e. the angle between the radius 𝑟 and the vertical 𝑦 in the plane 𝑥 = 0.  

For the discretization of the absorber volume, the axial resolution of the finite volumes is considered 

equal to 1𝑚𝑚, whereas for the radial and angular direction the resolution is increased to 5 𝑚𝑚. The 

reason is that the absorption decay expressed by the Beer-Lambert law occurs in the axial direction rather 

than in the radial or angular ones.    
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The ray distribution at the absorber upper surface is obtained when the position of all the points 𝑃3𝑖
 is 

computed, with a Cartesian reference system. The transformation equation from the Cartesian to the 

cylindrical reference and vice-versa are: 

  {

𝑟 = √𝑦2 + 𝑧2

𝜙 = arctan
𝑧

𝑦
𝑥 = 𝑥

 (39) 

These equations are used throughout the ray tracing model, to change the reference of the ray absorption 

point from Cartesian to cylindrical. Further explanation is given later in this section.   

The point 𝑃3𝑖
 constitutes the starting point of the ray travel into the porous matrix, i.e. the energy content 

of the ray is absorbed by the material as it travels through the absorber depth. In particular, the energy 

decay of one ray of light inside an absorptive medium follows the Beer-Lambert law, expressed by [42]:  

  𝐼 = 𝐼0 ∙ 𝑒−𝐾𝑒𝑥𝑡∙𝑠 (40) 

where 𝐼0 [
𝑊

𝑚2] is the initial energy per unit area of the solar ray, 𝐼 [
𝑊

𝑚2] is the energy after the ray travels a 

distance 𝑠[𝑚] along the medium, and 𝐾𝑒𝑥𝑡[𝑚
−1] is the extinction coefficient, that is a property of the 

porous material and it is function of the light wavelength. However, an average value has been considered 

for the extinction coefficient of both ceramic foams and honeycomb structures, since previous studies on 

radiative properties of porous materials have widely used averaged empirical correlations [43]. The 

correlation is represented by Figure 29 (left), where the energy content of the solar ray per unit area is 

reported as function of the distance s.  

  

Figure 29: Beer-Lambert law (left); Cumulated Distribution Function for the ray extinction length (right) 

 

As it can be found from Figure 29 (left), the energy content absorbed by the porous material while it 

travels from position 𝑠  to position 𝑠 + Δ𝑠 is estimated as: 

  𝐼𝑎𝑏𝑠 = 𝐼(𝑠) − 𝐼(𝑠 + Δ𝑠) (41) 

Therefore the energy absorbed per unit volume by the porous matrix can be estimated in 
𝑊

𝑚3 with the 

following correlation: 

 
𝑑𝐼

𝑑𝑠
= lim

Δ𝑠→0

𝐼(𝑠) − 𝐼(𝑠 + Δ𝑠)

Δ𝑠
  (42) 
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Starting from this relation, a stochastic approach is adopted, in order to estimate the volumetric source in 

the absorber domain. Tracing each ray in its path through the absorber layer and counting all the finite 

volumes absorbing one share of the ray energy, according to Beer-Lambert law, would reveal to be 

computationally costly. In that case, the ray tracing algorithm would have to trace each ray, to count all the 

volumes of the absorber domain touched by that ray and to calculate the share of energy absorbed by one 

volume accordingly to the aforementioned law. One alternative approach, rather than considering the 

decay of the energy of each ray through the absorber volume, is to assign to each ray one defined 

extinction length. The extinction length value is assigned by following an exponential decay depending to 

the extinction coefficient, similarly to the Beer-Lambert law. By doing so, the total energy is absorbed 

through the volume of the material with the same distribution. However, the model makes use of one 

approximation: each ray is given an extinction length 𝐿𝑖, after which the total energy content of the ray is 

absorbed by the porous material; the extinction lengths are assigned following the same probability 

distribution of the Beer-Lambert law, so that the same result is obtained. A more exact solution would 

requires considering each ray decaying inside the absorber, i.e. the energy of each ray is absorbed through 

the different lengths of the absorber by following the trend of the Beer law.  A stochastic approach allows 

reducing the iterative steps in the routine, by assigning an extinction length to each ray and by assuming 

that all the energy content of that ray is absorbed in one absorption point. The absorption point is 

estimated following the ray path along its direction 𝑑𝑖
⃗⃗  ⃗, already found, for a given extinction length 𝐿𝑖; after 

travelling this distance, the energy is absorbed. However, the selection of a proper value of 𝐿𝑖 has to be 

made for all the rays, so that the overall energy decay across the porous medium follows the Beer-Lambert 

law, hence respecting the physics of the problem.  

In order to do this, the Probability Density Function is found, i.e. the curve representing the probability 

distribution of 𝐿𝑖. From the Probability Distribution Function it is not directly possible to find the value 

of 𝐿𝑖, since according to its definition the probability of one variable to be within an interval [𝑎, 𝑏] is 

equal to the integral of the Probability Function over the interval. Instead, starting from the Probability 

Function, the Cumulated Distribution Function is found, i.e. 𝐶𝐷𝐹(𝑎) indicates the probability of a 

variable to be equal or lower of 𝑎 [44]. The cumulated distribution function is shown in Figure 29 (right).  

The equation expressing the ray absorption through the porous matrix is: 

 𝐶𝐷𝐹 = 1 − 𝑒−𝐾𝑒𝑥𝑡∙𝑠 (43) 

The calculation procedure leading to the equation is reported in Appendix C.  

The Cumulated Distribution Function is used to estimate the penetration length of each ray; in fact, by 

taking a random entry 휁𝑖 ∈ [0,1] it is possible to obtain 𝐿𝑖 by substituting 휁𝑖 in equation (43). It holds: 

 𝐿𝑖 = −
ln(1 − 휁𝑖)

𝐾𝑒𝑥𝑡
= −

ln 휁𝑖

𝐾𝑒𝑥𝑡
 (44) 

From here on, a distinction has to be made between foam and honeycomb structures. Different 

correlations for the extinction coefficient have to be used, and the absorption through the volume of the 

porous materials occurs with slightly differences. The different approaches are used in order to estimate 

the coordinates of the absorption point 𝑃𝑎𝑏𝑠𝑖
 for each ray.  The energy content 𝐸𝑖𝑎𝑏𝑠

[𝑊] is considered as 

a contribution for the volumetric source in the absorber finite volume corresponding to the position of 

the absorption point. The summation of all the contributions for each absorber finite volume allows the 

estimation of the heat source distribution in the absorber volume, which can be used as boundary 

condition for the CFD model. The results are described and presented in Section 4.4.   
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4.1.6.1 Radiation propagation in foams 

Regarding the estimation of the extinction coefficient, Howell (2000) [45] suggests the use of the empirical 

correlation valid for foams: 

  𝐾𝑒𝑥𝑡 = 𝐶
1 − 𝜙

𝑑𝑝
 (45) 

where 𝐶 is a constant depending on the constituent foam material, 𝜙 is the porosity and 𝑑𝑝[𝑚] is the 

mean particle diameter. 

In case of foams, the 𝑠-coordinate represents the direction of the ray path through the porous absorber; 

therefore the ray absorption point inside the porous matrix has to be calculated by considering a distance 

of exactly 𝐿𝑖 from the point 𝑃3𝑖
 on the absorber surface. Figure 30 shows the absorption point 𝑃𝑎𝑏𝑠 after 

the extinction travel, whose length is exactly equal to 𝐿𝑖.  

 

Figure 30: Absorption of one solar ray in the volume of the absorber, in case of foam structures 

In order to find the Cartesian coordinates of 𝑃𝑎𝑏𝑠, the following relation has to be satisfied: 

 |𝑃3𝑖
𝑃𝑎𝑏𝑠

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  | = 𝐿𝑖 
(46) 

It follows: 

 (𝑥𝑃𝑎𝑏𝑠𝑖
− 𝑥𝑃3𝑖

)
2
+ (𝑦𝑃𝑎𝑏𝑠𝑖

− 𝑦𝑃3𝑖
)
2
+ (𝑧𝑃𝑎𝑏𝑠𝑖

− 𝑧𝑃3𝑖
)
2

= 𝐿𝑖
2 (47) 

However, the absorption point 𝑃𝑎𝑏𝑠𝑖
 lies on the same line of the point 𝑃3𝑖

 , parallel to the direction versor 

𝑑𝑖
⃗⃗  ⃗ of the ray, hence the coordinates of 𝑃𝑎𝑏𝑠𝑖

 can be expressed as: 

 

 {

𝑥𝑃𝑎𝑏𝑠𝑖
= 𝑥𝑃3𝑖

+ 𝑡 ∙ 𝑥𝑑𝑖 

𝑦𝑃𝑎𝑏𝑠𝑖
= 𝑦𝑃3𝑖

+ 𝑡 ∙ 𝑦𝑑𝑖 

𝑧𝑃𝑎𝑏𝑠𝑖
= 𝑧𝑃3𝑖

+ 𝑡 ∙ 𝑧𝑑𝑖 

 (48) 

By substituting the coordinates of 𝑃𝑎𝑏𝑠𝑖
 in equation (48), and re-calling the property of the normalized 

direction vector of √𝑥𝑑
2 + 𝑦𝑑

2 + 𝑧𝑑
2 = 1,  it is obtained: 

 𝑡 = 𝐿𝑖 (49) 
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The point of absorption is therefore calculated in Cartesian coordinates, and the cylindrical coordinates 

can be simply found by applying the transformation relations in equation (39).  

One additional phenomenon, which has to be taken into account for the case of foams, is the possible 

impact of the ray with the receiver structure walls, made of stainless steel. The ray tracing routine 

considers a perfect reflection of the ray; moreover the total distance traveled by the ray before the 

absorption is kept equal to the extinction length 𝐿𝑖. However, the receiver walls are also responsible for an 

additional energy loss, due to the absorption of a share of the energy, and a reflection coefficient has to be 

taken into account so that: 

 𝐸𝑖𝑎𝑏𝑠

′ = 𝐸𝑖𝑎𝑏𝑠
∙ 𝑟𝑤𝑎𝑙𝑙 (50) 

where 𝑟𝑤𝑎𝑙𝑙 [-] is the reflectivity of the walls material. In the CFD model, stainless steel has been chosen 

as wall material. According to [42], the emissivity of one typical stainless steel is around 0.2, i.e. the 

reflectivity can be considered as equal to 0.8 and the absorptivity equal to 0.2.  

Since the absorption coefficient is not equal to zero, an additional boundary heat source should be 

considered at the absorber walls, as equal to the summation of all the contributions of the rays reflected at 

the wall. The percentage of the absorbed power with respect to the power absorbed by the absorber is 

found to be equal to  0.4%,  of the total volumetric source. A comparison between the CFD simulation 

run with and without accounting this additional source has revealed that results are not affected, hence it 

is considered as a negligible input for the receiver modelling.  

4.1.6.2 Radiation propagation in honeycombs 

The extinction coefficient is found by means of the correlation developed by Baillis et al. (2012) [46], 

based on the geometric optics laws of reflection and refraction to extrapolate averaged correlations. In 

particular, the extinction coefficient can be estimated as: 

  𝐾𝑒𝑥𝑡 = 𝐶
√1 − 𝜇2(1 − 𝑇𝑟)

𝑙𝑐𝑒𝑙𝑙
 (51) 

where 𝑙𝑐𝑒𝑙𝑙  [𝑚] is the geometrical parameter of the honeycomb structure, 𝜇 is the direction cosine of the 

solar ray, 𝑇𝑟 indicates the transmission coefficient of the honeycomb material and 𝐶 is a constant, equal to 

1.2207 for initial ray location on the top surface of the honeycomb layer and 0.87 for ray emitted by the 

honeycomb channel walls. For the ray tracing objective, the first value of 𝐶 is used, while the value of the 

direction cosine 𝜇 depends on the direction of the solar ray; in fact, the direction cosine 𝜇 indicates the 

cosine of the angle of the ray impinging on the honeycomb surface  

In case of honeycomb structures, the radiation propagation is influenced by the anisotropy of the mean, 

constituted by hexagonal channels parallel to the axial direction. As presented in [46], the channels walls 

partially reflect and partially transmit the radiation, be-having as a semi-transparent material. However, for 

the sake of simplicity of the modelling, the transmissivity of ceramic walls is considered negligible with 

respect to the reflectivity and therefore the solar ray is assumed to travel parallel to the axial direction, 

moving forward of a distance equal to 𝐿𝑖. This is shown in Figure 31, where 𝑙𝑐𝑒𝑙𝑙 and 𝑡𝑤 represent the 

two geometrical parameters characterizing such structures, respectively the cell size and the thickness of 

the wall.  

Since the honeycomb geometrical parameter 𝑙𝑐𝑒𝑙𝑙 is usually within the range of 4𝑚𝑚 and the small 

volumes for the absorber discretization have been considered having a radial resolution of around5𝑚𝑚, 

the coordinates on the 𝑦 and 𝑧 directions are considered to be the same of the incident point on the 

absorber surface, since slight deviations on their value would not influence the location of the absorption 

point. This can be further explained by looking at Figure 31 (left), where the ray travel through the volume 

of the honeycomb-made absorber is shown. The cell diameter is usually within the range 0.5 − 5𝑚𝑚 
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whilst the absorber length is usually between15 − 50𝑚𝑚, hence the absorption point is approximated to 

be at the same radial coordinate than the incidence point of the ray; on the other hand, the axial 

coordinate is considered increased of a distance equal to 𝐿𝑖. It follows, for the case of honeycomb, that: 

 {

𝑥𝑃𝑎𝑏𝑠𝑖
= 𝑥𝑃3𝑖

+ 𝐿𝑖

𝑦𝑃𝑎𝑏𝑠𝑖
= 𝑦𝑃3𝑖

𝑧𝑃𝑎𝑏𝑠𝑖
= 𝑧𝑃3𝑖

 (52) 

 

 

Figure 31: Ray travel through the axial direction of the honeycomb-made absorber (left); Absorption of one solar ray in 
the absorber, made of honeycomb structure; detail of the honeycomb geometry, and relevant geometrical parameters 

(right) 

4.2 Sensitivity analysis 

A sensitivity study is carried out to estimate the discretization parameter 𝑛𝑝 to use in the ray tracing 

routine; the higher the resolution for the dish discretization, the higher the number of generated rays and 

higher the accuracy on the heat source calculations. However, the computational cost of the ray tracing 

routine increases as the accuracy of the model is improved. The computational time of the routine has to 

be considered as a significant decision parameter in light of the integration with the multi-objective 

optimization procedure, which has to estimate the heat sources at each optimization run.  

In order to estimate the level of accuracy of the ray tracing model for different values of the discretization 

parameter, the solar flux distribution at the receiver focal plane is compared with a reference solar flux 

distribution, calculated by using a very high discretization parameter 𝑛𝑝. By setting 𝑛𝑝 equal to 5000,  

80 000 000 rays are generated in the routine; the solar flux at the receiver focal plane is estimated, as 

function of the radial coordinate 𝑟[𝑚], i.e. the radial distance from the focus of the parabola. The error 

obtained using a defined discretization parameter 𝑛𝑝 is estimated as the deviation of the solar flux 

distribution at the focal plan with respect to the reference one; the contributions of the different points 

corresponding to the different radii are weighted and the Root Mean Square Error is found as: 

 
𝑅𝑀𝑆𝐸 =

√
∑ (𝑃𝑖𝑛𝑝=𝑘

− 𝑃𝑖𝑛𝑝=5000
)
2𝑛𝑟𝑎𝑑

𝑖=1

𝑛𝑟𝑎𝑑
 

(53) 

where 𝑃𝑖𝑛𝑝=𝑘
 is the specific power in 𝑘𝑊/𝑚2, corresponding to the radial coordinate 𝑟𝑖 found for 

𝑛𝑝 = 𝑘, 𝑃𝑖𝑛𝑝=5000
 is the corresponding reference specific power, and  𝑛𝑟𝑎𝑑 = 19 is the number of 
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intervals by which the focal plane is discretized in the radial direction to have a discretization resolution of 

4𝑚𝑚.   

Since the error calculated with equation (53) is an absolute value, expressed in 𝑘𝑊/𝑚2, a comparison has 

to be made in order to define the error as a relative percentage. Therefore a new error is found as the ratio 

between the RMSE and the mean value of the reference flux distribution.  

The outcome of the sensitivity analysis is shown in Figure 32.  

  

Figure 32: (left) error and computational time vs. discretization parameter 𝒏𝒑; (right) optimal flux distribution 

compared with the flux distribution obtained by using 𝒏𝒑 = 𝟔𝟎𝟎 

In Figure 32(left) the dotted blue markers represent the percentage error against the discretization 

parameter 𝑛𝑝, used for the ray generation. In order to show the trend of the error, which is inversely 

proportional to the square root of 𝑛𝑝(equation (53)), the sequence of points is chosen so that their ratio 

between two subsequent values of 𝑛𝑝 is constant and equal to 2. This means that the consecutive values 

for 𝑛𝑝 are {2,4,8,16,32,64,128,… }. This approach is chosen because of the proportionality of the RMSE 

and the square root of the discretization parameter. In the same graph, the computational time is shown, 

i.e. the red line represents the increase in time cost by increasing the accuracy of the simulation.  From the 

Figure it can be noticed that the deviation from the reference case reaches a sort of constant value, equal 

to 3.34% when the discretiazation parameter 𝑛𝑝 lies around 600. After this point, despite the increase in 

𝑛𝑝 and related computational time, no actual decrease of the error is seen; therefore, for the optimization 

analysis, a discretization parameter of 𝑛𝑝 = 600 is used. By using this value of discretization parameter, 

around 1100000 rays are generated at a computational cost of around 40 seconds. This is considered as 

acceptable for the simulation, from both the time and accuracy stand-points.  

Figure 32(right) reports the solar flux distribution at the focal plane, as function of the radial coordinate 𝑟, 

in the case of the optimal discretization parameter, and in the case of 𝑛𝑝 = 600. As already stated, the 

error is found to be 3.34%. It is worth it to mention here that the accuracy of the total optimization 

procedure is given by the contributions of errors of all the parts of the simulation, which also include the 

CFD. As it will be introduced in Section 5.2.2, the grid independence study establishes the CFD error 

contribution in a similar manner (comparison with a reference case); this will be equal to around 0.2%, for 

a base case. Going below 3% on the accuracy of the ray tracing would improve the overall accuracy; 

nevertheless it is stressed again how the computational cost in optimization procedure is an essential 

parameter to take into consideration. Therefore, a more in depth analysis on one optimal set of design 

variables might be conducted by further increasing the discretization parameter 𝑛𝑝, so that a more 
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accurate result is obtained. For the scope of the optimization (and the aim of this work) this level of 

accuracy is considered as acceptable. 

4.3 Validation 

In order to validate the ray tracing model, a comparison with the experimental data obtained by Reintalter 

et al. (2008) [11] is carried out. The experimental campaign is based on measurements taken on the CNRS-

Promes EuroDish system. As aforementioned, the cross-validation is carried taking the EuroDish data as 

reference, because no OMSoP dish experimental data are available at the current stage of the project. 

Further validation of this Ray Tracing model should take as reference the future data collected for the 

OMSoP dish. In [11], the authors obtained the solar flux distribution at the receiver focal plane, as shown 

in Figure 33. The different grey-scale levels represent the flux density in 𝑘𝑊/𝑚2 on the focal plane with 

aperture diameter of 0.19 𝑚.  

 

Figure 33: Solar flux distribution at the receiver focal plane, for the experimental campaign of Reinalter et al. (2008) [11] 

In the same picture, the bottom and left figures represent the solar flux distribution as function of the 𝑥 

and 𝑦 coordinates of the focal plane. Aichmayer et al. (2015) [5] extrapolated an average distribution as 

function of the radial coordinates, fitting the experimental data with a double Gaussian axisymmetric 

curve of the type: 

 𝐸0(𝑟) = 𝐴1𝑒
(−

𝑟
𝑏1

)
2

+ 𝐴2𝑒
(−

𝑟
𝑏2

)
2

 
(54) 

The approximation parameters are reported in Table 5 and they are the same used for the cross validation 

procedure.  

Table 5: Parameters for the Gaussian approximation of the solar flux distribution, as estimated by Aichmayer et 
al.(2015) [5] 

Parameter Unit of measurement Value 

𝐴1 MW/m2 7.327 

𝐴2 MW/m2 1.963 

𝑏1 mm 34.38 

𝑏2 mm 59.24 
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In order to adapt the ray tracing routine to the calculation of the solar flux distribution in case of the 

EuroDish system, the same geometrical and optical parameters are considered, together with the same 

average 𝐷𝑁𝐼 and the same aperture diameter. In addition to this, the concentration errors of the parabolic 

dish are taken from [20], where the slope error is adjusted for a better fit of the measured data, thus given 

a more realistic estimation of the slope error of the EuroDish used for the experimental campaign. All the 

aforementioned parameters are listed in Table 6.  

Table 6: Dish geometrical and optical parameters for the EuroDish system [11] [20] 

Parameter Unit of measurement Symbol Value 

Dish aperture diameter m 𝐷 8.5 

Focal length m 𝑓 4.52 

Parabola height m ℎ 0.99 

Direct normal radiation W/m2 𝐷𝑁𝐼 1000 

Sun width mrad 𝜎𝑠𝑢𝑛 2.8 

Mirror specular 

reflectance 
mrad 𝜎𝑟𝑒𝑓𝑙 0.5 

Alignment error mrad 𝜎𝑎𝑙 2 

Sensor error mrad 𝜎𝑠𝑒𝑛𝑠𝑜𝑟 2 

Drive error mrad 𝜎𝑑𝑟 2 

Slope error mrad 𝜎𝑠𝑙𝑜𝑝𝑒 1.4 

 

The total error is estimated by weighting the different components similarly to what is done in equation 

(24). 

The outcome of the cross-validation of the solar dish is reported in Figure 34. The blue dotted line 

represents the solar flux distribution estimated with the model implemented in this work, while the red 

dotted line represents the fitted curved of equation (54). The dashed red lines represent the accuracy 

boundaries given by Reinalter [11], i.e. −2.5% and +8.5% of the measured values.  

 

Figure 34: Comparison of the ray tracing flux distribution at the focal plane with the experimental data fitting curve 
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As it can be noticed from in figure, there is a good agreement between the model and the experimental 

results. The integral of the curve over the radial coordinate, i.e. the overall energy intercepted by the focal 

plane, is slightly underestimated of -4.08%, while the error in the peak flux is of around +4.45%. These 

deviations might be caused by some simplifications adopted in the ray tracing routine. For instance, the 

uniformity of the slope error on the total dish surface is an approximation and it should be considered as 

depending on the position on the dish surface in order to obtain a more realistic model [47]. The overall 

Root Mean Square Error is estimated as 4.01%, hence, the model is considered as validated and 

integrated in the detailed model of the receiver.  

