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Foreword 
 
 
 

Dear Doctoral Students, 

 

I am glad to welcome you to the 11th SOLLAB Doctoral Colloquium. 

 

This Colloquium is the key annual event of the SOLLAB ─ the Virtual European Laboratory on Solar 

Concentrating Systems, a scientific network comprised of five leading research institutes: CNRS-

PROMES of France, DLR of Germany, CIEMAT of Spain, and PSI/ETH Zurich of Switzerland. For 

the last 11 years, the five partners have taken turns to organize this unique event exclusively dedi-

cated to doctoral students. This year, ETH Zurich is honored to be the host. We have selected 

Melchsee-Frutt as the venue because of its alpine beauty and serenity. We hope you will enjoy being 

here. 

 

During three days we will learn about 49 doctoral theses covering a wide range of research topics 

pertinent to solar thermal power, solar thermochemical fuels, solar desalination/detoxification, and 

thermal storage, as well as cross-cutting themes such as measurement techniques and materials. 

The common goal is to develop the science and technology required for converting solar energy into 

useful forms for a sustainable future. This Colloquium brings us a step closer to its realization. 

 

We acknowledge the financial support by the European Union’s 7th Framework Program through the 

project SFERA-II. I am personally thankful to Miriam Ezbiri, Max Schmitz, and Silvia Christoffel for 

the competent organization of this event. 

 

Aldo Steinfeld 

Chair of Renewable Energy Carriers 

ETH Zurich 
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Program 
 

 

  

Registration

08:30 08:40 Welcome by Prof. Steinfeld, ETH Zürich

08:40 09:00 Methodology for design and scaling of a solar reactor for sulphuric acid 

splitting for the HyS process at pilot plant scale and technology assessment

Alejandro Guerra Niehoff DLR

09:00 09:20 Experimental characterization of an aerosol reactor for H2O and CO2 

splitting

Michael Welte PREC

09:20 09:40 Design Principles of Perovskites for Thermochemical Oxygen Separation Miriam Ezbiri PSI

09:40 10:00 Redox kinetics of Zr+4 and Sm+3 doped ceria used for thermochemical 

hydrogen production

Nicole Knoblauch DLR

10:00 10:30 Coffee break

10:30 10:50 Oxygen nonstoichiometry and thermodynamic properties of 5% Zr-doped 

cerium dioxide at elevated temperatures

Michael Takacs PREC

10:50 11:10 Generic reactor model for thermochemical syngas production incorporating 

solid-phase heat exchange in a counter-flow arrangement

Christoph Falter DLR

11:10 11:30 Design of a solar reactor for thermochemical splitting of 

water and CO2 via the ceria redox cycle

Daniel Marxer PREC

11:30 11:50 The Mechanism and Kinetics of Solid Zn Oxidation by CO 2

in the Presence of ZnO

David Weibel PREC

11:50 12:10 Evaluation of indirectly heated solar reforming processes with use of 

different types of solar receivers

Henrik von Storch DLR

12:10 12:25 Experimental study of solar driven steam-gasification using a vortex flow 

reactor directly and indirectly irradiated

Fabian Müller PSI

12:25 14:00 Lunch break

14:00 14:20 Thermal recycling of Waelz oxide using concentrated solar energy – 

Experimental investigation with a 10 kW th packed-bed solar reactor

Nikolaos Tzouganatos PSI

14:20 14:40 Synthesis and characterization of catalytic nanoparticles for solar 

photocatalysis applications

Aurélie Rosset PROMES

14:40 14:55 Development of a solarized rotary kiln for high-temperature chemical 

processes

Lucia Arribas IMDEA

14:55 15:10 Study of ceramic materials thermo-mechanical behavior under concentrated 

solar irradiation

Yasmine Lalau PROMES

15:10 15:30 Kinetics of CO2 reduction over non-stoichiometric cerium dioxide Simon Ackermann PREC

15:30 15:50 Solar pyrolysis of wood in a lab-scale solar reactor: regression analysis of 

product yields and char evaluation

Kuo Zeng PROMES

15:50 16:05 Study of the Hybrid Sulfur Water-splitting Cycle powered by solar energy Mariarosaria Ferrara ENEA

16:05 16:35 Coffee break

16:35 16:55 Optical design of a multi-focus solar dish CPV system based on ell ipsoidal 

membrane facets - Solar flux measurements

Max Schmitz PREC

16:55 17:15 High concentration solar dishes based on pneumatic mirrors Fabian Dähler PREC

17:15 17:30 Experimental evaluation of vacuum membrane distil lation systems for 

seawater desalination and brine treatment using solar energy

Juan Antonio Andrés Mañas PSA

17:30 17:50 Analysis of the coupling between multi-effect distil lation plants with thermal 

vapor compression and concentrating solar power plants

Bartolomé Ortega-Delgado PSA

17:50 18:05 Treatment Strategy for Landfil l  Leachate Solar Remediation at Pilot Plant 

Scale

Laura Ponce-Robles PSA

18:05 18:25 Discussion of different membrane distil lation systems for desalination Alba Ruiz Aguirre PSA

18:25 18:45 Solar Disinfection of Water: treatment decay model (SODIWA) Maria Castro Alférez PSA

19:30 Dinner

Dish Systems

Monday March 2 2015

Solar Thermochemistry

Solar Thermochemistry

Solar Thermochemistry

Desalination / Detoxification / Distil lation
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08:30 08:50 The role of iron-complexing agents in the treatment of contaminated water 

by photo-fenton at neutral pH

Stefanos Papoutsakis PSA

08:50 09:10 DSG systems modeling by means of RELAP5: Introduction and assumptions Juan Serrano Aguilera PSA

09:10 09:30 Modelling and Optimization of transient processes in Parabolic Trough 

Power Plants with single-phase Heat Transfer Medium

Kareem Noureldin DLR

09:30 09:50 Numerical Analysis of Severe Slugging in parabolic trough power plants with 

direct steam generation

Alexander Hoffmann DLR

09:50 10:05 Modeling and Characterizing of an Experimental Parabolic Trough Solar 

Loop Integrating Innovative Thermal Energy Storage

Thomas Fasquelle PROMES

10:05 10:35 Coffee break

10:35 10:55 Implementation of double modulation pyrometry in PSI’s 1 kW imaging 

furnace 

Dimitrios Potamias PSI

10:55 11:10 Flux density measurement for industrial-scale solar power towers Matthias Offergeld DLR

11:10 11:25 A review of optical measurement methods for heliostat slope error Mathieu Coquand PROMES

11:25 11:45 Erosion of mirrors in desert environments Florian Wiesinger DLR

11:45 12:00 Proposal of a durability study of solar reflectors in corrosive atmospheres Alejandro García Segura PSA

12:00 12:20 Evaluating the potential of sky-imaging systems in solar resource 

assessment

Rémi Chauvin PROMES

12:20 12:35 Improvement of the absorption over the solar spectrum using plasmonic 

properties of metallic nanoparticles

Elie Nadal PROMES

12:35 14:00 Lunch break

14:00 17:00 Sledging/Freetime activity

19:30 Dinner

08:30 08:45 Numerical and experimental study of a high-temperature combined 

sensible/latent-heat storage

Lukas Geissbüehler PREC

08:45 09:05 Material selection for a storage system suitable to Concentrated Solar Power 

plants  

Luis Guerreiro EVORA

09:05 09:25 High-temperature thermochemical energy storage based on the reversible 

reaction of metal oxides

Micheal Wokon DLR

09:25 09:45 CSP technology: study of innovative methods for physical and chemical 

storage systems at medium temperatures

Anna Tizzoni ENEA

09:45 10:05 Experimental methods for the measurement of Molten Salts thermal 

conductivity and optimization of thermal storage tank used in CSP systems

Stefano Pistaccio ENEA

10:05 10:25 PCMflux as dynamic latent heat storage with separation of power and 

capacity

Harald Pointner DLR

10:25 10:40 Solar thermal energy storage via solid-gas thermochemical reactions Laurie André PROMES

10:40 11:00 Coffee break

11:00 11:20 Conceptual study of central receiver systems with l iquid metals 

as heat transfer fluids

Andreas Fritsch DLR

11:20 11:35 Convective Heat Loss from Cavities of Commercial Scale Solar Central 

Receiver Systems and Related Reduction Strategies

Silvan Siegrist DLR

11:35 11:55 Development of a measurement technique to determine the air return ratio of 

open volumetric air receivers with recirculation

Arne Tiddens DLR

11:55 12:15 Granular flow in centrifugal particle receivers David Trebing DLR

12:15 12:35 Experimental and numerical analysis of the turbulent flow in a simplified 

surface solar receiver

Morgane Bellec PROMES

12:35 12:55 High temperature solar receiver: thermomechanical simulation and 

experiments at an industrial scale

Cédric Leray PROMES

12:55 14:00 Lunch break

14:00 Adjournment

Thermal Energy Storage

Central Receiver Systems

Tuesday March 3 2015
Desalination / Detoxification / Distil lation

Linear Focussing Systems

Measurements, Characterization & Materials

Wednesday March 4 2015
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Methodology for design and scaling of a solar reactor for sulphuric acid splitting 

for the HyS process at pilot plant scale and technology assessment 

A. Guerra Niehoff, Dennis Thomey, Martin Roeb, Christian Sattler, R. Pitz-Paal 

DLR, Institute of Solar Research, Linder Höhe, 51147 Köln, Germany 

Alejandro.Guerra@DLR.de 

Thermochemical cycles for water splitting are considered as a promising emission-free route of large 

scale hydrogen production. The direct conversion of thermal energy into chemical energy potentially 

yields increased efficiencies and reduced costs compared to low temperature electrolysis of water. 

Feasibility and efficiency forecasts consider the hybrid-sulphur cycle (HyS) [1] as one of the most 

promising candidates among other thermochemical cycles [2]. Coupling of concentrated solar power 

(CSP) into this process is a major research area at DLR. 

 

Within the European research project SOL2HY2, the process key components are demonstrated at 

relevant scale. A tube type evaporator has been developed for the evaporation of sulfuric acid, taking 

place at temperatures up to 400°C. A volumetric concept of a receiver-reactor for the high temperature 

step of sulfuric acid splitting – successfully demonstrated at laboratory scale at the DLR solar furnace 

[3] – has recently been scaled up to approximately 80 kW solar power on aperture. The gases are 

superheated to 1000°C and processed in an adiabatic reactor to decompose SO3 to SO2 and O2. The 

system will be operated at the research platform of the Solar Tower in Jülich by the end of 2015. 

 

The test results of this pilot facility are vital to propose a design for a solar reactor for sulfuric acid 

cracking at industrial scale, which is the main objective of the present study. First findings on the 

investigated concept were presented in the last lecture: conversion rates are limited due to the slow 

reaction, which critically impacts efficiency and costs of a scaled system. Operation at elevated pres-

sure might address this constraint and is presumably required to obtain reasonable equipment sizes. 

Furthermore, the extensive recovery of process heat is mandatory and challenging. 

The directly irradiated volumetric concept will thus be deeper investigated in these regards – and 

compared with an indirectly heated tube type concept featuring internal heat recuperation. The latter 

is a development by Sandia National Laboratories (SNL), demonstrated at laboratory scale [4]. Ther-

modynamic models will be elaborated to perform a resilient benchmark on both concepts. 

For the complementary technology assessment, a process flow sheet has been established to investi-

gate concepts of providing solar heat at different temperature levels to the process, specifically con-

sidering the dynamics of a solar application [5]. 

References: 
 

[1] Brecher, L.E., S. Spewock, and C.J. Warde. The westinghouse sulfur cycle for the thermochemical 

decomposition of water. in 1st World Hydrogen energy conference. 1976. Miami Beach, Florida. 

[2] Kolb, G.J. and R.B. Diver, Screening Analysis of Solar Thermochemical Hydrogen Concepts, in SANDIA 

Report. 2008, SANDIA National Laboratories. p. 28. 

[3] Thomey, D., et al., Development and test of a solar reactor for decomposition of sulphuric acid in 

thermochemical hydrogen production. International Journal of Hydrogen Energy, 2012. 37(21): p. 16615-

16622. 

[4] Gorensek, M.B. and W.A. Summers, Hybrid sulfur flowsheets using PEM electrolysis and a bayonet 

decomposition reactor. International Journal of Hydrogen Energy, 2009. 34(9): p. 4097-4114. 

