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Welcome to the 10th SFERA-SOLLAB Doctoral Colloquium, 
 

The SOLLAB Doctoral Colloquium (DC) on Solar 

Concentrating Technologies provides an opportunity 

for PhD students from different European research 

institutes to discuss about recent advances in solar 

concentrating technologies. SOLLAB was created in 

2004 and the first DC was organized in 2005. We are 

now organizing the 10th SOLLAB DC.  

The DC is part of the European project SFERA and of the SOLLAB activities. 

SFERA aims at integrating, coordinating and further focusing scientific 

collaboration among the leading European research institutions in solar 

concentrating systems. 

Hosting and organizing the SFERA-SOLLAB Doctoral Colloquium is a great 

pleasure. My first experience was in 2007 for the organization of the 3rd Edition of 

the DC, in Font Romeu. About 25 PhD students attended the DC 8 years ago in 

the French Pyrenees.  

In 2014 we are waiting for about 50 PhD students, a large increase with respect 

to 2007, a clear proof that interest is there. With exactly 48 PhD thesis 

presentations, this colloquium gives a comprehensive overview of what is the 

current state of the art in concentrating solar power and fuels in Europe. 

Working in the Solar Furnace in Odeillo looks like growing in the birth place of 

big concentrating facilities. Felix Trombe in the 50s was the French pioneer. We 

are glad to offer you a visit of the 1 MW solar furnace and the solar tower Themis 

during this week. 

I would like to thank warmly the PhD students that have organized with passion 

the Doctoral Colloquium and I have no doubt that this will be a success. 

I hope that you will feel “at home” in Font-Romeu and that you will enjoy the 

Doctoral Colloquium! 

 

  

Gilles Flamant 
PROMES director 
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SFERA II European project 

Solar Facilities for the European Research Area 
http://sfera2.sollab.eu/ 

 
 

 

Concentrated solar power (CSP) is a very promising renewable source of energy. The 

best known application so far is bulk electricity generation through thermodynamic 

cycles, but other applications have also been demonstrated, such as production of 

hydrogen and solar fuels, water treatment and research in advanced materials. 

 

 

This EU-funded research project - SFERA - aims to boost scientific collaboration 

among the leading European research institutions in solar concentrating systems, 

offering European research and industry access to the best research and test 

infrastructures and creating a virtual European laboratory. The project incorporates 

the following activities: 

 Transnational Access: Researchers will have access to five state-of-the-art 

high-flux solar research facilities – CIEMAT (Spain), CNRS (France), PSI 

(Switzerland), UAL-CIESOL (Spain) and ENEA (Italy) – unique in Europe and in 

the world. Access to these facilities will help strengthen the European Research 

Area by opening installations to European and partner countries' scientists, 

thereby enhancing cooperation. 

 Networking: These include the organization of training courses and schools' to 

create a common training framework, providing regularized, unified training of 

young researchers in the capabilities and operation of concentrating solar 

facilities. Communication activities will seek to both strengthen relationships 

within the consortium, creating a culture of cooperation, and to communication 

to society in general, academia and especially industry what SFERA is and what 

services are offered. 

 The Joint Research Activities aim to improve the quality and service of the 

existing infrastructure, extend their services and jointly achieve a common level 

of high scientific quality. 
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SOLLAB European alliance 

Virtual European Laboratory  

on Solar Concentrating Systems 
http://www.sollab.eu/ 

 
 

SOLLAB aims at co-ordinating the research activities of leading European laboratories 

in the field of science and technology of solar concentrating systems. SOLLAB 

members are: 

 PROMES (Processes, Materials and Solar Energy laboratory) of Centre National 

de la Recherche Scientifique, France. 

 Solar Research Division of Deutsches Zentrum für Luft- und Raumfahrt 

e.V. (DLR), Germany. 

 Plataforma Solar de Almeria of Centro de Investigaciones Energéticas, 

Medioambientales y Tecnologicas (CIEMAT), Spain. 

 Solar Technology Laboratory of Paul Scherrer Institue (PSI) and 

Professorship in Renewable Energy Carriers of ETH Zurich, Switzerland. 

 

These Laboratories operate the biggest concentrating solar facilities in Europe, in 

terms of power and concentration, and represent a scientific and technical staff of 

about 300 persons. The SOLLAB Agreement was signed on 20th October 2004 in 

Odeillo.  

 

Recognizing both the environmental and climatic hazards to be faced in the coming 

decades and the continued depletion of the world's most valuable fossil energy 

resources, Concentrating Solar Technologies can provide critical solutions to global 

energy problems within a relatively short time frame and is capable of contributing 

substantially to carbon dioxide reduction efforts. Large scale research infrastructures 

and a coordinated approach are needed, to prepare the necessary steps for the 

market entry and cost reduction for this technology. 

 

The Alliance aims at strengthening human and scientific links between the 

Laboratories to promote and stimulate researches on concentrating solar systems at 

the European level in the context of sustainable development. The vision of SOLLAB is 

to initialize a much stronger long-term integration effect than it can be achieved by 

co-operation on a project by project basis. 

 

This year in 2014, we celebrate the 10th anniversary of SOLLAB in Odeillo. 
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CNRS-PROMES 
PROcesses, Materials and 

Solar Energy laboratory 

http://www.cnrs.fr/ 

 

http://www.promes.cnrs.fr/ 

  

 

PROMES is the French national R&D laboratory on solar concentrating systems. It is a 

CNRS laboratory closely associated with the University of Perpignan. 

The research objectives of the laboratory are: 

 To study solar energy conversion into heat, coldness, electricity and 

hydrogen (energy carriers) using particularly thermal and thermochemical 

processes. 

 To qualify and improve high temperature materials, and elaborate new 

materials using concentrated solar energy 

 To develop low environmental impact processes and long lifetime 

materials. 

 

The scientific and technical staff of PROMES is 160 persons shared between the 

laboratory of Odeillo and Perpignan. PROMES operates high flux solar facilities at 

Odeillo Centre: 10 small size (1-2 kW) solar furnaces that reach maximum 

concentration of 18 000, a 6 kW solar furnace (concentration 4 500) and a 1 000 kW 

solar furnace (concentration 10 000). In addition, a 50 kW parabola (concentration 

10000) equipped with a 10 kWe Stirling engine is also on the Odeillo site. 

 

High priority scientific topics are related to solar thermal power generation using gas 

thermodynamic cycles, hydrogen production, medium and high temperature heat 

storage, high temperature materials testing and evaluation, materials synthesis, and 

solar heating and cooling of buildings. 

 

 

The 1MW solar furnace 

 

THEMIS solar tower 

 

 

Vertical axis solar furnace (1-2kW) 

 

Metrology at the focus of a solar furnace 

  



23rd–25th June 2014 

CNRS-PROMES Laboratory, Odeillo, France 
13 

 

Notes 

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  



14 
10th SOLLAB Doctoral Colloquium 

Book of Abstracts – Program 

 

DLR — German Aerospace Centre 
Institute of Technical Thermodynamics 

Solar Research Division 

http://www.dlr.de/ 

 

DLR, the German Aerospace Center, is Germany‘s national research centre for 

aeronautics, space, transport and energy. DLR employs 7300 people; the centre has 

32 institutes and facilities at 16 locations in Germany. DLR is member of the 

Helmholtz Association of National Research Centers. The DLR Institute for Solar 

Research is the largest research entity in Germany investigating and developing CSP 

technologies to provide heat, electricity and fuel with over 120 scientist and 

engineers. The institute’s extensive scientific knowledge and outstanding research 

facilities qualify it as a world leading research institution and centre of expertise in the 

CSP systems. Global networking takes place mainly through the SolarPACES 

implementing agreement (Solar Power and Chemical Energy Systems) of the 

International Energy Agency. With more than 30 years of experience in the CSP field, 

DLR currently conducts R&D work at own test facilities and laboratories in Cologne, 

Jülich and Stuttgart and furthermore through its permanent delegation at the 

Plataforma Solar in Almería, Spain, within a long-lasting collaboration with CIEMAT. 

Among the most important facilities of the Institute of Solar Research are the QUARZ 

Test and Qualification Center in Cologne and the Solar Tower Test Facility in Jülich. 

The DLR Institute of Technical Thermodynamics (TT) does research in the field of 

efficient energy storage systems that conserve natural resources, and next generation 

energy conversion technologies with a staff of 150 scientific and technical employees. 

The spectrum of activities ranges from theoretical studies, to laboratory work to the 

operation of pilot plants. The Thermal Process Technology (TPT) Department at 

DLR-TT is worldwide recognized for its expertise in high temperature thermal energy 

storage development. The focus is on the development of high temperature storage 

units intended for solar thermal and fossil-fired power plants and for industrial process 

heat applications. Both, sensible heat (concrete, regenerator and molten salt storage) 

and latent heat storage systems as well as thermochemical storage systems are 

investigated in a temperature range from 100 °C to 800 °C, ranging from lab to pilot 

scale. The development of thermal energy storage covers the complete spectrum from 

materials research to heat transfer analysis and system analysis dealing with the 

integration of storage systems into power plants or industrial facilities. 

 
  

Solar Tower Jülich - Cologne 
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CIEMAT 
Plataforma Solar de 

Almeria (PSA) 

http://www.ciemat.es/ 

 

http://www.psa.es/ 

  

 

CIEMAT (Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas) is 

a Spanish Public Research Institution owned by the Ministry of Economy and 

Competitiveness (MINECO). Since its founding in 1951, it has developed and led R&D 

projects in the fields of Energy, Environment and Technology, placing the institution at 

the forefront of science and technology. Its activities include the promotion, 

introduction and improvement of renewable energies on the energy market, as well as 

promotion of technology transfer, training and scientific outreach. With 1342 

employees, 56% graduated, CIEMAT has a wide presence in both national and 

international scientific and technical forums. In addition to the head offices and 

laboratories located in Madrid, CIEMAT owns several research centers located in other 

Spanish provinces. 

The Plataforma Solar de Almería, which is one of these outlying centers, is formally 

considered by the European Commission as a European Large Scientific Installation 

and it is also the largest and most complete R&D center in the World devoted to solar 

thermal concentrating systems. PSA is also a Singular Science and Technology 

Infrastructures (ICTS) of Spain. The good solar conditions, its diverse solar facilities 

and the highly-skilled PSA staff, provide a unique infrastructure for R&D, evaluation, 

demonstration and technology transfer regarding solar energy applications. PSA is 

located in southeastern Spain, in the Tabernas Desert (37º05’27.8” North, 2º21’19” 

West). It receives a direct annual insolation of more than 1900 kWh/(m2.year) and 

the average annual temperature is around 17ºC. PSA is integrated in the CIEMAT 

organization as an R&D division of the Department of Energy. This center counts with 

over 30 years of experience in the operation, maintenance and evaluation of solar 

thermal concentrating systems, their components and different types of commercial 

applications. At present, PSA has a large variety of experimental installations and 

laboratories for R&D activities related to solar thermal concentrating systems to 

power, solar detoxification and disinfection, and solar desalination. 

Since 2013, research activity at the Plataforma Solar de Almería has been structured 

around three R&D Units: 

 Solar Concentrating Systems Unit. This unit is devoted to promote and 

contribute to the development of solar concentrating systems, both for power 

generation and for industrial processes heat applications, whether for 

medium/high concentrations or high photon fluxes. 

 Solar Desalination Unit. It has the objective of new scientific and technological 

knowledge development in the field of brackish and seawater solar desalination. 

 Water Solar Treatment Unit. The main objective is the use of solar energy for 

promoting photochemical processes in water at ambient temperature for 

treatment and purification applications.  
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Solar Technology Laboratory - Paul Scherrer Institute 
Professorship of Renewable Energy Carriers, ETH Zurich, Switzerland 

 

http://www.psi.ch/ 

 

http://www.pre.ethz.ch/ 

 

http://www.ethz.ch/ 

 

 

ETH Zurich, founded in 1855, is one of the leading international universities for 

technology and the natural sciences. It is well-known for its excellent education and 

ground-breaking fundamental research. 21 Nobel Laureates have studied, taught or 

conducted research at ETH Zurich, underlining its excellent reputation. The Paul 

Scherrer Institute is the largest research center for natural and engineering sciences 

within Switzerland. Energy research at PSI comprises all aspects of human energy 

use, with the ultimate goal of promoting development towards a sustainable energy 

supply system.  