4.4 Results  

The outcomes of the ray tracing modelling are two heat sources, sent to the fluid-dynamic model as 

boundary conditions. The first one is the volumetric source distribution in the absorber domain, while the 

other boundary is given by the volumetric heat source in the window domain.  

In the CFD model, the temperature and pressure distribution of the heat transfer fluid are considered as 

constant along the angular direction, i.e. the component is analyzed according to an axisymmetric 

perspective. It follows that heat sources have to be independent from the angular coordinate 𝜙. In fact, 

given the axisymmetric approach adopted for the detailed model of the receiver, a three dimensional 

source is generated by considering the axisymmetric source presented in this Section as constant along the 

angular direction of the absorber.    

The assumption of axisymmetric problem definition is validated for the ray tracing model by the fact that 

the solar flux distribution at the receiver focal plane is constant on the angular direction 𝜙 and it is 

variable only for different radial positions. The direction of the ray travel is assigned following a normal 

distribution and for a sufficient high number of rays there is uniformity of rays impinging on the focal 

plane for a given distance from the focal point.  This is shown in Figure 35, where the specific power 

distribution at the receiver focal plane is reported; the different colors represent the different radiation 

level. It can be seen how the solar power is spread in concentric annuluses: at a given distance from the 

center of the focal plane, the power is constant along the angular coordinate (the same color is present in 

the whole annulus) and a different power level is found only by changing the distance from the center. 

Therefore it is considered as validated the approach of using an axisymmetric volumetric source at the 

window and at the absorber, to model the volumetric solar receiver.  

 

Figure 35: Specific power distribution at the receiver focal plane in 𝒌𝑾/𝒎𝟐 

The volumetric distribution in the absorber domain is plotted in Figure 36. The different colors represent 

the different power levels in 𝑘𝑊/𝑚3, while the space coordinates are given by 𝑟 and 𝑥, expressed in 𝑚. 



-43- 
 

The figure represents the outcome of the model for ceramic foam made of silicon carbide, with a porosity 

of 0.9 and a cell diameter of 0.004m. The results presented in the present section are referred to a silicon 

carbide foam sample with the aforementioned characteristics. 

 

Figure 36: Volumetric heat source in the absorber domain 𝒌𝑾/𝒎𝟑 

From Figure 36, it is interesting that the volumetric source decreases along the axial direction; this is given 

by the fact the energy absorption of the ray is modelled according to the exponential Beer-Lambert law, 

thus the absorption of the ray power occurs accordingly to the assumptions made during the modelling. 

This is confirmed by Figure 37. The picture represents the averaged value of volumetric heat source on 

the radial direction, as function of the axial position. The 𝑥-coordinate, in 𝑚, defines the axial coordinate 

of the absorber, referring to a radius 𝑟 = 𝑟𝑎𝑏𝑠 (in figure up, it corresponds to the right-most point of the 

graph). The y-coordinate represents the averaged volumetric value in 𝑘𝑊/𝑚3 for the absorber layer 

corresponding to the axial coordinate given by the 𝑥-axis. It can be seen the source decreases 

exponentially with a similar shape of the Beer-Lambert law shown in Figure 29 (left). 

  

Figure 37: Volumetric source distribution in the absorber domain as only function of the axial direction x [𝒌𝑾/𝒎𝟑] 
(left); Volumetric heat source in the absorber domain as function of the radial coordinate r for different values of the 

axial coordinate x [𝒌𝑾/𝒎𝟑] (right)  
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The second interesting point to notice in Figure 37, is that for given layer of the absorber, the heat source 

is not constant but it is dependent on the radial coordinate. Figure 37(left) shows the radial variation of 

the volumetric heat source for the first 5 absorber layers considered in the discretization process; besides 

the decrease of the power absorbed as the axial coordinate increases, it is interesting to notice as the shape 

of the curves is analogous to the solar flux distribution at the receiver focal plane, i.e. having the peak at 

𝑟 = 0 and decreasing similarly to a double exponential curve as the distance from the center increases.  

Figure 38 (right) shows the second boundary condition needed for the CFD modelling, i.e. the heat source 

at the window. Since the thickness of the glass layer is small compared to the receiver length, the source at 

the window is considered as only function of the radial coordinate 𝑟[𝑚]. The power, in the second 

dimension of the graph, is given by 𝑘𝑊/𝑚3. 

 

Figure 38: Volumetric heat source at the window domain as function of the radial coordinate r [𝒌𝑾/𝒎𝟑] 

It is worth it mentioning that the order of magnitude of this boundary source is lower than the absorber 

case, i.e. having a peak of absorption of 10000 𝑘𝑊/𝑚3 against  450000 𝑘𝑊/𝑚3 of the porous material. 

The variation of the heat sources on the radial coordinate follows a shape similar to the flux distribution at 

the receiver focal plane, since the rays impinges with exactly that distribution at the window outer surface, 

which coincides with the receiver focal plane.  

The results presented so far are obtained by using the ray tracing model for ceramic foams; honeycomb 

materials only differs for the absorption mechanism in the porous structure, thus showing slight 

differences in the volumetric sources. 
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5 Detailed model of the receiver 

In the present chapter, the detailed model of the volumetric solar receiver is described. This analysis sets 

the basis for the consequent multi-objective optimization procedure, described in Section 6. 

First, the preliminary configuration chosen for the base case analysis is described. Next, the 

Computational Fluid Dynamics model, developed in the COMSOL environment is presented; within the 

CFD section, the governing equations of the fluid flow and the heat transfer in the cases of foam and 

honeycomb structures are described; it follows a grid independence study to assess the results accuracy for 

the chosen mesh, and the validation of the CFD results. The section continues with the explanation of the 

thermal stress analysis, developed in the COMSOL environment, and the discussion on the simulation 

results. Some additional considerations on the chosen absorber shape and on the constituent material of 

the porous absorber are given in the final part of the section.  

5.1 Preliminary configuration 

As stated in Section 3, the aim of the present thesis is to design, model and validate a volumetric receiver 

for the OMSoP project. More specifically the work addresses a comprehensive and in-depth analysis of a 

receiver, whose configuration is based on the previous work carried out by Aichmayer et al. in [10] , [9], 

and [5].  

In this section, the preliminary configuration is described, taking as reference the receiver configuration of 

the aforementioned authors and pointing out the re-designed aspects of the work. The prototype designed 

developed by the authors is shown in Figure 39. 

 

Figure 39: Prototype of a volumetric solar receiver for small scale applications, developed by [5] 

As it can be notice from the Figure, the concentrated solar radiation impinges on the receiver frontal 

surface, corresponding to the glass window needed for a pressurized configuration. The inflow channel 

drives the inflow heat transfer fluid, namely air in case of direct coupling with the micro-gas turbine. The 

air flows through the outer annular channel of the receiver, and then the flow is directed through the 

porous absorber, illustrated as a red curved layer. The shape of the absorber is curved accordingly to an 

exponential shape, in order to increase the radial velocity component towards the symmetry axis of the 

receiver, so that a more effective cooling of the hottest region of the absorber occurs [5].  

One the one hand, the structure of the volumetric receiver and the basic design is kept analogously to 

what is shown in Figure 39; moreover, the relative position of the solar receiver with respect to the 

parabolic dish is kept the same, thus the external surface of the glass window is set at the focal plane. 



-46- 
 

Similarly to [9], the material of the tubes constituting the fundamental structure of the receiver is set to be 

Steel AISI 4340, a type of alloy steel able to withstand the receiver working temperature level, and whose 

thermal and mechanical properties are included in the COMSOL built-in material library. The glass 

window is set to be made of fused silica or quartz, which can be considered to have analogous optical and 

mechanical properties [39]. They differ for the microscopic structure, crystalline vs. amorphous, giving to 

crystalline quartz a better transmission coefficient in the UV-range [48]; this aspect is negligible for the 

receiver analysis, since the solar radiation spectrum has the peak for higher wavelengths. On the other 

hand, a number of aspects are revised and re-designed according to additional considerations. In 

particular: 

 The dimensioning of the receiver is developed by using the boundary conditions given by the 

OMSoP project, i.e. the dish geometrical and optical parameters, which have been defined, and 

the thermodynamic conditions of air inlet and desired thermal output.  

 The absorber shape design is re-thought with the goal of obtaining a uniform flux distribution at 

the inlet section of the air through the absorber. 

 Silicon Carbide foam has been predominating as choice for the constituent material of the porous 

matrix in the literature so far; in this work, some other materials, which have already been applied 

in high temperature applications, are considered as suitable choices, and pros and cons are 

analyzed.  

 A specific CFD model is built for honeycomb structures in the COMSOL environment, with the 

aim of differentiating the analysis according to the material structural properties, influencing the 

flow and heat transfer mechanisms. 

 A ray tracing routine has been implemented, as explained throughout Section 3, thus the 

boundary condition of the solar radiation is integrated as adapted to the geometry of the OMSoP 

dish, while the previous reference case considered the fitting of experimental data obtained for 

the EuroDish system; moreover the solar radiation was assumed as a bundle of parallel rays, 

without taking into account the actual deviation from this theoretical path.  

 The process for the optimization of the design is based on a detailed analysis of the component, 

hence integrating the detailed CFD/FEM model developed in COMSOL with the multi-objective 

optimizer. This is further explained in Section 6.  

5.1.1 Boundary conditions and preliminary design 

The dimensioning of the solar receiver is made so that the nominal air flow heats up to the designed 

temperature for the turbine inlet. The nominal conditions, giving the boundaries for the analysis, are given 

by [37] and they are listed in Table 7.  

Table 7: Power cycle boundary conditions [37] 

Parameter Unit of measurement Symbol Value 

Air inlet temperature °C 𝑇𝑖𝑛 535 

Air outlet temperature °C 𝑇𝑜𝑢𝑡 900 

Mass flow kg/s �̇� 0.09 

Inlet pressure bar 𝑝𝑖𝑛 3 

Direct Normal 

Irradiation 
W/m2 𝐷𝑁𝐼 800 

The geometrical parameter which has to be dimensioned according to the nominal conditions is the 

receiver aperture diameter, i.e. diameter of the window and the absorber. In fact, by varying the diameter 

of the receiver, a different power is intercepted by the window and then transmitted to the air flow.  
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It follows that the dimensioning criterion is that the intercepted power has to be set equal to the power 

needed to heat up the nominal mass flow plus the transmission losses. The power given by the different 

enthalpy content of the air inlet and outlet is estimated by using the commercial software EES, whose 

built-in property functions calculate the enthalpy as function of pressure and temperature levels. The 

values of air enthalpy and the net useful thermal power, given by the increase in temperature, are reported 

in Table 8. 

Table 8: Enthalpy of air inlet and outlet, and net thermal power 

Parameter Unit of measurement Symbol Value 

Inlet enthalpy kJ/kg  ℎ𝑖𝑛 831.6 

Outlet enthalpy kJ/kg ℎ𝑜𝑢𝑡 1246 

Net power kW 𝑃𝑡ℎ 37.4 

The power at the receiver focal plane has to match the thermal power output. Moreover, the overall 

conversion efficient has to be preliminarily estimated, so that the net thermal power in Table 8 can be 

converted in intercepted power at the focal plane and the receiver diameter can be estimated. In fact, the 

intercepted power is calculated as: 

 𝑃𝑖𝑛𝑡 =
𝑃𝑡ℎ

휂𝑟𝑒𝑐
 (55) 

where 휂𝑟𝑒𝑐 represents the conversion efficiency of the solar receiver. 

The estimation of the efficiency is made by means of the CFD model, which will be later described in the 

section. The CFD model considers an initial guess for the receiver diameter to calculate the temperature 

distribution and therefore the conversion efficiency, by also using the input sources as calculated by the 

ray tracing routine. The conversion efficiency estimated by the CFD model is used to calculate a desired 

intercepted power, according to the formula: 

 𝑛𝑟𝑒𝑐 =
 �̇�(ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛)

𝑃𝑖𝑛𝑡
  (56) 

𝑃𝑖𝑛𝑡 is used as aforementioned in the ray tracing model to estimate the receiver diameter; the new 

diameter value is then used to run again the CFD routine, through which a new value of conversion 

efficiency is found, thus changing the design intercepted power. By iterating the process until the 

efficiency varies within the tolerance limit, the design value for the receiver diameter is found. The process 

is summarized in the flowchart of Figure 40.   

 

Figure 40: Flow-chart determination design parameter 𝒅𝒓𝒆𝒄 

As it can be noticed from the flow-chart, there are two iteration procedures, which are implemented one 

inside the other; by using an initial guessed value for the receiver diameter, a desired value of intercepted 

power at the window surface is found, which is sent as input to the ray tracing routine, whose aim is to 
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find the minimum diameter to collect 𝑃𝑖𝑛𝑡
∗ . Next, a new conversion efficiency value is found, by running 

the CFD model with the updated value of the diameter. Based on the new efficiency estimation, the 

intercepted power changes, hence the receiver diameter is modified accordingly.  The iteration stops when 

the conversion efficiency converges to its asymptotic value, with an accepted tolerance of 0.5%, so that 

neither the intercepted power nor the receiver diameter changes.  

It has to be clarified that the dimensioning procedure is carried for a defined base-case of receiver 

configuration, meaning that all those design variables, which are optimized through the multi-objective 

optimizer, are set as constants. In this base case a ceramic silicon carbide foam is chosen, with porosity set 

equal to 𝜙 = 0.86, the absorber length 𝐿𝑎 = 30𝑚𝑚 and the cell diameter 𝑑𝑐𝑒𝑙𝑙 = 4𝑚𝑚. Moreover the 

distance between the absorber and the window is set to be 8𝑚𝑚 and the shape geometrical parameter Δ𝐿, 

which is explained in Section 5.4.1, is set equal to 20𝑚𝑚. 

Table 9 presents that outcome of the preliminary dimensioning procedure. The volumetric receiver, with 

the aforementioned features, requires a diameter of 0.15𝑚 to intercept 56.4% of the solar radiation 

reflected by the OMSoP dish. This amount of radiation is converted into useful thermal energy for 

0.09𝑘𝑔/𝑠 of air, which is heated from 535°𝐶 up to 900°𝐶, with an overall conversion efficiency of 0.84. 

Table 9: Outcome of the preliminary design procedure 

Parameter Unit of measurement Symbol Value 

Receiver diameter m  𝑑𝑟𝑒𝑐 0.15 

Intercepted power kW 𝑃𝑖𝑛𝑡 44.6 

Intercepted ratio − 𝑟𝑖𝑛𝑡 56.4 

Conversion efficiency − 휂𝑟𝑒𝑐 0.84 

 

As already stated, all the geometrical parameters which are optimized through the optimization procedure 

are set to a constant value during the development of the receiver model, i.e. a base case is considered.  

Regarding the other receiver elements, which have to be defined, the following considerations and 

assumptions are made: 

 The thickness of the tubes, both external and internal, is considered to be 5𝑚𝑚, as [9]; 

 At the inlet, the air flows externally to the tube where the absorber is placed; this external annular 

channel has an aperture radius of 15𝑚𝑚 [9]; 

 The window thickness is set to 5mm. The thickness has to be found as a trade-off between 

mechanical strength to withstand the loads (thermal expansion and internal pressure given the 

pressurized configuration), and the absorption losses, decreasing the solar power reaching the 

ceramic absorber. The mechanical strength is increased by using a thicker glass, whilst the 

absorption losses increase according to equation (33). According to the work carried by [5], a 

window thickness of 5𝑚𝑚 is resistant enough to withstand the load of a pressurized 

configuration with 3 𝑏𝑎𝑟 of internal working pressure; therefore, given the equality of the 

working pressure for the OMSoP case and the aforementioned work, a thickness of 5𝑚𝑚 is 

chosen; if the maximum window stresses are below the tolerance limits of silica glass, the design 

choice is validate, otherwise the thickness window is re-set to a higher value. 

 The diameter of the window and of the absorber ae set to be equal; one alternative might be to 

place an absorber with a higher diametral extension in order to reduce the ray losses at the cavity, 

i.e. the space between the window and the absorber. However, the amount of solar power lost 

due to the rays not reaching the absorber surface is 1.6% of the total power when the distance 
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between the window and the absorber is 5mm, and the power losses increase up to 2.7% when 

the distance is 10mm. Therefore such losses are considered to be negligible and it is not 

considered as valuable to increase the diameter of the absorber to recover 3% of solar radiation. 

The absorber diameter is set as equal to the window diameter and the power at the absorber 

surface is estimate by means of the ray tracing routine, which also accounts for the cavity losses.  

 Considerations on the absorber shape are made in Section 5.4, while the choice of the design 

parameters for the multi-objective optimization is explained in Section 6.  

5.2 CFD model 

The Computational Fluid Dynamics (CFD) model has the goal to evaluate the fluid flow and heat transfer 

mechanism within the receiver. The pressure and temperature distribution of air and of the constituent 

materials can be estimated. The outcome of the CFD model is the basis for the estimation of the receiver 

performance, needed for the multi-objective optimization procedure. 

Before going through the detailed description of the equations governing the CFD model, for ceramic 

foams and honeycombs structures, the chosen geometry is presented; as already stated, an axisymmetric 

analysis is carried, thus the temperature and pressure distribution is considered a constant in the angular 

direction; the geometry built by means of the COMSOL software is shown in Figure 41. It represents one 

section of the receiver, according to the radial coordinate 𝑟 and axial coordinate 𝑥.  

 

 

Figure 41: Receiver section as function of the coordinates (r,x)  

As it can be noticed from Figure 41, the receiver is divided in several domains.  Domain 16 corresponds 

to the silica glass window, where the solar radiation impinges; the outer surface of the window coincides 

with the receiver focal plane 𝑥 = 0; domains 1 − 8 correspond to the metallic tubes, whilst domains 

9 − 15 represent the air flow through the component. Moreover, domain 14 corresponds to the absorber 

region, where fluid and solid phase are both present. From the same Figure, the relevant geometrical 
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parameters are indicated, i.e. the diameter of the absorber and the window 𝑑𝑟𝑒𝑐 , the window thickness 

𝑠_𝑤, the cavity depth 𝐿𝑐, the absorber length 𝐿𝑎 and also Δ𝐿, which is the absorber shape parameter 

influencing the steepness of the curve.  

5.2.1 Modelling 

The physical modelling of a volumetric receiver concerns the mass flow and the heat transfer of air 

through a porous medium, i.e. the absorber. In order to model such physics, “local volume averaged 

equations” are derived, meaning that the porous material is modelled as a continuum and the elementary 

volume on which the average transport equations are solved in COMSOL is larger than the pore scale but 

smaller than the problem scale [49] [43]. 

The Computational Fluid Dynamics model takes into considerations the following physics: 

 Volumetric heat transfer between air and porous absorber; 

 Fluid flow through the receiver channel: 

o Pressure drop along the channel and the absorber; 

o Convective heat transfer with the receiver walls; 

 Radiative exchange between window inner surface and absorber surface; 

 Thermal losses at the window outer surface; 

 Conductive and radiative heat transfer within the porous material; 

Moreover the following assumptions are made: 

 Stationary study; 

 No heat losses at the receiver outer surface, with exception of the window; hence the receiver 

structure is considered to be perfectly insulated. 

The pressure drop and the heat transfer are influenced by the type of porous material, i.e. two different 

models are adopted in case of foams and honeycombs structures.  

The porous material is determined by its geometrical parameters; the parameters characterizing the matrix 

are different depending on the structure, i.e. foam or honeycomb.   

Ceramic foams are cellular materials with a stochastic topology [50]; they can be open-cell or closed-cell 

foams, nevertheless open-cell materials have been considered as absorbers, given their higher porosity. 

The relevant geometrical parameters of foams are the porosity and the cell diameter. The porosity is a 

measure of the void fraction of the material. In Figure 42(left) a three dimensional visualization of the 

structure of open-cell foams is shown, whilst in the right-hand side of the Figure a shot photo of a 

ceramic foam sample is reported; is indicated the cell diameter with 𝑑 in the Figure.  

 
 

Figure 42: (left) 3-D sketch of an open-cell foam [51]; (right) picture of ceramic foam, where 𝒅 = 𝟒𝒎𝒎 indicates the 
cell diameter [52] 

Starting from the porosity 𝜙 and the cell diameter 𝑑𝑐 , other relevant geometrical parameters can be 

defined, such as the particle diameter 𝑑𝑝 and the average void diameter 𝑑𝑣 . These parameters are needed 
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in order to estimate the heat transfer coefficient and the pressure drop coefficients in the correlations 

which will be presented later in this section. According to [53] and [54] it holds: 

 𝑑𝑝 =

1.5
2.3

√ 4
3𝜋

(1 − 𝜙)

1 − √ 4
3𝜋

(1 − 𝜙)

𝑑𝑐 (57) 

 
𝑑𝑣 =

4𝜙

𝛼𝑠𝑓
 (58) 

where 𝜙 is the porosity and 𝛼𝑠𝑓  [
𝑚2

𝑚3] is the specific interfacial surface area per unit volume between air 

and the absorber, which can be calculated as [54]: 

 𝛼𝑠𝑓 =
20.346(1 − 𝜙)𝜙2

𝑑𝑝
 (59) 

Regarding honeycomb structures, the important geometrical parameters are defined in [51]; honeycomb 

materials are a particular type of porous structure with directional pores, i.e. cellular solids composed by a 

2-Dimensional array of channels, packed together to fill a plane; the cross-section of such polygons is 

usually hexagonal, however other configurations of cellular solids exist with different shapes for their 

cross-section. Figure 43 (left) shows the structure of a honeycomb material with hexagonal shaped cells; 

on the right-hand side the cross-section is shown. As it can be noticed from the Figure, there are two 

geometrical parameters characterizing the unit cell, i.e. the wall thickness 𝑡 and the single-cell geometrical 

parameter 𝑙. 