[5] Bayer Botero, N., et al., Process Design and Engineering of the Solar Hybrid Sulphur Cycle, in WHEC 20th 

World Hydrogen Energy Conference. 2014: Korea. 
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Experimental characterization of an aerosol reactor for H2O and CO2 splitting 

Michael Welte1, Jonathan Scheffe2, Aldo Steinfeld1 

1 Department of Mechanical and Process Engineering, ETH Zurich, 8092 Zurich, Switzerland 
2 University of Florida, Dept. of Mechanical and Aerospace Engineering. 231 MAE-A Building, P.O.Box 116250, 

Gainsville, FL 32611-6250 

mwelte@ethz.ch 

 

 

CeO2 is the state of the art reactive intermediate used in two-step solar thermochemical cycles for 

solar fuel production. The first step consists of a high temperature reduction (CeO2 → CeO2-δ, Tred 

> 1673 K) and is followed by a separate oxidation step (Tox < 1273 K) with water and/or carbon di-

oxide to produce hydrogen and/or carbon monoxide. We have recently demonstrated the feasibility 

of a particle reactor concept for the high temperature endothermic reduction step of this cycle [1]. It 

is based on aerosol flow of ceria particles through an externally heated tubular reactor counter to an 

inert sweep gas flow. This concept affords the ability to isothermally operate the reduction reactor, 

efficiently heat ceria particles, provides rapid kinetics and offers the potential to decouple reduction 

and oxidation reactors for 24/7 fuel production. 

 

In this talk we present a study of the effect of increasing ceria mass flux and purge gas flowrate on 

the final reduction extent. Ceria particles with a uniform distribution of ~152 μm were reduced with 

varying gas velocities for ceria mass fluxes of up to 2.4 kg m-2 s-1. We observed for all investigated 

gas flow rates a monotonic decrease of the reduction extent with increasing mass flux. An increase in 

the purge gas flowrate resulted in an increased reduction extent up to 1000 sccm. A further increase 

showed no beneficial effect. These results together with a 1D heat and mass transfer model indicate 

that the final reduction extent is limited by the local oxygen concentration for gas flow rates up to 

1000 sccm and low ceria mass fluxes. 

 

References: 

[1] Scheffe, J.R., M. Welte, and A. Steinfeld, Thermal Reduction of Ceria within an Aerosol Reactor for H2O and 

CO2 Splitting, Industrial & Engineering Chemistry Research, 2014, 53(6), 2175-2182 
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Design Principles of Perovskites for Thermochemical Oxygen Separation  

M. Ezbiri,a,b K. M. Allen,a,‡ M. E. Gàlvez,b,§ R. Michalskyb and A. Steinfeldb 

a Solar Technology Laboratory, Paul Scherrer Institute, 5232 Villigen-PSI, Switzerland 
b Department of Mechanical and Process Engineering, ETH Zurich, 8092 Zurich, Switzerland 

‡ Present address: Sandia National Laboratories, Livermore, California 94550, USA 
§ Present address: Institut Jean Le Rond D’Alembert, Université Pierre et Marie Curie, 78210 Saint-Cyr-l’École, 

France 

miriam.ezbiri@psi.ch 

 

 

Separation and concentration of O2 from gas mixtures is central to several sustainable energy tech-

nologies, such as solar-driven synthesis of liquid hydrocarbon fuels from CO2, H2O and concentrated 

solar energy.1-3 The outflowing inert gas of this solar fuel production cycle contains oxygen and its 

recycling introduces an energy penalty in the overall process. This project seeks to thermochemically 

separate dilute oxygen from inert gas using waste heat derived from the solar reactor. This is achieved 

via a parallel redox cycle,4 using nonstoichiometric perovskite materials that are thermally reduced 

in air at temperatures below 600°C and subsequently re-oxidized with the oxygen-containing inert 

gas stream. A thermochemical rationale is introduced for designing metal oxide redox materials for 

separating O2 with low-grade process heat. Electronic structure calculations show that the activity of 

oxygen vacancies in metal oxides pinpoints the ideal oxygen exchange capacity of perovskite-based 

redox materials. Thermogravimetric analysis and high-temperature X-ray diffraction for SrCoO3-δ, 

BaCoO3-δ and BaMnO3-δ perovskites and Ag2O and Cu2O metal oxide references confirm the pre-

dicted superior performance of SrCoO3-δ, reaching an oxygen exchange capacity of 44 mmol O2 per 

mol SrCoO3-δ and an oxygen exchange rate of 12.1 µmol O2 min-1 g-1 at 600-900 K. The redox trends 

are understood due to lattice expansion and the extent of electronic charge transfer.5 

 

References: 
 

[1] D. Gstoehl, A. Brambilla, L. O. Schunk and A. Steinfeld, J Mater Sci, 2008, 43, 4729-4736. 

[2] P. G. Loutzenhiser and A. Steinfeld, Int J Hydrogen Energ, 2011, 36, 12141-12147. 

[3] J. R. Scheffe and A. Steinfeld, Energy & Fuels, 2012, 26, 1928-1936. 

[4] M. Hänchen, A. Stiel, Z. R. Jovanovic and A. Steinfeld, Ind Eng Chem Res, 2012, 51, 7013-7021. 

[5] M. Ezbiri, K. M. Allen, M. E. Gàlvez, R. Michalsky and A. Steinfeld, submitted to Energy Environ Sci, 2015. 
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Redox kinetics of Zr+4 and Sm+3 doped ceria used for thermochemical hydrogen 

production 

N. Knoblauch1, M. Schmücker1, F. Seeliger1, L. Dörrer2, P. Fielitz2, G. Borchardt2 

1 German Aerospace Center DLR, Institute of Material Research, Linder Höhe, 51147 Cologne, Germany 

2 TU Clausthal, Institute of Metallurgy, Robert-Koch-Str. 42, 38678 Clausthal-Zellerfeld, Germany 

Nicole.Knoblauch@dlr.de 

 

Redox kinetics of Zr+4 and Sm+3 doped CeO2, synthesized via Pechini method, have been investigated 

in view of thermochemical hydrogen production. X-ray diffraction (XRD) of the starting material 

indicates that single phase solid solutions with fluorite structure were formed. Due to doping elements 

the lattice constant changed in the expected range. The microstructure and the molar ratio were ana-

lyzed by scanning electron microscopy (SEM) equipped with energy dispersive spectrometry (EDS). 

Thermogravimetric measurements (TG) were performed on sintered pellets and porous samples be-

tween 1543 and 1753K at various oxygen partial pressures. The TG data suggest that doping with 

Zr+4 enhances the reduction of CeO2 due the shift of equilibrium to lower temperature. Doping with 

Sm+3 does not improve the reduction behavior but seems to affect re-oxidation kinetics. A high po-

rosity lowers the characteristic time constant τ of the mass change during reduction.  

In the case of the water splitting reaction the porosity of the sample is very important. The hydrogen 

production rate of dense pellets is significantly slower as compared to powder samples. Furthermore 

O2 impurities of carrier gas and steam are found to be crucial for hydrogen production. The XRD 

investigations indicate a structural evolution of CeO2-δ at high reduction state leading to the formation 

of a second phase. These phase might be stabilized by Zr+4 and hinder the following oxidation with 

steam. Moreover a calculation of kinetic parameters based on the TG data and SIMS profile suggest 

that the reduction as well as oxidation is surface reaction controlled [1].  

References: 
[1] N. Knoblauch, L. Dörrer, P. Fielitz, M. Schmuecker and G. Borchardt, Surface controlled reduction kinetics of 

nominally undoped polycrystalline CeO2, Phys. Chem. Chem. Phys., 2015, DOI: 10.1039/C4CP05742B  
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Oxygen nonstoichiometry and thermodynamic properties of 5% Zr-doped ce-

rium dioxide at elevated temperatures 

Michael Takacs1, Jonathan R. Scheffe1, Aldo Steinfeld1 

1 Department of Mechanical and Process Engineering, ETH Zurich, 8092 Zurich, Switzerland. E-mail: 

takacsm@ethz.ch, Telephone: +41-44-633-8343. 

takacsm@ethz.ch 

Solar-driven thermochemical redox cycles utilizing nonstoichiometric metal oxides are capable of 

splitting H2O and CO2 to produce H2 and CO (syngas), the precursors to the catalytic synthesis of 

conventional liquid fuels [1, 2]. Ceria is currently considered a state-of-the-art material because it 

displays rapid oxidation and reduction kinetics and is morphologically stable over a range of temper-

atures and reduction extents [3]. Since the reduction extent of ceria is generally lower than those 

obtained by other appropriate redox materials (e.g. ferrite, zinc oxide), its specific fuel production per 

mass is low [3, 4]. This has a direct implication on efficiencies because they are largely dictated by 

the ratio of fuel produced to that of the thermal energy required to heat the oxide between oxidation 

and reduction steps. Therefore, in an attempt to increase reduction extents, 4+ valence dopants such 

as Zr4+ [5-7] and Hf4+ [5, 8] are often introduced into the ceria lattice.  

Our work encompasses the thermodynamic characterization and critical evaluation of Zr4+ doped ce-

ria, a promising redox material for the two-step solar thermochemical splitting of H2O and CO2 to H2 

and CO. As a case study, we experimentally examine 5 mole-% Zr4+ doped ceria and present oxygen 

nonstoichiometry measurements at elevated temperatures ranging from 1573 K to 1773 K and oxygen 

partial pressures ranging from 4.50×10-3 atm to 2.3×10-4 atm, yielding higher reduction extents com-

pared to those of pure ceria under all conditions investigated, especially at the lower temperature 

range and at higher pO2. In contrast to pure ceria, a simple ideal solution model accounting for the 

formation of isolated oxygen vacancies and localized electrons accurately describes the defect chem-

istry. Thermodynamic properties are determined, namely: partial molar enthalpy, entropy, and Gibbs 

free energy. In general, partial molar enthalpy and entropy values of Zr4+ doped ceria are lower. The 

equilibrium hydrogen yields are subsequently extracted as a function of the redox conditions for do-

pant concentrations as high as 20%. Although reduction extents increase greatly with dopant concen-

tration, the oxidation of Zr4+ doped ceria is thermodynamically less favorable compared to pure ceria. 

This leads to substantially larger temperature swings between reduction and oxidation steps, ulti-

mately resulting in lower theoretical solar energy conversion efficiencies compared to ceria under 

most conditions. In effect, these results point to the importance of considering oxidation thermody-

namics in addition to reduction when screening potential redox materials.  

 
[1] Smestad, G.P. and A. Steinfeld, Review: Photochemical and Thermochemical Production of Solar Fuels from H2O and CO2 Using Metal 

Oxide Catalysts. Industrial & Engineering Chemistry Research, 2012. 51(37): p. 11828-11840. 

[2] Romero, M. and A. Steinfeld, Concentrating solar thermal power and thermochemical fuels. Energy & Environmental Science, 2012. 

5(11): p. 9234-9245. 

[3] Chueh, W.C. and S.M. Haile, A thermochemical study of ceria: exploiting an old material for new modes of energy conversion and CO2 

mitigation. Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 2010. 368(1923): p. 

3269-3294. 

[4] Scheffe, J.R. and A. Steinfeld, Oxygen exchange materials for solar thermochemical splitting of H2O and CO2: a review. Materials Today, 

2014(0). 

[5] Scheffe, J.R., et al., Synthesis, Characterization, and Thermochemical Redox Performance of Hf4+, Zr4+, and Sc3+ Doped Ceria for 

Splitting CO2. The Journal of Physical Chemistry C, 2013. 117(46): p. 24104-24114. 

[6] Kuhn, M., et al., Structural characterization and oxygen nonstoichiometry of ceria-zirconia (Ce1−xZrxO2−δ) solid solutions. Acta 

Materialia, 2013. 61(11): p. 4277-4288. 

[7] Hao, Y., C.-K. Yang, and S.M. Haile, Ceria–Zirconia Solid Solutions (Ce1–xZrxO2−δ, x ≤ 0.2) for Solar Thermochemical Water Splitting: A 

Thermodynamic Study. Chemistry of Materials, 2014. 26(20): p. 6073-6082. 

[8] Meng, Q.-L., et al., Reactivity of CeO2-based ceramics for solar hydrogen production via a two-step water-splitting cycle with 

concentrated solar energy. International Journal of Hydrogen Energy, 2011. 36(21): p. 13435-13441. 
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Generic reactor model for thermochemical syngas production incorporating 

solid-phase heat exchange in a counter-flow arrangement 

C. Falter1, A. Sizmann1, R. Pitz-Paal2 

1 Bauhaus Luftfahrt, Willy-Messerschmitt-Str. 1, 85521 Ottobrunn, Germany, +49-89 307 48 49 39 (C. Falter) 
2
 Deutsches Zentrum für Luft- und Raumfahrt (DLR), Institut für Solarforschung, 51147 Köln-Porz, Germany 

christoph.falter@bauhaus-luftfahrt.net 

  

With regard to the thermodynamic limit, further technological advances can be made in reactor design 

and the most efficient reactor concept, also from a practical standpoint, has yet to be found. Further 

research on reactor concepts and the associated mechanisms influencing efficiency is thus required.  