The ETH’s Professorship of Renewable Energy Carriers and the PSI’s Solar 

Technology Laboratory (www.psi.ch/lst/) conduct research aimed at the 

advancement of the thermal and chemical engineering sciences applied to renewable 

energy technologies. The research focus comprises high-temperature heat/mass 

transfer phenomena and multi-phase reacting flows, with applications in solar power, 

fuels, and materials production, decarbonization and metallurgical processes, CO2 

capture and recycling, energy storage and sustainable energy systems. Both labs have 

jointly pioneered the development of solar thermochemical reactor technologies for 

producing clean transportation fuels using concentrated solar energy. Over 300 

research articles in refereed scientific journals have resulted from 30 PhD theses and 

over 180 MSc theses successfully performed on fundamental and applied research 

themes pertinent to solar technologies. 

 

The 40 kW PSI solar furnace 

 

 

The PSI's High-Flux Solar Simulator 

The Solar Furnace (left) and the High-Flux Solar Simulator (right) serve as unique experimental platforms 

for testing advanced materials and optical components under high radiative fluxes (>10,000 suns) and 

for investigating thermal and chemical processes in novel solar receivers/reactors at high temperatures 

(> 2500˚C) and high heating rates (>1000˚C/s). 
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ENEA – UTRINN – STD 

Technical unit for renewable energy sources 

Casaccia Center, Rome 
 

 

http://www.enea.it/ 

 
 

 

ENEA, the Italian National Agency for New Technologies, Energy and the Sustainable 

Economic Development is a public undertaking operating in the fields of energy, the 

environment and new technologies to support competitiveness and sustainable 

development. Nearly half of ENEA’s approximately 3,200 employees are researchers 

and engineers operating in ten research centres located across Italy. Among others 

ENEA’s fields of activities are: Renewable and clean energies (CSP and PV, biomass, 

wind, geothermal, etc.); New fuels (solar fuels and biofuels); High energy efficiency; 

Energy storage technologies; Development of environmentally-friendly products and 

processes; Waste cycle, water treatment, and CO2 capture; Life Cycle Assessment. 

 

The UTRINN-STD department in ENEA (a section of the UTRINN “unity for the 

development of renewable energy sources” unit), headed by Ing. Pietro Tarquini, has 

an experience of more than 10 years in both national and international co-operative 

RD&D projects concerning the application of solar radiation in CSP systems for heat 

and power production, solar desalination, thermal storage and solar thermo-chemistry 

applications (including solar fuels and thermochemical water splitting cycles). This 

know-how is well demonstrated by the management of projects at the pilot scale in 

the ENEA-Casaccia research centre with the 100 meters long trough test plant (PCS) 

and the MO.S.E. facility (MOlten Salts experiments), and by the EU 7FP projects 

coordinated by ENEA (e.g. MATS, OPTS, CoMETHy). 

 
 

 

PCS facility 

 

ENEA- STD laboratories 

 

Study on sulphuric acid 
decomposition 

 

HSM characterization 
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Mobility of Ph.D. Students 

Discussion session Wednesday 25th – 11:50 am 

 

The aim is to strengthen relationships within the consortium by creating a 

culture of co-operation, through short stays of personnel in others’ labs. It is 

an attempt to get workers to acquire a global philosophy and attitude with 

respect to the whole set of SFERA infrastructures. This will pave the way to 

further collaboration in R&D activities and reinforce the share of know-how 

between the consortiums. These activities are crucial to carry on unified and 

coherent CSP activities at the different facilities. 

 

For SFERA 2, the emphasis will be put on the mobility of PhD students. We will 

then take the opportunity of the Doctoral Colloquium to maximize the 

identification of common R&D topics and potential collaborations. There is 

generally an average of 40 PhD students categorized in 6 different topics, 

which gives a lot of opportunities for collaborative work. 

 

During the DC, each PhD students will be asked to fill a questionnaire to 

identify the other PhD students where collaborations could take place 

depending on their research topics and their presentation. The supervisors 

present at the DC will be asked to do the same. At the end of the DC, an hour 

will be dedicated to put in common the results of this questionnaire, to confirm 

the adequation of the results between each student and create new open doors 

where the collaboration was not so obvious. Following the DC, the SFERA team 

will be in charge of putting things forward in regards to the results and 

launching the Exchange of Personnel activity. 
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Monday 23rd June 

8:30 9:00 Welcome & Registration 

9:00 9:20 Introduction by Gilles FLAMANT, CNRS-PROMES laboratory director 
     

9:20 9:40 
Characterization of occupied office buildings using dynamic integrated models 
and time series analysis 

Luis CASTILLO PSA 

Central Receiver Systems 

9:40 9:55 
Thermo-mechanical conception of an industrial scale high temperature solar 
receiver  

Cédric LERAY PROMES 

9:55 10:10 Experimental analysis of the turbulent flow in a simplified surface solar receiver Morgane BELLEC PROMES 

10:10 10:30 
Contribution to the thermal characterization of ceramic volumetric absorbers 
for receivers of solar tower power plants 

Fabrisio 
GOMEZ-GARCIA 

PROMES 

Coffee break, Poster session (7th floor) 

Central Receiver Systems 

11:00 11:20 Numerical and experimental studies of volumetric solar absorber made of SiC 
Sébastien 

MEY-CLOUTIER 
PROMES 

11:20 11:40 
Development of a measurement technique to determine the air return ratio of 
open volumetric air receivers with recirculation 

Arne TIDDENS DLR 

11:40 12:00 
Analyses of the air return ratio and the influence of wind on open volumetric air 
receivers 

Daniel MALDONADO DLR 

Solar Resources 

12:00 12:20 
Atmospheric extinction in Solar Tower Plants: development and comparison of 
measurement methods 

Natalie Marie 
HANRIEDER 

DLR 

12:20 12:40 Atmospheric Properties Measurement Using Sky Images Rémi CHAUVIN PROMES 
     

Lunch (1st floor) 
     

14:00 15:00 Visit of the Solar Furnace 

Linear Focusing Systems 

15:10 15:30 
Identification of flow instabilities and related flow phenomena in a solar thermal 
power plant with direct steam generation using the computer code ATHLET 

Alexander 
HOFFMANN 

DLR 

15:30 15:50 
Modeling of PTC by means of finite differences to study the angular temperature 
distribution 

Juan José 
SERRANO AGUILERA 

PSA 

15:50 16:05 
Modelling and optimization of transient processes in parabolic trough power 
plants with single-phase heat transfer medium 

Kareem NOURELDIN DLR 

Coffee break , Poster session (7th floor) 

Solar Thermochemistry 

16:35 16:50 
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 DLR 

16:50 17:10 Dual-scale ceria structure for solar thermochemical fuel production Daniel MARXER ETH 

17:10 17:30 
Reduction of CeO2 in an aerosol tubular reactor for the thermal dissociation of 
CO2 and H2O 

Michael WELTE ETH 

17:30 17:45 
Thermochemical separation of oxygen from inert gas via redox cycles utilizing 
solar waste heat  

Mirriam EZBIRI PSI 

17:45 18:05 
A thermodynamic study of zirconium, samarium and yttrium doped cerium 
dioxide 

Nicole KNOBLAUCH DLR 

18:05 18:25 
Oxygen nonstoichiometry and thermodynamic properties of 5% Zr-doped 
cerium dioxide at elevated temperatures 

Michael TAKACS ETH 

18:25 18:45 
Generic reactor model for thermochemical syngas production incorporating 
solid-phase heat exchange in a counter-flow arrangement 

Christoph FALTER ETH 

     

  Activity break 

20:30  Barbecue(1) 

  Saint-Jean Festival, Odeillo(2) 
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Tuesday 24th June 

8:30 8:45 Welcome & Introduction 

     

Measurements & Characterization 

8:45 9:05 
Influences on the shape accuracy of parabolic trough mirror panels mounted 
onto solar collectors 

Simon SCHNEIDER DLR 

9:05 9:20 Abrasion and corrosion of mirrors in desert environments Florian WIESINGER DLR 

9:20 9:35 A novel pyrometric method for high-flux solar simulators Dimitrios POTAMIAS PSI 

9:35 9:55 
Morphological characterization and effective thermal conductivity of 
thermochemically active dual-scale porous structures 

Simon ACKERMANN ETH 

9:55 10:15 
Comprehensive numerical approach for the design and optimization of solar 
absorber microstructures 

Raffaele CAPUANO DLR 

Coffee break, Poster session (7th floor) 

Central Receiver Systems 

10:45 11:05 Conceptual study of Central Receiver Systems with liquid metals Andreas FRITSCH DLR 

11:05 11:25 
Dense Suspension of Particles Receiver - High Temperature Experiments and 
Solar Flux Modeling 

Hadrien BENOIT PROMES 

11:25 11:45 
Influence of the use of coated particles and mixtures on the radiative behavior 
of a high temperature solar particle receiver 

Freddy ORDONEZ PROMES 

11:45 12:05 Granular flow in centrifugal particle receivers David TREBING DLR 

12:05 12:25 
Effect of directional dependency of wall reflectivity and incident concentrated 
solar flux on the efficiency of a cavity solar receiver 

Florent 
LARROUTUROU 

PROMES 

12:25 12:45 
Analysis of convective losses of cavity receivers and adequate reduction 
strategies 

Robert FLESCH DLR 

     

Lunch (1st floor) 

     

Solar Thermochemistry 

14:20 14:40 
Solar thermochemical production of renewable fuels from CO2 and H2O using 
metal oxide cycles 

Gaël LEVEQUE PROMES 

14:40 15:00 The mechanism of solid Zn oxidation by CO2 in the presence of ZnO David WEIBEL ETH 

15:00 15:20 
Evaluation of indirectly heated solar reforming processes with use of different 
types of solar receivers 

Henrik VON STORCH DLR 

15:20 15:40 
Solar-assisted hydrothermal gasification of biomass: Single and two-phase 
approaches to study the separation of salt from supercritical water 

Sebastian VIERECK PSI 

15:40 16:00 
Solar pyrolysis/gasification of wood pellet: the effects of experimental 
parameters on the product yield distribution 

Kuo ZENG PROMES 

16:00 16:20 
Heat recovery concept in a solar thermochemical process using a solid heat 
transfer medium 

Jan FELINKS DLR 

Coffee break, Poster session (7th floor) 

Desalination & Detoxification 

16:50 17:10 
Modelling and parametric study of thermal vapor compression multi-effect 
distillation plants 

Bartolome ORTEGA PSA 

17:10 17:30 
Assessment of solar membrane distillation for desalination and water 
disinfection 

Alba RUIZ AGUIRRE PSA 

17:30 17:50 New mechanistic model for bacterial inactivation with direct solar radiation 
Maria 

CASTRO ALFEREZ 
PSA 

17:50 18:10 Treatment strategy for cork boiling wastewater remediation at pilot plant scale 
Estefania 

DE TORRES SOCIAS 
PSA 

     

  Activity break 

21:00  Dinner at the restaurant “Le Cellier” in Font-Romeu(3) 
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Wednesday 25th June 

8:30 8:45 Welcome & Introduction 

     

Dish Systems 

8:45 9:05 
Optical design of a multi-focus solar dish CPV system based on ellipsoidal 
membrane facets 

Max SCHMITZ ETH 

9: 05 9:20 High concentration solar dishes based on pneumatic mirrors Fabian DAHLER ETH 

Thermal Energy Storage 

9:20 9:40 
Experimentation of a high temperature thermal energy storage prototype using 
phase change material for the thermal protection of a CSP tower solar receiver 

David VERDIER PROMES 

9:40 10:00 
CSP technology: study of innovative methods for physical and chemical storage 
systems at medium temperatures. 

Anna Chiara TIZZONI ENEA 

Coffee break, Poster session (7th floor) 

Thermal Energy Storage 

10:30 10:50 
High-temperature thermochemical energy storage based on the reversible 
reaction of metal oxides 

Michael WOKON DLR 

10:50 11:10 
Development of a thermocline thermal energy storage system with filler 
materials for concentrated solar power plants 

Jean-François 
HOFFMANN 

PROMES 

11:10 11:30 
Experimental methods for measurement of Molten Salts thermal conductivity 
and optimization of thermal storage tank used in CSP systems 

Stefano PISTACCHIO ENEA 

11:30 11:50 
Design and optimization of solid thermal energy storage module for solar 
thermal power plants application 

Yongfang JIAN PROMES 

11:50 12:20 Discussion on possible interactions between PhD Students (Gilles FLAMANT) 

12:20 12:30 End of 10th SOLLAB D.C. 