 

 

Figure 43: (left) 3-D sketch of a honeycomb structure; (right) cross-section of the polygonal ducts forming the 
honeycomb structure [51] 

Based on the above-represented structure, it is possible to obtain the relative density 𝜌, which expresses 

the ratio between the density of the honeycomb structure and the density of the constituent material. It 

holds : 

 𝜌 =
𝑡(2√3𝑙 + 𝑡)

(√3𝑙 + 𝑡)
2  (60) 

And it is possible to estimate the porosity as: 

 𝜙 = 1 − 𝜌 (61) 

Moreover, according to [51], the surface area density, i.e. the interfacial superficial area per unit volume 

𝛼𝑠𝑓, can be estimated as: 

 𝛼𝑠𝑓 =
𝜙𝑃𝑤

𝐴𝑐
 (62) 
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where 𝜙 is the porosity of the honeycomb material, 𝑃𝑤 is the wetted perimeter of one single cell and 𝐴𝑐 is 

the cross-sectional area of one duct; for hexagonal cells, these two parameters can be calculated as: 

 𝑃𝑤 = 6𝑙 (63) 

 
𝐴𝑐 =

3√3

2
𝑙2 

(64) 

The last relevant geometrical parameter for honeycomb structures, needed in order to estimate the 

pressure losses and the heat transfer coefficient, is the hydraulic diameter of the cross-section of one 

polygonal duct, equal to [51]: 

 𝐷ℎ =
4𝐴𝑐

𝑃𝑤
 (65) 

Both of these materials, i.e. ceramic foams and honeycomb structures, can be seen as materials 

themselves, meaning that at a micro-scale they are lattice structures, but at a macro-scale they can be 

analyzed as a defined material, with properties comparable with the ones of the other materials [55]. By 

using proper scaling of thermal and mechanical properties, the model considers the porous absorber as a 

one-piece solid material, exposed to an external heat source and subject to mechanical stresses. This is the 

basis on which the CFD model and the Thermal Stress Analysis are developed.  

5.2.1.1 Pressure drop 

The pressure drop is found as a consequence of the application of the momentum balance to the fluid 

flow through the solar receiver; in literature, two different approaches have been adopted depending on 

the structure of the porous materials. 

For ceramic foams, the general momentum balance equation is expressed by the Brinkman-Forcheimer 

extension to the Darcy equation. It holds in 𝑁/𝑚3 [56]: 

 𝜌 (
𝜕𝑼

𝜕𝑡
+ 𝑼 ∙ ∇𝑼) = −∇𝑝 + 𝜇∇2𝑼 − (

𝜇

𝐾
+

𝐶𝑒

√𝐾
𝜌|𝑼|)𝑼 (66) 

where: 

 𝑼 = (𝑢𝑟, 𝑢𝑥) is the velocity vector; 

 𝜌 and 𝜇 are the fluid effective density and viscosity; 

 𝑝 is the pressure; 

 𝐾[𝑚2] is the viscous permeability coefficient and 𝐶𝑒 is the inertia coefficient, as properties of the 

porous medium. 

As it can be noticed from equation (66), the momentum equation is integrated with a negative volume 

force. The first term derives from the simple Darcy equation for fluid flow in porous media, thus 

indicating a linear relation between the pressure drop and the mass flow. The linear correlation coefficient 

is the permeability coefficient 𝐾 and it is a property of the porous material [56].  

However, for volumetric receivers made of ceramic foams, the assumption of turbulent flow is often true, 

and as consequence the relation between pressure drop and mass flow is no longer linear. In fact, for high 

Reynolds number the inertial effects give an additional contribution to the pressure gradient, hence a 

further term has to be added in the momentum balance [31] [57]. In the so-called Forcheimer extension to 

Darcy law, the relation between pressure and velocity is quadratic, as it has already been explained in 

Section 2.2.1.3.2. The quadratic dependence is a function of the permeability coefficient and of an 

additional property of the porous material, i.e. the inertial coefficient 𝐶𝑒.  

The two parameters 𝐾 and 𝐶𝑒 can be expressed by means of the Kozeny-Carman correction equations, as 

follow [53]: 
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 𝐾 =
𝑑𝑝

2𝜙3

150(1 − 𝜙)2
 (67) 

 Ce =
1,75

√150𝜙
3
2

   (68) 

where 𝑑𝑝 is the particle diameter and 𝜙 is the porosity.   

Concerning honeycomb structures, Asako and Nakamura [58] and Lu et al. [51] state that the flow in 

polygonal ducts is often laminar. Moreover, it is demonstrated that the flow of packed structures, like 

honeycombs, formed by uniform and identical channels (meaning that the geometrical parameters 𝑡 and 𝑙 
are the same for all the single ducts constituting the cellular material) is evenly distributed among all the 

channels, where the fluid velocity is the same. It follows that the pressure drop can be estimated by taking 

into consideration the pressure drop in one single channel, as well as the Nusselt number influencing the 

heat transfer coefficient, as it will be introduced in Section 0.  

The work of Lu et al. [51] is taken as reference for the analysis of pressure drops. In this work, the fluid-

flow behavior and the pressure losses through 2-D periodic cellular materials are analyzed. The overall 

losses are determined by the contribution of the local pressure losses at the inlet and outlet of the channel, 

plus the distributed frictional pressure drop. Two friction factors can be defined accordingly, meaning that 

the overall friction factor is calculated by the summation of the two contributions: 

 𝑓 = 𝑓𝑙 + 𝑓𝑓 (69) 

where 𝑓𝑓 represents the friction factor of the distributed pressure losses and 𝑓𝑙 represents the factor for 

the local losses at the channel inlet and outlet. 

Starting from the estimation of 𝑓, it is possible to obtain the pressure drop from: 

 
𝑓 =

Δ𝑝

𝐿
𝐷ℎ

1

𝜌𝑓 (
𝑈2

2
)
  (70) 

where 𝐷ℎ is hydraulic diameter of one single honeycomb channel, defined in equation (65), 𝜌𝑓 is the 

density of air and 𝑈 is the velocity modulus.  

The local pressure losses are calculated with the following equations: 

 {
𝐾 = (1 − 𝜙)(1.42 − 𝜙), 𝜙 < 0.76

𝐾 = 2(1 − 𝜙)2, 𝜙 ≥ 0.76
  (71) 

 𝑓𝑙 = 𝐾
𝐷ℎ

𝐿
 (72) 

where 𝐿 is the length of the channel (corresponding to the absorber length); the reader is referred to [51] 

for the derivation of equation (71), which is obtained by combining an empirical correlation for the 

sudden contraction at the channel inlet and one analytical formulation of the sudden expansion losses at 

the outlet. 

Regarding the distributed friction losses, the flow regime influences the calculation; in particular, the two 

cases of hydrodynamically fully developed flow and developing flow have to be considered. The 

difference is shown in Figure 44; in Figure 44 (a) the velocity profile is represented, while in Figure 44 (b) 

the pressure losses are represented. 
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Figure 44: Velocity profiles in a duct flow (a); pressure losses as function of the entrance length in a duct flow (b) [51] 

As it can be noticed from the Figure, the velocity profile does not vary along the flow direction, thus the 

shear stress is constant along the direction 𝑥. As consequence, the pressure drop is linear; for laminar 

flow, as it can often be assumed for honeycomb structures [58], the friction factor can be calculated as: 

 𝑓𝐷ℎ
=

64𝜓

𝑅𝑒𝐷ℎ

 (73) 

where 𝑅𝑒𝐷ℎ
 represents the Reynolds number based on the hydraulic diameter 𝐷ℎ and on the scaled 

velocity on the flow-direction 𝑢/𝜙, and 𝜓 is a geometrical parameter depending on the shape of the 

cross-section of the channel; 𝜓 is equal to 0.941 for hexagonally shaped cells. 

The friction factor along the entrance length 𝐿ℎ cannot be estimated by means of equation (73). Since the 

velocity profile is changing along the flow-direction, the inertial terms are not constant and the pressure 

drop is not linear; in order to estimate the entrance length 𝐿ℎ, the following correlation can be used for 

laminar flow: 

 
𝐿ℎ

𝑅𝑒𝑑ℎ
𝐷ℎ

= 0.04 (74) 

And the friction factor along the entrance length is obtained by interpolating the data from Figure 45. The 

Figure shows the value of the product of the friction factor and the Reynolds number as function of the 

distance from the entrance of the channel; the distance is reported in terms of dimensionless axial 

distance, i.e. the ratio 𝑥/𝑅𝑒𝐷ℎ
𝐷ℎ.  

As it can be noticed from Figure 45, different curves are reported for different shapes of the honeycomb 

channels, with a slight change between the different curves; for the CFD model, it is assumed that the 

circular duct curve is a good enough approximation for hexagonally shaped cells.  

At this point, one clarification has to be made concerning the modelling of the pressure drop; the CFD 

model in COMSOL is based equation (66), where the term (
𝜇

𝐾
+

𝐶𝑒

√𝐾
𝜌|𝑼|)𝑼 is de-composed in the two 

directions 𝑟 and 𝑥 and it is introduced in the model as a volumetric source term. For the modelling of 

ceramic foams, the following equations apply: 
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 𝐹𝑟 = −(
𝜇

𝐾
+

𝐶𝑒

√𝐾
𝜌|𝑼|) 𝑢𝑟 (75) 

 
𝐹𝑥 = −(

𝜇

𝐾
+

𝐶𝑒

√𝐾
𝜌|𝑼|) 𝑢𝑥 

(76) 

However, for the modeling of honeycomb structures, the external force term is estimated by means of the 

friction coefficient, which gives an estimation of the pressure drop along the flow-direction only; in fact, 

since honeycombs are packed structures formed by parallel channels, the velocity is much higher in the 

axial direction rather than in the radial direction. The radial force term has to be chosen so that the fluid 

flow is enhanced in the axial direction; Roldan et al. (2014) [59] have modelled an absorber made of 

honeycomb channels by choosing the following parameters as equivalent permeability and inertial 

coefficient: 

𝐾𝑒𝑞 = 10−10 𝑚2 

𝐶𝑒𝑒𝑞
= 0.01 

They represent an equivalent value in order to obtain the flow enhanced in the axial direction. This 

assumption is adopted in the CFD model for honeycomb structures, while the force in the flow-direction 

is modelled by using the friction factor in equation (69) in the following relation: 

 𝐹𝑥 = −
1

2
𝑓 𝜌 (

𝑢𝑥

𝜙
)
2 1

𝐷ℎ
  (77) 

 

Figure 45: 𝒇𝑫𝒉
𝑹𝒆𝑫𝒉

 for entrance region in laminar flow for one single channel for different shapes [51] 

5.2.1.2 Volumetric Heat transfer 

The heat transfer is governed by the thermal energy balance between the air and the solid phase in the 

domain of the porous absorber. According to the literature review on existing models for solar receiver 

[43], the Local Non-Thermal Equilibrium (LTNE) has to be assumed, i.e. a finite temperature gradient 

between the air and the solid matrix exists; the heat transfer coefficient is expressed by a number of 

correlations in literature, depending on the choice between foams and honeycomb. 

The energy balance equations for the cylindrical two-dimensional geometry chosen for the receiver section 

are expressed by [60]: 

 𝑘𝑠𝑒 (
𝜕

𝜕𝑟
(
1

𝑟

𝜕𝑇𝑠

𝜕𝑟
) +

𝜕2𝑇𝑠

𝜕𝑥2
) − ℎ𝑣(𝑇𝑠 − 𝑇𝑓) + 𝑆𝑠 = (𝜌𝑐𝑝)𝑠

(1 − 𝜙)
𝜕𝑇𝑠

𝜕𝜏
  (78) 
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 𝑘𝑓𝑒 (
𝜕

𝜕𝑟
(
1

𝑟

𝜕𝑇𝑓

𝜕𝑟
) +

𝜕2𝑇𝑓

𝜕𝑥2
) + ℎ𝑣(𝑇𝑠 − 𝑇𝑓) + 𝑆𝑓 = (𝜌𝑐𝑝)

𝑓
(
𝑢𝑟

𝑟

𝜕(𝑟𝑇𝑓)

𝜕𝑟
+ 𝑢𝑥

𝜕𝑇𝑓

𝜕𝑥
) + (𝜌𝑐𝑝)𝑓

𝜙
𝜕𝑇𝑓

𝜕𝜏
 (79) 

where: 

 𝑇𝑠 is the temperature of the solid phase and 𝑇𝑓 is the temperature of air; 

 𝑘𝑠𝑒 and 𝑘𝑓𝑒  are the effective conductivity of the solid and fluid phases, respectively, equal to 

[60]: 

 𝑘𝑓𝑒 = 𝜙𝑘𝑓 (80) 

 𝑘𝑠𝑒 = (1 − 𝜙)𝑘𝑠 (81) 

where 𝜙 is the porosity of the absorber, 𝑘𝑠 the conductivity of the constituent material of the 

absorber and 𝑘𝑓 is the conductivity of air; 

 𝑆𝑠 and 𝑆𝑓 are the volumetric heat sources for the solid and fluid phases, respectively; 

 𝜏 is time; 

 (𝑢𝑟, 𝑢𝑥) are the radial and axial component of the air velocity vector; 

 ℎ𝑣 is the volumetric  heat transfer coefficient, expressed in 𝑘𝑊/𝑚3𝐾. 

For the receiver application, the volumetric heat source at the fluid 𝑆𝑓 is equal to zero, whilst the 

volumetric heat source 𝑆𝑠 corresponds to the ray tracing outcome, i.e. the volumetric distribution of the 

radiation within the volume of the absorber, expressed in 𝑘𝑊/𝑚3. Moreover, since the problem is 

assumed to be stationary, the terms of the equations containing the time derivative cancel. 

Regarding the volumetric heat transfer coefficient, a number of correlations exist in literature for ceramic 

foams and honeycomb materials.  

Kribus et al. [43] and Xu et al. [53]  report a list of the correlations which have been used in literature for 

the volumetric heat transfer coefficient for ceramic foams. In particular, Xu et al. [53] compared the 

results of different models for the estimation of the superficial heat transfer coefficient ℎ𝑠𝑓, in 𝑊/𝑚2𝐾 , 

with experimental data; it is found that the correlations introduced by Hwang et al. [54] and Alazmi and 

Vafai [61] best matches the experimental values. The correlation is expressed by: 

 ℎ𝑠𝑓 = 0,004 (
𝑑𝑣

𝑑𝑝
)

0.35

(
𝑘𝑓

𝑑𝑝
)𝑃𝑟0,33𝑅𝑒𝑑

1,35, 𝑅𝑒𝑑 ≤ 75 (82) 

 ℎ𝑠𝑓 = 1,064 (
𝑘𝑓

𝑑𝑝
)𝑃𝑟0,33𝑅𝑒𝑑

0,59, 𝑅𝑒𝑑 ≥ 350 (83) 

where 𝑃𝑟 is the Prandtl number, 𝑅𝑒𝑑 is the Reynolds number based on the particle diameter 𝑑𝑝 and the 

superficial velocity 𝑢0. These non-dimensional parameters are calculated as: 

 𝑅𝑒𝑑 =
𝑢0𝑑𝑝𝜌𝑓

𝜇𝑓
 (84) 

 𝑃𝑟 =
𝑐𝑝𝑓

𝜇𝑓

𝑘𝑓
 (85) 

where 𝜇𝑓 is the viscosity of air, 𝑐𝑝 is the specific heat transfer coefficient of air and 𝑘𝑓 is the air 

conductivity.   

For Reynolds numbers in the interval [75,350] the superficial heat transfer coefficient can be estimated 

by interpolating equations (131) and (132).  The relation between superficial and volumetric heat transfer 

coefficient is given by: 
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 ℎ𝑣 = 𝛼𝑠𝑓 ∙ ℎ𝑠𝑓 (86) 

where 𝛼𝑠𝑓 is determined by equation (131).  

The correlations expressed by equations (82) and (83) are strictly related to heat transfer mechanism in 

ceramic foams; in fact, honeycomb materials are modelled differently. As already stated in Section 5.2.1.1, 

the flow regime in honeycomb structures with uniform and identical channels is only determined by the 

flow in one single polygonal duct; Asako and Nakamura [58] numerically determined the thermal 

characteristic of the fluid flow in polygonal ducts, i.e. the Nusselt number is found as function of the 

distance from the entrance length. In particular, the local Nusselt number is determined for a fluid with a 

Prandtl number equal to 0.7, which is a suitable value for air (according to [62], the Prandtl number for air 

is 0.73 when the approximation of perfect gas is used). The outcome of the numerical analysis is shown in 

Figure 46, where the dotted lines represent the local Nusselt number as function of the distance from the 

entrance from the channel and the different lines correspond to different shapes of the polygonal ducts; 

for hexagonal cells, the line corresponding to 6 has to be chosen.  

 

Figure 46: Nusselt number as function of the dimensionless axial length [58] 

In the CFD model for honeycomb structures, the Nusselt number is computed by using the graph in 

Figure 46: the input is given by the dimensionless axial length, which is the distance along the 𝑥-direction 

between the point considered and the air inlet in the absorber, i.e. the absorber upper surface.  

The Nusselt number can be used to determine the heat transfer coefficient between the air and the 

channel walls; it holds: 

 𝑁𝑢 =
ℎ𝑠𝑓𝐷ℎ

𝑘𝑎𝑖𝑟
 (87) 

where 𝐷ℎ is the hydraulic diameter defined by equation (65) and 𝑘 is the conductivity of air. The 

volumetric heat transfer coefficient for honeycomb structures can be obtained by substituting the value of 

ℎ𝑠𝑓 in equation (86).  

5.2.1.3 Heat transfer within the absorber 

The aim of using a volumetric receiver, constituted by a porous material is to obtain the so-called 

volumetric effect, i.e. the temperature at the absorber frontal surface is lower than the temperature within 

the volume of the absorber, so to reduce the thermal losses. However, as it can be seen from Figure 36 in 

Section 4.4, the volumetric heat source, given by the solar radiation absorbed by the porous material, is 
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concentrated in the first region of the porous material and it decreases exponentially as the axial length 

increases. Therefore, in order to decrease the temperature at the absorber frontal surface, a heat transfer 

mechanism occurs within the porous material itself. The heat transfer within a porous medium occurs by 

means of conduction and radiation.  

In order to take into account the conductive heat flow, the conductivity of the material as to be defined. 

According to Lauriat and Ghafir [60], the equivalent conductivities of the fluid and solid phase are given 

by equations (80) and (81); the conductivity value of the solid phase is the same creating conduction 

through the volume of the absorber. 

In order to take into consideration the radiative heat transfer in porous materials, a number of models and 

approximations exist in literature. In fact, the exact solution of the differential radiative heat transfer 

equation involves several difficulties for the different aspects involved, i.e. not only absorption but also 

scattering phenomena are relevant, the material properties are highly wavelength dependent, the scattering 

is anisotropic, and emission, reflection and transmission should all be considered [56]. 

Moreover, the CFD model for the optimization procedure is built in the COMSOL environment to make 

use of the interconnection with the MATLAB software. COMSOL is provided with a built-in feature, 

namely “Radiative heat transfer in participating media”. Two approximation models can be chosen to 

represent the radiative heat transfer in porous materials, which have been already used in the previous 

literature of volumetric receivers modelling. More specifically, the Rosseland approximation and the P1 

approximation methods can be adopted. The former has been used in the works of [5] , [31] and [63], 

whilst the latter has been adopted by [64]. Fuqiang et al. (2014) [65] compared the results of using the two 

different models. The results showed a maximum difference of around 5% in the solid phase temperature 

distribution, with the over-estimation of the solid temperature if the P1 model was adopted. Moreover the 

difference between the two models is decreased for higher fluid velocity and higher extinction coefficient. 

Therefore, for the sake of simplicity and the high number of models adopting it, the Rosseland 

approximations is used in this work, both for foams and honeycombs structures. 

The Rosseland approximation consists on considering an effective equivalent radiation conductivity 

coefficient, which is added in the energy balance equation expressed by equation (78); in particular, the 

term 𝑘𝑠𝑒 is modified as: 

 𝑘𝑠𝑒 = (1 − 𝜙)𝑘𝑠 + 𝑘𝑟𝑎𝑑 (88) 

where 𝑘𝑟𝑎𝑑 is estimated by means of the Rosseland model as [56]: 

 𝑘𝑟𝑎𝑑 = 16
𝑛2𝜎𝑇𝑠

3𝐾𝑒𝑥𝑡
 (89) 

where 𝑛 is the refractive index of the air, 𝑇𝑠 is the temperature of the absorber, 𝜎 is the Stefan-Boltzmann 

constant (equal to 5.67 ∙ 10−8 𝑊/𝑚2𝐾4) and 𝐾𝑒𝑥𝑡 is the extinction coefficient. 

The difference between honeycombs and foams structures is given the estimation of the radiative 

properties, i.e. the extinction coefficient to be considered in equation (89). Respectively, the correlations 

defined in equations (45) and (51) are used for foams and honeycomb; the reader is referred to Section 

4.1.6 for the definition of radiative properties for porous materials.   

5.2.1.4 Thermal losses 

As aforementioned, the receiver thermal losses only occur at the window external surface; therefore this 

phenomenon has to be considered in the boundary conditions of the CFD model. Moreover, given the 

high temperature of both the window and the absorber upper surface, radiative heat transfer between the 

two surfaces has to be considered. 

Regarding the thermal losses at the receiver outer surface, the following relation holds (in 𝑊/𝑚2): 
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 𝑄𝑙𝑜𝑠𝑠𝑒𝑠 = 휀𝑤𝜎(𝑇𝑤
4 − 𝑇𝑎𝑚𝑏

4 ) (90) 

where 휀𝑤 is the emissivity coefficient of silica glass (equal to 0.8 [40]), 𝜎 is the Stefan-Boltzmann 

constant, 𝑇𝑤 is the temperature of the outer surface of the window and 𝑇𝑎𝑚𝑏 is the ambient temperature, 

set equal to 239 𝐾.  

The radiative heat transfer between the two surfaces is implemented in the model as a boundary 

condition, i.e. as a radiative heat source at the boundary.  More specifically two boundary heat sources are 

given, i.e. one for upper surface of the absorber and one for the window internal surface. In stationary 

conditions, there is equivalence between the conductive heat transfer flow inside the solid material at the 

boundary and the emitted radiation from the same boundary. Therefore, in the CFD model, the following 

boundary conditions are given at the two domain boundary surfaces: 

 −𝑘𝑠𝑒∇𝑇𝑠 = 휀𝑎𝑏𝑠(𝐺 − 𝐸𝑏(𝑇𝑠)) (91) 

 −𝑘𝑤∇𝑇𝑓 = 휀𝑤(𝐺 − 𝐸𝑏(𝑇𝑓)) (92) 

where : 

 𝑘𝑤 and 𝑘𝑠𝑒 are the conductivity of the window (silica glass) and the equivalent conductivity of the 

absorber, in 𝑊/𝑚𝐾; 

 𝑇𝑠 is the temperature of the solid phase and 𝑇𝑓 is the temperature of the window boundary; 

 휀𝑎𝑏𝑠 is the emissivity of the absorber, which can be estimated as: 

휀𝑎𝑏𝑠 = 휀𝑆𝑖𝐶 ∙ (1 − 𝜙) 

where 휀𝑆𝑖𝐶  is the emissivity of silicon carbide (or the constituent material of the absorber), equal 

to 0.895  [40] 

 휀𝑤 is the surface emissivity of silica glass; 

 𝐺 is the irradiation flux impining on the suarface in 𝑊/𝑚2, i.e. the rate at which one surface is 

irradiated per unit area; 

 𝐽 is the surface radiosity is 𝑊/𝑚2, defined as the rate at which the radiaiton leaves one surface 

per unit area. 