A model is presented that analyzes a two-step thermochemical cycle incorporating heat recuperation 

in a counter-flow arrangement. Between reduction and oxidation chambers, a number of heat ex-

changer chambers allows for radiative heat transfer between reduced and oxidized material moving 

in opposite directions. The chambers are separated to avoid gas cross-over and vacuum pumps reduce 

the oxygen partial pressure in the reduction chamber and in the heat exchanger chambers. As the 

oxidant CO2 is supplied in excess to the oxidation chamber, gas separation of CO and CO2 is taken 

into account. Heat is assumed to be recuperated from the gases leaving the reactor.  

The energy balance of the system is calculated to estimate energy conversion efficiencies and heat 

exchanger efficiencies as a function of reduction and oxidation temperatures, dimensions of the heat 

exchanger, residence time and oxygen partial pressure. Realistic energy requirements for the vacuum 

pump and CO/CO2-separation have a large impact and reduce the efficiency considerably, e.g. from 

30% at idealized conditions to 17% at reduction and oxidation temperatures of 1800 K and 1000 K, 

10-4 atm oxygen partial pressure and a heat exchanger efficiency of about 80%. The impact of a small 

number of heat exchanger chambers on the batch reactor concept is investigated and a comparison is 

performed between the operation with vacuum pumping, inert gases or their combination.   

Heat propagation through the reactive oxide is identified to be an important aspect of the heat ex-

change process and is modeled using the Rosseland diffusion approximation for radiative heat ex-

change and the modified three-resistor model to derive the effective thermal conductivity of a porous 

solid. For an RPC structure, heat exchanger efficiency is reduced from 50% for the idealized propa-

gation to about 30% for a reactor with 8 heat exchanger chambers at a residence time of 10 seconds 

and the above mentioned reaction temperatures.  
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Design of a solar reactor for thermochemical splitting of  

water and CO2 via the ceria redox cycle 

Daniel Marxer1, Philipp Furler1, Aldo Steinfeld1 

1Department of Mechanical and Process Engineering, ETH Zurich, 8092 Zurich, Switzerland 

dmarxer@ethz.ch 

 

The solar thermochemical splitting of CO2 and H2O is performed via the two-step ceria redox cycle. 

We have demonstrated the production of H2 from H2O, CO from CO2, and syngas by simultaneously 

splitting a mixture of H2O and CO2 using a non-optimized cavity-type reactor prototype.[1-4] Here 

we present the design of a “generation 2” solar reactor which addresses several challenges encoun-

tered with the first reactor prototype. In particular the new design features an improved cavity geom-

etry for more homogeneous flux distribution on the directly irradiated ceria structure. The flow con-

figuration was modified for more efficient O2 removal and reactant gas supply, and to avoid back-

flow from the cavity to the reactor front. Further we present thermodynamic calculations that high-

light the potential to increase the solar-to-fuel energy conversion efficiency by applying vacuum 

pumping instead of inert gas purging to reduce the oxygen partial pressure during the first reduction 

step.  

 

References: 

[1] Chueh, W.C., et al., High-Flux Solar-Driven Thermochemical Dissociation of CO2 and H2O Using 

Nonstoichiometric Ceria. Science, 2010. 330(6012): p. 1797-1801 

[2] Furler, P., et al., Syngas production by simulataneous splitting of H2O and CO2 via ceria redox reactions in a 

high-temperature solar reactor. Energy & Environmental Science, 2012. 5: p. 6098-6103. 

[3] Furler, P., et al., Solar Thermochemical CO2 Splitting Utilizing a Reticulated Porous Ceria Redox System. 

Energy & Fuels, 2012. 26(11): p. 7051-7059. 

[4] Furler, P., et al., Thermochemical CO2 Splitting via redox cycling of ceria reticulated foam structures with 

dual-scale porosities. Physical Chemistry Chemical Physics, 2014. 16(22): p. 10503-10511. 
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The Mechanism and Kinetics of Solid Zn Oxidation by CO2 

in the Presence of ZnO 

David Weibel1, Di-An Tian1, Zoran R. Jovanovic1, Aldo Steinfeld1 

1 Department of Mechanical and Process Engineering, ETH Zurich, Zurich, Switzerland 

weibeld@ethz.ch 

The two-step thermochemical redox cycle based on zinc oxide is a promising approach for producing 

renewable H2 and/or CO (syngas) from solar power. In a first reduction step ZnO is thermally disso-

ciated into a gaseous mixture of Zn and O2 using concentrated solar radiation. These products are 

then quenched rapidly to yield a Zn-ZnO mixture as the solid product called “solar Zn”. The solar Zn 

is then re-oxidized in a second, non-solar oxidation step by CO2 and/or H2O (steam) to produce syn-

gas. In this work we explore the reaction mechanism and kinetics of the second oxidation step. 

Previous work has shown a positive effect of a high Zn to ZnO conversion and a low oxidation tem-

perature on the solar-to-fuel energy conversion efficiency. Achieving a high conversion of pure me-

tallic Zn below its melting point (420°C) is not possible because the produced ZnO rapidly passivates 

the Zn surface. In contrast, solar Zn was found to convert completely at temperatures as low as 400°C. 

[1] The latter has been attributed to an additional reaction path according to which Zn sublimates 

from the surface of Zn particles and reacts on the ZnO surface. Since the ZnO product forms on the 

ZnO surface, the Zn surface remains exposed thus the supply of Zn to the reaction site is not impaired. 

[2] The oxidation of solar Zn with CO2 and H2O below 420°C is thus considered a viable route for 

the efficient production of syngas. 

In order to select and design a gas-solid reactor for this reaction a kinetic model based on detailed 

understanding of the reaction mechanism is necessary. The complexity of the mechanism arises from 

the two parallel reaction paths: 1) the direct Zn surface oxidation by CO2 producing passivating ZnO 

scale and 2) the sublimation of Zn from the surface of the Zn particles and its gas phase migration 

followed by the deposition and/or reaction with CO2 on the ZnO surface. A general kinetic model 

thus needs to consider 1) the rate of Zn surface passivation, 2) the rate of Zn sublimation, 3) the 

decrease in reactive Zn surface area as consequence of both passivation and sublimation, 4) the gas 

phase migration of Zn and CO2 to the reaction sites, 5) the rate of Zn oxidation on the ZnO surface, 

and 6) the change in ZnO surface area with time. Based on different assumptions several simplified 

scenarios were considered and tested on experimental data. 

Modelling the Zn(g) concentration gradients between the Zn surface and the ZnO surface, acting as 

Zn(g) source and Zn(g) sink, respectively, was found to be important. This gradient creates a diffu-

sional driving force for Zn sublimation and becomes steeper as the ZnO/Zn ratio increases. As Zn 

sublimation becomes more dominant, the effect of the Zn surface passivation diminishes and higher 

conversions are attained. This mechanism reflects the experimentally observed effect of ZnO on the 

Zn conversion well. 
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In solar reforming an endothermic reaction of natural gas with water and/or carbon dioxide to syngas 

is fuelled with concentrated solar power. Hence in this process, the solar energy is  converted into 

chemical energy. Aiming at a possibility to decouple solar energy utilization from the location and 

time of its supply, solar reforming of natural gas has been investigated in several research projects 

since the late 1980s. In those past projects, a number of different solar reforming concepts were 

proven technically feasible. One of the proposed concepts for solar reforming is the indirectly heated 

solar reformer, where a heat transfer fluid (HTF) is heated in a solar receiver in order to subsequently 

heat a reforming reactor. The main benefit is that such a plant consists of available process units, 

hence it is technically easily feasible. Furthermore, it allows good process control and implementation 

of heat storage and co-firing of additional fuel. 

In the present work, an indirectly heated solar reforming process using air as HTF is modelled and 

analyzed. In previous simulations the importance of a receiver’s ability to efficiently provide heat at 

temperatures well above 800 °C was shown [1]. In the current study, the subsequent utilization of the 

product syngas in a methanol synthesis is included in the process model and the overall process is 

optimized. Advanced air receivers are implemented into the process model in order to determine their 

ability to enhance process performance. Eventually, the efficiency potential of the process with suit-

able receivers is assessed. 

As a byproduct, a part of the energy of the process is converted into electricity. The value of methanol 

and electricity cannot be compared by energetic evaluation in a meaningful way because methanol is 

primarily a feedstock in the chemical industry, rather than an energy carrier. Methanol yield and 

electricity generation are competing products in this process. Therefore, an evaluation scheme is de-

veloped to allow for an unambiguous optimization and assessment of the process regarding the effi-

ciency of solar energy utilization in the process. 
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Aided Chemical Engineering, Elsevier, 2014, pp. 459-464. 
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In the research area of solar driven thermochemical reactions the field of solar gasification has been 

covered by multiple projects [2]. More than a dozen solar gasification reactor designs were developed 

and investigated over the last few decades. Typically the concentrated solar radiation is efficiently 

absorbed in cavity shaped reactors, achieving high temperatures [1,2]. For the process of steam gasi-

fication high temperatures (>1’000°C) are essential for fast reaction kinetics and for obtaining high 

quality syngas. Two different heat transfer modes for the absorption of the concentrated solar radia-

tion are currently discussed. Either the radiation is absorbed directly by the feedstock at the reaction 

site or it is absorbed by an opaque absorber cavity. In the latter case the heat conducts through the 

cavity walls before it reaches the reactor chamber. Directly irradiated reactors feature high heat trans-

fer rates, because the absorption and reaction are at the same site. However it implies the use of a 

transparent window where light can propagate through. The window needs to be protected from par-

ticles and it is problematic when scaling-up. Indirectly irradiated reactors are less efficient in terms 

of energy conversion but are, because of their design, more robust. The talk will focus on a directly 

irradiated vortex flow reactor [1], which is transformed into an indirectly irradiated reactor. The fea-

sibility of an indirectly irradiated continuous flow reactor is demonstrated. Based on experimental 

results the performances of the two reactor technologies are compared. 

 

References: 

[1] A. Z’Graggen, P. Haueter, D. Trommer, M. Romero, J.C. de Jesus and A. Steinfeld Hydrogen production by 

steam-gasification of petroleum coke using concentrated solar power- ii reactor design, testing, and modeling, 

International Journal of Hydrogen Energy, 2006, 31(6), 797-811 

[2] N. Piatkowski, C. Wieckert, A.W. Weimer and A. Steinfeld Solar-driven gasification of carbonaceous feed-

stock – a review, Energy & Environmental Science, 2011, 4(1), 73-82 

  



18 

Thermal recycling of Waelz oxide using concentrated solar energy – Experi-

mental investigation with a 10 kWth packed-bed solar reactor 

Nikolaos Tzouganatos1, Reto Matter2, Christian Wieckert1, Jürgen Antrekowitsch3, 

Michael Gamroth4, Aldo Steinfeld2 

1Solar Technology Laboratory, Paul Scherrer Institute, 5232 Villigen, Switzerland 
2Department of Mechanical and Process Engineering, ETH Zurich, 8092 Zurich, Switzerland 

3Department of Metallurgy, Montan University, 8700 Leoben, Austria 
4Befesa Steel Services GmbH, 47269 Duisburg, Germany 

 

nikolas.tzouganatos@psi.ch 

The dominating conventional Zn recycling process is the so-called Waelz process [1]. Waelz ox-

ide (WOX), containing 55-65 % Zn in oxidic form, is mainly derived from electric arc furnace dust 

(EAFD) generated during steel recycling. After its wash treatment to separate off chlorides, WOX is 

used along with ZnS from ores for the production of high-grade Zn.  

In the present work alternative cleaner process routes for the purification of WOX and production of 

Zn are experimentally investigated using concentrated solar power to supply the high-temperature 

process heat [2]. The first process considered is the solar-driven thermal purification of crude WOX 

via volatilization at temperatures in the range of 1000-1285oC -referred as ‘‘solar clinkering’’- to 

yield clinkered WOX, which has higher Zn content than washed WOX (>80 wt.% ZnO) and can be 

used as feedstock for the carbothermal production of zinc. The second process considered is the solar-

driven carbothermal reduction of clinkered WOX. 

Experimentation was carried out at Paul Scherrer Institute’s high-flux solar simulator (HFSS) [3] with 

a 10 kWth packed-bed solar reactor. Solar purification of WOX at above 1265 oC reduced the amount 

of impurities below 0.1 wt.%. Solar carbothermal reduction of clinkered WOX using biocharcoal as 

reducing agent in the temperature range 1170-1320 oC yielded 90 wt.% Zn. 
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The freshwater resources are diminishing due to two main reasons : the significant increasing of water 

consumption and the pollution spreading of resources. Therefore, water depollution has become a 

critical issue over the last decade. Wastewater Treatment Plants (WWTP) have been scaled up to 

address this problem, mainly to biologically treat sewage water, which accounts for 90% of reduction 

in wastewater. Therefore, biorecalcitrant pollutants remain within the treated waters and require the 

use of complementary biological treatment techniques. New processing techniques have emerged to 

degrade effectively these persistent pollutants, as well as coping with the different legislation updates 

[1]. Among these new techniques, the Advanced Oxidation Processes (AOPs), which produce ex-

tremely reactive radical species, allow the mineralization of non-selective pollutants [2]. Solar heter-

ogeneous photocatalysis, which is part of the AOPs family is used for the treatment of bio-recalcitrant 

organic molecules. Similarly to the other AOPs, this process allows the mineralization of a large 

amount of organic pollutants thanks to the production of hydroxyl radicals. In the frame of heteroge-

neous photocatalysis, the highly oxidative species are produced by a semi-conductor under solar ir-

radiation thus enabling to obtain a complete mineralization. The main problem of such catalysts is 

related to their spectral ranges of absorption limited to the field of ultraviolet, that is only 5% of the 

solar spectrum [3].  