     

Lunch (1st floor) 

 
(1) Rue des Jonquilles, 66120 Via (Font-Romeu-Odeillo-Via) – the BBQ is next to the old church. 

(2) Saint Jean Festival: Rue de la République, 66120 Odeillo (RDV at the church of Odeillo). 

(3) Restaurant “Le Cellier”, 4 Rue Maillol, 66120 Font-Romeu, : +33 468 30 01 53 – Free covered parking at 100m. 

 

 

General Information 

WIFI for all the week 

 Network : Lune 
 Login : sferadc10 

 Password : viz8si 

 

Main contacts 

 David VERDIER +33 6 61 15 33 77 
 Sébastien MEY-CLOUTIER +33 6 78 73 63 21 
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Characterization of occupied office buildings using dynamic integrated models 

and time series analysis 

L. Castillo1, M. J. Jiménez1 

1 Energy Efficiency in Buildings R&D Unit, CIEMAT. Avenida Complutense nº40, MADRID, E-28040, SPAIN. 

lcastillo@psa.es 

This paper shows a summary of all techniques applied to characterize [1] two different office 

buildings in Madrid and Almería, Spain. The study has been driven by the identification of main 

effects on the Energy Balance Equation (EBE) and its more important parameters when studying 

energetically efficient buildings, the overall heat transmission coefficient (UA) and the overall solar 

transmittance coefficient (gA), thus modelling energy contributions and their physical effects due to 

HVAC systems, occupancy and others. 

This work uses dynamic integrated analysis, offering the simplicity of Steady State models but 

capturing all the dynamics of the data. In contrast with more complex stochastic methods [2], it 

requires a bigger dataset. 

The analysis shows how dynamic integrated models can achieve accurate results of UA. The main 

goal of this study is to find the best model with the lowest integration period and to demonstrate 

that one day regression methods are not suitable to obtain good parameter estimations. 

It is necessary to model all energy contributions when identifying and constructing models [3] 

based on an EBE. Some effects have physical guidelines on how to model them but others like 

occupancy are difficult to take into account. 

Moreover, it will be presented a state of the art of occupancy identification techniques and several 

alternatives proposed and applied to estimate occupancy loads as an independent energy input in the 

identification of the EBE parameters. 

References: 

[1] Castillo L., Enríquez R., Jiménez M.J. 2013. Regression method based in averages, applied to estimate the 

thermal parameters of a room in an occupied office building in Madrid. 4th Expert meeting Annex 58 ECBCS 

IEA. Holzkirchen (Germany), 8-10 April 2013. 

[2] Jiménez M. J., Madsen H. 2008. Models for Describing the Thermal Characteristics of Building Components. 

Building and Environment. Special issue on Outdoor testing, analysis and modelling of building components. 

43, pp. 152-162. 

[3] IEA EBC, Annex 58 Reliable Building Energy Performance Characterisation Based on Full Scale Dynamic 

Measurements. www.ecbcs.org/annexes/annex58.htm. Last viewed the 30th of May 2014. 
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Thermomechanical conception of an industrial scale high temperature solar 

receiver  

C. Leray1, G. Olalde1, A. Toutant2 

1 CNRS-PROMES Laboratory (UPR 8521), 7 rue du four solaire, 66120 Font-Romeu-Odeillo-Via, France 

Phone: +33 468 30 77 01 
2 CNRS-PROMES Laboratory (UPR 8521), Tecnosud, Rambla de la thermodynamique, 66100 Perpignan, FRANCE 

cedric.leray@promes.cnrs.fr 

One way to increase solar plants output consists in using high efficiency thermodynamic cycles, 

like Brayton-Joule cycles. This kind of cycle requires a gas at high temperature and high pressure, 

around 1000°C and 10 bars. At this temperature, heat resistant steels reached their limits. That is the 

reason why we are focusing on ceramic materials. We chose the silicon carbide which can work 

with air at 1200°C. To ensure the receiver's viability, it is essential to apprehend its 

thermomechanical behavior. We will present a rectangular parallelepiped receiver. This receiver is 

irradiated on its front face and isolated on its back face. This difference of irradiation generates a 

heterogeneous expansion in the receiver that generates constraints and risk of breaking. The present 

work consists in optimizing the receiver to reduce this risk. The main parameters in this 

optimization are the receiver’s geometry, the incident radiative flux distribution and the gas inlet 

properties. 

This work presents the global approach of the study, the studied cases and the module which will be 

tested experimentally at THEMIS solar plant. 
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Experimental analysis of the turbulent flow in a simplified surface solar receiver 

M. Bellec1, A. Toutant1, J.-M. Foucaut2 

1 CNRS-PROMES Laboratory (UPR 8521), 7 rue du four solaire, 66120 Font-Romeu-Odeillo-Via, France 

Phone: +33 468 30 77 03 
2 CNRS-LML (UMR 8107), Bd Paul Langevin, Cité Scientifique, 59655 Villeneuve d’Ascq Cedex, France 

morgane.bellec@promes.cnrs.fr 

In tower power plants, the high temperature solar receiver, which absorbs the concentrated solar 

energy and transmits it as heat energy to a fluid, is the key element. Using a channel configuration 

for the receiver is of real benefit. Optimizing its internal geometry leads both to high thermal 

exchange coefficients and limited pressure drops. Thus, it is essential to deepen our understanding 

of the physical phenomena occurring in this kind of receivers, and especially the complex effects of 

a temperature gradient in the turbulent flow. Detailed simulations of such a receiver, simplified into 

a bi-periodic channel whose walls have different temperatures, have resulted into asymmetrical 

velocity profiles [1]. This asymmetry cannot be simply explained by the property variations with the 

temperature, but is truly a consequence of the velocity/temperature coupling. These results need to 

be confirmed and further investigated through detailed experimental analysis. 

For this topic, 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 five times bigger. In the measurement area, the channel upper wall can be heated 

to create a temperature gradient in the flow. The wind tunnel is instrumented with an optical 

diagnostic tool SPIV (Stereo Particle Image Velocimetry) so that we can measure the three 

components of the instantaneous velocity anywhere in the flow. As a first step, we have 

characterized the isothermal channel flow at three turbulent Reynolds numbers: Reτ =395, 950 and 

2000. These results are compared to the literature in order to assess the experimental set-up quality. 

The database obtained has a high spatial resolution on a wide range of Reynolds numbers. 

Preliminary results in an anisothermal channel flow will also be analyzed and presented. 

Eventually, all results obtained in the isothermal and the anisothermal configurations will be 

compared. 

References: 

[4] Sanchez, M., Aulery, F., Toutant, A., and Bataille, F., Large Eddy Simulations of Thermal Boundary Layer 

Spatial Development in a Turbulent Channel Flow, Journal of Fluids Engineering, 2014, 136(6), 12 pages 
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Contribution to the thermal characterization of ceramic volumetric absorbers 

for receivers of solar tower power plants 

F. Gomez-Garcia1,2, J. Gonzalez-Aguilar2, G. Olalde1, M. Romero2 

1 CNRS-PROMES Laboratory (UPR 8521), 7 rue du four solaire, 66120 Font-Romeu-Odeillo-Via, France 

Phone. +33 468 30 77 27 
2 IMDEA Energy Institute, Ramón de la Sagra 3, 28935 Móstoles, Spain 

fabrisio.gomez@promes.cnrs.fr 

In solar tower power plants with volumetric receiver, concentrated solar radiation is focused on a 

porous media called absorber; which allows the penetration of solar radiation into its structure. This 

element absorbs and transfers by convection thermal energy to a fluid flowing through it. In this 

work, two innovative absorbers are presented and evaluated: a reticulated stacked absorber that 

consists of a stack of thin multi-channel monoliths with square cross section channels, in which the 

relative position between consecutive layers is shifted in the transversal direction; and a venetian 

blind absorber that is made up of a set of stacked structures formed by thin parallel sheets tilted over 

the longitudinal direction. The propagation of solar radiation into the absorbers has been modeled 

by ray-tracing technique based on the Monte Carlo method. For comparison purposes, the 

simulation of a classical honeycomb absorber was also carried out. Results show that radiation 

losses by reflection in the proposed absorbers are less than 3.7 % of the incoming radiation; and the 

extinction length in venetian blind absorbers is higher than in honeycombs and reticulated stacked 

absorbers. Laboratory scale tests of two configurations of venetian blind absorbers were also 

performed. Experimental characterization of these samples indicates that this geometrical 

configuration promotes convective heat transfer between the solid structure and the working fluid. 

Also, it has been observed that the angle of the slats in the venetian blind absorbers allows 

enhancing the exchange of thermal energy, reducing losses by emission in the front of the absorbers 

and increasing thermal efficiency of absorbers. 

[Work carried out under the frame of SOLGEMAC and SFERA projects; and partially supported by 

CONACyT, under grant No. 314449] 
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Numerical and experimental studies of volumetric solar absorber made of SiC 

S. Mey-Cloutier1, C. Caliot1, G. Flamant1 

1 CNRS-PROMES Laboratory (UPR 8521), 7 rue du Four Solaire, 66120 Font-Romeu-Odeillo-Via, France 

Phone: +33 468 30 77 63 

sebastien.mey@promes.cnrs.fr 

The recent research on solar thermal energy led to consider new technologies in order to become 

more competitive against current power plants (fossil fuels and nuclear). One way currently 

investigated is the volumetric solar receivers: higher temperature could be reached (above 1,000°C) 

due to the “volumetric effect”, leading to higher efficiency for electricity production cycles. 

The OPTISOL project (ANR-11-SEED-09) focuses on design and optimization of such receivers 

made of silicon carbide (SiC) reticulate porous ceramic foams (RPC). Considering the 

“homogeneous equivalent medium” assumption in here, a 1D model has been developed to solve 

coupled transfers inside the absorber. 

Radiative transfer equation has been solved using several methods, then compared to experimental 

results and reference solution (Monte-Carlo algorithm). Boundary condition modelling and 

volumetric properties modelling are the key part of these studies, in the aim of improving 

simulation results. An experiment campaign has been conducted in CNRS-PROMES Laboratory 

and allowed us to test performances of commercial/industrial SiC RPCs. In addition to calorimetry 

measurements, this experience led to a first validation step of the theoretical results. Once the model 

is validated, optimization is realized on the solar-to-thermal efficiency considering the geometrical 

characteristics of the material (pore diameter, porosity, thickness) as optimization settings, for 

nominal operating conditions. 

Parametric studies have shown the major impact of the absorber material thermal conductivity: 

higher thermal conductivity allow heat absorbed inside the receiver (radiative transfer) to be 

transferred to the aperture, decreasing the volumetric effect by an increase in the radiative losses. 

Another point highlighted is the competition between radiative transfer and convective transfer: 

obtaining a significant volumetric effect leads to consider geometrical characteristics that diminish 

convection coefficients, then diminishing solar-to-thermal efficiency. Finally, the use of spectral 

selective materials is also investigated, in order to maximize solar flux absorption and minimize the 

infra-red emission. 
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Development of a measurement technique to determine the air return ratio of 

open volumetric air receivers with recirculation 

A. Tiddens1, M. Röger2, H. Stadler1, R. Pitz-Paal3 

1 German Aerospace Center (DLR), Institute of Solar Research, Karl-Heinz-Beckurts-Str. 13, 52428 Jülich, Germany 

Phone: + 49 2203 601 4174 
2 German Aerospace Center (DLR), Institute of Solar Research, Plataforma Solar de Almería, Tabernas, Spain 

3 German Aerospace Center (DLR), Institute of Solar Research, Cologne, Germany 

arne.tiddens@dlr.de 

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 

maximized. 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 protection measures and through improved operational modes. These optimizations 

are only possible if the ARR is measureable.  

To determine the ARR of this open system an energy balance of the receiver cannot be used, due to 

the considerably heat transfer between the absorber and the recirculated air [1]. A tracer gas 

method, whereby an easily detectable gas is added to the air flow and measured later on, has been 

chosen. The state of the art tracergas 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 technique has been constructed. Various methods of measurement have 

been developed and signal models have been created. The developed signal models have been 

successfully examined at a model scale and the first experimental data matches the predicted signals 

well. 