For opaque materials, the relation between radiosity and irradiance is given by [42] : 

 𝐽 = 휀𝐸𝑏(𝑇) + (1 − 휀)𝐺 (93) 

The radiosity of a surface is calculated as the summation of the radiation which is emitted by the surface 

and the reflected radiation from the surface. The former can be estimated by multiplying the power 

emitted by a black body of the same temperature by the emissivity of the constituent material, which is 

equal to: 

 𝐸𝑏(𝑇) = 𝜎𝑇4 (94) 

where 𝜎 is the Stefan-Boltzmann constant.  

5.2.1.5 Modelling of turbulent flow and wall treatment 

There are a number of turbulence models which can be used to solve the fluid flow in turbulent regime. 

Most of them are based on the Reynolds-averaged Navier-Stokes equations, which are time-averaged 

equations where each term is decomposed in a time-average value and a fluctuating component; in order 

to determine the solution of turbulent flow is therefore required to add additional equations, so that the 

turbulent properties of the flow can be determined. It is out of the scope of this report to go in depth with 

the theory behind the modelling of turbulence in CFD; however, it seems appropriate to include some 
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remarks on the turbulence model adopted for the receiver, together with the treatment of the viscous 

effect at the walls.  

For the solar receiver, the 𝑘 − 𝜖 turbulence model is chosen, considering two additional equations for the 

variable 𝑘, i.e. turbulent kinetic energy and 𝜖, i.e. the rate of its dissipation. It seems suitable to use such 

model, since it has shown good results for flows with small pressure gradient; its accuracy is decreased for 

high adverse pressure gradients, separate flows and jets [66], which is not the case for the receiver.  

The 𝑘 − 𝜖 turbulence model is usually used together with the wall functions approximations for 

determining the flow close to the walls. In fact, when solving fluid-flow problems in turbulent regime, the 

viscous effects, generally negligible for turbulent flow, have to be taken into consideration in the region 

close to the wall, where the viscosity predominates over the inertial effects. The governing equations of 

the fluid flow through the channel have to be modified accordingly.  

The physics of the flow regime can be divided in different regions. Close to the wall, a thin viscous 

sublayer is pre-dominated by viscous effect; the viscous shear stress is maximum at the wall, where the 

velocity is equal to zero. Next, in the so-called buffer layer, the transition towards turbulent flow starts and 

in the log-law region the velocity becomes proportional to the natural logarithm of the distance to the 

wall, i.e. both inertia and viscosity are considered. Finally, in the free-stream region, the flow is completely 

turbulent, i.e. inertia forces govern the flow far from the wall [67]. The flow regions are represented in 

Figure 47; as it can be notice the laminar sub layer and the buffer region are usually very small compared 

to the problem length scale, so that if their extension is equal to 𝛿, the log-law region extends up to 100𝛿 

[66].  

 

Figure 47: Different flow regions in turbulent flow [66] 

In these regions, the velocity is often estimated according to the universal velocity profile. The universal 

velocity profile is expressed in terms of dimensionless velocity 𝑢+ and dimensionless distance from the 

wall 𝑦+, equal to [67]: 

 𝑢+ =
𝑈

𝑢𝜏
 (95) 

 𝑦+ =
𝜌𝑢𝜏𝑦

𝜇
 

(96) 

where 𝜌 and 𝜇 are the density and the viscosity of the fluid, and 𝑢𝜏 is the friction velocity, equal to 

√𝜏𝑤/𝜌, with 𝜏𝑤 being the shear stress at the wall. The universal velocity profile expresses the correlations 

between dimensionless velocity and dimensionless distance from the wall in the three different regions, as 

[67]: 

 𝑢+ = 𝑦+ , 𝑦+ < 5 (97) 
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 𝑢+ = −3.05 + 5 ln 𝑦+ , 5 < 𝑦+ < 30 (98) 

 𝑢+ = 5.5 − 2.5 ln 𝑦+, 𝑦+ > 30 (99) 

where the first one corresponds to the laminar sub-layer, the second one to the buffer region and the third 

one to the turbulent log-law region. The formulation for the buffer region has been obtained by fitting 

experimental data to a logarithmic profile. 

The CFD model has to solve the fluid-flow by taking into consideration the different regions. However, 

one simplified approach for wall treatment is to use the so-called wall functions; since the very low 

thickness of the buffer layer compared to the problem length scale, the solution is not computed in the 

buffer region, and the solution in the laminar layer is approximated by using the analytical solution of the 

log-law region, so that a non-zero velocity is obtained at the wall [66]. This is shown in Figure 48. On the 

left-hand side on the Figure, the true velocity field is shown, with the viscous effects influencing the 

velocity in the laminar layer and buffer region (up to 𝛿), so that it goes to zero at the wall; on the right-

hand side the wall functions approximation is shown, and it can be noticed that in the buffer region the 

flow is approximated by analytical expressions replacing the turbulence model applied for 𝑦 > 𝛿; these 

analytical expressions are known as wall functions. The advantage of using such approximation is the 

lower computational time required to solve the flow; in fact, the near-wall mesh elements would require a 

very high level of accuracy for solving the flow in the viscous region, otherwise the fluid flow properties 

undergo abrupt changes from one element to the other. By using an analytical approximation, the 

computational costs decreases consistently, and this can be advantageous in a number of engineering 

applications, where the viscous sub-layer is not important for the goals of the modelling [68] [66]. 

 

 

Figure 48: Difference between real velocity field and wall function approximation [66] 

The goal of the solar receiver CFD model is to analyze the heat transfer mechanism between the fluid 

flow and the porous absorber; it follows that using wall functions is a good-enough approximation for 

computing the solution, which is strongly influenced by the volumetric heat transfer between the flow and 

the porous absorber and much less by the hat transfer with the channel walls. In addition to this, the CFD 

model is built for integrating it in the multi-objective optimizer, thus the computational time savings are of 

high importance, since the CFD model is run for all the iterations of the optimizer.  

5.2.2 Meshing and grid independence study 

The meshing of the receiver section is done using the COMSOL software. Despite the availability of a 

number of built-in COMSOL meshes, a user-defined mesh is chosen in order to create an adequate mesh 

for the CFD simulation. The chosen mesh is of the type structured, against the unstructured 

configurations of the built-in meshes. Unstructured configurations indicate those meshes where the cells 
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can be assembled freely in the domain, being the most common type of elementary element a triangle in 

2-D and a tetrahedron in 3-D problems. According to [69], the use of such meshes is recommended in 

cases of complex geometry, where the quality of a structured mesh would result too low, for instance 

causing very high skeweness in regions with highly curved elements. By looking at the geometry of the 

axisymmetric section of the solar receiver, by employing this type of mesh it is possible to obtain higher 

quality elements in proximity of the curved absorber. However, one disadvantage of using unstructured 

mesh is the fact the one element can be connected to an arbitrary number of cells, hence the connection 

and data treatment and storage of cell information can become complicated; moreover the computational 

time is usually increased, given the complexity of the connectivity of adjacent cells, i.e. requiring more time 

to converge towards the solution. Last, according to [69], unstructured mesh is not effective in solving 

boundary layers. Given all these consideration, it is found suitable to create a user-defined mesh topology 

in COMSOL, following a structured mesh configuration: the lower computational time required and the 

possibility to avoid inaccuracies in the boundary layers are given more importance, rather than obtaining a 

higher element quality in the region of the curved absorber.  

For the mesh generation, quadri-angular elements are chosen, and boundary layers for fluid flow are 

defined, so that proper wall treatment is included in the CFD simulation close to the boundaries by means 

of wall functions. The mesh used for the simulation is show in Figure 49(left); the element size is set to 

2mm, so that 4520 elements are created, with an overall acceptable quality. The quality distribution of the 

mesh is shown in Figure 49(right). 

  

Figure 49: (left) meshing; (right) mesh quality distribution 

As it can be noticed from the Figure, the quality of the mesh decreases in proximity to the curved region 

of the absorber, where the skewness is worsened. Yet, the overall quality is considered at an acceptable 

level, with an average quality of 0.76.  

It has to be mentioned here that the quality indicator shown in Figure 49(right) does not represent one of 

the three common indicators usually employed for characterizing the quality of a mesh, i.e. skeweness, 

aspect ratio and smoothness (change in size), but it is a built-in COMSOL quality indicator, generalizing 

all the three aspects.  

A grid independence study is conducted in order to determine a suitable mesh resolution, i.e. the element 

size giving a negligible error with respect to an optimal mesh configuration. The outcome of the mesh 

sensitivity study is shown in Table 10, where the mesh resolution of 0.4𝑚𝑚 is set as reference case. The 

comparison is carried out by considering the volumetric average of the heat transfer coefficient 

(volumetric 𝑊/𝑚3𝐾) in the absorber domain, since it is the parameter influencing the heat transfer 

mechanism between absorber and air, which is the main physics influencing the receiver performance.  
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Table 10: Mesh sensitivity study 

Resolution [mm] 
Number of mesh 

elements 
𝒉𝒗𝒐𝒍  [

𝒌𝑾

𝒎𝟑𝑲
] Relative error [%] 

0.4 87571 6129 0 

0.6 40466 6127 −0.04% 

0.8 23552 6126 −0.05% 

1.0 15293 6126 −0.05% 

1.2 11260 6123 −0.09% 

1.4 8499 6122 −0.12% 

1.6 6759 6121 −0.13% 

1.8 5471 6122 −0.11% 

2.0 4520 6117 −0.19% 

As it can be noticed from the Table, a mesh resolution of 2𝑚𝑚 shows a relative error of around −0.2% 

with respect to the reference case, i.e. it is considered as an acceptable level of accuracy for the CFD 

simulation.  

Regarding the meshing, one consideration has to be added; the quality of the worst elements is influenced 

by the geometrical parameter Δ𝐿, determining the steepness of the absorber shape; therefore, in the 

optimization procedure, by increasing the value of Δ𝐿 the quality of the mesh is decreased whilst by 

decreasing Δ𝐿, the mesh quality improves. This is a trade-off between implementing an automatic 

procedure, which adapts the same mesh configuration for different receiver geometry, and the quality of 

the results. If an optimal receiver configuration is chosen as output of the multi-objective procedure, then 

the mesh has to be re-adjusted and improved so that a more accurate CFD simulation can be developed.  

The parameter Δ𝐿 considered in this mesh sensitivity study is equal to 10𝑚𝑚, whilst the base case study 

for the analysis of the results in Sections 5.2.4 and 5.3.2 is based on a value of 20𝑚𝑚.  

For the sake of simplicity the grid independence study is carried for the CFD model built for ceramic 

foams, but the same mesh is adopted in the case of honeycombs.  

5.2.3 Validation 

The CFD model for foams is based on analogous assumptions of the work of Aichmayer et al. [5] [9], 

therefore the governing equations are considered as already validated. The ray tracing routine is validated 

in Section 4.3, hence this sections deals with the validation of the COMSOL fluid-dynamics model 

adapted to the case of honeycombs.  

The CFD model for honeycombs is cross-validated by taking as reference case the results of Roldan et al. 

(2014) [59], who have conducted a study considering a honeycomb-made absorber.  

In order to develop the validation of the model against the results of [59], the geometry, the absorber 

properties and the solar flux absorption within the porous matrix have to be adapted to the reference case. 

The geometry considered is illustrated in Figure 50. As it can be noticed from the Figure, the absorber is 

extended for a total length of 60𝑚𝑚 with a radius of 105𝑚𝑚; the receiver walls are made of a refractory 

material, whose thermal properties can be found in [70] and are listed in Table 11. Moreover, the porous 

medium is made of a honeycomb material, constituted by squared-shaped cells, with a porosity equal to 

0.64 (cell characteristic diameter 𝑙𝑐 equal to 2𝑚𝑚 and thickness of the wall 0.5𝑚𝑚).  
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Figure 50: Reference geometry and different materials for the cross-validation reference case [59] 

Table 11: Physical and thermal properties of the refractory material considered by Roldan et al. [70] 

Parameter Unit of measurement Symbol Value 

Density kg/m3  𝜌 2150 

Thermal conductivity W/mK 𝑘 1.3 

Specific heat capacity at 

constant pressure 
J/kgK 𝑐𝑝 1100 

 

Last, the solar flux absorption within the porous matrix is modelled by means of a simplification equation, 

considering the absorption within the volume of the absorber and the radial distribution similar to a 

Gaussian curve. This volumetric distribution has to be adopted in the cross-validation model, in order to 

prove the validity of the CFD model, based on the momentum and heat transfer equations and to 

honeycomb correlations found in literature and summarized in Section 5.2.1. Therefore, within the porous 

volume, the heat source is modelled as [59]: 

 𝐼(𝑟, 𝑥) = 𝐹𝑝𝑒𝑎𝑘 exp(−
1

2
(
𝑟2

𝜎𝑟
2)) ∙ 𝐶 ∙ 𝐾𝑒𝑥𝑡 exp(−𝐾𝑒𝑥𝑡 ∙ 𝑥) (100) 

where 𝐼(𝑟, 𝑥) represents the volumetric source in 𝑊/𝑚3 as function of the radial and axial coordinates of 

the absorbers. The parameters and constants considered in the equation are taken from [59] and they are 

reported in Table 12. 

Table 12: Parameters for the estimation of the volumetric heat source according to the model of Roldan et al. [59] 

Parameter Unit of measurement Symbol Value 

Peak flux at the central 

position 
W/m2  𝐹𝑝𝑒𝑎𝑘 953500 

Standard deviation 

radial direction 
− 𝜎𝑟 0.0724 

Experimental constant  − 𝐶 0.849 

Extinction coefficient 1/m 𝐾𝑒𝑥𝑡 12.35 
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Last, the power cycle boundary conditions are considered as the same, i.e. a mass flow equal to 0.013
𝑘𝑔

𝑠
, 

air inlet temperature of 296 𝐾 and ambient inlet pressure of 101325 𝑃𝑎.   

The results of the comparison are shown in Figure 51 in terms of temperature distribution of the fluid 

flow flowing through the absorber. The temperature scale is reported in Kelvin.  

 

Figure 51: Air flow temperature distribution in K; honeycomb model (left) and results obtained by [59] for a porosity of 
0.64 (right) 

From the Figure it is possible to notice that there is a good agreement between the two temperature 

distributions and the main differences occurs in the absorber regions. As already stated in the work of 

Aichmayer et al. (2015) [5], this can be justified as an improvement in the modelling of the radiative 

properties of the absorber, meaning that an equivalent radiative conductivity is considered in the 

Rosseland’s approximation in order to consider the absorber volumetric radiative heat transfer. In fact, in 

[59] the effective conductivity of the solid phase, to be used in the energy balance expressed by equation 

(78), is considered as only contribution of the conduction of the solid, with no account for the 

contribution of the radiative term.  

  

Figure 52: Air temperature at the receiver outlet section (left) of the current model, Roldan’s model and experimental 
value (left); Relative error with respect to experimental results of the current model and of Roldan’s model (right) 
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In Figure 52 the air outlet temperature profile is compared with the work of Roldan; specifically, the result 

of the current model is reported and compared with the simulation of Roldan and the experimental values 

on which [59] is based.  It can be noticed that the relative error of the model is generally low, having its 

maximum around 4.5% close to the receiver symmetry axis and decreasing down to values around 0.4% 

as the radial direction increases; the highest divergence from the experimental results occurs in the region 

close to the symmetry axis of the receiver. This is explained by the fact that the model for honeycombs 

developed in this work makes use of a pre-dominant axial volume force, which constraints the fluid flow 

in the axial direction, with no radial mass exchange, hence limiting the radial thermal energy exchange; the 

temperature distribution is therefore less uniform through the radial extension of the receiver. In 

conclusion, the error stays below 5%, decreasing as the radius increases, and having a root mean square 

deviation from the experimental values of 2.5%. Such deviation is considered as acceptable in order to 

have a reasonable level of accuracy for the consequent optimization, thus the honeycomb model is 

considered as validated. 

5.2.4 Results  

The outcome of the Computational Fluid Dynamic model are presented and discussed in this Section. 

The optimization procedure presented in Section 6 aims at defining the optimal receiver specifications, in 

terms of geometrical parameters and properties of the absorber. However, the results hereafter presented 

take into account a specific set of design variables, for both honeycomb and ceramic foams. The design 

variables used in this base-case study are listed in Table 13.  

Table 13: Design variables for the base-case analysis of ceramic foams and honeycombs 

 
Parameter 

Unit of 

measurement 
Symbol Value 

Ceramic foam 

Porosity - 𝜙 0.86 

Cell diameter mm 𝑑𝑐 4 

Cavity depth m 𝐿𝑐 0.01 

Cavity steepness m Δ𝐿 0.02 

Absorber length m 𝐿𝑎 0.030 

 Cell parameter mm 𝑙 1 

Ceramic 

honeycomb 
Wall thickness mm 𝑡 0.13 

 Cavity depth m 𝐿𝑐 0.01 

 Cavity steepness m Δ𝐿 0.02 

 Absorber length m 𝐿𝑎 0.030 

 

As it can be noticed from the Table, the receiver geometrical parameters have been chosen as the same, in 

order for the comparison to be meaningful. In addition to this, the geometrical parameters of honeycomb 

structures, i.e. 𝑙 and 𝑡 have been chosen so that by substituting them in equation (60), a porosity of 0.86 is 

obtained, thus having equivalent value to the one of ceramic foams.  
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Figure 53: Temperature of the absorber in °C; foam (left) and honeycomb (right) structures 

The temperature distribution of the solid absorber is shown in Figure 53. As it can be noticed from the 

Figure, honeycomb and foam structures present major differences in the temperature distribution of the 

solid phase. There are two main reasons for this behavior. The first one is that the porous material is 

subjected to turbulent cooling of air in case of foams, whilst the flow presents laminar characteristics in 

case of honeycomb structures; as aforementioned, and as stated in [58], the flow across polygonal ducts 

can be often considered as laminar and [51] confirms that in case of uniform distribution of polygonal 

ducts forming a honeycomb structure, the flow characteristics do not vary in the different channels, since  

the mass flow divides equally among the different ducts. As consequence of the laminar flow, the air flows 

at a lower velocity level and the cooling by convection is less effective, since the volumetric heat transfer 

coefficient between fluid and solid phase is increased as the velocity increases. The second reason for the 

different temperature distribution of the solid and fluid phase is given by the fact that a different 

volumetric force affects the fluid behavior and direction; ceramic foams are anisotropic structures, hence 

the flow is not enhanced only in the axial direction. Radial mixing occurs for foams structures, especially 

in those regions where the honeycomb-made absorber presents the peak of temperature; this is shown in 

Figure 54, where the velocity profiles are shown in case of foam and honeycombs.  In the Figure it can be 

noticed that the air velocity passing through the absorber in case of honeycomb has no radial component, 

meaning that no mass flow mixing occurs; this explains also the non-uniform temperature distribution, 

which is related to the less-effective cooling. Moreover the velocity intensity is lower and this affects 

negatively the heat transfer coefficient.  

Figure 55 represents the fluid flow temperature distribution and the receiver walls and window 

temperature in case of foams and honeycombs. As it can be noticed from the Figure, the anisotropic 

characteristic of foams and the radial mixing lead to a more uniform temperature distribution at the outlet 

of the receiver. The non-uniformity of the temperature distribution of the solid phase, reported in Figure 

53, is related also to the non-uniformity temperature distribution of the air flow.  Regarding the 

temperature distribution at the window surface, it can be said that, besides the volumetric source given by 

the absorption of the solar radiation, the air flow cools it down effectively, and an almost uniform 

distribution of temperature is reached. The air flow characteristics at the outlet of the receiver, together 

with the maximum temperature reached by the window and the absorber, and the thermal efficiency, in 

the cases of ceramic foams and honeycombs, are reported in Table 14. 
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Figure 54: Air flow velocity through the absorber in 𝒎/𝒔; the different colors indicate the different velocity intensity, 
whilst the arrows indicate the velocity field; foam(left) and honeycomb(right) 

 

Figure 55: Temperature distribution of the air flow, and of the receiver walls and window in °C; foam(left) and 
honeycomb(right) 

From Table 14, it is possible to notice that the outlet temperature is close to the nominal value in both 

cases, in agreement with the dimensioning procedure for defining the window/absorber diameter in 

Section 5.1.1. Nevertheless, the honeycomb made absorber is below the nominal value of around 30°𝐶 

and this affects also the thermal efficiency value. As it can be noticed from the Table, the thermal 

efficiency is consistently higher in case of ceramic foams, and this is mainly given by the fact that the 

honeycomb made receiver does not succeed in reaching the nominal  900°𝐶 for the temperature at the 

turbine inlet, hence generating an air flow with lower enthalpy content. Here, a clarification has to be 

made; in order to estimate the temperature at the outlet of the receiver, the average at the outlet section is 

weighted according to the distribution of the mass flow. More specifically: 

 𝑇𝑜𝑢𝑡 =
∬𝜌 𝑤 𝑇𝑓 

𝑚𝑎𝑖𝑟
 (101) 

where 𝜌 is the density of air, 𝑤 is the velocity component in the axial direction (it is the component 

determining the mass flow), 𝑇𝑓 is the temperature of the air at the outlet section and 𝑚𝑎𝑖𝑟 is the mass 

flow. The space integral is solved for the outlet section of the solar receiver, which is a circle with radius 

correspondent to the radius of the absorber. In this way, the outlet temperature is estimated by properly 
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weighting regions with higher mass flow and lower temperature and regions with high temperature but 

low mass flow. This effect is given by the density of the air, affecting the local flow, and decreasing at 

higher temperatures.  