To address this problem, our study implements photosensitive nanocatalysts which may absorb the 

UV and visible radiation. To achieve this goal, we synthesized nanopowders (Zn1-xMxO) where M is 

: Ca, Al, Li, V, In, Co, P using the sol–gel method followed by supercritical drying. For the nanocris-

tallines powder Zn1-xCaxO (0 ≤ x ≤ 0.20), a detailed study of the structural and morphological prop-

erties was carried out by SEM, TEM and XRD. Our results highlight that they have a cylindrical form 

and crystallize in the wurtzite hexagonal structure, with a grain size between 20 and 40 nm. 

Our work aims at efficiently synthesizing nanoparticles in order to increase their photocatalytic per-

formance under solar irradiation. A photocatalytic measurement bench has been used to optimize the 

photocatalytic performance of the elaborated nanoparticles in the UV and visible field. The sol-gel 

process and the measurements of photocatalytic performances were optimized on suitable catalysts. 

The results show that the nanoparticles of Zn1-xCaxO are a promising photocatalyst for x = 0.1. More-

over, an important experimental work is conducted on catalysts to determine the correlation between 

the optical gap of nanoparticles and their ability to produce radicals. 
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The implementation and monitoring of High Flux/High Temperature processes require the develop-

ment of appropriate solar reactors that should withstand demanding operational conditions, minimiz-

ing thermal losses and favoring mass and heat transfer in the sample. 

The aim of this work is to design and characterize a reactor used at IMDEA Energy in multiple ap-

plications such as: chemical reactions (solar chemistry), thermochemical process or studies about 

strength and attrition of different materials.  

Mean features of the reactor and test bed are: samples are directly irradiated and heated by incoming 

concentrated radiation provided by a high-flux solar simulator; the cavity includes a quartz glass 

window with high transmittance; rotating cavity promotes good mass and heat transfer as well as high 

reactive surface area; ceramic tube and insulation in order to minimize heat loss; stainless steel hous-

ing for providing gas tightness and supporting measuring devices. Optical simulations combined with 

experimental tests show 1kW of incident power at the test area of the cavity located at the focus of 

the solar simulator. 

This work presents an optical and thermos-mechanical design, construction and hydrodynamic and 

thermal characterization of a solar rotary reactor tested in a high flux solar simulator (7kWe).  
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Figure 2. Rotary kiln and solar simulator Figure 1. Front view of rotary kiln aperture 
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A better evaluation of the material behavior for CSP applications, such as high temperature steels or 

ceramics, will help users develop higher performance materials for higher efficiency of the process 

and lead to better estimations of the operating cost of innovative CSP plants such as towers with 

pressurized air turbines. 

To assess the mechanical suitability and the lifetime of the CSP key components as solar receivers is 

essential to known their ability to sustain mechanical stresses induced by the high thermal gradients 

(spatially and temporally).  

However, the in-situ and non-destructive investigation of the thermo-mechanical behavior under con-

centrated solar irradiation is an uneasy task that has been rarely conducted.  

Therefore, this thesis aims for define and experimentally validate new methodologies for comparative 

evaluation of the ability of high temperature CSP receiver materials to sustain cyclic thermal gradient. 

A solar facility test will be developed to allow cracks tracking and location by acoustic measurements. 
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The kinetics of CO2 reduction over pristine ceria, a material of high potential for thermochemical 

conversion of sunlight to fuel, has been investigated for a wide range of nonstoichiometries, temper-

atures (693 ≤ T ≤ 1273 K) and CO2 concentrations. Samples were reduced thermally at 1773 K to 

probe low nonstoichiometries (δ < 0.05) and chemically at lower temperatures in a H2 atmosphere 

to prevent particle sintering and probe the effect of higher nonstoichiometries (δ < 0.25). Interest-

ingly, we find that during chemical reduction extents greater than δ = 0.2, oxidation rates at a given 

nonstoichiometry are hindered for the duration of the reaction, presumably due to near order 

changes such as lattice compression as confirmed via Raman Spectroscopy. Importantly, this behav-

iour is reversible and at lower nonstoichiometries oxidation rates are not affected. Following ther-

mal reduction at very low nonstoichiometries however, oxidation rates are an order of magnitude 

slower than chemically reduced samples and rates monotonically increase with the initial reduction 

extent (up to δ = 0.05). This dependence may be attributed to the formation of stable defect com-

plexes formed between oxygen vacancies and polarons. Performing the same experiments with 10 

mol-% Gd3+ doped ceria, where defect complexes are less prevalent than in pure ceria, this depend-

ence is not observed. 
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Biomass is a renewable energy source that can partly relieve the energy crisis and environmental 

problems. Pyrolysis is one of the most attractive processes to convert biomass into economically 

renewable intermediates [1]. As pyrolysis is an endothermic thermochemical process, external heat 

is required. In standard pyrolysis, the heat is obtained by combustion of fossil fuel or of part of the 

initial biomass, which reduces the energy efficiency and increases the pollution discharge [2]. For 

avoiding the disadvantage of standard pyrolysis, concentrated solar energy can be used to provide the 

heat for pyrolysis reactions: the biomass directly absorbs the heat from concentrated solar energy thus 

resulting in fast (or rapid) pyrolysis, producing gases, tar and char. The anticipant relative amount of 

each product can be obtained by adjusting the operating parameters. The major operating parameters 

include temperature, sweep gas flow rate, heating rate and pressure [3]. 

The main objective of this study was to investigate the influence of pyrolysis parameters on product 

yields and then to develop regression models from experimental results. Beech wood was used as 

biomass sample. Variables investigated were pyrolysis temperature ranging from 600 to 2000°C, ar-

gon flow rate ranging from 3 to 12NL/min, heating rate ranging from 5 to 450°C/s and pressure 

ranging from 0.04 to 0.13Mpa. Firstly, the influence of any single factor among them on product yield 

was analyzed, and unitary regression models were constructed. Secondly, sensitiveness analysis of 

model results in relation to a single factor (temperature, argon flow rate, heating rate or pressure) was 

carried out to determine the most influential factors. Thirdly, the effect of several factors (the most 

influential ones) on product was analyzed, and multiple regression models were deduced. Finally, the 

model results and measurement data (not used to derive the regression models) were compared to 

check the multiple models accuracy. The unitary regression models were investigated with gas, tar or 

char yield as a dependent variable, and single factor as independent variable. For multiple regression 

models, the dependent variables were the same as for unitary regression models, and the independent 

variables were the combination of the most influential single factors. 

Cooperation with Ange’s team in University of Toulouse, CHNS analysis, Scanning electron micros-

copy analysis, X-ray diffractometry, and Brunauer-Emmett-Teller adsorption were employed to in-

vestigate the effect of temperature and heating rate on char composition, structure and reactivity. 
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A concrete possibility of obtaining an actually carbon free fuel is represented by hydrogen production 

through water splitting thermochemical cycles powered with renewable energy . One of the most 

promising thermochemical cycles proposed in the literature is the Hybrid Sulfur (HyS) cycle [1]. As 

all cycles of the sulfur family, HyS allows to obtain the decomposition of water into hydrogen and 

oxygen through set of reactions reported in Fig. 1 

 

H2SO4 ⇄ SO3 + H2O                    T>850°C 

 

SO3 ⇄ SO2 + ½ O2                           

 

SO2 + 2H2O ⇄ H2SO4 + H2          T<100°C 

 

H2O ⇄½ O2 + H2 

 

 
Figure 1: Reaction set and simplified block diagram of the SOL2HY2 Hybrid Sulfur process. 

 

HyS was originally conceived to use continuous high temperature waste heat from nuclear plants as 

thermal input. The SOL2HY2 project (FP7 FCH-JU) aims a developing a solar-powered version of 

the HyS cycle, by using concentrated solar power (CSP) to fulfil the heat demand of the chemical 

hydrogen production plant (Fig.1). Within the framework of the SOL2HY2 project, this works aims 

at addressing some of the technological challenges involved in the solar powered HyS cycle. More 

specifically, this work is focused on 

 development of the catalyst for the sulfuric acid decomposition reaction, with regards to the 

analysis of reaction kinetics and development of reactor models;  

 study of processes and flowsheet solutions for SO2-O2 separation which can be efficiently, 

safely and conveniently implemented in the solar-powered HyS plant. This study includes 

both more consolidated and mature technologies, such as water absorption, and more inno-

vative solutions that still require significant development. Among these, the use of ionic liq-

uids, recently  proposed as a possible more efficient alternative to water for SO2 absorption 

in the HyS process [2], seems particularly promising. Furthermore, the use of Ionic liquid 

supported membranes is very interesting because of the possibility of discontinuous operation, 

which may be required due to the intermittence of the solar energy input and issues related to 

high temperature heat storage. 
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We report the optical design of a novel 1500-sun solar dish collector for High Concentration Photo-

voltaic Thermal (HCPVT) applications which uses a combination of triple junction solar cells with a 

highly efficient micro-channel cooler, allowing to collect electric and thermal energy in tandem [1]. 

The concentrator design is unique in that it is based on an array of 36 elliptical facets where the 

concave focusing shape is obtained by deforming a silver-coated membrane (polymeric or metallic) 

clamped on the facet rim with a slight vacuum underneath its surface, thus approximating sections of 

a parabolic dish [2]. The facets are arranged in hexagonal packing around a central receiver assembly, 

forming a concentrator 8.4 m wide, with a focal length of 2.6 m, a rim angle of 80° and a projected 

active area of 40 m2. To avoid the complications implied with a single large dense array receiver, the 

primary geometry is subdivided into 6 segments, each composed of 6 facets and with a distinct focus 

in the concentrator center. As an additional advantage, such a configuration reduces the angular 

spread of the incoming rays on each focal region and allows for high re-concentration despite com-

parably large overall rim angles.  

A 1.5 m diameter, 18-facet, single-focus concentrator prototype has been designed and installed in 

Biasca, Switzerland. A system capable of on-sun measurements of the flux distributions in the focal 

plane of the primary concentrator as well as at the exit of a secondary, uniformizing stage was devel-

oped and deployed on the concentrator. A first measurement campaign has been carried out in Feb-

ruary 2015. The optical performance of the HCPVT prototype is presented in detail and compared to 

Monte Carlo ray-tracing simulations performed with an in-house code [3]. 
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Current 3D solar concentrators based on inflated membranes suffer from severe concentration limi-

tations beyond very small rim angles, and may need multiple facet designs to overcome these con-

straints [1]. In the standard single-membrane approach, a reflective film is clamped to a circular sup-

port frame and, successively, a vacuum is applied to deform it as close as possible to a parabolic 

shape. However, the shape obtained by this procedure, known as Hencky surface [2], is not parabolic, 

and using a this surface as an optical concentrator leads to serious spherical aberrations that can hardly 

be corrected by a secondary mirror [3].  

In this work, a series of approaches to improve the geometry of pressurized circular membranes and, 

therefore, their ability to approximate a parabolic shape are investigated with the goal of designing 

an affordable, high precision and lightweight solar concentrator. Simulations performed using finite 

element structural analysis and Monte-Carlo ray tracing show that materials reaching the plastic range 

during deformation perform particularly favorable due to a different strain distribution than in elastic 

materials. The beneficial effect of plastic deformation can be further enhanced if membranes are de-

formed more than in the intended final state and then released again. Simulations predict possible 

concentration increases by a factor 10 compared to purely elastic deformed membranes. 

In order to validate the simulated results a circular steel frame is built on which the different mem-

branes can be mounted. Two different highly reflective foils are chosen for analysis, namely alumi-

nized biaxially oriented PET and silvered aluminum. Whereas the former shows purely elastic be-

havior in the examined range of rim-angles up to 20°, the latter exhibits significant plastic defor-

mations. Photogrammetric scans of the membranes at different pressure levels precisely determine 

the resulting shapes. Comparing the two membranes in terms of vertical displacements and achievable 

concentration ratios, which are determined by means of Monte-Carlo ray tracing of the scanned sur-

faces, do confirm the effects predicted by the simulations. 

 

 

References: 

[1] G. Zanganeh, R. Bader, A. Pedretti, M. Pedretti, A. Steinfeld, A solar dish concentrator based on ellipsoidal 

polyester membrane facets, Sol. Energy, 2012, 86, 40-47. 