References: 

[1] N. Ahlbrink, Modellgestützte Bewertung und Optimierung der offenen Luftreceivertechnologie, Dissertation, 

RWTH Aachen, Germany, 2013, 235 
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Analyses of the air return ratio and the influence of wind on open volumetric air 

receivers 

D. Maldonado1, R. Pitz-Paal1 

1 German Aerospace Center DLR, Institute of Solar Research, 51170 Cologne, Germany. 

daniel.maldonadoquinto@dlr.de 

Open volumetric air receivers are a promising option for solar central receiver power plants. The 

technology is based on irradiating ceramic absorber combs that, in turn, heat up air, which is sucked 

through the combs. The hot air is used to drive a conventional steam cycle and is then fed back to 

the receiver. The return air is blown out in front of the receiver and sucked back in in order to 

reduce heat losses. The quotient of the air fraction which is sucked back in and the total mass flow 

defines the air return ratio. The efficiency of the system is affected by the air return ratio 

significantly. 

The air return ratio is difficult to forecast due to complex flow conditions in front of the receiver. 

Strong uplifts as a result of natural convection and the forced shear flow could cause vortices. 

Furthermore, the receiver is especially sensitive to wind because of the open concept. 

Aim of this study is to develop a simulation model in order to analyze the flow conditions and to 

predict the air return ratio for different operating conditions. A CFD model, implemented in 

OpenFoam, is used to calculate the flow inside and in front of one comb. In this domain turbulent 

motions of many scales can be observed. Therefore, the small-scale flow inside the channels of the 

monolithic absorber and the large-scale buoyancy-driven flow in front of the receiver have to be 

considered by the numerical model. An extensive measurement campaign has been performed at the 

DLR Xenon High-Flux Solar Simulator in Cologne to gain validation data and to provide suitable 

boundary conditions for the simulation model. The PIV (Particel Image Velocimetry) measurement 

results give comprehensive information about the flow phenomena which affect the air return ratio. 

With the simulation model it is possible to predict these flow phenomena and thus a tool to develop 

technical solutions which increase the air return ratio is available. In a further step the model is 

extended to consider wind conditions at tower height. 

Simulation results of the validation cases and additional operating conditions are shown and 

discussed. 
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Atmospheric extinction in Solar Tower Plants: development and comparison of 

measurement methods 

N. Hanrieder1, S. Wilbert1, R. Pitz-Paal2 

1 German Aerospace Center (DLR), Solar Research, Plataforma Solar de Almería, Ctra. de Senés s/n km 4, Apartado 

39, 04200 Tabernas, Spain 
2 German Aerospace Center (DLR), Solar Research, Linder Höhe, 51147 Köln, Germany 

natalie.hanrieder@dlr.de 

Losses of reflected solar radiation between the heliostat field and the receiver in solar tower plants 

depend on local meteorological conditions like aerosol concentration or relative humidity. For many 

potential power plant sites no detailed information about these parameters is available. Therefore, 

state of the art in ray tracing or plant optimization tools is to use standard atmospheric conditions to 

describe the effect of scattering and absorption processes on reflected Direct Solar Irradiance (DNI). 

These standard cases can differ strongly from the real atmospheric attenuation in the plants. 

Commercially available instrumentation to measure meteorological parameters like meteorological 

optical range (MOR), DNI and aerosol particle size distribution was tested and enhanced with post 

processing software. Up to 20 months of measurements at the PSA (Plataforma Solar de Almería) 

are presented. The examination of the extinction height profile at the PSA is compared to standard 

assumptions that are commonly used in implemented models in ray tracing tools. Four methods to 

determine on-site atmospheric extinction on the basis of ground measurements are introduced. 

Necessary correction methods according to the diurnal solar spectrum changes and different 

working principle of the instruments are developed. 

The first method uses a FS11 scattermeter to measure the MOR. The sensor is characterized by a 

robust composition and low sensitivity to soiling which makes it suitable for application on remote 

sites [1]. The second method is based on the Optec LPV-4 long path transmissometer. While the 

scattermeter is only considering the scattering effect, the transmissometer also takes absorption of 

aerosol particles or water droplets into account. As both instruments are based on monochromatic 

measurement techniques, the derived extinction differs from solar broadband extinction and as this 

is of interest for solar tower plants, a correction procedure concerning these systematic errors was 

developed. This procedure compensates the errors and translates successfully the measurement 

results of the commercially available sensors to broadband extinction. Both methods are displaying 

satisfying estimates about on-site extinction. In a third method, two pyrheliometers in different 

heights (0 m and 90 m) are mounted. This method is highly sensitive to instrument accuracy, 

calibration as well as correct cloud detection. First results show that this setup allows distinguishing 

between standard hazy and clear atmospheric conditions. The fourth method is a combination of the 

radiative transfer model libRadtran [2] and the aerosol size distribution input measured by the 

particle counter sensor EDM164 of Grimm. Site-dependent aerosol composition is often not known 

and a sensitivity study concerning different standard aerosol types is carried out using optical 

properties from the software package OPAC [3]. Promising accordance with the corrected MOR 

methods can be recorded. All methods are intercompared and advantages as well as drawbacks to 

determine atmospheric extinction in a solar tower plant are pointed out. 

References: 

[1] Hanrieder N., Wehringer F., Wilbert S., Wolfertstetter F., Pitz-Paal R., Campos A., Quaschning V., 

Determination of Beam Attenuation in Tower Plants, Solar PACES 2012 

[2] Mayer B, Kylling A., Technical note: The LibRadtran software package for radiative transfer calculations – 

description and examples of use, Atmos. Chem. Phys., 2005, 5, 1855-1877 

[3] Hess M., Köpke P., Schult I., Optical Properties of Aerosols and Clouds: The Software Package OPAC, 

BAMS, 1998, 5, Vol 79, 831-844  
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Atmospheric Properties Measurement Using Sky Images 

R. Chauvin1, J. Nou1, S. Thil1,2, S. Grieu1,2 

1 CNRS-PROMES Laboratory (UPR 8521), Tecnosud, Rambla de la thermodynamique, 66100 Perpignan, FRANCE 

Phone: +33 468 68 27 06 
2 University of Perpignan Via Domitia, 52 Avenue Paul Alduy, 66860 Perpignan, France  

remi.chauvin@promes.cnrs.fr 

Atmospheric properties play a key role in the evaluation of the solar power plant output. Indeed, 

properties as the cloud cover, its distribution or the atmospheric turbidity strongly influence the 

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 the 

electricity generation. This presentation deals with a novel methodology based on a sky-imaging 

system to measure the clear sky intensity distribution and compute the cloud cover map. 

According to the CIE clear sky standard model [1], the clear sky luminance distribution can be 

modeled as a function of the Solar/Zenith Angle (SZA) and the Sun/Pixel Angle (SPA). From this 

equation, detailed models have been developed to simulate both sky luminance and sky radiance 

distribution for various sky conditions [2,3]. A new equation, inspired by these works has been 

developed to fit with the clear sky images provided by our sky imager. The equation is a function of 

SZA, SPA and 7 coefficients determined by a regression analysis, minimizing the least square error. 

These coefficients are related to the atmospheric turbidity and give valuable information about the 

sunshape which affects the optical efficiency of solar concentrating systems.  

Once the equation is defined, it is also possible to generate a clear sky image. This image can be 

used as a reference to perform an optimized cloud detection [4]. The cloud detection algorithm is 

based on a fixed thresholding technique applied on the Normalized Red/Blue Ratio (NRBR) of the 

image. The NRBR of the current sky image is compared to the NRBR of the associated clear sky 

image. Pixels for which the NRBR difference is above 5% are classified as cloud pixels. This cloud 

detection algorithm outperforms most of the standard algorithms, especially in the circumsolar area. 

From this pixel classification, it is possible to compute the cloud cover map which gives valuable 

information about the solar resource variability and helps the operator to optimize the plant control 

procedures. 
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The present work is focused on numerical investigations of the two-phase flow behaviour of a solar 

thermal power plant with direct steam generation. Typical power plants with this technology use 

either parabolic trough collectors or linear Fresnel collectors to concentrate the sun on a long, 

horizontal pipe to heat up water and produce steam for electricity production afterwards. 

The objectives of this work are to investigate such facilities with regard to the relevance of two-

phase flow instabilities and adjacent flow phenomena. The operation mode of interest is the once-

through mode. The once through mode is a promising concept for solar field operation besides the 

recirculation and injection mode [2]. The obtained knowledge about the flow behaviour is helpful to 

ensure proper fluid dynamics and to design appropriate control systems. Flow instabilities mostly 

result in fluctuations of mass flow and pressure. This can affect the motion of the mixture-vapor 

transition point which consequently increases the associated problem of high thermal stresses in the 

absorber pipe wall. As numerical tool, the system code ATHLET (Analysis of Thermal-hydraulics 

of Leaks and Transients) is applied which has its origin in the field of nuclear engineering [4]. This 

code is able to analyze the transient two-phase flow of water and steam by solving the conservation 

laws of mass, momentum and energy. Compared to other tools like the Modelica library ‘DissDyn’ 

[1] ATHLET uses a separated flow model which enables a more detailed investigation [4]. 

A recent feasibility study reveals the principal applicability of ATHLET to the DISS test facility at 

Plataforma Solar de Almeria [3]. Furthermore, several potentially possible flow instabilities are 

identified which are namely, density wave oscillations, parallel channel instabilities, thermal 

oscillations and the flow phenomenon of severe slugging. Currently, the verification of important 

correlations such as the frictional pressure loss correlation in ATHLET is done. 
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The numerical simulation of PTCs is a relevant task within the progress of the medium-temperature 

CSP technology. A new thermal model has been implemented to obtain the 3D steel absorber 

temperature distribution. This information is relevant in direct steam generation applications in 

order to know the thermal gradients on the pipe that may cause thermal bending. In this model, the 

fluid-steel convective heat transfer has been simplified by means of usual heat transfer correlations. 

A numerical study has been performed taking into account the DISS experimental loop [1,2] 

conditions in the superheated steam section. Aiming to get the 2D flux profile around the absorber, 

a 3D ray tracing algorithm has been also implemented assuming an experimental sunshape 

distribution [3] and normal deviation distribution when considering reflector imperfections. In this 

sense, additional free parameters have been regarded to indicate the pipe bending and reflector 

deformation to model their effects on the flux profile and therefore in the thermal gradients.  
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The Federal Government in Germany adopted a long term “Energy Concept” with the goal to 

significantly reduce CO2 emissions by 2050. Renewable energy sources are considered the 

cornerstone to achieve this goal. As stated in [1], locally-produced and imported electricity from 

renewable energy sources are to account for 80% of the gross electricity consumption by 2050. 

Using molten salt single-phase heat transfer media in linear concentrating solar thermal power 

plants represents a very promising opportunity [2]. In addition to the increased temperature, as 

compared to oil-operated plants, the heated fluid could be directly stored to achieve longer 

operation periods. On the other hand, shut down and maintenance costs are significantly higher for 

solar fields with molten salt as the heat transfer fluid. That is due to the risk of fluid solidification or 

tube corrosion as the fluid temperatures drop or rise, respectively, beyond certain limits.  

In this PhD project, it is planned to develop a model to simulate whole fields and provide control 

information to account for changing irradiation conditions. Simulations of transient processes for 

single loops and subfields have already been sought and computed, for example in [3] and [4]. 

However, a more flexible, efficient and robust tool is required to better investigate larger fields in a 

timely manner. The tool could be used to optimize the system response to passing clouds and to 

improve the efficiency of startup procedures. The authors seek to simulate the field using a more 

detailed model for the hydraulic network and the mass flow distributions among the loops. The 

efficient calculation of mass flow distributions and pressure drops represent a challenge for the 

large systems of varying temperatures and fluid properties. The PhD project runs for the upcoming 

3 years and is funded by DLR and DAAD. 
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for the HyS process at pilot plant scale and technology assessment  
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Thermo-chemical cycles for water splitting are considered as a promising emission-free route of 

massive hydrogen production – converting thermal energy directly into chemical energy, and thus 

increasing process efficiencies and reducing costs compared to low temperature electrolysis of 

water. The hybrid sulphur cycle [1], also called Westinghouse cycle, was chosen as one of the most 

promising cycles from the ‘sulphur family’ of processes and other thermochemical cycles. 