Table 14: Some state variables, outcome of the CFD analysis in case of foams and honeycombs 

Parameter 
Unit of 

measurement 
Foams Honeycombs 

𝑇𝑜𝑢𝑡 °𝐶 912.3 871.5 

𝑝𝑜𝑢𝑡 𝑏𝑎𝑟 2.98 2.99 

휂𝑟𝑒𝑐 % 85.2 75.7 

𝑇𝑎𝑏𝑠𝑀𝑎𝑥
 °𝐶 942.8 1117.7 

𝑇𝑤𝑀𝑎𝑥
 °𝐶 599.2 599.7 

𝑇𝑤𝑎𝑙𝑙𝑀𝑎𝑥
 °𝐶 718.1 678.6 

ℎ𝑣𝑜𝑙
̃  

𝑊

𝑚3𝐾
 5.12 ∙ 106 4.76 ∙ 106 

Regarding the pressure drop, it can be seen that honeycombs material perform well, with a total decrease 

of the pressure of 0.27%, whilst the foam absorber goes down to 0.56%. The very low pressure loss is 

due to the low mass flow flowing through the porous material in nominal conditions, equal to 0.09𝑘𝑔/𝑠. 

Generally, the results presented so far are in agreement with the literature survey; according to Scheffler et 

al. (2006) [71], there is a number of differences in the fluid flow among foams or honeycombs structures, 

and these are listed in Table 15. 

Table 15: Comparison of flow and heat properties of honeycombs and foams [71] 

Characteristic 

Foams 

(irregular arranged structure) 

 

Honeycombs 

(longitudinal channels) 

 

Radial mass flow Very good No 

Radial heat exchange Very good No 

Tortuosity of the gas flow Yes  No 

Resulting pressure drop Low  Medium-low 

From the Table, it can be noticed that foams show a better performance in terms of radial mass flow, 

which implies the radial heat exchange. As consequence, the temperature distribution in the absorber is 

more uniform. The resulting pressure drop is generally low for both the structures. Here, it is worth it to 

add that the CFD analysis is based on a base-case configuration, which does not aim at minimizing the 

pressure drop of the receiver, neither to enhance the receiver thermal efficiency. Therefore, these results 

have to be considered as preliminary. Despite the lower thermal efficiency of the honeycomb made 

receiver, there might be another configuration for which this value is improved; the optimal design 
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variables (and the porosity) do not have to coincide with the values for foams, and this will be further 

shown in Section 6.3.  

The maximum temperature reached by the absorber and the window are below the respective permissible 

limits; more specifically, porous silicon carbide can be used for applications with temperature up to 1650° 

[72], silica glass resists to up 800°𝐶 [9]. Moreover, the maximum temperature reached by the stainless 

steel receiver tubes is slightly above 712°𝐶, in case of foams, and there are several austenitic steels which 

are able to work at this temperature level [73]. 

Another term of comparison between foams and honeycombs is the difference between the average 

volumetric heat transfer coefficients of the two material structures; as it can be noticed in Table 14, the 

average value is higher in case of ceramic foams; this is due to the different correlations used for the 

estimation of the coefficient, one based on the assumption of turbulent flow (foam) [61] [54] and the 

other for laminar (honeycomb) [58].    

Last, a relevant aspect to notice is the achievement of the so-called volumetric effect, characteristic of 

volumetric receiver, and introduced in Section 2.2.1.3.1; in order to evaluate the performance of the two 

modelled receivers, the temperature of the air and of the absorber is plotted against the axial direction; the 

temperature distribution is shown for one particular cut plane, corresponding to the central axis of 

symmetry of the receiver. The absorber axial coordinate at the central cut plane goes from 0.03m to 

0.07m, where the initial coordinates is estimated as 𝑠𝑤 + 𝐿𝑐 + Δ𝐿. The results are shown in Figure 56. 

 

Figure 56: Temperature distribution of the absorber and air at the central cut plane, showing the volumetric effect; 
foam (left) and honeycomb (right) 

As it can be noticed from the Figure, the volumetric effect, which is one the goal of utilizing such 

receivers to minimize the thermal losses at the frontal surface, is reached; despite the solar volumetric 

source is higher at the frontal surface of the absorber, the temperature increases by increasing the depth 

(thus increasing the axial coordinate 𝑧 shown in the Figure); this is due to both cooling of the air and both 

radiative/conductive heat transfer within the porous material itself. It can be noticed that both the 

distribution, for foams and honeycombs, are analogous to the ones shown in the literature review in 

Figure 11.  

From the results of the CFD model, one might say that ceramic foams are a better choice for being the 

constituent material of the porous absorber. However, it has to be said that generally the mechanical 

resistance of such foams is lower than the one of lattice materials like honeycombs. This is not a 

secondary or non-relevant consideration, since the high temperature range at which the receiver is 

working. For obtaining an air outlet temperature of 900°𝐶, the foam has an average temperature 

distribution of 876°𝐶 with a peak of 942.8°𝐶 , hence it seems reasonable to analyze more in depth both 

the material structures in the following Stress Analysis and Multi-Objective Optimization.  
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5.3 Stress analysis 

In the present Section, the mechanical analysis of the volumetric solar receiver is explained and the related 

results are presented. In particular, the brittle behaviors of the silica glass window and of the ceramic 

absorber are studied. The receiver is subject to the thermal stresses given by the non-uniform temperature 

distribution within its volume, whilst the window is also subject to the load given by the difference 

pressure between the air and the ambient outside. The absorber model is developed analogously for 

ceramic foam and honeycomb structures; however it will be shown that the mechanical properties need to 

be scaled following different relations.  In the last part of the Section, the results are analyzed according to 

the Rankine stress theory for glasses and a modified stress theory for porous materials. The outcome of 

the stress analysis gives the constraints for the multi-objective procedure of Section 6. 

5.3.1 Modelling 

The model for the stress analysis is based on the Duhamel-Neumann law, describing the behavior of 

materials by taking into consideration not only the elastic and plastic properties, but also the thermal 

features. In fact, the thermal expansion coefficient 𝛼 [
1

𝐾
] has to be taken into consideration in the 

equation relating tensors of strain and deformations; it holds [74]: 

 𝜎𝑠𝑡 = 𝐶𝑒𝑙: (휀𝑑 − 𝛼𝑡ℎ Δ𝑇) (102) 

where: 

  𝜎𝑠𝑡 is the stress tensor; 

 휀𝑑 is the deformation tensor; 

 𝐶𝑒𝑙 is the elasticity tensor of 4th order; 

 Δ𝑇 is the difference between the temperature of the solid and the reference temperature; 

 𝛼𝑡ℎ is the thermal expansion coefficient. 

It is worth mentioning here that the stress tensor 𝜎 represents the Cauchy stress tensor, i.e. the matrix 

defining the stress state of one point of the material; the principal diagonal is formed by the normal 

stresses to the three orthogonal Cartesian directions, whilst the other elements constitute the shear 

stresses. Moreover the strain tensor 휀 is a matrix indicating the normal and shear deformation of the 

material. The coefficient of thermal expansion is a matrix, representing the coefficient in the various 

direction, and the elasticity tensor is a 6X6 matrix related to the elastic properties of the materials, i.e. 

Young Modulus 𝐸 and Poisson’s ratio 𝜈. Specifically, for isotropic materials, it holds [74]: 

 𝐶𝑒𝑙 =
𝐸

(1 + 𝜈)(1 − 2𝜈)
 

[
 
 
 
 
 
 
 
 
1 − 𝜈 0 0 0 0 0

0 1 − 𝜈 0 0 0 0
0 0 1 − 𝜈 0 0 0

0 0 0
1 − 2𝜈

2
0 0

0 0 0 0
1 − 2𝜈

2
0

0 0 0 0 0
1 − 2𝜈

2 ]
 
 
 
 
 
 
 
 

 (103) 

And the expansion matrix is given by [74]: 

 𝛼𝑡ℎ = [
𝛼 0  0
0 𝛼 0
0 0 𝛼

] (104) 

The strain tensor 휀 is related to the displacement gradient, hence [74]: 
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 휀𝑑 =
1

2
(∇𝑢 + ∇𝑢𝑇) (105) 

where 𝑢 is the displacement matrix and the operator ( )𝑇  indicated the matrix transposition2. 

It follows that the model boundary conditions have to be given in terms of displacement of points 

belonging to the material. 

The outcome of the stress analysis is given by the stress state in all the points of the window and of the 

absorber; the state is specified by the stress tensor. In order to evaluate the respect of the limitations in 

terms of maximum allowable stress, the state has to be compared with the related limitations. In order to 

do this, the stresses are expressed in terms of principal stress. In fact, the stress tensor 𝜎 changes its 

components according to the reference system used to represent it. However, for each point of the 

material, three principal planes exist for which the stresses have only perpendicular component to the 

planes, i.e. no shear stress exist. It follows that the principal stresses 𝜎𝐼, 𝜎𝐼𝐼 and 𝜎𝐼𝐼𝐼 are defined as the 

normal component of the stress tensor, when the principal planes are used as reference system. Therefore 

the tensor 𝜎 is found as [74]: 

 𝜎𝑠𝑡 = [

𝜎𝐼 0  0
0 𝜎𝐼𝐼 0
0 0 𝜎𝐼𝐼𝐼

] (106) 

The principal stresses are used to build the so-called Mohr-circles; these circles represent how the 

components of the stress tensor changes with the reference system. The circles contain the normal and 

shear stresses for all the possible cross-sections and directions [74].On the x-axis the normal stresses are 

represented and on the y-axis the shear stresses are represented; the principal stresses are given by the 

intersection of the circles with the x-direction. This is shown in Figure 57. 

 

Figure 57: Mohr's circles (adapted from [74]) 

In the Figure, the general stress state is represented generally with (𝜎, 𝜏) and the principal stresses 

corresponds to the circumferences points where the shear stress 𝜏 is equal to 0. It has to be noticed that 

the principal stresses can assume both a positive and a negative value; a negative 𝜎 corresponds to a 

compressive stress, whilst a positive one expresses a tensile stress.   

In literature, a number of theories exist for the analysis of the mechanical behavior of materials; among 

these, the Rankine stress theory can be applied for brittle behavior. Brittle materials do not undergo any 

                                                      
2 This means that the element (𝑖, 𝑗) of the tensor 휀 can be found as 휀𝑖,𝑗 =

1

2
(𝑢𝑖,𝑗 + 𝑢𝑗,𝑖)  
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consistent plastic deformation after their elastic limit; the failure occurs when the maximum allowable 

stress is reached. The comparison is made in terms of principal stresses. 

The theory states that failure of a material occurs when the third principal stress 𝜎𝐼𝐼𝐼 drops up to the 

compressive strength 𝜎𝑐 or the first principal stress 𝜎𝐼 is higher than the tensile strength 𝜎𝑡 [74]. More 

specifically, given the relative position of the principal stresses in the Mohr’s circles, pictured in Figure 57, 

the third principal stress is always the more consistent compressive stress (if the circles also include the 

negative 𝜎-axis), while the first principal stress is always the highest tensile stress.  

The tensile and the compressive strengths, which constitute the maximum permissible stresses, are 

properties of the materials. For the window, made of silica glass, the unmodified properties of the 

constituent materials are used. On the other hand, for ceramic foams and honeycombs the scaling of 

mechanical properties has to be developed. 

For the following part of the Section, the works of Ashby (2006) [75] and of Fleck (2004) [76] are taken as 

reference for ceramic structures and honeycombs, respectively.  

Ashby examines the different rupture mechanisms of foams, made of different materials. The failure of 

the material occurs when the edges of the foam cell yield, buckle or fracture; therefore the foam has 

bending-dominated, buckling-dominated or fracturing-dominated behavior, respectively. Ceramic foams 

are made of brittle materials, i.e. the absorber might fail as consequence of brittle fracture of several edges 

of the foam. This is shown in Figure 58.  

 

Figure 58: Ceramic foam cell fracturing 

It follows that the correlations introduced for fracturing-dominated behavior are used; the maximum 

allowable stresses can be found as: 

 
�̃�

𝜎
= 0.2 (1 − 𝜙)

3
2 (107) 

where 𝜙 is the porosity of the foams, �̃� is the tensile/compressive strength of the porous material, and 𝜎 

is the tensile/compressive strength of the constituent material of the foam. 

The elastic properties of the material have to be scaled following the same concept. It holds: 

 
�̃�

𝐸
= (1 − 𝜙)2 (108) 

where �̃� is the Young modulus of the foam, whilst 𝐸 is the related value of the foam constituent material. 

Fleck [76] compares the behavior of lattice materials (honeycomb) with respect to foams, and it is found 

that the stiffness and the strength of such materials are higher. More specifically, the permissible stresses 

are scaled according to: 

 
�̃�

𝜎
= 0.4(1 − 𝜙) (109) 

where 𝜙 is the porosity of the honeycomb structure (function of the cell geometrical parameter 𝑙𝑐 and the 

wall thickness 𝑡), �̃� is the tensile/compressive strength of the lattice material, and 𝜎 is the 

tensile/compressive strength of the constituent material of the honeycomb.  

The stiffness, represented by the Young modulus, obeys the following relation: 
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�̃�

𝐸
= 0.4(1 − 𝜙) (110) 

where �̃� is the Young modulus of the honeycomb structure, whilst 𝐸 is the related value of its constituent 

material. 

Regarding the Poisson’s ratio 𝜈, a general correlation for porous materials is used, which is valid for both 

honeycombs and foams and it has been introduced in [77]; the correlation relates the Poisson’s ratio with 

the porosity of ceramic materials, as: 

 𝜈 =
1 + 5𝜈

9 + 5𝜈
 (111) 

where 𝜈 is the Poisson’s ratio of the porous material and 𝜈 is the Poisson’s ratio of the ceramic 

constituent material.  

The thermal expansion coefficient 𝛼 is un-varied for both foams and honeycombs [75].  

Lastly, the boundary conditions for the stress analysis have to be set; as aforementioned, the strain tensor 

is related to the gradient of the displacement, thus some displacement components have to be defined for 

both the window and the absorber [78].  

 

Figure 59: Boundary conditions representation for the stress analysis 

In order to do this, a more in-depth knowledge of the relative connection of both window and absorber 

with the structure of the receiver should be known. As already stated in Section 5.1, the modelling of this 

receiver is based on the basic configuration developed in the work of Aichmayer et al. [9] [10] [5], and as 

consequence of a personal discussion with the author, the following assumptions are made: 

 The absorber is not welded to the receiver; the lower part of the absorber is in contact with a 

snap ring, as the one shown in Figure 59; this means that the absorber point 𝑃, shown in Figure 

59, is free to move only in the negative direction of the 𝑥-coordinate. This is transformed in the 

displacement definition for the point 𝑃, as follow: 

 𝑢𝑥 = 0, 𝑖𝑓 𝑥 > (𝑠𝑤 + 𝐿𝑎 + 𝐿𝑐) (112) 

where 𝑢𝑥 is the displacement in the axial direction for the point 𝑃; 
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 The window is subject to a boundary load, given by the pressure difference between the air flow 

and the ambient air outside the receiver; this boundary load acts on the internal window surface; 

 The window connection to the receiver structure is simplified as shown in Figure 59; in order to 

model the  boundary displacement, the window surface 𝑠 is set as constrained and not able to 

move in the axial direction; therefore, for the points belonging to the surface 𝑠 of the window: 

 𝑢𝑥 = 0 (113) 

5.3.2 Results 

The results of the stress analysis are shown in Figure 60 and Figure 61, in terms of first principal stress 

and third principal stress for the silica glass window and the ceramic absorber, made of foam or 

honeycomb structure. The different colors represent the stress levels; however, for the first principal 

stress, the highest tension state is represented by the highest positive value, corresponding to a tensile 

stress, whilst the most critical compression state is represented by the lowest values of the third principal 

stress, corresponding to the negative compression stress.   

 

Figure 60: First principal stress for absorber and window, for case of foams (left) and honeycombs (right) 

 

Figure 61: Third principal stress for absorber and window, for case of foams (left) and honeycombs (right) 
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In order to evaluate the mechanical performance of the component, the highest stress values have to be 

compared with the material limitations; the tensile and compressive strength for silica glass are considered 

as the one of the constituent material, whilst the absorber permissible limits have to be scaled according to 

Equation (107) for foams and Equation (109) for honeycombs. It can be noticed that the silicon carbide 

tensile limit is considerably lower than the compressive one, i.e. the relative scaled tolerance will be 

lowered; therefore particular attention has to be paid to failure due to the first principal stress. Moreover, 

the compressive strength of glasses is usually much higher than the relative tensile strength [79], in 

agreement with the value found in [80], and reported for a silica glass of an existing retailer.  

Table 16: Materials limitations for silica glass [81] [80] and silicon carbide [82]  

Parameter Symbol Unit of measurement Value 

Compressive strength 

silica glass 
𝜎𝑐𝑤

 𝑀𝑃𝑎 1108 

Tensile strength silica 

glass 
𝜎𝑡𝑤

 𝑀𝑃𝑎 65 

Compressive strength 

SiC 
𝜎𝑐𝑆𝑖𝐶

 𝑀𝑃𝑎 3335 

Flexural strength SiC 𝜎𝑡𝑆𝑖𝐶
 𝑀𝑃𝑎 981 

 

Table 16 reports the materials limitations for silica glass and silicon carbide; the values for silica glass are 

taken from [81] and [80]. The compressive strength of such glass is very high compared to the order of 

the third principal stress at which the window is subjected, i.e. around 50 𝑀𝑃𝑎. The tensile strength is 

taken for a reference temperature of 500°𝐶, which is very close to the average working temperature of the 

window, as seen in the CFD results in Section 5.2.4. The values for silicon carbide are referred to [82]; 

despite their values appear high compared to the maximum stresses shown in Figure 60 and Figure 61, 

these properties need to be scaled. 

The scaled allowable limits for the absorber are reported in Table 17, together with the maximum stresses 

experienced by the absorber and the window for the two receiver configurations; the porosity considered 

for the calculation is equal to 0.86, i.e. the base-case value on which all the simulations are based. 

Moreover, the factor of safety 𝐹𝑜𝑆 is reported for all the cases; this parameter is defined as function of 

the material utilization factor 𝑘𝑢 [74] : 

 𝑘𝑢 =
𝜎𝑀𝑎𝑥

𝜎𝐿𝑖𝑚
 (114) 

 𝐹𝑜𝑆 = 1 − 𝑘𝑢 (115) 

where 𝜎𝑀𝑎𝑥the highest stress is experienced by the material and 𝜎𝐿𝑖𝑚 is the related limitation. These two 

parameters define how the material/component is far or close to reach the maximum allowable stress. 

Therefore the lower the material utilization, the higher is the reliability of the component to prevent 

failure; on the other hand, the lower the factor of safety, the more likely it is that the maximum 

permissible stress is reached and the component fails.  

As it can be noticed from Table 17, the factors of safety for all the configuration of absorber respect the 

material limitations; in particular, it can be seen that, despite the higher maximum temperature reached in 

the absorber, honeycomb structures have a better resistance in terms of tensile strength (a 𝐹𝑜𝑆 of 0.6 

against the 0.1 of the foams). Even though the temperature distribution of a foam-made absorber seems 

to provide a more homogenous temperature distribution and uniform outlet air temperature, the stresses 

are one of the major bottlenecks to consider. In fact, the base-case analysis is based on a porosity value of 

0.86; however the high porosity absorber usually employed in solar applications can go up to 0.95 − 0.97 
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porosity value, thus decreasing the respective material limitations and possibly affecting the reliability of 

the component. Therefore, the choice of carrying a more-in depth analysis of both honeycombs and 

foams structures is well justified by the results of the stress analysis.  

Table 17: Some outcomes of the stress analysis; absorber and window maximum stresses and relative factors of safety 

Parameter Symbol 
Unit of 

measurement 
Foams Honeycombs 

Compressive strength 

absorber 
𝜎𝑐𝑎𝑏𝑠

 𝑀𝑃𝑎 34.9 186.8 

Tensile strength 

absorber 
𝜎𝑡𝑎𝑏𝑠

 𝑀𝑃𝑎 10.3 54.9 

Maximum compressive 

stress absorber 
𝜎𝑀𝑎𝑥𝑐𝑎𝑏𝑠

 𝑀𝑃𝑎 6.0 24.8 

Factor of safety 𝐹𝑜𝑆𝑐𝑎𝑏𝑠
 − 0.83 0.87 

Maximum tensile stress 

absorber 
𝜎𝑀𝑎𝑥𝑡𝑎𝑏𝑠

 𝑀𝑃𝑎 9.54 22.1 

Factor of safety 𝐹𝑜𝑆𝑡𝑎𝑏𝑠
 − 0.10 0.60 

Maximum compressive 

stress window 
𝜎𝑀𝑎𝑥𝑐𝑤

 𝑀𝑃𝑎 53.1 53.2 

Factor of safety 𝐹𝑜𝑆𝑐𝑤
 − 0.95 0.9 

Maximum tensile stress 

window 
𝜎𝑀𝑎𝑥𝑡𝑤

 𝑀𝑃𝑎 53.1 53.1 

Factor of safety 𝐹𝑜𝑆𝑡𝑤 − 0.19 0.19 

 

5.4 Absorber shape 

In this Section, some considerations regarding the design process for the absorber shape are carried out. 

Aichmayer et al. [5] proposed to modify the shape of the absorber to enhance the fluid flow in the 

centerline region, in order to achieve a better air cooling in the region where the volumetric solar source is 

highest. Therefore a modified absorber shape is proposed as shown in the prototype in Figure 39.  

As already explained in the literature review in Section 2.2.1.3.2, one of the limitations that volumetric 

solar receivers have shown, is the failure of the porous material induced by local overheating of absorber 

regions which are not efficiently cooled by the air flow. The reason is related to the non-uniform solar flux 

distribution at the absorber frontal surface, hence creating different air temperature levels; this affects the 

viscosity of the fluid, whose mass flow is reduced where the viscosity is higher. Therefore non-effective 

cooling occurs where the solar flux is higher, since air viscosity is increased by an increase in temperature 

[31].  

It follows that one design objective of the absorber shape has to be the minimization of temperature 

difference along the absorber radial coordinate. This can be achieved by making uniform the solar 

radiation impinging at the absorber frontal surface, so that the temperature of air entering the absorber is 

constant, and the absorber is subjected to a uniform mass flow through its radial coordinate.  
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Since in this work the solar radiation modelling is based on a ray tracing routine, the same ray tracing 

model is used to determine the cavity flux distribution in 𝑊/𝑚2 in the cavity of the receiver, i.e. the cavity 

region between the window and the absorber. In fact, once that the power distribution is determined, the 

absorber shape needed to uniform the distribution at the absorber inlet can be defined. 

The cavity distribution, as outcome of the ray tracing model presented in Section 3, is shown in Figure 62 

a). The different colors represent the different power (specific) in that location of the cavity, 

corresponding to the coordinates(𝑟, 𝑥); the axial coordinate value equal to 0.005𝑚 corresponds to the 

position of the window internal surface.  