[2] H. Hencky, Über den Spannungszustand in kreisrunden Platten, Z. Math. Phys., 1915, 63, 311-317. 

[3] B. Meinel, H. Meinel, Inflatable membrane mirrors for optical passband imagery, Opt. Eng., 2000, 39-2, 541-

550. 

  



27 

Experimental evaluation of vacuum membrane distillation systems for seawater 

desalination and brine treatment using solar energy 

J. A. Andrés-Mañas1, A. Ruiz-Aguirre2, G. Zaragoza1 

1 CIEMAT - Plataforma Solar de Almería. Ctra. de Senés s/n, 04200 Tabernas, Almería, Spain. 
2 Universidad de Almería – CIESOL. Ctra. Sacramento s/n, 04120 La Cañada de San Urbano, Almería, Spain. 

Corresponding author: juanantonio.andres@psa.es 

The desalination of brackish water or seawater is considered as a solution to mitigate the problem of 

water scarcity worldwide. Membrane distillation (MD) is a novel technique that is being studied for 

desalination using renewable energy instead of fossil fuels, with ability to produce a very pure distil-

late from high concentrated sources using gentler operating conditions than ordinary distillation. 

Since 2010, Memsys has developed novel multi-effect membrane distillation modules for working in 

vacuum, which have been installed in commercial systems by Aquaver. These modules are composed 

of a steam raiser, several stages (effects where latent heat is reused serially from one stage to the next 

for evaporating more water), and a condenser. 

The feasibility of different commercially available prototypes of vacuum multi-effect membrane dis-

tillation (V-MEMD) has been evaluated using flat-plate solar thermal collectors as heat source. The 

system WTS-40A has a six-stage module and is tested at the CIEMAT – Plataforma Solar de Almería 

using simulated seawater, while the system WTS-40B is fed with real seawater from a beach well at 

the University of Almería, and is built with a four-stage module, with almost double capacity than 

the WTS-40A one. Two different ways for cooling in the condenser are presented. In WTS-40A an 

external cooling circuit with a separate cooling water flow is used for condensing the distillate, and 

in WTS-40B the fed saline water acts as a coolant in the condenser and is thus preheated. One part 

enters the module, while the other part is discarded with the brine. 

Performance parameters have been evaluated in the presented systems, in terms of the quality and 

productivity of the distillate and the specific energy consumption, based on the influence of opera-

tional variables such as temperature, feed flow rate and feed salinity. Real applications of V-MEMD 

are proposed for decentralized drinking water production in remote areas and for treatment of brines 

produced in reverse osmosis plants, especially in inland regions. Finally, an operational assessment 

is performed to identify the main weaknesses of the systems and appraise feasible solutions for them. 
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The increasing growth of human population and the industrial and agricultural activities, par-

ticularly in BRIICS (Brazil, Russia, India, Indonesia, China and South Africa) and Middle East coun-

tries, are causing a continuous increase in the water and electricity global demand. Besides, these 

areas of the world usually suffer from water scarcity and have, at the same time, high levels of solar 

irradiation. Therefore, the coupling of desalination with concentrating solar power plants (CSP+D) is 

a promising concept to meet the water and energy needs in such locations. Thermal desalination pro-

cesses, like multi-effect distillation with thermal vapor compression (MED-TVC), can be coupled to 

CSP plants using the high or low pressure steam from the turbines of the power cycle. The feasibility 

of this concept has already been proved by some authors [1-4]. 

This research work is focused in the analysis of the yearly operation of MED plants with 

thermal vapor compression (TVC) integrated into CSP plants, taking into account the effects of the 

solar irradiance variability and changes in the electricity and fresh water demand curves. For this 

purpose, a steady state model of a MED-TVC has been developed and validated with actual data [5]. 

This model has been used as a tool for the design of CSP+MED-TVC systems since it permits to 

choose the optimal integration between the power cycle and the desalination plant from an economic 

(heat transfer area minimization) and energetic point of view (maximum gain output ratio, GOR).  

References: 

[1] Palenzuela, P., Zaragoza, G., Alarcón-Padilla, D.C., Blanco, J., Simulation and evaluation of the coupling of 

desalination units to parabolic-trough solar power plants in the Mediterranean region, Desalination. Vol. 281 

(1) (2011) 379-387 

[2] Palenzuela, P., Zaragoza, G., Alarcón-Padilla, D.C., Guillén, E., Ibarra, M., Blanco, J., Assessment of different 

configurations for combined parabolic-trough (PT) solar power and desalination plants in arid regions,  En-

ergy. Vol. 36 (8) (2011) 4950-4958 

[3] Palenzuela, P., Zaragoza, G., Alarcón-Padilla, D.C., Blanco, J., Evaluation of cooling technologies of concen-

trated solar power plants and their combination with desalination in the mediterranean area, Applied Thermal 

Engineering. Vol. 50 (2) (2013) 1514-1521 

[4] Moser, M., Trieb, F., Fichter, T., Kern, J., Hess, D., A flexible techno-economic model for the assessment of 

desalination plants driven by renewable energies, Desalination and Water Treatment. In  press (2014) 

[5] C. Temstet, G. Canton, J. Laborie, A. Durante, Large high-performance MED plant in Sicily, Desalination, 

1996, Vol. 105 (1-2), pp. 109-114. 

  



29 

Treatment Strategy for Landfill Leachate Solar Remediation at Pilot Plant Scale 

L. Ponce-Robles1, I. Oller1, S. Malato1 

1Plataforma Solar de Almería-CIEMAT, Carretera de Senés Km 4, 04200 (Tabernas, Almería), Spain 

lponce@psa.es 

 

Landfill leachates, resulting from the percolation of water through solid waste, are considered one of 

the types of wastewater with the greatest environmental impact due to its recalcitrant nature. Leacha-

tes present considerable variations in both volumetric flow and chemical composition. The composi-

tion and concentration of contaminants are influenced by the type of deposited waste, the quality of 

refuse, hydrogeological factors and mainly by the age of landfill. Therefore, it is critical to find an 

adequate remediation strategy for such effluents. 

Technologies commonly used for leachate treatment are not efficient enough for elimination of re-

calcitrant compounds usually present in such wastewater. Strategies based on integrated chemical–

physical–biological processes must be studied as they can ameliorate drawbacks of individual pro-

cesses, improving the overall treatment efficiency. 

The objective of this work is defining the best treatment line for a specific landfill leachate remedia-

tion. With this aim, a three step treatment line is being studied:  first a physicochemical pre-treatment 

stage for reducing not only suspended solids but also color and turbidity; -after, an advanced chemical 

oxidation step based on solar photo-Fenton process or ozonation (O3/H2O2); in addition, toxicity and 

biodegradability tests throughout the oxidation treatments will let completing landfill leachate treat-

ment with a subsequent advanced biological process based on immobilized biomass reactor (IBR). 

Finally, the effect of using a nanofiltration system as the last step of the treatment line for improving 

the effluent quality will be assessed (target parameters will be studied as well as batch and continuous 

mode operation integrated with the IBR).  

For the first stage, Jar-test lab scale experiments have been carried out in order to determine the 

optimum conditions for removal of color, turbidity and organic matter, by optimizing coagulant-floc-

culant combination, effective dosage and pH control. Optimal operating conditions were directly ap-

plied to the pre-treatment of real landfill leachate at pilot plant scale. Afterwards a comparison be-

tween solar photo-Fenton and ozonation based processes has been performed not only from the tech-

nical but also from the economical point of view. 
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The arid and semi-arid zones of the world lack the necessary water to meet the requirements of socio-

economic development. Moreover, in the last decades, water scarcity has aggravated and continues 

increasing. Therefore, the demand of desalination technologies is growing rapidly. The development 

of medium size, autonomous and robust desalination units is needed to establish an independent water 

supply in remote areas. This is the motivation for research in alternative desalination processes. Mem-

brane distillation (MD) seems to meet the specific requirements very well. This work is focused on 

experimental studies on pilot scale MD-systems. Four different solar driven MD-systems are studied. 

Oryx 150 is a spiral wound module with permeate gap (PG) configuration with 7 m of channel length 

and a membrane surface area of 10 m2. Another two spiral wound modules are evaluated. In this case, 

these modules have an air gap (AG) configuration, one of them has a membrane with a surface area 

of 24 m2 and a length of the channel of 5 m and the other has a membrane surface area of 7.2 m2 and 

a length of the channel of 1.5 m. Longer channels and larger membrane surface area improve the 

internal heat recovery reducing the specific thermal energy demand, but decrease the distillate flux. 

Moreover, a prototype based on the vacuum multi-effect (VME) configuration is characterized. The 

module has a total membrane surface area of 5.76 m2 and six effects, in which the latent heat released 

by condensation of the vapour is used to evaporate the feed in the next effect. Finally, the vapour that 

has not been condensed passes through a condenser unit. A comparison between the systems is carried 

out taking into account the production and the specific thermal heat demand. Influence of different 

feed velocities, salinities, process temperatures and characteristics of the modules and membranes are 

considered, and the most suitable applications in each case are discussed.    
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Solar disinfection is one the simplest and cheapest methods for bacterial inactivation; it’s being ex-

tended in developing countries. It consists on the exposure of contaminated water under real sunlight 

during a minimum period of 6 hour. In spite of being a treatment widely used with different pathogens 

and under different operational conditions [1], the mechanism of inactivation is still unknown. Sev-

eral factors affect to the results of the inactivation as the UV intensity, the water matrix, the temper-

ature or the sensitivity of the target microorganism. The model presented in this work called 

SODIWA proposes that the bacteria inactivation is mainly due to the inactivation of the catalase 

enzyme by the effect of the UV photons action. The function of the catalase in the cell is to regulate 

the concentration of the hydrogen peroxide (H2O2) that is generated during the respiration process 

avoiding dangerous levels of this oxidant [2]. When bacteria are exposure under sunlight, the catalase 

is inactivated and the amount of H2O2 increases. Hydroxyl radicals (HO•) may be generated from the 

H2O2 by intra-cellular Fenton reactions. These radicals are very oxidant and they are capable to in-

teract with the bacteria cell conduced them to an intermediate damage stage. Several attacks of hy-

droxyl radicals to the damaged bacteria result in the final inactivation of bacteria. 

The kinetic constants of the SODIWA model have been calculated by iterations and optimization 

using MATLAB software. The model presented is a simple approach that takes into account only two 

macroscopic variables: the irradiance and the initial bacteria concentration. Experiments data results 

have taken from experiments of inactivation of E. coli in distilled water under controlled operational 

condition of solar exposure as constant irradiance and temperature below 40ºC. Experiments under 

real sunlight will be undertaken to validate the model afterwards. 

 

 

 

 

 

 
 

Figure 1. Conceptual flowchart of the procedure for estimating the intrinsic kinetic parameters 
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The inability of conventional municipal wastewater treatment plants (MWTPs) to fully eliminate re-

calcitrant organic contaminants has been a source of growing concern in recent years. The potential 

danger associated with the accumulation of micro contaminants in natural waters has led to the de-

velopment of advanced oxidation processes (AOPs). They are based on the generation of highly re-

active oxygen species (ROS), capable of degrading persistent chemical structures found in MWTP or 

industrial effluents.  

The Fenton process is one of the most well-known AOPs, based on the generation of reactive HO• 

via a redox reaction between Fe(II) and H2O2. At acidic pH , the resulting Fe(III) can form aqua-

complexes (mainly [Fe(H2O)5 (OH)]2+) that are photoactive in the UV-Vis region of solar radiation. 

Under illumination, Fe(II) is regenerated and the redox reaction can continue indefinitely in a process 

variant known as photo-Fenton.  

However, the aqua-complexes formed at higher pH values (as found in most wastewater effluents) 

tend to rapidly precipitate, thus stopping the process. Acidification of the effluent is therefore neces-

sary prior to application of photo-Fenton, subsequently followed by neutralization before environ-

mental release. An alternative to acidification is the use of complexing agents that are able to form 

photoactive Fe(III)-Ligand species that can maintain their solubility at a wider pH range. At the same 

time, some of them may exhibit higher photoactivity, leading to increased yield of radical species. 