 
Figure 1: Scheme of the solar hybrid sulphur process for hydrogen generation 

Coupling of concentrated solar power (CSP) into this process is a major research area at DLR. In 

latest studies, a dynamic flow sheet has been established, investigating concepts of providing solar 

heat at different temperature levels to the process and thus specifically considering the dynamics of a 

solar application. 

In this lecture, the most crucial results are presented, stressing the most significant parameters 

impacting the process efficiency, and comparing the values to related literature [2]. 

In a related project, the key component of a Solar HyS process, a directly irradiated sulphuric acid 

decomposer, has been successfully demonstrated in laboratory scale at the DLR solar furnace [3]. 

The current research project aims for the development and demonstration of such a receiver-reactor 

at industrial relevant scale. The system will be operated at the research platform of the solar tower in 

Jülich. Modelling of the receiver-reactor and validation based on the experimental data will be 

performed, in order to establish a design methodology for a receiver-reactor at industrial scale, and 

to improve process assessment for industrial application. 

Predictions regarding the performance of such an up-scaled receiver-reactor system are presented, 

and strategies to overcome identified hurdles are discussed. 
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Efficient heat transfer of concentrated solar energy and rapid chemical kinetics are desired 

characteristics of solar thermochemical redox cycles for splitting CO2 and H2O.1-3 We have 

fabricated reticulated porous ceramic (foam-type) structures made of ceria with dual-scale porosity 

in the millimeter and micrometer ranges. The larger void size range, with d
mean

 = 2.5 mm and 

porosity = 0.76 – 0.82, enables volumetric absorption of concentrated solar radiation for efficient 

heat transfer to the reaction site during endothermic reduction, while the smaller void size range 

within the struts, with d
mean

 = 10 µm and strut porosity = 0 – 0.44, increases the specific surface 

area for enhanced reaction kinetics during exothermic oxidation with CO2. Characterization is 

performed via mercury intrusion porosimetry, scanning electron microscopy, and 

thermogravimetric analysis (TGA).  Samples are thermally reduced at 1773 K and subsequently 

oxidized with CO
2
 at temperatures in the range 873 – 1273 K. On average, CO production rates are 

ten times higher for samples with 0.44 strut porosity than for samples with non-porous struts. The 

oxidation rate scales with specific surface area and the apparent activation energy ranges from 90 to 

135.7 kJ mol-1. Testing of the dual-scale RPC in a solar cavity-receiver exposed to high-flux 

thermal radiation (3.8 kW radiative power at 3015 suns) corroborated the superior performance 

observed in the TGA, yielding a shorter cycle time and a mean solar-to-fuel energy conversion 

efficiency of 1.73%.4 Largely stable oxidation rates were observed over 227 redox cycles with no 

loss of open porosity. The syngas from 243 cycles was collected, compressed to 150 bars, and fed to 

a Fischer-Tropsch reactor at Shell in Amsterdam. With the first ever production of synthesized solar 

jet fuel, the EU-project SOLAR-JET has successfully demonstrated the entire production chain for 

renewable kerosene obtained directly from sunlight, H2O, and CO2. 
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CeO2 is potentially promising as a 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, 

carbon dioxide or a mixture of the two 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 in an 

externally heated tubular reactor having resident times of < 2 s during thermal reduction. 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 on the effect of repetitive cycling (Tred = 1873 K) on particle 

morphology, the subsequently measured reduction extents and the impact these results have on the 

mechanism of heat transfer to such particle agglomerates. In total, ten consecutive reduction steps 

were performed for a range of particle feeding rates (0 – 150 mg/s). Particle morphology was 

evaluated using scanning electron microscopy (SEM) and particle size distribution (PSD) was 

evaluated using a laser based particle size analyzer. During initial cycles, particle agglomerates 

were observed to decrease in size with cycle number. For example, from cycle 1 to 3 the 

agglomerate size decreased from 400 μm to 100 μm based on SEM analysis. This ultimately 

resulted in an increase in reduction extent from 0.018 to 0.032. We explain these results based on a 

simple radiation heat transfer model and show that, for agglomerate sizes larger than 150 μm the 

concept of the aerosol reactor is limited by the heat transfer from the hot tube walls to individual 

particles. Additionally, for agglomerate sizes of 200 μm and below, results indicate that 

thermodynamic (e.g. pO2) limitations become dominant.   
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The solar thermochemical splitting of H2O and CO2 by metal oxide redox cycles often makes use of 

inert gas during the thermal reduction to shift the thermodynamic equilibrium to lower operating 

temperatures and to avoid re-oxidation by quenching and dilution [1-3]. The outflowing inert gas 

contains thus 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], this time 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. The screening of 

promising perovskite candidates is carried out by a combined computational-experimental 

approach, utilizing density functional theory (DFT) and validating with thermogravimetric analysis. 
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The thermodynamic properties of Ce1-yAyO2-δ (A= Zr y = 0/0.15) [1]  and  Ce1-zBz O
2-(z/2)

oxides (B= Y, 

Sm z = 0/0,02/0.15) have been studied in view of their applicability as active redox material in solar 

thermo-chemical cycles.  

 

 

 

 

 

The oxides were synthesized via citric acid complex method and Pechini synthesis. Subsequent 

characterization by x-ray powder diffraction indicates that single phase solid solutions with fluorite 

structure were formed after synthesis. The SEM analysis shows the influence of ethylene glycol in 

the case of Pechini synthesis. Through the addition of ethylene glycol the produced particle size 

becomes substantially smaller.  

 

Thermo gravimetric measurements were performed on sintered pellets in the temperature range of 

1543 – 1753K. Data clearly show that the reduction of CeO2-δ could be enhanced by doping with 

tetravalent zirconium (see also [1]). Doping with trivalent samarium does not improve the reduction 

behavior but seems to affect re-oxidation kinetics. The undoped ceria oxides and ceria oxides doped 

with zirconium show a structural evolution after several redox reactions which leads to the 

formation of a second phase that might hinder the following oxidation. Samarium doping prevents 

this evolution and hence the re-oxidation is facilitated.  

Furthermore we investigate the oxygen diffusion kinetics during the reduction reaction at selected 

temperatures. The calculation of oxygen diffusion coefficients is based on a diffusion model 

published by H. Dünwald and C. Wagner [2].  
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Ceria (CeO2) based materials are currently considered state of the art intermediate for solar 

thermochemical H2O and CO2 splitting because of their rapid kinetics and morphological stability 

[1]. The nonstoichiometry achieved during reduction, (δ) is dependent on temperature and partial 

pressure of oxygen (pO2) in the system [2]. Because reduction is not driven to completion (i.e. 

CeO2→Ce2O3), reduction extents are not as great as other metal oxide systems (e.g. iron oxide) and 

therefore relative fuel production per mass of redox material is low [3]. Reduction extents of ceria 

can be increased through the introduction of certain dopants into the ceria lattice, and are therefore 

receiving interest as a means to increase fuel production yields similarly to other oxide systems, 

while maintaining the advantages of pure ceria. The most promising dopants reported are Zr4+ [4, 5] 

and Hf4+ [6], yet there is only limited information available about their thermodynamic and kinetic 

properties.  

In this work the oxygen nonstoichiometry and the thermodynamic properties of 5% Zr-doped 

cerium dioxide (Zr0.05Ce0.95O2-δ) were investigated. Nonstoichiometry was measured by isothermal 

weight relaxation experiments in a thermogravimetric analyzer at elevated temperatures from 

1300 °C to 1500 °C and oxygen partial pressures in the range 5×10-3-2×10-4 atm. We show that 

Zr0.05Ce0.95O2-δ shows up to 90% higher reduction extent in the measured temperature and pO2 

range. An ideal solution model describing the formation of isolated oxygen vacancies and small 

polarons upon reduction, in conjunction with a defect interaction model, was applied to accurately 

model the nonstoichiometry as a function of T and pO2. Partial molar thermodynamic properties 

(ΔhO, ΔsO and ΔgO) have also been elucidated as a function of δ. Finally, from such partial molar 

quantities and nonstoichiometry data, H2 equilibrium yields upon oxidation with H2O have been 

determined as a function of oxidation temperature and oxidant concentration. Re-oxidation of 

Zr0.05Ce0.95O2-δ with H2O is not as thermodynamically favorable as the oxidation of CeO2-δ and a 

model is currently being developed to understand how this is expected to impact the overall solar to 

fuel energy conversion efficiency compared to pure ceria. 
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The aviation sector faces the future challenge of growing mobility demand and rising uncertainty 

about fuel supply. Because of high levels of energy and power density requirements, liquid 

hydrocarbon fuels are the preferred fuel option even in a long-term perspective. Sustainable 

kerosene can be attained through the production of syngas in a solar-thermochemical cycle and its 

conversion in a Fischer-Tropsch unit1. Based on the available solar resource, practically unlimited 

amounts of fuel could be produced. However, for the optimization of path efficiency and 

economics, further development of solar-thermochemical reactor concepts is crucial. 

In recent years, nonstoichiometric redox reactions have received attention, where the amount of 

heated reactive material per unit of produced fuel is high and the achievement of high process 

efficiencies requires heat recuperation from the solid phase. 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 exchanger 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, number of chambers, 

residence time and oxygen partial pressure. For the ideal case of the minimum thermodynamic work 

for the vacuum pumps and gas separation, as well as unhindered heat propagation into the material, 

the overall efficiency of CO production is calculated to reach 22% for an oxygen partial pressure of 

10-3 atm and over 30% at 10-5 atm at a heat exchanger efficiency of close to 80%.  

Depending on the number of chambers, reactor concepts between the quasi-continuous batch 

reactor and the many-particle counter-flow can be analyzed. The presented model provides useful 

insight into the wide design space of solar-thermochemical reactors including heat recuperation 

from the solid and gas phase. 
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Shape accuracy and geometric precision are key factors for the optical performance of parabolic 

trough mirror panels. Deviations from the ideal shape directly lead to losses of reflected solar 

radiation and hence a decrease in yield of solar thermal power plants. Therefore, special care needs 

to be taken when mounting the panels onto the collector support structure to avoid strains and forces 

and thus deformation of the mirrors. 

In previous works the dependence of mirror shape accuracy on different boundary conditions and 

load cases was studied using finite element analysis (FEA) and optical measurement techniques    

[1, 2]. The FE-models have been validated for laboratory conditions; thus, mirror deformation in 

different laboratory setups is well understood. The comparison of results to measurements from the 

KONTAS test bench [3] showed that the direct transferability of mirror shape results from 

laboratory to collector is limited. Hence, further influencing factors originating from the collector 

support structure need to be taken into account. 

In this work, additional effects and associated force reactions onto the mirrors are investigated. 

Three different finite element models are compared: The first one includes the mirrors and 

mounting pads on an otherwise ideally-rigid support structure (ideal case), the second one also 

covers the elastic L- and Z-brackets (bracket case) and the third one additionally includes the 

cantilever arms up to the torque-box (cantilever case). Gravity-induced deformation and resulting 

slope deviations are calculated for perfectly shaped mirrors in different collector position. In the 

following, determined rms values of slope deviations in curved dimension (SDx) for zenith 

collector position for the inner mirror are stated.  

For the cantilever case an SDx of 1.61 mrad results, compared to 1.66 mrad for the bracket case and 

0.98 mrad for the ideal case. Furthermore, for the cantilever case different assembly errors in 

addition to gravitational load were simulated. In zenith collector position an angular deviation of the 

two Z-brackets of the inner mirror between -10 and 10 mrad around the longitudinal y-axis leads to 

SDx values between 1.56 mrad and 1.70 mrad. In a further simulation an angular deviation of the 

corresponding mounting pads between -10 mrad and 10 mrad around the y-axis leads to SDx values 

between 1.43 mrad and 1.91 mrad. 
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The high direct normal irradiation (DNI) values make desert regions a favorable spot for 

concentrating solar power plants. However other environmental factors in these regions are less 

advantageous for the exposure of optically sensitive material. Especially strong winds carrying 

sharp-edged sand particles are expected to shorten the performance and lifetime of solar mirrors 

significantly. Even if the front glass of silver mirrors is only suffering smaller reflectivity losses the 

backside of the mirror might be attacked in a more severe way since the hardness of the coating is 

lower than the hardness of the impacting sand particles. Degradation of the protective coating leads 

to corrosion of the reflective metal layers underneath. 