 

Figure 62: a) Solar flux distribution in 𝒌𝑾/𝒎𝟐 in the receiver cavity as function of the axial coordinate x[m] and radial 
coordinate r[m];                                                                                                                                                                           

b) Solar flux distribution with one possible position of a flat absorber shape and related isoflux line;                                
c) Solar flux distribution with a logistic-shaped absorber suface and related geometrical paramters.  

In Figure 62 b) the same distribution is reported; moreover a flat absorber is represented at a certain 

distance from the window surface; if the design objective of the absorber shape is to have a uniform solar 

flux distribution at the air inlet, an isoflux line starting from the receiver centerline has to be followed. 

This is also shown in the same Figure, where the isoflux line represents the theoretical shape which the 

absorber should have in order to get a constant solar flux at its inlet section. As it can be noticed from the 

Figure, the steepness of the absorber shape following the isoflux lines is very high. This situation is likely 

to generate consistent stress on the absorber, which in turn might not respect the material limitations, 

negatively affecting the reliability of the component.  

However, in order to see if such a configuration has to be considered as a suitable choice for the shape, 

the situation is analyzed more in depth by means of the CFD and Stress Analysis in COMSOL, so that the 

performance of such absorber configuration is estimated. 

First of all, a suitable analytical expression has to be defined, which approximates the isoflux lines; the 

isoflux lines are found by using the data obtained by means of the ray tracing routine and represented by 

Figure 62 a); in fact, for a given distance from the window internal surface, all the points with the same 

specific power value are found. One analytical function which can be easily adapted to such points is the 

logistic curve, expressed by equation: 

 𝑥 = 𝐴 +
𝐿 − 𝐴

1 + exp (
𝐵 + 𝑟

𝐷 )
  (116) 

where 𝑥 is the axial coordinate, 𝑟 is the radial coordinate and 𝐵, 𝐷, 𝐴 and 𝐿 are the constants defining the 

curve; in particular, 𝐷 is a the parameter defining the steepness of the curve, 𝐵 affects the inflection point 

of the curve, whilst 𝐴 is the lower asymptote of the curve and 𝐿 is the higher asymptote.  



-79- 
 

The logistic curve is represented in Figure 62 c), as following a isoflux line between the two asymptotes; in 

fact, given the characteristic geometrical parameters 𝐿𝑐(cavity depth) and Δ𝐿 (cavity steepness), the logistic 

curves constants 𝐴 and 𝐿 can be defined as follow: 

 𝐴 = 𝑠𝑤 + 𝐿𝑐 (117) 

 𝐿 = 𝑠𝑤 + 𝐿𝑐 + Δ𝐿 (118) 

where 𝑠𝑤 is the thickness of the window, 𝐿𝑐 is the cavity depth and Δ𝐿 is the cavity steepness, as indicated 

in Figure 62 c).  

The values of the constants 𝐵 and 𝐷 are found by adapting the logistic curve to the points belonging to 

the isoflux line; Figure 63(left) shows the logistic curve adapted to the isoflux points. The geometrical 

parameters of the curve are reported in Table 18, by considering 𝐿𝑐 equal to 10𝑚𝑚 and the steepness of 

the cavity Δ𝐿 equal to 20𝑚𝑚, analogously to what has been established for the base-case CFD study.  

 

Figure 63: Logistic curve fitting the points representing the isoflux line (left); Temperature distribution of the solid 

phase in °C of the logistic-shaped absorber (right) 

 

Table 18: Characteristic parameters of the logistic curve representing the absorber 

Parameter Unit of measurement Symbol Value 

Lower asymptote  𝑚  𝐴 0.015 

Higher asymptote 𝑚 𝐿 0.035 

Inflection point 

parameter 
− 𝐵 −0.0137 

Steepness parameter − 𝐷 0.00286 

 

Figure 63 (right) represents the temperature distribution in °𝐶 of the absorber; as it can be noticed from 

the Figure, the temperature is not homogenously distributed and the volumetric effect is not reached. 

Moreover, the temperature level is higher compared to the temperature distribution reported in Figure 53, 

for a less steep absorber shape; the air flow is not effectively cooling the absorber in the region close to 

the curve, generating local overheating. Given the poor performance shown in this case, the absorber 
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shape is re-designed, by using an analytical function which generates a curve with a lower degree of 

steepness.  

5.4.1 Design for the Multi-Objective Optimization 

Since the design process has led to a non-uniform temperature distribution within the absorber volume, a 

curved absorber shape is defined by means of an analytical double-Gaussian curve, taking as reference [9]. 

In order to make the curve definition flexible for the multi-objective optimization procedure in Section 

6.2, the geometrical parameters are found as function of the two parameters 𝐿𝑐 and Δ𝐿. In fact, the cavity 

depth and the cavity steepness are considered as two design variables, thus the absorber shape as to be 

adapted as these two parameters vary.  

The analytical expression of a double-Gaussian curve is given by: 

 𝑥 = 𝐴1 exp(−(
𝑟

𝑏1
)
2

) + 𝐴2 exp(−(
𝑟

𝑏2
)
2

) (119) 

where 𝑥 is the axial coordinate  and 𝑟 is the radial coordinates; 𝑏1 and 𝑏2 are two geometrical parameters 

defining the steepness of the absorber, whilst 𝐴1 and 𝐴2 set the initial and final point of the curve. The 

parameters 𝑏1 and 𝑏2 are set as constants for the analysis of the receiver. In fact, the curvature of the 

absorber is chosen to be as steep as possible in the central region of the absorber, so to approximate 

better the isoflux lines. On the other hands, 𝐴1 and 𝐴2 are changed at each run of the optimization of the 

receiver, so than an optimal configuration can be find; 𝐴1 and 𝐴2 have to be determined by setting the 

following boundary conditions: 

 𝑟 = 0  ⇒ 𝑥(𝑟) = 𝑠𝑤 + 𝐿𝑐 + Δ𝐿 (120) 

 
𝑟 =

𝑑𝑎𝑏𝑠

2
 ⇒  𝑥(𝑟) = 𝑠𝑤 + 𝐿𝑐 (121) 

These boundary conditions define the extension limit of the absorber curve, and it is clear from their 

equations that as the cavity depth and steepness are changed, also the absorber shape has to be adapted. 

The parameters of the curve used in the base-case analysis, whose results are reported in Sections 5.2.4 

and 5.3.2, are listed in Table 19.  

Table 19: Characteristic parameters of the double-Gaussian curve considered for the absorber shape 

Parameter Unit of measurement Value 

𝐴1 m  0.0199 

𝐴2 m 0.0101 

𝑏1 m 0.03 

𝑏2 m 0.55 

 

5.4.2 Additional considerations 

As part of future work related to the improvement of the absorber design, some considerations have to be 

made. More specifically, the absorber shape has been designed by considering a very specific receiver 

configuration and a very specific receiver relative position with respect to the dish focal plane. In fact, the 

window outer surface is placed at the paraboloid focal plane, and the relative distance of the absorber with 

respect to the focal plane is given by the window thickness and the cavity depth. However, a couple of 

more configurations could be analyzed.  The receiver can be designed with the absorber air inlet surface at 

the dish focal plane, despite the pressurized configuration; in this case, the window has to be placed 
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between the focal plane and the dish. In this way, the volumetric heat source changes, and the design of 

the absorber shape might take into account other considerations, which were out of the scope of this 

thesis. In addition to this, the absorber has been assumed as having a concavity facing upwards, yet 

alternative design can be considered, for instance absorber with concavity facing downwards. In this 

particular case, the isoflux line might be re-used to design an absorber curve with the aim of making the 

solar flux uniform, and the performance in terms of achievement of the volumetric effect has to be re-

assessed.  

5.5 Absorber material 

In this Section, some considerations regarding the choice of a proper absorber constituent material are 

made. In fact, given the high temperature range of operation of the volumetric receiver, only materials 

with suitable thermal and mechanical properties, and able to withstand such limits, can be considered. 

First, a review of the materials which have already been used in volumetric receivers is reported; 

moreover, porous materials which have been used in other high temperature applications are reviewed and 

compared.  

5.5.1 Review of suitable materials 

Ávila-Marina (2011) [7] carried out an extensive literature survey on the previous and current research 

regarding volumetric receivers applied to Solar Thermal Power Plants, also focusing on employed 

materials. The porous material can be constituted by either metal or ceramic absorber. Metal absorbers 

have been applied for medium-high temperature application, i.e. a temperature of 1000°𝐶 cannot be 

overcome. On the other hand, ceramic materials can be applied up to higher temperatures. More 

specifically, in the projects so far developed, metal absorbers were not able to produces air outlet 

temperature higher than 800°𝐶. Since one design objective of this thesis is to achieve an air outlet 

temperature of 900°𝐶, only ceramic materials are considered. 

A list of ceramic materials applied to porous absorber, as reported in [7], is shown in Table 20. 

Table 20: Ceramic materials used as volumetric solar absorber, in tested applications [7] 

Name of the project Absorber Material 
Average air outlet 

temperature [°𝑪] 

Thermal efficiency 

of the receiver [%] 

SANDIA FOAM Al2O3 550 54 

Ceramic Tec SiSiC 550 59 

HiTRec II re − SiC 700 72 

SOLAIR 200 re − SiC /SiSiC 700 75 

DIAPR A2O3/Silica 900 − 

SOLGATE SiC 800 70 

 

As it can be noticed from the Table, one of the most widely used ceramic material is silicon carbide. The 

abbreviations SiSiC and re-SiC indicate the two different production processes which are used to 

manufacture the material; in particular SiSiC stands for Siliconized Silicon Carbide, since traces of silicon 

can be found in the material after the manufacturing process. Siliconized Silicon Carbide has a lower 

utilization temperature limit than silicon carbide, namely 1200°𝐶.  On the other hand, re-SiC stands for 

Recrystallized Silicon Carbide, and it consists of the pure carbide, able to withstand up to 1500 −

1600°𝐶.  
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One other material that has also been applied in volumetric solar receivers is alumina, with a composition 

formula 𝐴𝑙2𝑂3. The material has been used as foam, for the project SANDIA FOAM. In the DIAPR 

project the material has been used in combination with silica; however, in this case the absorber was 

constituted by a special shape, forming the so-called “Porcupine”, and introduced in Section 2.2.1.3.3.  

From this brief review, it can be seen that a very limited number of ceramics has been applied for solar 

applications; the literature survey generally agrees with the fact the silicon carbide is one very promising 

material, able to withstand sufficiently high temperature and with good thermal and transport properties. 

However, it seems reasonable to provide a list of other suitable ceramic materials, which have shown to be 

appropriate in analogous high temperature applications. According to Fend et al. [83], the relevant features 

for a cellular ceramic material to be used in solar applications are the following: 

 The absorption of the solar light has to be maximized (in the solar radiation spectrum); therefore 

dark color materials have to be used. 

 The material is subjected to high solar flux; therefore it has to show a very good temperature 

resistance. 

 The thermal conductivity of the material has to be high enough to achieve the volumetric effect 

and to ensure a good heat transport also in the radial direction. 

Moreover, the cellular ceramic has to be manufactured at high porosity values, in order for the solar 

radiation to be absorbed through the volume of the absorber, and the volumetric heat transfer coefficient 

has to be maximized by using high cell density, i.e. material with high specific surface per unit volume. 

However these features can be achieve by the manufacturing process, whilst the aforementioned 

characteristics constitute inherent properties of the absorber material. Fend et al. [83] confirm how silicon 

carbide is an excellent candidate for all these properties.  

Wedas [84] compares the properties of porous materials for internal combustion engine applications. 

More specifically, silicon carbide, zirconia and alumina properties are compared, as shown in Table 21. It 

can be seen that the zirconia and silicon carbide have excellent heat transport properties, namely 

extinction coefficient and conductivity, and this is a relevant feature to be adaptable to solar applications. 

Alumina has good heat transport properties, and it shows also good resistance to thermal shock, which is 

relevant when working with high temperature applications. Zirconia and silicon carbide perform better 

than alumina regarding mechanical strength, i.e. resistance to compression, bending and fatigue. Generally, 

it can be said that also zirconia and alumina can be taken into consideration as absorber material; however 

alumina has to prove the mechanical resistance to the thermal stresses, which are one of the main issue 

with porous materials.   

Table 21: Comparison between Sic, ZrO2 and Al2O, as used in internal combustion engines [84]  

Silicon Carbide 𝑺𝒊𝑪 Zirconia 𝒁𝒓𝑶𝟐 Allumina 𝑨𝒍𝟐𝑶𝟑 

 Excellent heat transport 

properties (Optical 

thickness and 

conductivity) 

 Good permeability to 

flow 

 Good mechanical 

strength 

 Thermal shock 

resistance 

 Excellent heat transport 

properties (Optical 

thickness and 

conductivity) 

 Good mechanical 

strength 

 Thermal shock resistance 

 Good heat transport 

properties (Optical 

thickness and 

conductivity) 

 Good permeability 

to flow 
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Trimis et al. [72] state that alumina, zirconia and silicon carbide are the most widely used ceramics for 

porous burners, hence confirming their suitability for high temperature applications; the thermal 

conductivity of silicon carbide is higher compared to the one of zirconia and alumina, and this improves 

the heat transport within the material itself. However, the three materials can withstand temperature of air 

above 1500°C, hence being theoretically suitable for solar applications. Furthermore, Howell (2000) [45] 

refers to mullite and cordierite for high temperature applications.  

Therefore it seems suitable to carry on a more-in depth analysis to understand the main differences (from 

the perspective of the component performance and reliability) of using some alternative materials, rather 

than silicon carbide, namely alumina, zirconia, mullite and cordierite. 

5.5.2 Comparison and recommendations  

The comparisons is carried by running the CFD and the thermal stress analysis developed in COMSOL 

(Sections 5.2.1 and 5.3.1) by adapting the physical properties of the absorber material to the ones chosen 

for the comparison. COMSOL is provided with a built-in library of material properties, which is already 

supported with the relevant material properties. The library is used as the base to compare the different 

materials, and literature survey is carried when the properties are missing in the software database. 

For the sake of simplicity, the comparison is reported for foam structures, meaning that each material has 

been considered as manufactured as a stochastic foam, with porosity value of 0.86 and cell diameter of 

4𝑚𝑚. Moreover the comparison is carried for the base-case scenario, with receiver geometrical 

parameters equal to the ones used in Section 5.2.4. 

The results are shown in Table 22; the following parameters are chosen as term of comparisons: 

 Absorber maximum and average temperature (𝑇𝑎𝑏𝑠𝑀𝑎𝑥
 and �̃�𝑎𝑏𝑠) in order to assess the heat 

transfer within the volume of the porous material; 

 Window maximum temperature (𝑇𝑤𝑀𝑎𝑥
), to see the re-irradiation losses (given by the surface 

emissivity of the material); 

 Maximum first and third principal stress for the absorber, and relative factor of safety, in order to 

assess the mechanical reliability.  

The mechanical limits which have been considered for the calculations of the factor of safety are reported 

in Appendix D. 

Table 22: Relevant results of the material comparisons (foam structure) 

Material 
𝑻𝒂𝒃𝒔𝑴𝒂𝒙

 

[°𝑪] 

�̃�𝒂𝒃𝒔 

[°𝑪] 

𝑻𝒘𝑴𝒂𝒙
 

[°𝑪] 

𝝈𝑰𝑴𝒂𝒙
 

[𝑴𝑷𝒂] 

𝝈𝑰𝑰𝑰𝑴𝒂𝒙
 

[𝑴𝑷𝒂] 

𝑭𝒐𝑺𝑰 

[%] 

𝑭𝒐𝑺𝑰𝑰𝑰 

[%] 

Silicon 

Carbide 
942.8 876.4 599.2 9.54 6.0 0.10 0.83 

Alumina 958.2 870.6 600.4 17.9 12.1 −1.71 0.83 

Zirconia 929.9 875.3 599.1 11.5 6.32 −0.085 0.63 

Mullite 934.14 857.1 599.2 7.04 3.84 −2.9 0.66 

Cordierite 934.5 855.23 599.2 2.25 1.29 −0.7 0.35 

 

All the materials analyzed in the comparison do not respect the maximum stress limitation for the tensile 

stress, except than silicon carbide. The absorber would be subjected to failure due to the exceeding of the 

maximum tensile stress; in fact, silicon carbide is the material having the highest flexural strength, so that, 

the material succeeds in respecting the stress limitations even after the scaling. By looking at the 
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temperature of the absorber and the window, it can be seen that all the cellular ceramics have similar 

results, meaning that the heat transport properties are good enough to effectively heat up the air and reach 

the volumetric effect; nevertheless, silicon carbide resulted to be the only one respecting material 

limitations, for this particular base-case scenario (0.86 porosity and curved absorber shape with steepness 

of 20 mm). It follows that in order to conduct a more-in depth analysis on suitable materials for 

volumetric receivers, the following considerations can be done: 

 The analysis has been carried by considering the base-case value of porosity, cell diameter and 

receiver geometrical parameters; some other combinations might be analyzed for these alternative 

materials, since one particular configuration might exist for which they show feasible results. It is 

worth it to carry such analysis especially for zirconia, which is the material showing better 

mechanical properties after silicon carbide, in agreement with the survey in Table 21. For 

instance, instead of using the base-case value of 0.86, a lower porosity level might generate an 

improvement for the mechanical stability of the absorber.  

 As it was noticed in Table 20, ceramic materials can be used in combinations with others; i.e. 

alumina has been employed with silica in the DIAPR receiver; this might increase the mechanical 

reliability of the component, hence it might be worth it to further investigate this aspect. 

 Some studies [59] considered absorber configurations with variable porosity on the axial or radial 

direction; this might be interesting to analyze in this context, since high porosity is needed in 

order to have a good absorption of solar radiation within the absorber volume, but this negatively 

affects the mechanical strength of the component. Therefore the mechanical reliability might be 

improved by studying different types of porosity distribution and the influence of thermal 

efficiency and maximum stresses.  

 Financial and cost considerations can be carried; in real projects, the assessment of the cost of the 

receiver sub-components is essential in order to estimate the feasibility of such energy production 

systems, hence it constitutes a relevant term of comparison among different materials. 

To sum up, despite some alternative materials, which have been used as cellular ceramics in high 

temperature applications, silicon carbide demonstrated to be the most feasible when applied as a pure 

material. Therefore the following part of the report, dealing with the optimization of the receiver, is 

founded on the base-case scenario, which takes into account a silicon carbide absorber, with foam or 

honeycomb porous structure.  
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6 Multi-Objective Optimization  

This section deals with the multi-objective procedure implemented within the MATLAB environment, in 

order to evaluate the influence of some receiver design parameters for the component performance. In 

the first part of the section, a brief introduction of the theoretical framework constituting the base of the 

optimization is carried. It follows an explanation on the model implementation, with the chosen design 

variables and design objectives, which are considered as relevant to assess the receiver performance. Last, 

the results of the optimization are presented and discussed.  

6.1 Theoretical framework 

Multi-Objective Optimization aims at evaluating the trade-off when dealing with multiple design 

objectives. Since the work in this thesis is based on the Pareto Optimality for the solution of Multi-

Objective Optimization Problems, a brief presentation of this optimization technique is given in this 

Section. This thesis makes use of the built-in genetic algorithm of the MATLAB software; hence a special 

focus is given to this genetic algorithm.  

6.1.1 The Multi-Objective Optimization Problem and Pareto Optimality 

From a mathematical perspective, a Multi-Objective Optimization Problem aims to minimize or to 

maximize the component of the objective vector 𝒇(𝒙), given 𝒙 = (𝑥1, … , 𝑥𝑛) a decision variable vector 

from the search space 𝒮 ⊂ ℝ𝑛 . Formally [85]: 

Minimize (or maximize) 𝒇(𝒙) = (𝑓1(𝑥),… , 𝑓𝑚(𝑥)), 𝑓(𝑥) ∈ ℱ ⊂ ℝ𝑚 

Subject to 𝑔𝑖(𝒙) ≤ 0, 𝑖 = 1,…𝑞 

Therefore a Multi-Objective Optimization Problem is given by n decision variables, subject to q 

constraints and influencing m objectives. The evaluation function F is defined as 𝐹: 𝒮 → ℱ and associates 

specific values of the objectives 𝑓1(𝑥),… , 𝑓𝑚(𝑥) to a set of decision variables 𝑥1, … , 𝑥𝑛, thus “mapping” 

from the parameter space to the objective function space [85] [86]. This is shown in Figure 64, for the case 

of two decision variables and two objective functions.  

 

Figure 64: Mapping from the decision variable space 𝓢  to the objective function space 𝓕 , by means of the evaluation 

function F, in the case of  𝒏 = 𝒎 = 𝟐 [86] 

Once defined the Multi-Objective Optimization Problem, it is also possible to define the Pareto Optimal 

Front, as the “trade-off” curve representing a range of feasible solutions. Formally, according to Leyland 

(2002) [85]: 

Definition of Pareto Optimality: Given a search space for the m decision variables 𝒮 ⊂ ℝ𝑛, an 

objective function space ℱ ⊂ ℝ𝑚 and an evaluation function 𝐹: 𝒮 → ℱ, 𝒙 → 𝒇(𝒙), a vector 𝒙 is said to 

be Pareto-optimal in 𝒮 and 𝐹 if ∄𝒚 ∈ 𝒮 ∶ 𝑓𝑘(𝒚) ≤ 𝑓𝑘(𝒙) ∀ 𝑘 = 1,… ,𝑚 and 𝑓𝑘(𝒚) < 𝑓𝑘(𝒙) for at least 

one 𝑘.  
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Therefore, in order for a vector 𝑥 to be Pareto-optimal, there must not be the existence of another vector 

in the search space that is better in all the objectives, and there must be at least one objective for which 𝑥 

is strictly better. It follows that there is not a unique solution for the Multi-Objective Optimization 

Problem that is optimal for all the objectives at the same time; by moving from one possible solution (one 

point of the Pareto front) to another one, there is the improvement in one of the objective, but also the 

degradation of at least one other objective.  

The Pareto front represents the trade-off between the objective functions, so that the decision maker is 

able to evaluate the impact of each decision variable on the different objectives; an example of Pareto 

front for two objective functions, namely quality and cost, is reported in Figure 65. 

 

Figure 65: Pareto-optimal front for quality-cost trade-off [87] 

As it can be seen in the Figure, an improvement in the quality of the good requires a degradation of the 

other objective, i.e. an increase in the cost. The naïve points are defined as solutions for which an 

improvement of one of the objective might be achieved without degradation of the other, hence an 

improvement in quality for the same cost, or a reduction in cost for the same quality good [87]. 