Using EDDS (Ethylenediamine –N,N- disuccinic acid) as a model complexing agent, this work dis-

cusses the benefits and limitations of their use, both for the removal of microcontaminants in MWTP 

effluents as well as for the treatment of highly contaminated water streams (such as industrial or 

agricultural wastewater). 
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Direct Steam Generation (DSG) in parabolic troughs implies solving some questions concerning 

mainly the control strategy and other problems that can be handled by means of the numerical simu-

lation of these systems. These models can be addressed by focusing in any particular heat collector 

elements detailing some heat transfer mechanisms form the governing equations [1], or attempting to 

simulate the system as a whole by means of models based on correlations. The latter, implies using 

codes such as RELAP, CATHARE, or ATHLET [2]. Some preliminary studies have been published 

using RELAP5 [3], but simplifying the concentrated flux profile around the absorbers. The aim of 

this contribution is to introduce the capabilities of RELAP and detailing its model basis, assumptions, 

limitations and general capabilities. This introductory study it is essential to further DSG system sim-

ulations by means of this nuclear reactor code. 
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The use of single-phase heat transfer media (HTM) in linear concentrating solar thermal power plants 

remains of scientific interest, mainly, due to the benefits that could be gained by using molten salt 

(MS) [1]. One aspect is the higher thermodynamic efficiency resulting from the higher achievable 

temperature, as compared to oil-operated plants. Moreover, MS could be directly stored without the 

need for heat exchangers at the storage tanks. On the other hand, shut down and maintenance costs 

are significantly higher for solar fields with MS as the HTM. One reason is the damage caused by 

fluid solidification or tube corrosion as the fluid temperatures drop or rise beyond the safe limits [2]. 

A better understanding of the field could help avoiding such instances and it would be of benefit to 

improve the field control and, thus, increase the yield. 

The majority of transient models for parabolic trough power plants investigates a single loop like in 

[2] or considers a single representative loop to model the whole field as in [3]. This is mainly due to 

the complexity of the models and, consequently, the high computational effort and time needed for 

such models. Some transient models try to simulate the whole field, like in [4]. However, the model 

is still computationally expensive and includes too many assumptions related to the flow distribution 

in the parallel pipes. Throughout the course of this project, the development of a new transient model 

for a whole field in a fast and robust way is sought. The developed model applies techniques used for 

computing hydraulic networks combined with simple transient heat transfer models. The presence of 

such model could make modelling transient processes in parabolic trough power plants, like start-up 

procedures and response to passing clouds, more affordable. As a result, this could duly provide more 

information to the operators or control models to operate the field more efficiently. 
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Parabolic trough power plants with direct steam generation (DSG) are considered as a promising 

technology to increase the efficiency of solar thermal power plants. Recently, it is aimed to develop 

a reliable parabolic trough power plant with DSG which operates in the once-through concept [1]. 

Therefore the DISS test facility at the Plataforma Solar de Almería, Spain, has been extended and 

completely renewed to an overall length of 1000 m. Measurements with the newly installed thermo-

couples show thermal oscillations in the region of the mixture-vapor transition point. As a conse-

quence, undesirable thermal stresses occur and cause material fatigue. 

The overall objective is to obtain general knowledge about the flow behavior, certain flow phenomena 

and especially two-phase flow instabilities for this application. The present talk is focused on the flow 

phenomena of severe slugging which could be the explanation of the periodical movement of the 

mixture-vapor transition point as supposed by Rheinländer et al. [2]. In order to investigate severe 

slugging, numerical simulations are carried out with the code ATHLET which is applicable to solar 

thermal power plants with DSG [3]. ATHLET is an one-dimensional simulation code for water-steam 

flows and solves the flow equations separately for both phases in a transient manner. To understand 

the mechanism of severe slugging the simulation tool is applied to typical pipe geometries with severe 

slugging and finally to the geometry of a typical connection pipe of the renewed DISS test facility. 

Studies with the experimental setup of [4] confirm the use of ATHLET to analyze severe slugging. 

The results show a good agreement between simulation results for the period of the oscillation and 

the principal behavior of one cycle of severe slugging. Modifications in the geometry towards the 

geometry of a typical connection pipe indicate a higher period of severe slugging by larger pipe di-

ameters, larger overall pipe lengths and larger pressure losses after the riser section. Furthermore, 

severe slugging can be prevented by operating at pressures higher than 60 bar and by reducing the 

riser length or by reducing the length of the feed line. The essential outcome of the study is that severe 

slugging is unlikely for the connection pipes of the DISS test facility. As starting point for the ongoing 

research in this field next steps are briefly introduced. 
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Intermittence of the solar resource is the main issue of concentrated solar power plants (C.S.P. plants). 

Thermal Energy Storage (T.E.S.) is a promising solution, because it enables the power plant to oper-

ate during a larger part of the day. Usually, two tanks are inserted into the plant: one which collects 

“hot” fluid when the production is larger than the consumption (storage phase), and one collecting 

“cold” fluid during the discharge phase. With the aforementioned technology, the storage cost can 

reach 20 % of the total price of the plant [1].   

One way to reduce the storage cost is using a single tank, which implies thermocline effect. In a 

thermocline T.E.S. tank, “cold” fluid at the bottom and “hot” fluid at the top are separated by a tem-

perature gradient: the thermocline zone. Insertion of cheap solid materials with good energy storage 

properties into the tank also makes the storage cheaper. Several studies have been made on thermo-

cline T.E.S. [2]–[4] and its operating is quite well-known. However, studies about its integration into 

the plant and the behavior of the whole system are rare [5]. The same goes for experimental data 

related to both thermal energy storage and parabolic troughs [6]-[7].  

A C.S.P plant pilot with parabolic troughs and thermal energy storage is under construction at Promes 

Laboratory (Odeillo, France). It will comprise parabolic troughs collectors and a thermocline T.E.S. 

with solid filler material. The main goal is studying the integration of the thermocline T.E.S. in the 

whole plant.   

But several issues must be cleared before: the C.S.P. plant pilot will involve a synthetic oil never used 

before. Therefore compatibility tests between the latter and solid filler material of the tank are being 

performed. The second goal of this present work will be enhancing comprehension of the behavior 

of C.S.P. plants with thermocline T.E.S. by combining numerical model investigations and experi-

mental results from the pilot. 
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Pyrometric temperature measurement in solar simulators is hampered by the presence of intense re-

flected radiation. Outgoing flux from the sample’s irradiated surface comprises three components: 

(1) thermal emission of the irradiated surface being the useful measurement signal and interfering 

reflected radiation originating from the Xenon short-arc lamp which can be further decomposed into 

radiation emanating from (2) the arc and (3) the glowing electrodes. 

 

Double modulation pyrometry [1] relies on periodically perturbing the intensity of the interfering 

radiation, allowing for the use of a phase sensitive detection to separate the signal (1) from the inter-

ference (2 & 3). Modulation of the light source’s radiation intensity can be implemented either by 

electronic (EM) or by mechanical means (MM). In this talk, I will present the deficiencies of EM and 

the implementation of MM in the 1 kW imaging furnace.  

 

In the case of EM, a sinusoidal perturbation superimposed to the lamp’s DC voltage supply imposes 

a modulation in the arc’s intensity while the electrode contribution remains intact due to their long 

thermal time constant. The unwanted electrode component can be accounted for during instrument 

calibration. Nevertheless, the characteristics of electrode radiation are subject to unpredictable short 

term variations as well as drift over the lamp’s lifetime, limiting the reliability of the implementation. 

 

In the case of MM, both components of the interfering radiation can be effectively modulated by 

introducing a rotating structure in the optical path between the lamp and the irradiated sample, ren-

dering MM insensitive to the state of the lamp. The results of a ray tracing study aiming at the selec-

tion of an optimal shape, size and positioning of the rotating structure will be reported. Based on 

these, the design that achieves the best compromise between sufficient modulation depth, structural 

stability and limited overheating will be showcased. 
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For separate acceptance tests of a solar power tower’s heliostat field and receiver, it is necessary to 

determine the solar flux density distribution over the whole absorber surface. Integrating the flux 

density delivers the receiver input power, which is required for calculating the energy conversion 

efficiencies of both heliostat field and receiver. Furthermore, flux density measurement is valuable 

for supervision and control during operation of a power tower.  

Flux density at small-scale prototype receivers has mostly been measured by using a camera and a 

moving bar so far. The moving bar is a white diffusely reflecting target which is moved quickly 

through the radiation’s focus in front of the receiver surface. At the same time, a digital camera cap-

tures the radiation reflected off the moving bar, which allows determining the incident flux density. 

At industrial-scale receivers though, the installation of a moving bar is hardly feasible due to difficult 

construction and high costs. Therefore, the development of a measurement method without any mov-

ing parts is aspired. For this purpose, the radiation reflected off the absorber itself can be measured 

in order to calculate the incident flux density [1]. Preliminary work on this method is still immature 

and has not yet lead to a reliable and satisfying measuring accuracy under all conditions [2]; achieving 

this is a main aim of the presented thesis. 

The central challenge with measuring flux density by reflection off the absorber is the absorber’s non-

diffusive reflectivity, which depends especially on the direction of the incident radiation as well as 

on the observation angle [1]. Hence, detailed understanding of reflection at the structured surface of 

open volumetric receivers as well as tube receivers and following software-aided correction of these 

effects are essential for reducing the measurement uncertainty. The improvements will be imple-

mented and tested at the Solar Tower Jülich. Finally, the improved flux density measurement system 

is planned to be used in a demonstrational acceptance testing at the Solar Tower Jülich, including a 

comparison of measurements and simulation results. 
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The conversion of sunlight into electricity is one of the most promising way for the production of 

green energy in the future. A typical solar power plants include a thermal receiver located at the top 

of a hundred meters tower and a field of several hundred of heliostats. The pointing and canting 

accuracies and the surface shape of the solar concentrators have a great influence on the solar power 

plant efficiency. One of the issue that we have to resolve on such a plant is the time and the efforts 

devoted to adjust the different mirrors of the faceted heliostats, which could take several months on 

an industrial size plant if we were using the current methods.  

As a consequence, methods which would permit to adjust all the heliostats of a plant quickly is es-

sential for the rise of concentrated solar power. In addition, this methods need to respect some stand-

ards: first of all the method must be easy to set up and implement with minimum sophisticated appa-

ratus, then the application of the method shouldn't disrupt the power plant working [1]. Different 

available methods for the mirror facets alignment will be reviewed and the advantages and disad-

vantages of these methods will be analyzed. 
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To guarantee the long-term efficient operation of concentrating solar power (CSP) plants the durabil-

ity of the components is of major importance. Therefore various metrological and geological factors 

need to be taken into account. One threat to the performance of reflectors is represented by sand and 

dust storms in desert environments.  

To simulate general outdoor effects procedures have already been developed which are standard prac-

tice, like the salt spray test (ISO 9227 [1]) for humidity in marine environments, ISO 16474 [2] for 

long-term radiation and alternating humidity stress or the IEC 61215 [3] for the simulation of thermal 

cycles. No standard is available to predict on the spectral reflectance loss of mirror materials during 

sand or dust storms. The existing abrasion standards (MIL-STD-810 G [4], ASTM D968-05 [5] and 

ASTM F1864-05 [6]) do not represent a realistic picture of the impact of eolian sand and dust parti-

cles. One reason for the so far unsuccessful simulation is that the physical parameters present in such 

rare natural events are still unknown.  

In this work, field data from a meteo station in Missour (Morocco) is collected and the extracted 

insights about physical parameters like particle size distribution, particle shape and crystallographic 

composition, etc. of the collected material are given. For this purpose, optical particle detectors and 

one active dust sampler are installed on site. Furthermore, different methods to simulate erosion ef-

fects under laboratory conditions are applied. The advantages and limitations of each setup are ex-

plained and first test results are shown. The aim is to formulate a standardized process and verify its 

results with the observed effects on outdoor exposed reference materials.    
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Solar Thermal Electricity (STE) plants are frequently located near industrial facilities to provide elec-

tricity or process heat [1]. These sites are affected by corrosive gases, i.e., carbon oxides (COx), sulfur 

and nitrogen oxides (SOx, NOx), hydrogen sulfide (H2S), chlorine gas (Cl2), and other air pollutants 

that can seriously degrade the surface of solar reflectors. The durability analysis of solar reflectors in 

corrosive atmospheres is, therefore, a key issue to be considered in the selection of mirror and site 

candidates in order to meet the economic feasibility.  

Reflector samples have been formerly exposed in areas with different types of heavy industries [2]. 

Other outdoor exposure tests were carried out in Mexico City for 12 years under very harsh conditions 

[3]. A broad experience has also been gathered in accelerated indoor testing, especially in regard to 

temperature, humidity, and irradiative degradation. Testing in moist hydrochloric atmospheres (HCl) 

proved to be a good method to classify mirrors in terms of their durability [4]. Although some other 

corrosive experiments have been reported, additional accelerated aging tests with controlled concen-

trations of air pollutants are necessary to simulate the reflector behavior in a wide variety of aggres-

sive industrial areas in a realistic way.  