So far very little research was directed on the destructive behavior of sandstorms on solar mirrors 

while the doubts about the long-term durability of power plants in these harsh environmental 

circumstances are still present. In the framework of this thesis the physical properties of sandstorms 

(wind speed, particle concentration, size distribution, hardness and shape) are investigated. The 

conditions are simulated in a laboratory sandstorm chamber and the parameters for a realistic 

accelerated abrasion test shall be defined. In addition to the state of the art analysis methods like 

reflectance measurements, optical and scanning electron microscopy (SEM) a new electrochemical 

mirror characterization method is employed. The results obtained with these analytical methods will 

allow characterizing degradation mechanisms of painted mirrors exposed to corrosive environments 

after sandstorm conditions and also ascribe the mirrors a certain resistance with respect to this 

environmental stresses. Furthermore to the mechanical impact of dust particles on degradation, the 

chemical influence of soiling will be studied. Deposited soil on mirror surfaces may form 

aggressive electrolytes that enhance metal corrosion. This effect is studied by testing soiled surfaces 

with different reference dusts in climatic simulation chambers. 
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In this talk, a novel pyrometric method [1] for on-line temperature measurement that can readily be 

applied to large solar simulators will be outlined. It samples radiation at a single wavelength and 

relies on double modulation and phase sensitive detection to separate the thermal signal from the 

reflected external radiation. The external radiation signal S1 is modulated at frequency ω1. The 

radiation S2 which emanates from the sample and contains both the thermal signal and the reflected 

radiation is mechanically modulated at ω2. The two signals can be detected by phase sensitive 

detection and the thermal signal retrieved as their difference. The method was successfully 

demonstrated on a lab scale setup, where electronic modulation of S1 was straightforward to 

implement. For its scale up, first to a 1 kW imaging furnace and later to a 50 kW high flux solar 

simulator at PSI, adaptation in both the modulation and the detection systems will be required.  

Due to the inherent characteristics of the Xenon short-arc lamp that serves as the artificial light 

source in solar simulators, the radiation signal S1 contains the contributions from both the arc and 

the tungsten electrode. Only the radiation from the arc can be effectively modulated by electronics 

due to the long thermal time constant of the electrode. Nevertheless, effective detection of the 

thermal signal requires that S1 be modulated in its entirety. The different spectral characteristics of 

the emission of the arc and of the electrode can be used to minimize the contribution of the 

(unmodulated) electrode to S1. If the pyrometer samples radiation at a wavelength where the 

contribution of the electrode relative to the arc is negligible, then electronic modulation would be a 

viable path. In that case, the power electronics required to effectively modulate the low voltage high 

current electrical load will be developed and implemented. This route will enjoy the inherent 

advantages of electronic systems (reliability, fast response, absence of moving parts). If the 

electrode contribution cannot be sufficiently suppressed by selecting an appropriate wavelength, 

then modulation of the S1 signal will be implemented by mechanical means. 

First experimental results pertaining to the scale up of the method to the 1 kW imaging furnace will 

be discussed, namely the selection of an appropriate narrow bandwidth transmission filter that 

suppresses the electrode contribution and the calibration of the pyrometer setup. 

References: 

[1] Alxneit, I., Measuring temperatures in a high concentration solar simulator – Demonstration of the principle, 

Solar Energy, 2011, 85(3), 516–522 

  

mailto:dimitrios.potamias@psi.ch


23rd–25th June 2014 

CNRS-PROMES Laboratory, Odeillo, France 
73 

 

Notes 

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  

                                  



74 
10th SOLLAB Doctoral Colloquium 

Book of Abstracts – Program 

 

Morphological characterization and effective thermal conductivity of 

thermochemically active dual-scale porous structures 

S. Ackermann1, J. R. Scheffe1, A. Steinfeld1,2 

1 Department of Mechanical and Process Engineering, ETH Zürich, Sonneggstrasse 3, 8092 Zürich, Switzerland 
2Solar Technology Laboratory, Paul Scherrer Institute, 5232 Villigen PSI, Switzerland 

acsimon@ethz.ch 

Solar thermochemical redox cycles for CO2 and H2O splitting inherently provide a 

thermodynamically favorable path to solar fuels production with potentially high energy conversion 

efficiencies [1]. Ceria-based oxides have emerged as highly attractive redox active materials 

because they display rapid kinetics and high chemical selectivity while remaining 

crystallographically and morphologically stable at elevated temperatures [2]. The two-step redox 

cycle consists of: 1) a solar-driven high-temperature endothermic reduction, in which ceria is 

thermally reduced to a nonstoichiometric state; and 2) a lower-temperature exothermic oxidation, in 

which the reduced ceria is re-oxidized with H2O, CO2, or a combination of both to form H2 and CO. 

In previous works, novel reticulated porous ceramics (RPC) made of ceria have been developed 

[3,4] and tested in a solar reactor that feature multi-scale porosity: mm-size pores for volumetric 

absorption of concentrated solar radiation and effective heat transfer, and struts containing micron-

sized pores for higher specific surface area leading to enhanced effective mass transfer.  

In this work, the aforementioned dual-scale ceria RPC’s are characterized in terms of their 

morphological properties and effective thermal conductivity. The detailed digital representation of 

the multi-scale RPC is obtained using synchrotron submicrometer tomography with a digital 

resolution of 325 nm and X-ray microtomography with a digital resolution of 35.7 µm. Strut 

porosities considered range from 10-50 vol% and from these scans, the exact 3D digital geometry is 

determined. The resulting total and open porosity, pore size distribution, mean pore diameter and 

specific surface area are reported and agree well with experimentally measured values derived from 

mercury intrusion porosimetry. The 3D digital geometry is then used in direct pore level 

simulations (DPLS) of the energy conservation equation for the accurate determination of the 

effective thermal conductivities of the porous struts and the entire dual-scale structure [5]. These 

morphological and effective heat transport properties serve as a tool for the design and optimization 

of solar reactors for efficient solar fuel production. 
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Porous material structures like foams, extruded monoliths and combined micro-shapes have been 

tested during the last years as thermal absorbers in volumetric solar receivers. In this application, 

ambient air flows through the absorber structure, which is heated by concentrated solar radiation, 

increasing its temperature. 

In order to obtain higher efficiencies, a proper combination of both structure and material 

parameters such as porosity, exchange area, optical properties is needed. Thus, a deep preliminary 

study for the characterization and the optimization of the shape of the porous structure must be 

performed. In the present work, a comprehensive numerical tool has been developed for a reliable 

prediction of the thermal performance and behavior of porous microstructures in high temperature 

solar application. 

The tool is defined as a combination of a discrete-based approach plus a continuum-based approach: 

the first is required for the evaluation of the effective properties of the structure considered; the 

second one, based on previous determined effective parameters, is responsible for the performance 

evaluation of the overall system examined. Validation and comparison of the results obtained 

through continuum and discrete simulations has been carried out considering both state-of-the-art 

and foam based geometry.  

The combination of continuous and discrete models leads to the characterization of a 

comprehensive tool that allows to an optimized design of new porous microstructures. 

Furthermore, a first attempt of innovative microstructures has been presented and tested showing 

first improvements in high temperature solar applications and opening the path to subsequent 

modifications for the structure optimization. 
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Several previous investigations on liquid metals as a heat transfer fluid (HTF) in central receiver 

systems have shown their potential regarding performance and reduction of the levelized costs of 

electricity (LCOE). Recent calculations of a 50 MWel power plant combined with a liquid metal 

receiver have indicated a reduction potential regarding LCOE of about 15% [1]. The heat transfer 

coefficients of liquid metals, which are an order of magnitudes higher than that for molten salt, are 

the main advantage of liquid metal HTFs [2]. Hence, higher concentration ratios are possible 

without increased wall temperatures. For this reason, the use of liquid metals could reduce the risk 

of hot spots. Further thermal gradients could be reduced and thus thermal fatigue as well. Therefore, 

the life span of the absorber tubes could also be extended [3]. According to preliminary receiver 

performance studies, liquid sodium leads to an absorber area reduction of up to 57 %, compared to 

molten salt [2]. This not only leads to lower material and manufacturing costs, but also to lower 

thermal losses. Therefore an increase in thermal efficiency is obvious. In contrast the reduction of 

the LCOE is not obvious. Liquid metals are significantly more expensive than molten salts. In 

addition to high costs, the lower heat capacities of liquid metals make direct storage less profitable.  

This work presents a system concept analysis of liquid metal central receiver systems. For this 

purpose, different conventional and innovative power cycles will be considered:  

• Supercritical steam cycles up to 620°C 

• Different advanced gas turbine cycles (DCHX with inert gas and CO2 cycle) 

• Combined cycle plant in various configurations 

• AMTEC-cell (Alkali metal thermal to electric converter) as topping cycle 

• LM-MHD-PC (Liquid metal magneto hydrodynamic power converter) as topping cycle  

• Liquid metal steam turbine as topping cycle with molten salt storage for bottoming cycle 

Furthermore, a model for thermal storage has been developed in order to assess different storage 

concepts and get the most convenient one for each system concept.  

Parallel to this preliminary design study for commercial scale CSP plants, validation tests are 

currently in preparation. CFD simulations with liquid metals in a single tube under radiation to one 

side are carried out with experimental validation. Additionally, a small solar-radiated demonstration 

system in the 10 kWth range with Lead-Bismuth as HTF is currently under construction at 

Karlsruhe Institute of Technology (KIT).  
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After demonstrating in a previous work [1] the capacity of dense suspensions of particles (DSP) to 

be used as heat transfer fluid (HTF) for central solar receivers, some new results obtained at higher 

temperature are presented here. The DSP is obtained through the fluidization of small size SiC 

particles, with a 63.9 µm Sauter mean diameter, at very low air velocities, in the order or magnitude 

of 0.01 m/s. The dense suspension of particles receiver (DSPR) consists in creating the upward 

circulation of a DSP, with a solid volume fraction in the range 25%-35%, in vertical absorbing 

tubes submitted to concentrated solar energy. The suspension acts as a HTF with a heat capacity 

similar to a liquid HTF but only limited in temperature by the working temperature limit of the 

receiver tubes. 

The single-tube pilot plant was modified in order to enable the pre-heating of the DSP. The new 

results showed that working at higher temperature increased greatly the heat transfer coefficient h 

between the tube wall and the DSP. The experiments are still ongoing but a preliminary analysis 

already shows that for particle volume fractions close to 30% and particle average velocities of 0.02 

m/s, the value of h, which was close to 350 W/m².K at a DSP mean temperature in the receiver 

cavity around 250 °C, goes over 700 W/m².K when the temperature reaches 480°C. Therefore, 

values of h approaching, even exceeding, 1000 W/m².K are expected for higher particles’ 

volumetric fractions, velocities and temperatures. Moreover, DSP temperatures of 650°C have been 

achieved. 

At the same time, a numerical model is developed in order to analyze the heat transfers inside the 

cavity of a soon-to-be tested 16-tube pilot plant. The first part of this model which focuses on the 

solar concentrating system, the PROMES’ 1 MW solar furnace, is presented here. The numerical 

results for solar flux densities are in good agreement with the measurements. 

References: 
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Among the recent advances in solar receivers, solar particle receivers (SPRs) are promising 

candidates to work at high temperatures (T > 1000ºC). They will permit to use high efficient 

thermodynamic cycles, such as a combined cycle (Brayton cycle + Rankine cycle). A non trivial 

drawback in the use of high temperature SPRs is the increment of the radiative losses when the 

temperature increases, that implies the reduction of the receiver efficiency. A possibility to avoid 

this difficulty is to work with spectrally selective materials. This kind of materials, having a high 

absorptivity in the spectral solar region and a low emissivity in the spectral infrared region, will 

permit to improve the receiver efficiency. 

In this work, the use of HfB2, ZrB2, HfC, ZrC, W and SiC particles in a high temperature SPR is 

analyzed by using numerical models. Three SPR configurations are considered: (1) a homogeneous 

medium with only one kind of particles, (b) a medium with a mixture of two materials and, (3) a 

homogeneous medium with coated particles. The three configuration results are compared with 

those obtained using particles made of an ideal material.  