The Multi-Objective Optimization approach is particularly advantageous with a large number of 

objectives, when their relative importance is not known, so that the weighting of the different objectives is 

not easy to quantify (for instance, by applying alternative methods like objective weighting and 

constraints). 

6.1.1.1 Dominance and Ranking 

As it is explained better in Section 6.1.2, Multi-Objective Optimization Problems are solved by means of 

Evolutionary Algorithms, which transform an initial “population” of design variables into a set of optimal 

variables by means of “natural selection”. However, in order to do this, the algorithm needs to rank the 

population individuals, by separating the individuals that perform better from the rest of the population.  

One approach, commonly used to do this, is to define the concepts of dominance and Non-dominated 

Set (NDS) of a given population. 

As formally defined in Leyland (2002) [85]: 

Definition of Pareto Dominance: a vector 𝑣 = (𝑣1, … , 𝑣𝑚) ∈ ℱ is said to dominate a vector 𝑢 ∈ ℱ  if 

and only if 

∀ 𝑘 = 1,… ,𝑚 ∶ 𝑣𝑘 ≤ 𝑢𝑘  𝑎𝑛𝑑 ∃𝑘 ∈ {1,… ,𝑚}: 𝑣𝑘 < 𝑢𝑘 

Therefore, given two decision variables vector 𝑥 and 𝑦, related with their respective objective values 𝑣 and 

𝑢, by means of the evaluation function F, 𝑥 dominates 𝑦 if 𝑣 dominates 𝑢.  
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It also follows that an individual 𝑥 is non-dominated in a population if no other individual in the 

population dominates 𝑥; from this latter definition, it is possible to identify the NDS of a population, 

which is the set of the non-dominated individuals of that population. A NDS approximates the Pareto 

optimal front [85]. Evolutionary algorithms are based on the raking of the different points in order to 

converge towards the optimal Pareto front.  

6.1.2 MATLAB genetic algorithm for Multi-Objective Optimization 

For the following section, the reader is referred to the MATLAB documentations, available with the 

software and online at [88].  

In order to solve multi-objective optimization problems, MATLAB is based on an elitist genetic 

algorithm. Genetic algorithms belong to the broader category of evolutionary algorithms, which are in 

turn a sub-category of the broader class of population based algorithms; they aim at the “evolution” of a 

given population to a set of optimal variables.  

The optimization procedure is based on a model and on an optimizer, as shown in Figure 66. 

 

Figure 66: Optimization procedure (adapted from [87]) 

The model is given by the user-made routine, able to evaluate the design objectives as functions of the 

design variables. As it can be seen in the Figure, the values of the decision variables are sent to the model, 

which calculates the related objective functions 𝑓1(𝑥),… , 𝑓𝑚(𝑥), for any combination of 𝑥1, … , 𝑥𝑛. In the 

particular case of the MATLAB optimizer, first the constraints are assessed. Specifically, for a given set of 

decision variables selected by the optimizer, the respect of the related constraints is evaluated; if the 

constraints are satisfied the model proceeds in calculating the objective functions, which are sent to the 

optimizer, otherwise an error message is sent and the optimizer, which in turn provides the model with an 

alternative set of decision variables. 
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MATLAB has a built-in genetic algorithm, corresponding to the optimizer box; the user has to create the 

model box, by providing the two functions for the calculation of the objectives, namely fitness function, 

and the one for the assessment of the constraints, namely constraint function.  

The optimization procedure starts with the selection of the first population, formed by randomly selected 

individuals; each individual is determined by a precise set of decision variables and related objective 

functions. The number of individual belonging to the first populations is given by 50 elements if the 

decision variables are no more than 5, otherwise it is calculated as: 

 𝑁𝑃 = min (max(10𝑛𝑣𝑎𝑟, 40) , 100) (122) 

where 𝑁𝑃 is the size of the initial population and 𝑛𝑣𝑎𝑟 is the number of decision variables of the multi-

objective optimization problem. 

The initial population is created randomly, by choosing individuals which are included between the upper 

and lower boundaries specified for the decision variables. Next, a score is assigned to each element, 

according to the objective values returned by the model. The so-called “fitness scaling” in the optimizer 

box has the aim to convert the design objective values into a ranking value, which can be used to select 

the “parent” for the next generation, at a later stage of the algorithm. In order to do this, the MATLAB 

optimizer makes use of the ranking of each element; the ranking is based on the determination of the 

NDS, as explained previously in the Section, and each element score is proportional to 1/√𝑛, where 𝑛 is 

the ranking position of the element.   

The parents for the creation of the subsequent population are chosen by means of a “tournament” 

function. More specifically, a number of individuals are selected randomly among the elements of the 

previous population, and only one of them is eventually selected to become a parent. The selection 

process is based on the score of the elements. The “children” are generated from the selected parents, and 

they constitute the individuals of the next population.  

There are three different types of “children”, and they can be created by a single parent or a couple of 

them. Elite children correspond to those individuals with the best objective functions in the current 

generation, so that the algorithm chooses to reproduce them also in the next generation, i.e. they survive 

to the evolution step. Mutation children correspond to random changes applied to one parent; they are 

created to ensure diversity during the evolution process, otherwise possibly converging to a local 

optimum, so for instance they could be generated by changing randomly, within a very broad acceptable 

range, one or more decision variables of the selected parent. Finally, crossover children correspond to the 

blending of two individuals chosen as parents, i.e. the child variables are selected randomly but within a 

small interval around the parents’ variable values. 

Once a child has been generated, its performance (in terms of dominance) is evaluated with respect to the 

correspondent parents, so that the child is kept in the next generation if and only if it dominates the 

parents. If this is the case, the parents are removed and replaced by the child [87].  

The evolutionary algorithm moves towards the optimum solutions, i.e. the creation of the Pareto front. 

However a quantitative criterion for the convergence to a solution has to be defined, so that the algorithm 

stops its operation when the Pareto front is sufficiently approximated. For the MATLAB genetic 

algorithm, a number of limits can be set, thus the algorithm stops when: 

 A maximum number of new generations as already been created; the default value corresponds to 

infinite.  

 The time of the computation exceeds a certain limit; the default value is infinite.  

 The average change in the best fitness value (objective value) for a certain number of generations 

is below a tolerance limit; for the computation, the default values correspond to a spread of 10−6, 

checked for 50 subsequent generations.  
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6.2 Model 

In this Section, the user-made model which has to be integrated with the MATLAB optimizer is 

presented. In particular, the explanation of the design variables and objectives for the multi-objective 

optimization is given in the first part, whilst the section concludes with a more detailed explanation of the 

model structure.  

6.2.1 Definition of design variables, objectives and constraints 

The optimization of a solar receiver has to take into account the following design aspects: 

 The volumetric receiver is integrated with an air-driven Brayton cycle, thus the pressure losses 

through the porous material have to be minimized, otherwise reducing the conversion efficiency 

of the integrated system. 

 The minimization of the thermal losses should be achieved. Since the component is assumed to 

be perfectly insulated, with the exception of the silica glass window. It follows that the thermal 

losses at the window surface need to be minimized. 

 The thermal efficiency of the component has to be enhanced, thus the aim is to maximize as 

much as possible the power intercepted at the receiver focal plane into air usable enthalpy.  

These three aspects constitute the starting point for the definition of the design objectives to set in the 

multi-objective optimization routine. More specifically, the enhancement of the receiver thermal efficiency 

and the minimization of the pressure losses are considered as two relevant objectives. However, as it can 

be noticed in Figure 55, the temperature of the window stays below 600°𝐶 both for foam and 

honeycomb absorbers. This means that the heat losses at the window should not be consistent, and the 

result should not be varied by changing some design variables. Therefore, for a first analysis of the 

receiver, the two design objectives are set as: 

1. Minimizing the pressure drop 𝑝𝑖𝑛 − 𝑝𝑜𝑢𝑡 

2. Maximizing the receiver thermal efficiency 휂𝑟𝑒𝑐, defined by equation (56). 

Moreover, the design variables affecting the receiver performance have to be assessed; concerning ceramic 

foams, the geometrical parameters are given by the porosity 𝜙 and the cell diameter 𝑑𝑐 . Regarding the 

honeycomb structures, the characterizing geometrical parameters are given by the cell parameter 𝑙𝑐𝑒𝑙𝑙 and 

the wall thickness 𝑡𝑤. Furthermore, other parameters influencing the receiver performances are the cavity 

depth, i.e. the distance between the absorber and the window, the cavity steepness parameter Δ𝐿, which 

influences the shape of the absorber, and the absorber length 𝐿𝑎. 

Here it is worth it to mention that the absorber length could be usually assessed by considering the 

extinction coefficient of the porous material, and establishing a minimum length before almost the whole 

energy content of the solar radiation has been absorbed. However, it seems suitable to assess the influence 

on the receiver performances by means of the multi-objective routine, since for a given configuration of 

the receiver, some insights on the optimal length to use for minimizing pressure drop and enhancing the 

solar radiation could be observed. 

The chosen design variables and objectives for the multi-objective optimization procedure are 

summarized in Table 23, with the relative limits among which each variable is varied within the algorithm. 

Since the material limitations have to be checked, so that the sets of design variables not respecting the 

constraints are excluded by the simulation, proper constraints have to be implemented in the model. The 

constraints are summarized in Table 24. As it can be noticed from Table 24, the limitations on the 

temperature are analogous to the ones presented in Section 5.2.4; regarding the maximum stresses 

limitation, the flexural and compressive strength for silicon carbide and silica glass are taken from Table 

16 (references [82] and [81]), whilst the scaling in order to calculate the relative limit is done by using 

equations (107)and (109) for foams and honeycombs respectively, as given by [75]. 
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Table 23: Summary of the chosen design variables and objectives for the multi-objective optimization routine, with 
related imposed limits 

Design variables 

Foam structures 
Boundaries 

Design variables 

Honeycomb 

structures 

Boundaries 
Design 

objectives 

Porosity 𝜙 0.5-0.97 
Cell geometrical 

parameter 𝑙𝑐𝑒𝑙𝑙 [m] 
0.0015-0.01 Minimize Δ𝑝 

Cell Diameter 𝐷𝑐   [𝑚] 0.001-0.010 Wall thickness 𝑡𝑤 [m] 0.0001-0.005 Maximize 휂𝑟𝑒𝑐  

Cavity Depth 𝐿𝑐 [𝑚] 0.005-0.035 Cavity Depth 𝐿𝑐 [m] 0.005-0.035  

Cavity Steepness Δ𝐿 

[m] 
0.005-0.035 

Cavity Steepness Δ𝐿 

[m] 
0.005-0.035  

Absorber Length 𝐿𝑎 

[m] 
0.01-0.06 

Absorber Length 𝐿𝑎 

[m] 
0.01-0.06  

 

Table 24: Summary of constraints for the multi-objective optimization model 

Limitation Model constraint Source 

Absorber Maximum 

Temperature 
𝑇𝑎𝑏𝑠𝑀𝑎𝑥

≤ 1650°𝐶 [72] 

Window Maximum 

Temperature 
𝑇𝑤𝑀𝑎𝑥

≤ 800°𝐶 [9] 

Absorber Maximum First 

Principal Stress 
max(𝜎𝐼𝑎𝑏𝑠

) ≤ 𝜎𝐼𝐿𝑖𝑚𝑎𝑏𝑠
 [82] [75] 

Absorber Maximum Third 

Principal Stress 
max(|𝜎𝐼𝐼𝐼𝑎𝑏𝑠

|) ≤ 𝜎𝐼𝐼𝐼𝐿𝑖𝑚𝑎𝑏𝑠
 [82] [75] 

Window Maximum First 

Principal Stress 
max(𝜎𝐼𝑤) ≤ 𝜎𝐼𝐿𝑖𝑚𝑤

 [81] [75] 

Window Maximum Third 

Principal Stress 
max(|𝜎𝐼𝐼𝐼𝑤|) ≤ 𝜎𝐼𝐼𝐼𝐿𝑖𝑚𝑤

 [81] [75] 

 

6.2.2 Structure of the model 

As already stated during the explanation of the multi-objective optimization that is implemented by using 

the MATLAB genetic algorithm, the user has to provide a tailored model, which is able to calculate the 

design objectives, receiving as input one set of design variables. In addition to this, the respect of the 

constraints has to be assessed, so that the unfeasible solutions can be excluded by the optimization. 

The flowchart reported in Figure 67 shows the how the different parts of the model are integrated in 

order to assess the constraints and the decision variables. As it can be noticed from the Figure, the set of 

the decision variables is sent to the ray tracing routine, which is able to estimate the volumetric heat 

sources at the absorber and at the window. The heat sources are sent to the CFD/Stress Analysis model. 

Here, it is worth it to mention that the COMSOL/MATLAB interface is used for the implementation. 

This means that the model in COMSOL is saved as a MATLAB script, which can be used as a normal 

function. When the function is called by the software, a connection is established between the two 

programs, and the CFD model is run in COMSOL; by means of appropriate sub-functions, it is possible 

to extract the needed data from the simulation, for instance the values of pressure drop, efficiency and 

maximum stresses. Once that the model is run and the data are extracted, the constraints are checked, and 

the design objectives values are extracted from the CFD result only when they are respected. 
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Figure 67: Flowchart of the user-made model 

The computational time needed by the model is the sum of the ray tracing routine computational costs 

and the CFD/Stress analysis, lying around 4minutes, depending on the decision variable set. The accuracy 

of the solution outcome is therefore determined by the contribution of the accuracy of the CFD model 

and of the ray tracing model, both around 0.2 − 0.25%. However it has to be said that the grid 

independence study has been carried for a defined receiver configuration and geometry, whilst the 

optimization routine takes into account several combinations of geometrical parameters. The quality of 

the mesh is changed as the cavity depth or the cavity steepness change their value, thus influencing the 

accuracy of the results of each optimization run.  

6.3 Results 

In this Section, the results of the multi-objective optimization are presented and discussed, for the case of 

foam and honeycomb materials. The influence of the design variables on the performance of the receiver, 

in terms of thermal efficiency and pressure drop, is analyzed. The results are presented for two 

optimization run which have been interrupted after around 5 000 evaluations, both for the case of foams 

and honeycombs.  

  

Figure 68: Multi-Objective results (Pareto front) for ceramic foams: influence of the porosity (left) and cell diameter 
(right) 

Figure 68 shows the Pareto front for absorber made of a foam structure, for different values of the 

geometrical features of the porous material, namely the porosity on the left and the cell diameter on the 

right. It can be seen that the two objectives are conflicting, i.e. a decrease of the pressure drop within the 
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absorber generates a decrease in the thermal efficiency. The pressure drop is higher for lower values of 

porosity, since the solid phase of the absorber increases in volume with respect to the air flow. On the 

other hand, the thermal efficiency increases with an increase of the porosity: One reason of this behavior 

is given by the fact that the absorber length 𝐿𝑎 is varied as design variable in the optimization procedure, 

therefore the red points, corresponding to the higher values of the porosity, can give different efficiency 

values according to the length of the absorber, i.e. the volume of porous material employed in order to 

absorb the solar radiation. This is confirmed by the results shown in Figure 69, reporting the thermal 

efficiency as function of the porosity for different value of absorber length; indeed, it can be noticed that 

for the simulation porosity upper limit (0.97) the thermal efficiency is increased by increasing the 

absorber length, up to around 75-80%, employing 40-45mm of ceramic foam. The efficiency drops down 

to 30% if too short absorbers are employed with such a high porosity material, since the solid phase 

present in the receiver is not enough to absorb a high share of the incoming solar radiation.  

 

Figure 69: Thermal efficiency and porosity, for different absorber length values (foam) 

The Pareto front showing the influence of the cell diameter (still in case of ceramic foams) is reported in 

Figure 68 (right). It can be seen that an increase of the cell diameter value generates a decrease in thermal 

efficiency and a decrease in pressure drop; this can also be linked to a similar motivation of the porosity 

case, i.e. the pressure drops are decreased when the solid phase density is generally lower, whilst by 

increasing the ceramic material volume a greater share of solar power can be absorbed. 

The influence of the geometrical parameters of the receiver, namely cavity depth, cavity steepness and 

absorber length, is shown in Figure 70 (a), (b) and (c). As it can be noticed from the Figure (a), an increase 

in cavity depth (distance absorber-window) positively influences the decrease of the pressure drop, whilst 

the efficiency is lowered; this is due to the fact that more rays are lost in the cavity and do not reach the 

absorber surface. Regarding the cavity steepness, shown in Figure 70 (b), it can be seen that the Pareto 

front is mainly constituted by values around 0.015-0.020 m. This is due by the fact that the points having a 

high value of cavity steepness are likely to generate higher stresses, therefore not complying with the 

material limitations; nevertheless, the higher the steepness value, the higher is the effective cooling of the 

central region of the absorber, subjected to the higher solar flux, and an increase in thermal efficiency is 

achieved. Moreover, it is worth it to mention that, as discussed in Section 5.4 for the cavity flux 

distribution, the steepness of the curves approximating the isoflux lines is consistently high: the higher the 

steepness, the higher the approximation of such lines. On the other hand, the high steepness increases the 

turbulence of the air flow through the porous material, and the related pressure drops. Last, the influence 

of the absorber length is shown in Figure 70 (c); it can be noticed that the pressure drop is negatively 

influenced by the length, since the air path across the porous material is increase, whilst energy absorber is 

positively affected by longer absorbers, in turn increasing the thermal efficiency. 
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c) 

Figure 70: Multi-Objective results (Pareto front) for ceramic foams. (a)Influence of the cavity depth; (b) Influence of 
the cavity steepness; (c) Influence of the absorber length 

The Pareto fronts in Figure 68 and Figure 70 represents the trade-off between the two design objectives 

of enhancing the receiver efficiency and reducing the pressure losses, for a receiver constituted by a foam-

made absorber. Generally, it can be said that the pressure drop stays well below 0.02𝑏𝑎𝑟, which 

corresponds to the 0.7% decrease in turbine inlet pressure. On the other hand, the thermal efficiency is 

stable below an “asymptotic” value of 0.9, which is not overcome by any of the Pareto points. Indeed, the 

pressurized configuration imposes the use of a window, already reducing the performance of the 

component and unavoidable heat transfer losses between air and porous materials negatively affect this 

value. 

The same considerations can be carried for the case of honeycombs materials, by looking at the related 

Pareto fronts. The Pareto fronts which relate the design objectives with the geometrical parameters of the 

honeycomb materials are reported in Figure 71 (a) and (b). Figure 71 (a) is referred to the cell geometrical 

parameter 𝑙𝑐𝑒𝑙𝑙, whilst Figure 71 (b) considers the influence of the wall thickness; the porosity of the 

honeycomb materials is not set as optimization decision variable, however it can be found as function of 
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these two parameters by means of equations (60) and (61). Therefore, Figure 71 (c) reports the value of 

the porosity of the points of the Pareto fronts.  

 

 

  

a) b) 

 

c) 

Figure 71: Multi-Objective results (Pareto front) for honeycombs structures. (a) Influence of the cell geometrical 

parameter𝒍𝒄𝒆𝒍𝒍; (b) Influence of the window thickness𝒕𝒘; (c) Influence of the porosity 

Generally, it is observed that the pressure drops stay below a low relative percentage value also for the 

case of honeycomb materials, i.e. with the maximum around 0.028𝑏𝑎𝑟, corresponding to 0.9% pressure 

loss. Moreover, the thermal efficiency does not overcome a maximum value close to 0.9, analogously to 

the case of ceramic foams.  

From Figure 71 (c) it can be seen that an increase in the porosity of the material is related with an increase 

in thermal efficiency and an increase in pressure drops; therefore, it is observed an opposite trend with 

respect to the behavior of ceramic foams. The reason is related to the structural differences between the 

stochastic structure of foams, and the ordered channels of periodic cellular materials. As already stated in 

Section 5.2.1.1, for the case of honeycomb structures formed by channels of equal dimensions and shape, 

the pressure losses are estimated by considering the flow through one single channel [51]. Moreover, the 

heat transfer coefficient is determined by assuming laminar flow, which is often true in case of such 
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structures [58]. By doing so, the pressure drops and the thermal efficiency are no longer related to the 

porosity similarly to the case of ceramic foams.  

Regarding the Pareto fronts with highlight on the geometrical parameter of the receiver, i.e. cavity depth, 

absorber length and cavity steepness, the same trend is observed for honeycombs and foams, since there 

is not dependence of the inherent structures of the materials. This is shown in Figure 72. 

  

a) b) 

 

c) 

Figure 72: Multi-Objective results (Pareto front) for honeycomb structures. (a)Influence of the cavity depth; (b) 
Influence of the cavity steepness; (c) Influence of the absorber length 

The interesting point shown by Figure 72 is the value of the design variables forming the Pareto front; 

more specifically, regarding the absorber length, it can be noticed that higher efficiencies can be achieved 

by using over 40mm of porous material, whilst for the case of ceramic foams, higher values than 40mm 

are not reached. Similarly to what is obtained for the ceramic foams, Figure 72 (a) reports the influence of 

the cavity depth, and it can be seen that a value around 10mm distance window-absorber is needed to 

reach the higher efficiency values. Last, in Figure 72 (b) the influence of the cavity steepness is observed; 

here it is interesting to notice that higher steepness values are considered by the optimizer, with respect to 

the case of ceramic foams; this is likely to be linked to the higher mechanical resistance of honeycomb 

materials, hence respecting the material constraints despite the higher steepness of the curve.  
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6.4 Design point analysis 

The aim of multi-objective optimization is to find the trade-off between conflicting design objectives, so 

that the designer is able to define the design parameters, according to the design goals set for the specific 

problem. Once that the Pareto front is established, the designer has to choose one optimal point, 

according to design considerations. In the case of the volumetric receiver for the OMSoP project, two 

design objectives were established for two possible configurations of receiver, i.e. with the absorber made 

of a ceramic foam or a honeycomb material; the objectives were set with the aim of maximizing the 

conversion efficiency of the integrated energy system, hence maximizing the receiver thermal efficiency 

and minimizing the pressure losses before the turbine inlet. According to the outcome of the analysis, two 

optimal points could be chosen, i.e. one for foam and one for honeycomb absorber. However, since the 

aim of this work consists of delivering one set of design specifications for the receiver for the OMSoP 

project, the design point is chosen for the receiver configuration constituted by a foam-made absorber; 

this is justified by the following considerations: 

 According to the outcome of the detailed analysis presented in Section 5.2.4 and 5.3.2, the foam-

made absorber performs better in terms of temperature distribution within the volume of the 

material, with a more homogeneous distribution also along the radial direction, given the radial 

flow mixing which usually occurs in this structure.  