This work is focused on contributing in this field. We plan to study the durability of solar reflector 

materials in corrosive atmospheres both for outdoor experiments in several sites and for various ac-

celerated laboratory conditions. Accelerated aging will permit the collection of results in brief periods 

of time, whereas outdoor exposure will provide important data on the real, to-be-reproduced condi-

tions. Besides, optical, structural and chemical characterizations of the weathered materials are due 

to be performed after all the testing campaigns. In that way, conclusions about the selection of the 

best reflector candidates under certain environmental conditions, their lifetime estimations and the 

most suitable, reproducible accelerated tests will be drawn. 
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Atmospheric properties play a key role in evaluating the solar power plant output. Indeed, properties 

like the cloud cover, its distribution, or the atmospheric aerosol load strongly influence solar resource 

availability and variability. Consequently, it is recommended to integrate such information into the 

plant control strategy in order to avoid over- or underestimation of electricity generation. In that con-

text, the development of sky-imaging systems has known a significant growth during the past decade 

due to its potential to measure a wide range of atmospheric properties at high spatial and temporal 

resolutions [1–5].  

In mid-2013, an experimental unit has been installed on the PROMES laboratory roof in order to 

develop a customized forecasting tool and assess the true potential of a sky-imaging system. The 

camera is operational since July 2013 and has collected more than 750 000 images, spread over 450 

days. Today, image acquisition is still ongoing. Each time a new image is acquired, the corresponding 

irradiance measurements are also collected. In addition, the cloud map and cloud velocity field, solar 

information (azimuth, zenith, air mass), and beam attenuation information (atmospheric turbidity, 

cloud index) are also computed and displayed on a real-time user interface. Properties like cloud 

cover and clouds motion are calculated thanks to sophisticated algorithms involving clear-sky back-

ground detection, thresholding techniques and an optimized block matching program. Ultimately, the 

collected information will be used in order to improve the control procedures while reducing the 

maintenance activities of the solar power plants. 

This presentation aims at sharing the experience acquired in sky monitoring during nearly 2 years. 

The works achieved so far and those to come are also presented and put into perspective of the initial 

goal of the CSPIMP project, namely improving CSP plants competitiveness. 
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Metallic nanoparticles with a size below 100 nm have very interesting optical properties. Under illu-

mination, these nanoparticles can develop a specific excitation called a localized surface plasmon 

(LSP) [1]. Consequently, they can absorb and scatter light very efficiently. Moreover, it is possible 

to adjust the absorption wavelength range by choosing the material, the size and the shape of the 

nanoparticles as well as the medium in which they are situated [2].  

 
Table 1 : size dependence of absorption efficiency in gold nanoparticles. 

 

Firslty, I will introduce the field and review some of the main properties regarding plasmonic nano-

particles. In particular the effect of size and coupling will be discussed [3]. Subsequently, I will pre-

sent the on-going project concerning the nanofabrication of assembly of nanoparticles at PROMES 

and its interest for solar energy harvesting. Finally I will finish by examining applications based on 

nanoparticles and currently under expertise in this area of research [4]. 
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Combining sensible and latent heat storage by adding a relatively small amount of encapsulated phase 

change material (PCM) on top of a packed bed of rocks (PCM volume < 5% total volume) was pro-

posed to stabilize the outflow temperature during discharging1,2,3. A complementary numerical/ex-

perimental approach is adopted to study this concept. Three PCMs are encapsulated in steel tubes and 

tested in a labscale storage unit. The experimental data are used to validate the numerical model. 

Simulations are performed to compare the combined-storage concept with the sensible-only concept 

for a large-scale storage unit. Results show that the combined storage can reduce the material costs 

of the storage given a specific limit of the temperature drop during discharging. The simulations also 

show that the combined case meets the goals from the SunShot Initiative4 form the U.S. Department 

of Energy, which requires exergy efficiency > 95% and TES costs < 15 $/kWh. 
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Concentrated Solar Power is an interesting option, not only because it is getting more cost competitive 

with recent innovations [1], but also, because of its dispatchability advantage due to the well-estab-

lished 2-tank energy storage using molten salts (MS). In recent years, research has been performed, 

on the one hand to have a MS direct system [2], on the other, to have storage systems which are 

modular and demand a lower initial investment. To reduce costs, alternative materials and systems 

have been studied. In this research, several storage materials have been identified and analyzed, ther-

mos-physical data is presented for different MS, rocks (e.g. quartzite), super concrete, and other ap-

propriate solid material. Among the materials evaluated, an interesting option is the incorporation of 

solid material from mine slags belonging to the Iberian Pyritic Belt [3]. These are currently handled 

as byproducts of past mine activity, and can potentially constitute an environmental hazard due to its 

content of metals. Therefore the re-usage of these materials, as part of a broad renewable energy 

concept has been evaluated, taking into account charge and discharge rates, thermal stress and contact 

with MS. 

    

Fig.1: Byproduct of past mine activity, SE Portugal  Fig.2: Incorporation of slags as part of a storage concept  
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The application of thermal energy storage (TES) technologies is crucial to improve the energy effi-

ciency of solar thermal power plants and industrial processes. Using the reaction enthalpy of reversi-

ble gas-solid reactions to store thermal energy constitutes a unique concept, allowing high energy 

densities, long term energy storage with minimal losses and a facile separation of the reactants. 

Specifically for the high-temperature range between 600°C up to 1100°C, multivalent metal oxides 

are promising storage materials. Those materials offer process-technological advantages compared to 

other thermochemical storage materials, as ambient air can be used as sink and source of the reactant 

oxygen during the reduction and oxidation (REDOX) reactions. 

2 MexOy (s) + ∆HR ⇌ 2 MexOy-1 (s) + O2 (g) 

Hence, gas storage is not necessary with this concept. In order to decouple heat supply and electricity 

demand, a TES system based on metal oxides could potentially be installed in solar tower power 

plants with volumetric air receivers working with air as heat transfer fluid. 

Various reaction systems of metal oxides have been considered regarding their fundamental applica-

bility as storage materials [1]. Among those, pure manganese oxide was selected as potential storage 

material for characterization in this work [2]. A reactor model with cylindrical geometry has been set 

up for simulation to gain further understanding of the influence of different storage parameters and 

operating conditions on a storage reactor. 

To examine heat and mass transport coupled with the chemical reaction a test bench with a packed 

bed storage reactor for about 400 g of storage material has been developed. The reaction progress and 

conversion of the redox reaction were determined based on the oxygen concentration measured at the 

reactor outlet. Solid temperatures were measured at different positions along the bed height, gas tem-

peratures were detected at the inlet and outlet of the packed bed. Use of the material in powder form 

disclosed agglomeration of the particles and channelling effects, preventing a homogeneous gas flow 

through the packed bed. This is why it was aspired to overcome those drawbacks through material 

modification by means of particle granulation. Experimental results with granulated material are pre-

sented. 
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Given the discontinuity of solar energy availability, the development of proper storage systems is a 

crucial point for the economic dispatchability of CSP technology. My work is focused on innovation 

methods aimed to improve this topic. Molten salts (MS) are increasingly becoming the most used 

transport fluid (HTF) and heat storage materials (HSM) in these types of installations. Their use how-

ever requires an exact characterization of their thermal, chemical and physical properties. It is useful 

to investigate mixtures with low melting points, which can be employed both as HTF or HSM, and 

comparing them with a binary mixture of NaNO3-KNO3, indicated as “solar salt”, that is currently 

the most employed. The aim of the present study can be divided into three main topics, which, in turn, 

are part of on-going national and European projects: 

 Validation and completion the chemical/physical data on new ternary 

(LiNO3/KNO3/NaNO3) and quaternary mixtures (Ca(NO3)2/NaNO3/KNO3 + % LiNO3) 

comparing them to solar salt, according to thermophysical and thermal stability features. A 

cost estimation comparison of the mixtures has also been performed.  

 A theoretical model, implemented by a C++ code and based on the theory of regular solu-

tions, is also being developed. Starting from phase diagrams of ternary and binary mixtures, 

the model presents as a final target the assessment of a predictive tool for the determination 

of the compositions presenting the lowest freezing (liquidus) points. [1] [2] 

 CSP technology can also be used for water splitting cycles for the production of hydrogen as 

“solar fuels”. In particular, I’m currently investigating the high temperature section of the 

“Westinghouse” cycle and of the “Sulphur-Ammonia” process. In both of them oxygen is 

obtained by SO3 decomposition, both direct thermocatalytical cracking and alternative meth-

ods based on metal sulphates have been studied. Results have been reported in peer re-

viewed journals. [3] 

References: 
[1] O. J. Kleppa, L. S. Hersh: Heats of Mixing in Liquid Alkali Nitrate Systems, The journal of chemical physics, 1961, 

34, n.2  

 

[2] C.M. Kramer and C.J. Wilson: The phase diagram of NaNO3-KNO, Thermochimica Acta, 1980, 42 , 253—264 

[3] Tizzoni et al: Oxygen production by intermediate metal sulphates in sulphur based thermochemical water splitting, 

International journal of hydrogen energy, accepted and in press. 

 

 

 

 

 

  



48 

Experimental methods for the measurement of Molten Salts thermal conductiv-

ity and optimization of thermal storage tank used in CSP systems  
 

Stefano Pistacchio1, Filippo Donato2, Elisabetta Veca2, Paolo Coppa1 

 
1 Tor Vergata University Rome- Department of Industrial Engineering, +393283815298, stefano.pistacchio@gmail.com 

2 Enea-  UTRINN-Technical unit for renewable energy sources, Casaccia Center, Rome 
stefano.pistacchio@gmail.com 

 

The implementation of the Concentrating Solar Power (CSP) is expected to grow in the near future 

because CSPs is one of the most promising technologies for carbon free energy production. In Solar 

Thermal Power Plants (STPPs), solar radiation is concentrated with the help of mirrors on a receiver 

tube and converted to heat, which drives a power cycle connected to an electrical power generator. 

An important advantage of STPPs is the possibility of being coupled to Thermal Energy Storage 

(TES) systems, which allow energy dispatching to meet the required electricity demand.  The Heat 

Transfer Fluid (HTF) circulating inside the receiver tubes is typically a synthetic oil mixture but mol-

ten salts MS are nowadays being used because of their several advantages. A binary mixture of 

NaNO3-KNO3, indicated as “solar salt”, is currently the most employed.  

Computational Fluid Dynamics (CFD) is a promising tool for the investigation of the influence of 

several design and operating parameters on the flow behavior, thermal stratification and performance 

of a MS storage tank, and many studies have been conducted to date.  [4] [5] [6] [7]   

In addition, great effort is being spent in the characterization of the properties and stability of different 

MS mixtures. 

The aim of the present study can be divided into two main topics: 

 Studying and characterization of MS thermal conductivity under high temperature 

conditions, using a probe based on the hot wire method. [1] [2] [3]   

 Developing of a numerical model for unsteady CFD simulation of the fluid flow behavior 

and thermal stratification evolution during working conditions of a single molten salt 

storage tank MS-TES in order to minimize the heat dissipation effects.  
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The share of fluctuating renewables in the energy mix is supposed to further rise in the future. There-

fore, smoothing electricity production and consumption is a key challenge for securing a stable and 

reliable electricity supply. Direct steam generating solar thermal power plants equipped with latent 

heat storage promise good efficiencies for producing both, dispatchable and green electricity. In this 

storage type, the employment of nitrate salts as phase change material (PCM) is preferred due to cost 

aspects and availability. These PCMs mainly show low thermal heat conductivity. To reduce the re-

sulting limitation of heat transfer, the state-of-the-art latent heat storage is constructed of expensive 

finned-tube heat exchangers that are immersed into a storage tank filled with PCM. While discharg-

ing, the crystallizing PCM covers the heat exchanger`s surface and builds up an isolating layer. This 

leads to a significant drop in the heat flux over time.  

Within the ‘nextPCM’ project supported by the German Federal Ministry for the Environment, Nature 

Conservation and Nuclear Safety, a new dynamic latent heat storage concept named PCMflux is de-

veloped to overcome the decrease in heat flux mentioned above. In this concept, the PCM is separated 

from the heat exchanger by encapsulating it into containers. These containers are slowly moved over 

a flat heat exchanger. While passing the heat exchanger, the PCM inside the containers changes its 

phase and a quasi-stationary state is established. This leads to a constant heat flux over time. The 

PCMflux concept was demonstrated experimentally showing good agreement of theory and practice. 

Heat fluxes of 𝟒𝟑𝟎𝟎 𝐖/𝐦𝟐 related to the inner heat exchanger pipe surface are reached at a temper-

ature difference of 𝚫𝑻 = 𝟏𝟎𝑲. At the same time, the phase change interface of the PCM inside the 

containers is observed via continuous thermography. While the containers are moving, the local fix-

ation of the phase change interface within the PCM and the resulting quasi-stationary state can be 

seen clearly. The presentation focuses on the description of the PCMflux concept and gives results of 

the experimental proof-of-concept. 