Results show that certain selective materials have low emission in the IR region, whatever the 

particle size is. However, when these materials are used, the receiver efficiency is slightly below the 

one obtained when the SiC is used. This is due to their poor absorptivity in the solar region, which 

suggests the use of other selective materials or other configuration, such as coated particles. A 

remarkable result is obtained using coated particles with SiC as mantle. In this case the radiative 

losses decrease to approach to the ideal minimal. The best combination corresponds to a particle 

with a core of W coated by SiC. Improvements of 3.7% and 4.8% may be achieved using coating 

thickness of 0.05 µm with particles of diameter d=2µm and d=100µm, respectively. The use of 

coated particles may thus lead to significant improvements in the radiative performances of a SPR 

working at high temperature. 
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Direct Absorption Receivers (DAR) are one promising technology with enhanced thermal 

efficiency [1]. Centrifugal Particle Receivers (CentRec) are one of such DAR technologies. 

Particles are fed at the top of a face-down rotating cavity and forced against the inner cavity wall. 

Here, centrifugal force yields to higher friction between particles and cavity wall, thus decelerating 

their movement. Tests at DLR Cologne have shown that a small scale prototype was able to achieve 

particle outlet temperatures of 900 °C [2]. Ongoing simulations suggest a very good thermal 

efficiency (to be published). 

Uniform particle movement has a critical role on CentRec performance. It is subject to various 

influences, like cavity tilt, rotational speed and mass flow, as well as disturbances, like imbalance 

and thermal deformation. This work aims at deducing a theory to describe granular flow within 

CentRec. Its main goal is evaluating different concepts of CentRec as well as modelling its granular 

and thermal behavior under certain conditions. 

As an initial step, the current state of research was determined. One promising approach is a 

rheological model developed by Jop, Pouliquen, Forterre et al. [3]. It shows good agreement for 

stationary flow within two generic systems (see Fig. 1). Both seem usable, with certain restrictions: 

e.g. if the cavitys rotational axis is not vertical, centrifugal force and gravitation act together and 

result in a time-variant acceleration. In parallel, the laboratory scale prototype is modified to 

evaluate within which margins existing knowledge can be applied to CentRec technology, and 

where additional research is needed. It will further be used to validate the model in the future. 

 

Figure 1: Generic cases of granular flow – left: down inclined plane; right: heap flow [4] 
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Managing the optical properties of a cavity solar receiver for CSP tower technologies to create 

spectral and directional selectivities is a solution for increasing receiver efficiencies. A reduction in 

the incident solar power lost by reflection and emission in a solar receiver allows the absorption of 

the solar flux to be maximized. This report investigates the influence of the cavity walls’ reflectivity 

on the optical absorption efficiency of a cubic cavity solar receiver.  

A Monte Carlo ray-tracing method is used to calculate the power lost by reflections and by emission 

with respect to the incident radiation angular distribution pattern (collimated, diffuse, focused point 

or Themis pattern) and the Bidirectional Reflectance Distribution Function (BRDF) of the cavity 

walls. This study takes into account theoretical emissivity, real materials (TaC, ZrC…) and the 

influence of surfaces microstructuration is also computed thanks to the RCWA method. The BRDFs 

for the bottom wall (face to aperture) and lateral walls are distinguished. The absorption efficiency 

is deduced from the losses due to reflections, emissions and natural convection. This study shows 

that the absorption efficiency is primarily affected by the lateral walls’ reflectivity for diffuse and 

focused incident solar radiation configurations, and the most significant parameter for a collimated 

flux is the bottom wall reflectivity.  

References: 
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In order to increase temperature in solar thermal central receiver plants for power generation or for 

chemical processes it is important to develop receiver designs with low thermal losses. Cavity 

receivers match this requirement, since they have low thermal and optical losses. Losses caused by 

natural convection can be reduced by using cavity receivers with high tilt angles (downward facing 

receivers). Several studies have been carried out to analyze the relevant mechanisms and estimate 

the losses. Most of them deal with small cavities for parabolic dishes. Several correlations and 

models were developed, in order to estimate the convection losses. The majority of these models 

and correlations are suitable for no-wind conditions. Only the model developed by Clausing [1] 

includes wind velocity as parameter. This model estimates the convective losses for most receiver 

geometries under no-wind conditions very accurately. However, it predicts the influence of wind to 

be almost negligible, although many other experimental and numerical analysis indicate that wind 

has a substantial impact on the convection losses of those receivers and thus on the efficiency. 

Anyway, so far the influence of wind on large cavity receivers has not been analyzed in detail.  

In this thesis, the influence of wind on large cavity receivers for solar thermal central receiver plants 

is analyzed in detail using a numerical as well as an experimental approach. In order to realize the 

large Grashof and Reynolds number of interest, an experiment in the cryogenic wind tunnel 

Cologne was performed. A model cavity with an inner diameter of 0.66 m was built, which was 

placed in the test section of the wind tunnel. The cavity was placed on a turntable in order to realize 

different wind directions. Different inclination angles were analyzed as well. The inner surface of 

the cavity receiver was heated to a constant temperature using five different zones which were 

controlled individually. The electric power used to keep the temperature constant was measured, 

giving information on the convective heat losses. By decreasing the ambient temperature to 100 K a 

Grashof number of 4∙1010 can be realized due to the increased density. Different wind speeds up to 

a Reynolds number of 5∙105 were analyzed. The convective losses of horizontal cavity receivers 

only change slightly if wind is present, which supports the Clausing hypothesis. However, the 

higher the receiver inclination angle the more the receiver is influenced by wind.  For a face down 

receiver wind increases the losses substantially. In some cases at intermediate speeds in the 

analyzed range a reduction of the losses due to wind was observed.  

The setup of the cavity in the wind tunnel was simulated with the CFD code OpenFOAM. The 

experimental and the simulation results correlate well and with the simulation it is possible to get a 

deeper insight into the flow and temperature field inside the cavity. Hence, the simulation can be 

used to explain the observations of the experiment. 
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Major challenges for humanity in the up-coming century include the furniture of sustainable energy 

to meet the world’s demand, and the limitation of the CO2 concentration in the atmosphere. Solar-

powered recycling of CO2 and H2O into renewable fuels is a promising way to respond to this 

challenge.  

The most direct route consists in the solar-driven reduction of H2O and CO2 into H2 and CO, 

yielding syngas that can be further processed into liquid fuels through the well-known Fischer-

Tropsch process. This pathway presents the advantages of proposing an alternative to the large-

scale CO2 sequestration, and to store solar power chemically in a dense form that can be used in 

existing infrastructures. The direct approach for splitting H2O or CO2 can be purely thermal 

(requiring temperature above 2500°C) or thermal and electrical (high temperature electrolysis, 

highly dependent on electricity price). An alternative is the introduction of reaction intermediate 

compounds. 

Metal oxide redox cycles are a prime example of such a process:  

(1) the metal oxide is reduced into a lower valence metal oxide or into pure metal in a highly 

endothermic step that can be solar powered (eq.1),  

(2) this reduced metal oxide is then re-oxidized with CO2/H2O in a second step (eq.2). The global 

equation is the dissociation of CO2/H2O, the metal oxide being recycled: 

 MOx=MO(x-y)+y/2 O2   T>1000°C, ΔH>>0      (1) 

 MO(x-y)+yCO2/H2O=MOx+CO/H2   T<1000°C, ΔH<0    (2)  

This two-step process allows decreasing the temperature required for CO2 and H2O splitting, and it 

is still desirable to further reduce it for reaching higher global solar to chemical efficiency. The 

present study aim at characterizing the reduction step of the ZnO/Zn and SnO2/SnO volatile cycles, 

and to estimate the most favorable operating conditions. 
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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 dissociated 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 syngas. In this work we explore the reaction mechanism of the second, oxidation 

step. 

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

temperature on the solar-to-fuel energy conversion efficiency [1]. Achieving a high conversion of 

pure metallic 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. The latter has been attributed to the ZnO component of solar Zn which facilitates the 

Zn oxidation [2]. Based on the experimental observations a reaction mechanism was proposed 

which accounts for two parallel reactions: 1) the direct Zn surface oxidation by CO2 producing a 

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. The latter 

reaction path was verified using electron microscopy and energy-dispersive X-ray spectroscopy. 

The elucidated reaction mechanism enables the derivation of a kinetic model for the oxidation of 

solar Zn, which will guide the selection and design of a solar Zn oxidation reactor. 
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Targeting for a possibility of decoupling 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 these projects, a number of different solar reforming concepts were proven feasible. 

The investigated concepts can be divided into two major groups. Firstly, the indirectly heated 

concepts where a heat transfer fluid (HTF) is heated in a solar receiver and then used to heat the 

reactor. Secondly, the directly irradiated concepts where the reactor volume is directly irradiated 

without use of a HTF. 

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

investigated. A boundary condition for the considered process is the production of synthesis gas 

suitable for subsequent methanol synthesis. A number of different solar receivers is implemented 

into the process and their performance investigated.  

By intensive simulation of different process configurations the process characteristics and the 

efficiency potential of the solar reforming process could be determined. Results show, that solar 

reforming puts higher demands on solar air receivers than electricity production does. Parameter 

studies show the importance of the receivers capability of providing air at temperatures above 

850 °C and elevated pressures at high efficiencies. But the results also indicate a high potential for 

the process for efficient conversion of solar energy into a chemically stable form. The results 

indicate that with this process it is possible to utilize solar energy independent of spatial and 

temporal availability of solar irradiation with efficiencies comparable to conventional solar power 

towers. 
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Hydrothermal gasification is a process suited to produce methane or hydrogen from wet biomass 

containing water in excess of 80 wt.% (for example, sewage sludge, manure, or micro-algae). 

Because water is in a super-critical state under typical hydrothermal conditions (p = 300 bar and T = 

400-450°C), a high-water content feedstock can be processed without the energy-intensive 

evaporation of the water, thereby resulting in an efficient conversion of biomass to fuel. However, 

super-critical water behaves like a non-polar solvent, causing the inorganic salts present in the 

feedstock to precipitate from the slurry. This precipitation can lead to blocking of downstream 

process equipment, poisoning of the gasification catalyst, and fouling of heat exchanger surfaces. 

To prevent these undesirable effects, the actual gasification is preceded by a salt separation step. In 

this step, the biomass feed is heated to temperatures of about 400°C, which induces the salt 

separation from the feed slurry into a concentrated salt brine. After the brine is removed, the salt-

free biomass is then passed to the gasification step. 

The salt separation step has the highest energy demand of the process. It can be met using solar 

energy, thus combining a renewable feedstock with a renewable source of energy for the production 

of biofuels. To realize this combination, initially a flow field in the salt separator has to be 

identified that promotes the withdrawal of salts as concentrated brine and avoids salt deposition. 

Then a heat exchange strategy for solar energy has to be chosen to heat the flow in the salt separator 

to the desired temperatures. This presentation discusses two approaches that were adopted to study 

the separation of salts from hydrothermal conditions for different flow fields. 

The first approach assesses the flow field of water only in the salt separator using a commercial 

computational fluid dynamics package and validated against the experimentally measured 

temperature profile. Using the temperature and velocity field of water in the salt separator, the 

separation of salts was assessed qualitatively based on the pseudo-critical temperature of water. 

This temperature marks the change of the solvation property of water from polar to non-polar. Once 

this temperature is exceeded, salts are assumed to precipitate and to be carried away with the flow. 

The value of this approach is assessed by correlating the simulation results with experimentally 

observed performance differences between two salt separator configurations. 

The second approach includes the salt phase in the simulations of the salt separator by investigating 

the dynamics of Na2SO4 particles. Na2SO4 is chosen as a model salt because it separates from 

supercritical water not as a concentrated solution but as a solid phase. Constant diameter particles 

were placed in the flow field along the isothermal line corresponding to the saturation temperature 

of Na2SO4 at a given feed concentration. By solving a suitable equation of motion, the trajectories 

of salt particles in the salt separator were computed. The effects of particle diameter (0.1 µm – 25 

µm), feed concentration (0.01 wt.% – 5 wt.%), and feed temperature (300 K & 633 K) on the 

particle tracks were investigated in a parametric study. The salt concentration in the feed and the 

feed temperature were found to have the strongest influence; the particle diameter became 

important only for the largest sizes investigated.  
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Concentrated solar radiation can be used to drive biomass pyrolysis or gasification that upgrades 

biomass calorific value and reduces the release of pollutants to the environment [1]. Solar pyrolysis 

turns wood into char (solid), tar (liquid) and gaseous products. The yield and composition of 

pyrolysis products depend upon the operating parameters including final temperature and heating 

rate [2]. Therefore, the influence of these parameters on pyrolysis products distribution should be 

studied, as it is a critical factor for possible applications.  

