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Introduction

Design objectives for a high temperature solar receiver:

• Reduce thermal losses (cond., conv., radiat.)

• Reduce pressure drops

• Reduce thermomechanical stresses

• Reduce costs



Receiver types

External receiver Cavity receiver

Surface receiver Volumetric receiver



Trend in receiver efficiency

For TR > 650°C, 
C > 900 and Fview < 1 are critical* to maintain high nth

*Ho and Iverson, Renewable and Sustainable Energy Reviews, 29, pp. 835-846, 2014.
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TR = 1300 K

Objective: increase α in the solar spectrum and decrease ε in infrared

Reduction of Radiative 
Losses



Improvements by Selectivity

• Spectral selectivity
Radical change of absorption and reflection spectral 
behavior between the visible and infrared spectral ranges

• Directional selectivity
Preferential direction of reflection: e.g. specular, diffuse, 
retro-diffuse etc.

ελ

λ



When acting on
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A tradeoff appears for 
the spectral selectivity
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Directional Selectivity

The effects of directional reflectivity
depend on :

• The receiver geometry

• The directional incident flux pattern 
(heliostat field and aiming strategy)
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Surface Optical Properties

The optical properties of solids depend on:

• The composition of the solids, types of atoms

• The microstructure of the solid (mainly close to the surface if 
opaque)

• The wavelength and the temperature

Two popular methods are used to measure the optical properties of solids:

• The Kramers-Kronig analysis
• From a normal-normal reflectivity spectra -> m = n + i k
• Warning: extrapolation of the reflectivity ouside the accessible 

wavelength range -> uncertainty

• The dispersion analysis (Drude-Lorentz oscillators)
• Least-square fitting of spectra using simple model dielectric functions
• Robust and flexible (addition of extra Lorentz oscillators)



High Temperature Materials

Al2O3 and ZrO2 present 
a high value of reflectivity in the visible 
and a high value of emissivity in the infrared

Other materials present natural spectral selective behavior



Material α (solar spectrum) ε (1300 K) α/ε
HfB2 0,49 0,2 2,5
HfC 0,64 0,31 2
ZrB2 0,5 0,23 2,2
ZrC 0,57 0,24 2,3
SiC 0,82 0,79 1
W 0,44 0,07 6,4

The materials are exposed to the air and at high temperature they would 
start oxydizing resulting in an emissivity increase in the infrared.

High Temperature Materials

Microstructuration and passivation should lead to increase the absorption 
in the solar spectrum range and reduce the oxydation rate.



Spectral emissivity of Cu Ta and W

Spectral emissivity of Cu Ta and W with 
unidirectional microstructure, p = 250nm

Microstructuration 1D periodic
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Radiative properties of particles

Size 
parameter

Complex refractive index: m = n + i k

Space between particles:   c / λ

Extinction coefficient [m²/m3]:

β = N G Qe = 1,5  fv Qe / d

a

G



Phase function for water: 
m = 1.33 + i 0.05



Popular methods to compute radiative properties: 

• Mie Theory (spheres, cylinders)

• Rayleigh scattering (small particles)

• Geometrical optic approximation (large particles)

• RDG (Rayleigh-Debye-Gans)  for aggregates

• FDTD arbitrary shapes (problem to get the far field limit)

Radiative properties of particles

Monodispersion vs. Polydispersion:

More info on SCATTPORT: 
http://www.scattport.org/



Effective Radiative properties

Abs. Coeff.:  Ka= α β

Scatt. Coeff.: Ks = (1- α) β

Ext. Coeff. Spherical Particles: β = 1,5  fv Qe / d
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Emission losses

emitted ray

Reflection 1

Reflection 3

Cavity Solar Receiver

Specular BRDF Diffuse BRDF

Hypothesis

• Geometric optic
• Cubic cavity
• Non participative medium



Incident ray

Reflection 1

Reflection 3

Reflection losses

Cavity Solar Receiver
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Types of volumetric absorbers

Source: Falcone et al. 1985
Source: Karni and 
Bertocchi 2005

Source: Bounacer 2008

Channels Stems Foams –
RPCs

Regular structures

Particles

Porous 
receiver

Particle 
receiver



Potential of volumetric absorbers

Volumetric absorbers let the solar flux penetrates inside the absorber.

The « volumetric effect » will help to decrease radiative losses.

Ts,in < Tf,out

The « volumetric effect » in a 
RPC foam where the solid 
temperature at the front is lower 
than the outlet fluid temperature

How to design a volumetric absorber with the best efficiency?
(presenting the « volumetric effect »)

Ts,in

Tf,out



Olalde et al, Solar Energy Materials, 1985 : 

Proposed Solutions



Menigault et al, Sol Energ Mat, 1991:

Two layers: SiO2 and SiC 
spheres

Proposed Solutions



Proposed Solutions

Pitz-Paal et al, Sol Energ Mat, 1991:

Two layers: SiO2 and SiC 
honeycomb



The driving parameters are:

• Radiative properties(Vis-IR) 

• Thermal conductivity

• Convective heat transfer coefficient

Modeling volumetric absorbers

Two different approaches are relevant for simulating volumetric absorbers: 

1. The detailed approach, solving the flow and energy
equations for each phase in a detailed geometry (3D).

2. The effective medium approach, using volume average quantities
and effective properties (thermophysical and radiative) for each phase.

They depend on 
• the nature of materials involved, 
• their microstructures, 
• geometry, 
• volume fraction 
• and operating conditions 

(temperature, velocity)



Detailed simulation

Possibility to solve the local fields in both phases.

Possibility to couple by the boundary conditions different 
numerical tools, e.g., Soltrace and OpenFoam

The size of the computation domain is limited by the 
performances of the computer used (memory, speed, 
parallelization).

The choice of the geometry should not restrict the validity of 
the results.

Results from detailed simulations could be used to compute 
effective properties.



Average quantities are computed with effective 
properties.

Effective properties are averaged over several pore 
diameters.

Close to the boundary, where large gradients exist, 
effective properties are less accurate:
A problem-specific boundary condition is needed.

Their simulation times permit to use them in 
optimization or inversion loops.

Homogenized models



Mean radiative fluxes for the RPC along the z-direction and into the forward (+) and backward (−) 
hemisphere using discrete (thin lines) and continuum-scale (thick lines) simulations

Petrasch et al. Journal of Quantitative Spectroscopy and Radiative Transfer, 112 (9), pp. 1450-1459, 2011

Discrete vs. Continuum-Scale



Results of Parametric Studies in 
RPC foams

High porosity and large pore size are needed at the side receiving the solar flux.

High convective heat transfer is needed at the side receiving the solar flux.

Low material conductivity is needed to keep 
the maximum temperature within the core 
of the absorber.

Spectral selectivity should be used to decrease
radiative losses.



Particle receivers

In the particle receivers the solid phase is moving:

• Particle curtain (falling down particles)

• Revolution flows (tornado, vortex, cyclone, cylindrical receivers)

• Fluidized beds

At steady state, the solar flux is reflected by a cloud of particles and this cloud is
emitting depending on its temperature.

Source: Karni 
and Bertocchi 
2005

The type of flow and the geometry of the 
receiver will determine the particle 
concentration and the temperature field.



One way to simplify the receiver is to assume

• a 1D cloud of particles

• with different temperature profiles

Study of Particle Receivers: 
Optimization of Opt. Prop.

Ordonez et al. Solar Energy, 99, pp. 299-311, 2014
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