  

Figure 1: Scheme of the PCMflux concept with the main compo-

nents (heat exchanger, PCM, transport system) 

Figure 2: Picture of the experimental setup 
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Solar thermal energy conversion and storage can be used as an environmental friendly way to answer 

the present need in electricity production. Solar energy represents an abundant renewable source of 

energy, and technologies using solar light and heat, for example concentrated solar thermal energy or 

photovoltaics, have been developed in order to try and fulfill nowadays requirements for a sustainable 

production. Moreover, an efficient way to use solar energy would be to store this energy during on-

sun hours to later use it during off-sun hours, and then be able to keep a constant production for 

industrial processes. Three main routes have been explored for solar energy storage, and they are 

latent heat, sensible heat and thermochemical heat storage [1]. Thermochemical heat storage seems to 

present noteworthy advantages over latent and sensible heat storage and has attracted our attention. 

For example, it shall be possible to reach higher energy storage densities, heat storage at room tem-

perature in form of stable solid materials, and long term storage with the thermochemical approach 

in a large temperature range (>1000°C) with a well-defined restitution temperature. Researches have 

been conducted in order to create thermochemical cycles, based on reversible reduction-oxidation 

reactions, with a good conversion rate and reversibility [2]. Concentrated solar power (CSP) can be 

used as the source of heat required for thermochemical cycles involving endothermal/exothermal re-

actions (Eq. 1). The reaction enthalpy is stored in the reaction products during the heat charge, and 

this energy is released by reversing the reaction during the discharge. 

AB(s) + Heat ⇄ A(s) + B(g)       (1) 

In this context, a summary of chemical materials that are potential candidates for thermochemical 

cycles based on redox reactions is established. Furthermore, the most promising materials for solar 

energy storage are selected based on several criteria which are, for instance, energy storage density, 

conversion rates, kinetics, reversibility, as well as general criteria such as toxicity and cost. In fact, 

the materials are selected based on theoretical thermodynamic estimations and literature survey, and 

then tested in order to evaluate their heat storage efficiency according to the previously listed criteria. 

Thermal analysis techniques are used to access data such as the materials conversion rate, energy 

density, temperature of oxidation and reduction, reaction kinetics, reversibility and cyclability.  
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Liquid metals are well known as high efficient heat transfer fluids. Their elevated heat transfer coef-

ficients are the main advantage, compared to molten salts [1]. This means higher concentration ratios 

are possible without increased wall temperatures. Hence, the use of liquid metals could reduce the 

risk of hot spots. For this reason, liquid metals were already used in CSP receiver technology. They 

all showed high thermal efficiencies in the range of 90% [2]. Recently, Vast Solar in Forbes, Australia 

tested successfully a full-scale module (1.2 MWth, 2 m2) with sodium as heat transfer fluid [3]. Based 

on these tests, they are currently building the Jemalong Solar Thermal Station with 5 towers, each 

one module and 700 heliostats. The plant will also incorporate a 3 hour thermal energy storage system 

with sodium. 

The objective of this work is to assess the competitiveness of large power plants (125 MWel) with 

liquid metal as heat transfer fluid. The first step will be to simulate a molten salt system replacing the 

salt receiver by a liquid metal receiver and an additional heat exchanger to the molten salt storage. 

The higher heat transfer coefficient of liquid metal will increase the receiver efficiency and leads to 

an absorber area reduction. This advantage could reduce the overall costs of the plant. 

In order to evaluate different system configurations a numerical model for tubular receivers was set 

up to design and optimize different receiver geometries with liquid metals and molten salts. The 

model contains an analytical pre design part as well as a detailed FEM calculation. The pre design 

part is based on a thermohydraulic calculation with Nusselt correlations. A huge parameter field of 

variations can be calculated rapidly in order to identify promising variations. The subsequent detailed 

FEM calculation uses ray tracing with the heliostat field data in order to get the local flux distribution 

on the absorber tubes. The model also considers radiation exchange between surfaces. 

Parallel to this design study for commercial scale CSP plants, a demonstration system is currently in 

preparation at Karlsruhe Institute of Technology (KIT). The small solar-radiated test loop in the 

10 kWth range will use Lead-Bismuth as heat transfer fluid. 
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In solar central receiver (SCR) systems all three kinds of heat transfer are present: conduction, radi-

ation and convection. The conductive heat loss can be reduced to a minimum by adding insulation 

to the outside of a cavity. Radiative loss mechanisms are understood quite well. Only the convective 

heat loss still comprises a high degree of uncertainty. Early studies on convective heat loss from 

SCR cavities indicate that the influence of wind on the convective loss can be neglected and thus it 

is sufficient to consider the natural convection only [e.g. in Clausing 1983]. More recent studies 

show that wind may have a big effect on the heat loss and thus the forced convection has to be con-

sidered as well [Flesch et al. 2014].  

A drawback that all of the studies available to the author have in common is that none did show 

how the results scale to MW size receivers of commercial SCR systems. Another aspect which has 

been neglected in all of the available studies is the interaction between the cavity, its supporting 

tower and the oncoming wind. Last but not least, if forced convection by wind was considered in a 

study it was done with a constant wind speed vector. Thus, the magnitude and direction has not 

been varied over time. 

This thesis takes up these three unanswered topics (MW scale, tower-cavity-wind interaction and 

time dependent wind speed vector) and tries to provide more understanding in how the geometries 

and other parameters of both the tower and the receiver influence the turbulent flow field and the 

convective loss from a cavity in such near reality conditions. Cavity types of interest in this study 

are for example simplified cavities, cavity tube receivers, falling particle receivers, rotating particle 

receivers or open volumetric cavity receivers. 

The main approach of the thesis is numerical simulation with the open-source computational fluid 

dynamics (CFD) code OpenFOAM. The computational domain will include the cavity as well as 

the tower. Adequate measures will be taken for dealing with the big differences in (1) the required 

mesh sizes inside and around the cavity versus the far-field as well as in (2) the characteristic time 

scales of the turbulent flow versus the heat transfer. Once a reliable reference case is set up, several 

receiver and tower types and reduction strategies will be investigated numerically. 
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In solar tower power plants with open volumetric air receivers, the heat transfer medium air is sucked 

through the receiver and after passing the heat exchanger or heat storage is returned to the receiver 

front. To improve the efficiency of the power plant the fraction of recirculated air has to be maxim-

ized. This Air Return Ratio (ARR) is dependent on geometry and design, environmental conditions 

and operational modes. The ARR can be increased by a geometrically optimized receiver, wind pro-

tection measures and through improved operational modes. In order to validate these optimizations 

the ARR has to be measureable.  

To determine the ARR of this open system an energy balance of the receiver cannot be used, since 

heat transfer between absorber and recirculated air is substantial [1]. A tracer gas method, where an 

easily detectable gas is added to the air flow and measured later on, has been chosen. The state of the 

art tracer gas methods however cannot operate under the extreme conditions of a solar receiver. The 

most commonly used tracer gases (SF6, CO2, forming gas) are either not stable under the occurring 

surface temperatures of the receiver of up to 1000°C or have to be added in too large quantities to be 

measureable against their high natural background concentrations. SF6 should furthermore be avoided 

due to climate protection reasons. Helium has been chosen as tracergas on the basis of its inert nature 

and low natural concentration. An experimental setup to develop the measurement method has been 

constructed. Two methods of measurement, a stationary and a dynamic one, have been developed, 

compared and validated at a model scale.  

Additionally, a qualitative measuring method for the visualisation of large scale air flows has been 

developed on a laboratory scale and field tested at a solar dish in Almería, Spain. The examined return 

air flow is injected with an infrared active gas. This allows the air flow to be visualised with an 

infrared camera. The promising results show that the newly developed qualitative measurement tech-

nique can be applied in the difficult measurement environment of concentrated solar power plants. 
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Centrifugal Particle Receivers (CentRec) are direct absorption receivers, in which ceramic particles 

are heated by concentrated solar power without any additional absorber. Laboratory scale tests 

showed high receiver efficiency of up to 80 % [1]. Uniform particle movement is of crucial im-

portance for CentRec performance. Thus, steps have been taken to model granular flow within such 

receivers. Several generic approaches for modelling of granular flow exist (e.g. [2], [3]). Extending 

and validating such approaches is necessary, because special conditions within CentRec must be con-

sidered, and most models do not include thermodynamics. 

Model validation will be supported using a laboratory scale prototype with additional two measure-

ment systems. Particle tracking velocimetry (PTV) is used to measure particle position and velocity 

at the surface of the granular film [4]. Further insight into the inner mechanics of the film is expected 

from the second method. It is based on feeding differently colored particles at different times into the 

receiver and measuring the systems response. An example is given in Figure 1. 

 

Figure 1: Exemplary system response on a sudden change in inlet particle color (expected) 

At time A, inlet particle color is changed suddenly from one color to another. A delay (A to B) is 

expected, which correlates with particle surface velocity; measured via PTV. Furthermore, literature 

has shown that the granular film consists of two regimes: a flowing regime at the surface and a sta-

tionary regime below. While the flowing regime is being exchanged rapidly (B to C), particle diffu-

sion into and out of the stationary regime will be indicated by a slower saturation of outlet color (C 

to D). Thus, film thickness and ratio between flowing and stationary regime can be measured, when 

combining with mass flow measurement. 
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In tower power plants, the high temperature solar receiver, which absorbs the concentrated solar en-

ergy and transmits it as heat energy to a fluid under high pressure, is the key element. Using a channel 

configuration for the receiver is a real benefit. Optimizing its internal geometry leads both to high 

thermal exchange coefficients and limited pressure drops. Thus, it is essential to deepen our under-

standing of the physical phenomena occurring in this kind of receivers, and especially of the complex 

effects of the temperature gradient in the turbulent flow. To this end, our strategy is to combine the 

numerical and experimental approaches. On the one hand, the laboratory PROMES has designed and 

built an open wind tunnel, ‘MEETIC’ (Test Facility of the Turbulent Flows for the Intensification of 

Heat Transfers), that replicates a surface air heater on a five times bigger scale. In the measurement 

area, the channel upper wall can be heated to create a temperature gradient in the flow. The wind 

tunnel is equipped with an optical diagnostic tool SPIV (Stereo Particle Image Velocimetry) in order 

to measure the three components of the instantaneous velocity at any point in the flow. On the other 

hand, Large Eddy Simulations of the turbulent channel flow are carried out under the same conditions 

using the HPC resources of CINES.  

To differentiate the effects of the internal geometry of the receiver from those caused by the temper-

ature gradient, we focused thus far on a smooth channel. As a first step, we experimentally charac-

terized the isothermal channel flow at three turbulent Reynolds numbers: Reτ =395, 950 and 2000. 

Simultaneously, the anisothermal channel flow was accurately simulated. The simulated flow was 

subjected to a temperature gradient of about 200°C at a turbulent Reynolds number of Reτ =395. A 

special attention was paid to reproduce the conditions that can be achieved experimentally. Both ex-

perimental and numerical results will be presented. The mean velocity and the velocity fluctuations 

profiles in the isothermal and anisothermal configurations will be compared. The results will be dis-

cussed in order to understand how the temperature gradient affects the turbulent flow.   

  



56 

High temperature solar receiver: thermomechanical simulation and experiments 

at an industrial scale 

Cédric LERAY1, Gabriel OLALDE1, Adrien TOUTANT2 

1 Laboratoire PROMES-CNRS, 7 rue du four solaire 66120 Odeillo, FRANCE, +33(0)4 68 30 77 01 
2 Laboratoire PROMES-CNRS, Tecnosud, Rambla de la thermodynamique 66100 Perpignan, FRANCE 

cedric.leray@promes.cnrs.fr 

 

 

 Current solar tower power plants work with thermodynamic cycles like the Rankine cycle. 

This kind of cycle works with temperatures around 500-550°C. To increase the power plant's output, 

we are experimenting with Brayton-Joules cycles. This requires providing high temperature and high 

pressure gas. In our case, we are working with air at 1000°C and a pressure of 10 bar. The problem 

is that the current solar receivers are not able to withstand these temperatures. That is why we have 

to create a new generation of solar receiver if we want to reach this goal. We are studying a modular 

concept for a high temperature pressurized plate absorber. The elementary module is a parallelepiped 

crossed by channels where the air circulates. We choose the silicon carbide as material for our ab-

sorber cause of his high resistance to high temperatures. It can works with air at 1200°C without 

degradation. It offer a good thermal conductivity too (around 45-50 W.m-1.K-1 at 1000-1200°C). At 

these temperatures, the main problem is the mechanical stability of the module. As a matter of fact, 

the module is irradiated on its front and isolated on its back. This difference of irradiation causes a 

heterogeneous expansion of the module, which leads to thermomechanical constraints. These con-

straints, depending on their intensity and their location inside the material, may cause the module to 

break. The thermomechanical behavior of the absorber has to be studied to ensure its stability. 

 The present work focuses on optimizing the receiver to reduce the risks of breaking. The op-

timization and the parametric study concern the geometry of the module, the distribution and the 

intensity of the solar flux and the intensity of the convective exchanges inside the receiver. We will 

present some results of this optimization and the device set up to perform the experiments at the solar 

power plant THEMIS. 
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