 The stress analysis showed how the factor of the safety of the material is low, but the material is 

still below the permissible limits; the results of the multi-objective optimization showed how a 

high number of design points respect the set constraints. 

 The main advantage of using honeycomb structures was found to be the higher mechanical 

resistance, despite the higher temperature for the absorber. However, as already stated, given the 

existence of several foam configurations respecting the material limitations, this is no longer 

considered as a determining factor.  

Here, it has to be clarified that the decision of choosing a foam-made absorber for the definition of the 

final design point is a choice made according to the aforementioned considerations, yet the alternative 

decision of using honeycomb materials could be also taken, and analyzed more in depth. Other 

considerations and analysis could be carried, which are out of the scope of this work.  

The optimal design point for the foam configuration is chosen according to the following considerations: 

1. The pressure drop of the material is low; the maximum drop which can occur is in the order of 

0.02bar, corresponding to 0.7% of the inlet pressure. 

2. There is a wide range of points with efficiency above 70%, which is set as the minimum value to 

be reached for the design of the receiver, according to internal communication between the 

members of the OMSoP consortium [37]. 

3. The Pareto shows two “naïve branches”, in which a degradation of one objective does not 

involve a consistent improvement of the other objective; indeed, the points lying between 0.015 

bar and 0.020 bar experience an increase in pressure drop between 0.5% and 0.7%, without 

increasing the efficiency considerably. 

According to these considerations, four possible optimal points are chosen and compared, so that a more 

accurate decision for the final design point can be made. The points are chosen by aiming at maximizing 

the thermal efficiency, rather than minimizing the pressure drop, given the explanation of point 1. 

Moreover, the points with pressure drop higher than 0.015bar are not considered, given the explanation of 

point 3. In addition to this, another factor is taken into account, i.e. the mechanical stresses to which the 

absorber is subjected. In order to do this, the Pareto front is plotted, with highlight on the different values 

of factor of safety. The factor is referred to the absorber tensile stress, which was shown to be the most 

critical in Section 5.3.2. This is shown in Figure 73. As it can be noticed from the Figure, the four points 

of the analysis are indicated with the letters A, B, C and D. A and B are chosen with the aim of 

maximizing the thermal efficiency, yet having a pressure drop lower than 0.015bar; therefore the two 
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points with higher efficiency values are selected in the graph (with A having a higher efficiency than B). 

The point C is chosen as the point with the highest thermal efficiency, with pressure drop below 0.015bar, 

yet having a minimum factor of safety of 0.5. Despite it does not optimize the thermal efficiency; it is 

chosen to analyze also point C, in order to understand the influence of the mechanical stresses on the 

component general performance. Point D is chosen in order to see the influence on the results when the 

pressure drop is lowered to 0.01bar (corresponding to 0.3%); therefore it is selected as the point showing 

the maximum thermal efficiency, but with a pressure droop below 0.01bar.  

 

Figure 73: Three chosen design points A, B, C and D in the Pareto front, with colors identifying different values of 
factor of safety 

The sets of design variables for the point A, B, C and D are reported in Table 25, together with the related 

value of the design objectives and of the factor of safety. . 

Table 25: Parameters values for the points A, B, C and D 

Parameter Unit Case A Case B Case C Case D 

Porosity 𝜙 − 0.9395 0.9413 0.9306 0.8915 

Cell diameter 𝑑𝑐 𝑚𝑚 4 3.7 6.4 6.2 

Cavity depth 𝐿𝑐 𝑚 0.0097 0.0097 0.0106 0.0140 

Cavity steepness Δ𝐿 𝑚 0.0298 0.0232 0.0178 0.0258 

Absorber length 𝐿𝑎 𝑚 0.0394 0.0391 0.0448 0.0340 

Thermal efficiency 휂𝑟𝑒𝑐 % 86.2 86.0 84.6 83.8 

Pressure drop Δ𝑃 % 0.47 0.49 0.39 0.31 

Factor of safety 𝐹𝑜𝑆 − 0.19 0.36 0.54 0.34 
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As it can be noticed from Table 26, configuration A performs better from the thermal efficiency stand-

point. However, configuration D is the preferred one regarding the pressure drop. Moreover, the 

configuration enhancing the thermal efficiency is also the one which minimizes the factor of safety. The 

factor of safety is maximized for configuration C, overcoming 0.5, whilst B and D perform average with a 

value around 0.35. In order to compare better the different sets, the absorber temperature distribution is 

shown for the three cases; this is represented by Figure 74. 

 

Figure 74: Absorber temperature distribution for the four configurations A, B, C and D, with temperature levels in °C 

As it can be noticed from the Figure, the temperature distribution shows a region of peak absorber 

temperature far from the receiver centerline, for high values of the radial coordinate. Configuration D is 

the one showing the lowest temperature values, with a more uniform temperature and a lower absorber 

maximum temperature. The volumetric effect, typical of such configurations, can be observed only along 

the absorber centerline. For the base-case analysis, whose results and temperature distribution were shown 

in Figure 53, the same trend can be observed, but with a lower peak temperature and more uniform 

distribution.  

The reasons of this behavior have to be found in the value of the design variables for the four 

configurations chosen for the analysis; more specifically, it is shown that a decrease in the porosity of the 

foam improves the temperature distribution within volume. This is likely to be connected with the 

volumetric source, to which the absorber domain is subjected; by decreasing the porosity value, the 

extinction length of the ray decreases and the volumetric source is concentrated in the entrance layer of 
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the porous material. This leads to a more effective heat transfer between the different regions of the 

absorber, which are subjected to a higher initial temperature difference. 

Furthermore, the region showing the peak of temperature corresponds to the one where the velocity of 

the fluid flow has its minimum (as it can be seen by Figure 54 for the base-case analysis), and the lower 

mass flow does not effectively contribute to cool down the overheated zone; here, it has also to be added 

that the dimensioning of the receiver diameter has been done by considering the nominal conditions of 

the mass flow for the power cycle. However, the OMSoP dish collects and reflects a much higher share of 

the solar radiation. The power collected by the dish under the nominal DNI is equal to 86.1𝑘𝑊, whilst 

the power intercepted by the receiver window is 45.5 𝑘𝑊, with a total intercept ratio of only 56.4% (as 

shown in Table 9 in Section 5.1.1). It follows that when the radial coordinate is close to the receiver 

radius, the volumetric source is still high (it can also be observed from the volumetric distribution in 

Figure 36). In order to improve such situation, an enhanced mass flow should be forced towards the 

regions with absorber peak temperatures.  

It is also relevant to remark the choice of analyzing the optimal design for ceramic foams, rather than 

honeycomb materials. In fact, given the situation of high temperature close to the receiver walls, a much 

worse situation could be generated in the case of honeycomb, where the channels force and enhance the 

flow only along the axial coordinate and radial mixing does not occur. Moreover, it has to be said that 

another optimization routine could be implemented, with the aim of reducing the difference between the 

maximum temperature experienced by the absorber and the average absorber temperature. In this way, 

alternative design configurations could be found, which optimize also the temperature distribution within 

the absorber volume, reducing the difference between the peak temperature and the average value.  

It has to be clarified that the stresses to which the absorber is subject are within the permissible limits in 

all the configurations. However, the analysis was carried in stationary conditions, with no consideration on 

fatigue or stresses to which the absorber is subjected repeatedly over time, affecting the total lifetime of 

the component. Regarding the material limitations, it is observed that the absorber can withstand the 

obtained values of tensile stresses in all the four configurations. In this regard, configuration C performs 

best and this is probably linked to the lower absorber steepness parameter, which increases the mechanical 

resistance of the ceramic foam. Configuration D performs well with a factor of safety of 0.34, given the 

more uniform temperature distribution within the absorber volume, at the cost of the receiver thermal 

efficiency, which is lowered of a factor of 3% from the optimal configuration A. Last, configuration B 

represents a trade-off between the value of factor of safety, equal to 0.36 and the efficiency of the 

component, which is only 0.2% lower than the optimal case A. The pressure drop are considered as a 

secondary decision factor, given the generally low values, far from the 1% boundary set as design goal. 

Having the results of the different optimal configurations, the designer should be able to decide for one 

optimal configuration, to be analyzed more in depth, tested and possibly employed in the project. 

Different aspects were considered in the analysis; however it can be said that configuration B represents a 

good trade-off, with a value of thermal efficiency equal to 86%, with pressure losses in the range of 0.5% 

and a sufficiently high factor of safety, equal to 0.36. This configuration is also in compliance with the 

design goals for the solar receiver set within the OMSoP consortium, i.e. 70% of minimum thermal 

efficiency and maximum 1% of pressure losses. Therefore, the design variables of configuration B are 

considered as one optimal design set for a volumetric receiver configuration, based on a ceramic foam 

material, for the OMSoP project.   
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7 Conclusions and future work 

The present report summarizes the work developed as a Master thesis with the CSP research group in 

KTH; the research framework of the thesis was given by the European project OMSoP, i.e. a European 

funded project to demonstrate the integration of the parabolic dish technology with micro-gas turbines. 

The aim of the thesis was to conduct an optimization study in order to deliver design specifications for a 

volumetric solar receiver to be integrated in the project.  

The optimization study was based on the preliminary receiver configuration developed by Lukas 

Aichmayer at the KTH CSP group; however some additional design considerations were carried, regarding 

the absorber shape and the ceramic material for the absorber. Moreover two parallel models, and 

optimization studies, were carried for a foam-made and honeycomb-made absorber. The boundary 

conditions were given by the dish specifications and power cycle specifications of the project, and the 

solar radiation absorption was modelled by means of a Ray Tracing model, developed in the MATLAB 

environment.  

The optimization study was aimed at the enhancement of the receiver thermal efficiency and at the 

minimization of the pressure losses within the component. A Multi-Objective Optimization approach was 

chosen for the analysis. The optimization procedure was coupled with a detailed model of the component, 

developed by means of the COMSOL software; specifically, a CFD model and Mechanical Stress Analysis 

were implemented. The former was used to assess the thermal efficiency and pressure drop in the receiver, 

whilst the latter was used in order to check the compliance with the material limitations on maximum 

permissible stresses. Both the simulations were integrated with the optimizer, by means of the existing 

MATLAB/COMSOL interface.  

The outcome of the two optimizations allowed the assessing of the receiver performances for foam and 

honeycomb configurations, and the influence of the chosen design parameter was studied. It was observed 

how several configuration sets were able to respect the stress constraints, with values of efficiency above 

70% and low pressure drop, within 0.7% for foams and 0.9% for honeycomb materials. Generally, a good 

agreement was shown between the obtained results and the design goals set by the OMSoP consortium, to 

achieve a receiver efficiency of minimum 70% and pressure drop below 1%.  

According to the results of the optimization, the final design point for the OMSoP project was chosen, 

basing the design on an absorber made of a foam structure. The foam configuration was chosen for its 

better thermal performance, especially regarding the uniformity of the temperature reached by the solid 

phase. In order to select the design point, four possible optimal configurations were compared, which 

performed similarly in terms of efficiency and pressure losses, yet showing differences in terms of 

mechanical stability. The four configurations were compared, and the presence of a region with a peak of 

the absorber temperature was found in proximity of the receiver walls.  

A final configuration was selected among the four sets analyzed, performing with a receiver thermal 

efficiency of 86%, experiencing 0.49% of pressure drop and withstanding the maximum tensile stress with 

a factor of safety of 0.36. The design point was chosen after final considerations on trade-off between 

optimizing efficiency and pressure drop, yet having a configuration with an acceptable safety margin for 

stress resistance. The choice of such configuration constitutes the main deliverable of this work. 

 However, this Master thesis also defines further aspects which might be analyzed as future development: 

 The Ray Tracing routine can be cross-validated with experimental data taken for the OMSoP 

dish, as far as they will be available. 

 The optimal receiver configuration could be analyzed more in depth by means of other CFD 

software, so that the model is further validated, especially looking at its adaptability for the 

configuration chosen for the OMSoP project. 

 Another optimization model could be implemented with the aim of making uniform the 

temperature distribution of the absorber.  
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 Considerations on lifetime of the component, which is subjected to non-continuous thermal 

stresses, should be carried. In particular, the influence of the factor of safety of the chosen 

configuration on the durability of the absorber should be assessed.  

 The design point should be tested experimentally, in order to test the validity of the obtained 

results. This can be done by using the KTH Solar Lab for a first assessment; next the integration 

with the actual system should be carried as well.  

 Further considerations on the absorber shape could be carried, specifically regarding the relative 

positon of the receiver with respect to the dish; for instance, the influence of setting the absorber 

at the dish focal plane rather than the window surface might be investigated.   

 Further survey on materials and combinations of different materials could be assessed for the 

suitability in such application. 

 The model for honeycombs should be further improved and validated, so that the effective 

adaptability of this type of structure as absorber constituting material is more consistently 

assessed, and possibly tested. 
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Appendix A 

In this Appendix, more detailed geometrical explanations are reported regarding the Ray Tracing model, 

explained in Section 4.1. 

Window refraction – 3D Snell’s law 

In this Section, the geometrical explanation and mathematical derivation of the Snell’s law equations in 3-

D is reported. The Snell’s law was introduced in Section 4.1.4 to take into account the beam refraction at 

the window surface.  By looking at the problem from the 3-D perspective, the angle of refraction 𝜙2 lies 

on a plane containing the incident ray, the refracted ray and parallel to the axis normal to the surface, i.e. 

x-direction. This is shown in Figure 75. 

By knowing the direction vector 𝑑𝑖
⃗⃗  ⃗ of each ray, it is possible to calculate the incidence angle as: 

 
 𝜙1 = arctan

𝑥𝑑

√𝑦𝑑
2 + 𝑧𝑑

2

 
(123) 

while the refraction angle 𝜙2 can be estimated by substituting the value of Φ1 in equation (34). 

The x-coordinate of the point 𝑃2𝑖
 is equal to the thickness of the window 𝑠𝑤, since the window outer 

surface corresponds to the plane 𝑥 = 0. In order to evaluate the y and z coordinates, the distance Δ𝑟 from 

the point 𝐼𝑖 and the projection of 𝑃2𝑖
 on the plane = 0 , is calculated at a first stage. It holds: 

  Δ𝑟 = 𝑠𝑤 ∙ tan𝜙2 (124) 

The components Δ𝑦 and Δ𝑧, on the y and x direction respectively, can be calculated by estimating the 

intersection angle 𝛽 between the plane containing the ray and the y-axis (as it is sown in Figure 75). 

It holds:  

 
 cos 𝛽 =

|𝑧𝑑|

√𝑦𝑑
2 + 𝑧𝑑

2

 
(125) 

It follows: 

  Δ𝑦 = Δ𝑟 ∙ cos 𝛽 (126) 

 Δ𝑧 = Δ𝑟 ∙ sin𝛽 (127) 

Therefore, the coordinates of the point 𝑃2𝑖
 can be calculated from the coordinates of the point 𝐼𝑖 as: 

  {

𝑥𝑃2𝑖
= 𝑠𝑤

𝑦𝑃2𝑖
= 𝑦𝐼𝑖 ± Δ𝑦

𝑧𝑃2𝑖
= 𝑧𝐼𝑖 ± Δ𝑧

 (128) 

where the sign + is used when the direction versor coordinate 𝑦𝑑 or 𝑧𝑑 is positive and the sign – when 𝑦𝑑 

or 𝑧𝑑 is negative.  
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Figure 75: Snell's law in 3-D (adapted from [89])  
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Appendix B 

This appendix deals with the explanation of the numerical method “fixed-point iteration”, which is chosen 

for the solution of the non-linear equation (38), on the ray tracing routine. 

The algorithm is used for the solution of equation of the type: 

 𝑥 = 𝑓(𝑥) (129) 

It is based on finding the fixed points of the function 𝑓(𝑥), defined as the point 𝑃, satisfying 𝑓𝑃) = 𝑃. 

Therefore, the iterative algorithm is the following [41] : 

𝑝𝑜 (starting value) 

𝑝1 = 𝑓(𝑝0) 

𝑝2 = 𝑓(𝑝1) 

… 

𝑝𝑛 = 𝑓(𝑝𝑛−1) 

It converges when the error between 𝑝𝑛 and 𝑝𝑛−1 is lower than the set tolerance limit, meaning that 

 |𝑝𝑛 − 𝑝𝑛−1| ≤ 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 (130) 

For the equation expressed by equation (38), the parameter 𝑘 has to be found as solution, so that the 

coordinates (𝑥𝑃3𝑖
, 𝑦𝑃3𝑖

, 𝑧𝑃3𝑖
) of the intersection point between the ray and the absorber surface can be 

computed. Therefore the accepted tolerance is set to 10−4 so that an error in the order of magnitude of 

0.1 𝑚𝑚 can be considered as acceptable for the position of the point. 

The comparison between the solution and the computational time of different implemented numerical 

method can be found in Table 26.   

Table 26: Difference between the computational times of different numerical methods implemented in MATLAB to 
solve equation (38) 

Method Computational time [s] Tolerance 

Fixed point 𝟐. 𝟑 ∙ 𝟏𝟎−𝟒 10−4 

Bisection 2.2 ∙ 10−3 10−4 

False position (secant) 4.5 ∙ 10−3 10−4 

Newton-Raphson 5.5 ∙ 10−4 10−4 

MATLAB built-in solver vpasolve 3.54 10−4 

 

It can be noticed that the fixed-point algorithm seems to reach a solution within the limit of tolerance set 

with the least computational time required. It is worth it to mention that the even small “savings” in terms 

of time makes a consistent impact on the overall ray tracing routine computational time, which has to find 

the solution of equation (38) for all the rays of the ray tracing routine, thus computing the algorithm 

1100000time (which is equal to the number of rays estimated in Section 4.2).  

In the following part of the Appendix, the implementation in the MATLAB environment of the algorithm 

is reported. 
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%Implementation of the numerical method fixed point for the double Gaussian 
%curve 
%equation: 
%x+txd=A1*exp(-((y+tyd)^2+(z+tzd)^2)^(1/2))/b1)+A2*exp(-

((y+tyd)^2+(z+tzd)^2)^(1/2))/b2) 
A1=0.019851351334225; 
A2=0.010148648665775; 
b1=0.03; 
b2=0.55; 

  
x0=0.01; 
xd=0.7782; 
y0=-0.0047; 
yd=0.6262; 
z0=-0.0025; 
zd=0.3540; 

  
p0=10^(-3); %initial value 
acceptable_error=0.1*10^(-3); %tolerance 
error1=1; 
iteration=0; 
tic 
while error1>acceptable_error 

p1=(A1*exp(-(((y0+p0*yd)^2+(z0+p0*zd)^2)^(1/2))/b1)+A2*exp(-

(((y0+p0*yd)^2+(z0+p0*zd)^2)^(1/2))/b2)-x0)/xd; 
    error1=abs(p0-p1); 
    p0=p1; 
    iteration=iteration+1; 
end; 
solution5=p0; 
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Appendix C 

In the present appendix the mathematical method used to find equation (47), i.e. the Cumulated 

Distribution Function for ray absorption inside the porous matrix, is reported. 

Montgomery and Runger (2003) [44] state that a Probability Density Function 𝑓(𝑥) is a function such 

that: 

𝑓(𝑥) ≥ 0 

∫ 𝑓(𝑥)𝑑𝑥
∞

−∞

= 1 

𝑃(𝑎 ≤ 𝑋 ≤ 𝑏) = ∫ 𝑓(𝑥)𝑑𝑥
𝑏

𝑎

 

where 𝑃(𝑎 ≤ 𝑋 ≤ 𝑏) expresses the provability of the variable 𝑋 to be within the interval [𝑎, 𝑏]. 

In order to apply this concept to the decay of solar ray, the function expressed by equation (42), which 

defines the energy absorbed by the unit volume, has to be normalized. By normalization, it is meant that 

the integral of the function has to be equal to 1. The function is the derivative of the Beer-Lambert law, 

therefore a constant 𝐶1 , multiplied by the exponential term, has to be found so that the integral can be 

equal to the unit. It follows: 

 ∫ 𝐶1𝑒
−𝐾𝑒𝑥𝑡∙𝑠𝑑𝑠

∞

0

= 1 (131) 

The integral is calculated in the interval [0,∞), since the coordinate 𝑠 can be only positive.  In order for 

the relation to be satisfied, it follows: 

 ∫ 𝐶1𝑒
−𝐾𝑒𝑥𝑡∙𝑠𝑑𝑠

∞

0

= −
𝐶1

𝐾𝑒𝑥𝑡
∙ 𝑒−𝐾𝑒𝑥𝑡∙𝑠|0

∞ =
𝐶1

𝐾𝑒𝑥𝑡
= 1 ⇔ 𝐶1 = 𝐾𝑒𝑥𝑡 (132) 

Therefore the Probability Density Function is equal to: 

 𝑓(𝑥) = 𝐾𝑒𝑥𝑡𝑒
−𝐾𝑒𝑥𝑡∙𝑠 (133) 

The Cumulated Distribution Function 𝑔(𝑥) can be estimated as [44]: 

 𝑔(𝑥) ≜ ∫ 𝑓(𝑥)𝑑𝑥
∞

−∞

 (134) 

And in the case of the energy distribution: 

 𝑔(𝑥) = ∫ 𝐾𝑒𝑥𝑡𝑒
−𝐾𝑒𝑥𝑡∙𝑠𝑑𝑠

∞

0

= 1 − 𝑒−𝐾𝑒𝑥𝑡∙𝑠 (135) 

Started from the Cumulated Distribution Function expressed by this last equation, it is possible to 

estimate the extinction length for each ray of the routine. The reader is referred to Section 4.1.6.   
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Appendix D 

The material limitations for the different cellular ceramics considered in Section 5.5 are reported in Table 

26, together with the relative reference. Moreover the scaled limitations for a porous absorber with 

porosity 0.86 are reported in the last two columns. They are calculated by applying the formula reported 

in Equation (107), and they are used in order to estimate the factor of safety from the different 

simulations.  

Table 27: Stress limitations for the different materials and scaled allowable stresses in case of foams 

Material 

Flexural 

strength 

[𝑴𝑷𝒂] 

Compressive 

strength 

[𝑴𝑷𝒂] 

𝝈𝑰𝒍𝒊𝒎 

[𝑴𝑷𝒂] 

𝝈𝑰𝑰𝑰𝒍𝒊𝒎 

[𝑴𝑷𝒂] 
Reference 

Silicon 

Carbide 
981 3335 10.3 34.9 [82] 

Alumina 630 1396 6.6 14.6 [90] 

Zirconia 1010 1600 10.6 16.8 [91] 

Mullite 117 350 1.3 3.7 [81] 

Cordierite 170 551 1.8 5.8 [92] 

 

 