For the first step, we conducted pyrolysis experiments of wood pellets set at the focus of a solar 

furnace to study the influence of final temperature and heating rate. As shown in figure 1, the gas 

yield increases from 15.3% to 50.9% and the tar yield decreases from 70.7% to 40.8% when the 

final temperature is raised from 600 to 2000℃. The char yield firstly decreases from 14.0% to 8.3% 

in the range 600-1400℃, then it keeps almost constant at higher temperatures. The gas yield 

increases with temperature. Most of the gas comes from the secondary decomposition of tar vapors. 
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Figure 1: Pyrolysis products yield versus final temperature at heating rate 50℃/s and Ar flow rate 6 NL/min. 

For the second step, the investigation of the C, H, O and metals concentration variations with time 

at different temperatures and heating rates during biomass solar gasification will be conducted 

applying Laser Induced Breakdown Spectroscopy (LIBS) for solid analysis simultaneously to gas 

analysis. LIBS is a rapid chemical analysis method that uses a short laser pulse to create a micro-

plasma on the sample surface. Analysis of the emission lines from this plasma will give information 

on wood composition variation during heat treatment. 

References: 
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Solar thermochemical fuel production is a promising route to convert sunlight into chemically 

bound energy. This solar fuel is primarily hydrogen or carbon monoxide produced by splitting 

water or carbon dioxide, respectively. The redox material that is used in this two-step process 

oxidizes in the first reaction and has to be regenerated afterwards. In that second reaction the redox 

material is reduced at about 1400°C by concentrated solar energy. Both reactions are typically 

performed with a temperature difference of about 400-600K, which means that the temperature of 

the redox material has to be alternated accordingly. Therefore, a significant part of the thermal 

energy, provided by the solar radiation, is necessary to heat the redox material, whereby the solar to 

fuel efficiency decreases. 

The presented work is about a heat recovery system that transfers thermal energy from the reduced 

to the oxidized redox material. The proposed system utilizes a solid heat transfer medium in the 

form of spheres. In a first step, the redox particles and the heat transfer spheres are mixed in order 

to transfer the heat directly. A in the second step, the heat is transferred and afterwards the mixture 

is separated by a sieve in a third step. For that reason, the redox particles and heat transfer spheres 

have different diameters. Such a heat exchanger corresponds to the co-current heat transfer principle 

with a limited heat recovery rate. However, the heat recovery rate can be increased using several of 

these heat exchangers stages. Thereby, the heat transfer spheres move in the opposite direction to 

the redox particles through the system and thus a quasi-counter-current principle is realized. 

A numerical model will be introduced, which simulates the heat recovery system with different 

numbers of stages, as described above. The model includes the thermal properties of the redox 

particles and the heat transfer spheres as well as a model of the heat transfer coefficient. The 

calculation predicts a heat recovery rate of more than 70%. Furthermore, an experimental setup is 

designed to measure the heat transfer coefficient between redox particles and heat transfer spheres 

and thus to validate the model. 
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Fresh water and electricity production by concentrating solar power and desalination plants 

(CSP+D) represents a sustainable solution within the current energy and fresh water crisis, since it 

avoids the harmful effects of relying on fossil-fuel and nuclear power plants. This approach 

acquires more relevance in arid areas suffering from severe water shortage, where there are usually 

high irradiation levels. Based on this concept, an intensive research about the integration of multi-

effect distillation plants (MED) into parabolic-trough CSP plants has been carried out at PSA, 

taking several locations of MENA region and Southern Europe. The results proved the technical 

and economic feasibility of several CSP+MED systems in comparison to the simple connection of a 

reverse osmosis unit to a CSP plant [1,2].  

The first objective of this work has been the development of a stationary model for a general 

thermal vapor compression MED plant (MED-TVC), which has been validated with data from the 

Trapani desalination plant [3]. The use of thermo-compressors increases the thermal efficiency of 

the conventional low-temperature MED process by reducing the waste energy generated during the 

distillation process. Additionally, adaptive thermo-compressors would let the MED plant to follow 

the daily and seasonally electricity demand profiles with high performance when integrating into a 

CSP plant. An adaptive thermo-compressor permits the adjustment of the motive steam flow to the 

daily pressure variations and a hybrid operation by using different entrainment steam pressures [4]. 

According to it, the assessment of the variation of the entrainment and motive vapor pressure on a 

MED-TVC unit is relevant to identify the most optimum and efficient operation mode when 

integrating into a CSP plant. The second objective of this work has been to carry out a parametric 

study in order to determine the gain output ratio (GOR) and distillate production of the modelled 

TVC-MED plant at different entrainment and motive vapor pressures, which will be useful for 

further annual simulations of CSP+MED-TVC system. 
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Membrane distillation (MD) is a technology to produce high quality water from seawater, brackish 

water or wastewater using thermal energy. The principle of MD is the transport of vapor molecules 

through a hydrophobic micro-porous membrane. The surface tension forces of the hydrophobic 

membrane prevent liquid molecules to enter the pores, while vapor passes through due to a 

difference in vapor pressure at both sides of the membrane, which is established by a difference in 

temperature [1]. 

In the present work, two different MD modules using spiral wound membranes have been evaluated 

at Plataforma Solar of Almería (PSA). The configuration of the two modules is different. The 

module built by Solar Spring has a liquid gap membrane distillation (LGMD) configuration and the 

other one made by Aquastill has an air gap membrane distillation (AGMD) configuration. The 

characterization of the systems was done by measuring the production and its quality, as well as the 

thermal performance. The design parameters of the module and other characteristics of the 

membrane, such as the material, the surface area and the pore size, had an influence in the 

performance parameters, resulting that the Aquastill module was more thermally efficient but had 

lower productivity and worse distillate quality.  

As an application of membrane distillation beyond desalination, the Solar Spring module was used 

to remove microorganisms from wastewater and as a pretreatment to eliminate pathogens resistant 

to the disinfection processes used up to date. In all cases pure distillate was obtained from the 

contaminated water. Moreover, the ability of MD to inactivate Escherichia coli and Fusarium 

Solani was demonstrated. In the case of Clostridium sp, MD was proven to be a suitable pre-

treatment to photo-Fenton, which otherwise did not achieve full inactivation of the spores.  

In future works, another system with a vacuum multi-effect membrane distillation (VMEMD) 

configuration, marketed by Aquaver using Memsys modules, will be compared with the spiral 

wound modules. Finally, further applications will be tested at laboratory size in a membrane testing 

unit using a vacuum membrane distillation (VMD) configuration. In particular, the suitability of the 

process for different kinds of water treatments will be tested by evaluating the behavior of 

membranes with different types of contaminated water. 

References: 
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Bactericidal properties of solar radiation are well known. They are attributed to the synergistic 

effect of solar UV photons and mild heating of the water during solar exposure (~6h). This process 

has been used in many countries as an intervention measure to provide safe drinking water after 

disasters or in developing countries. Modeling of bacterial inactivation by direct solar irradiation is 

very a complex subject, since a number of factors play a role like UV photons, the bacteria, water 

composition, etc. The mechanisms acting during solar water disinfection have been widely 

investigated but there is not still a deep knowledge on the processes happening inside cells. 

Previous works on this matter don’t consider bacteria as a target with capacity of response to UV 

photons or oxidative species [1]. Thus, there is a lack of knowledge about the interaction between 

cell, photons and water to find out which key parameters affect the process efficiency. This model 

should consider the common response mechanisms of cells to the stress factors occurring during 

solar exposure. Model results will bring fundamental information about the solar UV energy and 

treatment time required to achieve efficient water disinfection, and also on the effects of water 

turbidity and composition on disinfection results. This information is necessary for designing and 

scaling up big solar reactors to disinfect large volumes of water in an effective way.  

The main hypothesis of the model is the direct action of UV photons, which are absorbed by some 

constituent molecules like DNA, proteins, lipids, etc. Therefore main metabolic activities maybe 

detrimentally affected by UV exposure. Bacteria have a series of regulating mechanisms to control 

the oxidative attack of reactive oxidative species (ROS) through enzymes like catalase and 

superoxide dismutase (SOD), reacting with H2O2 and superoxide radical. In particular, UV attack 

reduces the capability of catalase and SOD, inducing accumulated ROS as H2O2 inside the cell and 

increasing internal oxidative stress [2]. Due to high importance of such enzymes to preserve cells 

viability and integrity, they will be considered in this model as lethal agent during solar 

disinfection. For the kinetic reactions of the model, intermediated stages of bacteria viability is 

used: undamaged, damaged and inactivated. 

To obtain the kinetics constants of photo-activated process occurring during solar irradiation a set of 

experiments have been carried out. For this experimental design, three parameters have been 

considered: irradiance (20, 30, 40 W/m2), initial bacterial concentration (103, 104, 105, 

106 CFU/mL), optical path length of photoreactor (height: 3, 5, 7 cm). The experiments have been 

performed under controlled conditions using a solar simulator, a borosilicate stirred batch reactor. 

E. coli was used as model of bacteria. Tests were carried out in distilled water with NaCl-0.9% for 

avoiding bacterial osmotic stress. Further validation of the model will be undertaken for natural 

solar irradiation. 

References: 
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A good example of the challenge on treatment and reuse of a complex industrial wastewater is the 

effluent generated during cork processing. Such wastewater contains undesirable corkwood extracts 

(phenolic acids, 2,4,6-trichloroanisol, pentachlorophenol, etc.) and a high organic load which are 

not easily removed by conventional treatments. Despite of their characteristics, these effluents are 

usually discharged into the environment without any previous treatment or directly to municipal 

wastewater treatment plants (MWTPs) involving active sludge low efficiencies, along with real 

environmental impacts to superficial and underground aquatic/soil systems. Provided that 

conventional biological processes cannot satisfactorily deal with cork boiling wastewater, one 

feasible option is the use of Advanced Oxidation Processes (AOPs) [1]. The objective of this study 

is defining the best treatment line for real cork boiling wastewater remediation and reuse, 

emphasizing the complex chemical and biological analytical tools that should be applied to obtain 

reliable design data for up-scaling purposes. With this aim, a three step treatment line was studied: 

first a physicochemical pre-treatment of the industrial effluent was performed, then the application 

of solar photo-Fenton process at pilot plant scale was evaluated [2] and, finally, a biological 

oxidation stage based on immobilized biomass reactor was performed. 

Conditioning step consisted of a coagulation/flocculation step by means of pH decrease (until pH 3) 

and iron (FeCl3) dosage. After pre-treatment DOC, COD and SST removals of 32%, 24%, 22%, 

respectively, were achieved. Then solar photo-Fenton treatment was applied (pH was adjusted to 

2.6-2.8, initial Fe3+ concentration was 20 mg/L, operating temperature was controlled at 35°C and 

hydrogen peroxide doses were added to maintain a concentration of 500 mg H2O2/L). No important 

changes were registered for DOC, while 64% COD removal was attained after receiving an 

accumulative energy of 135 kJ/L, H2O2 consumption of 2.6 g/L and 792 min of illumination time. 

Afterwards, acute toxicity and short term biodegradability were analyzed for each sample in order 

to determine the treatment´s best point for combining solar photo-Fenton with a subsequent 

biological oxidation. The lowest inhibition percentage (48%) corresponded to a COD elimination of 

25%, a consumption of 0.75 g H2O2/L, an accumulative energy of 25.8 kJ/L and a treatment time of 

210 min. In this point, the sample became more biodegradable (CODb/COD=0.3). Then, a COD 

fractioning of this partially photo-treated sample was performed. Given that sample’s organic 

content was mainly slowly biodegradable, such effluent could be further treated in a conventional 

biological system after an adaptation period of the activated sludge. Therefore, new experiments are 

in progress in order demonstrate the adequate biotreatment of the effluent from photo-Fenton pre-

treatment. 
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We report the optical design of a novel 2000 sun solar dish collector for High Concentration 

Photovoltaic 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 comparably large overall rim angles.  

The vacuum pressures of the facets of the primary concentrator are optimized using finite element 

structural analysis. The so optimized primary concentrator is investigated by means of Monte Carlo 

ray-tracing simulations performed with an in-house code [3]. Its performance is found to be very 

good when compared to that of a concentrator with ideal parabolic facets, achieving a mean 

concentration per focus of 775 suns while intercepting 95% of the rays emitted form a cone of half-

angle 0.5°. Experimental validation of the approach is carried out by means of a 4.3 m2 active area, 

18-facet, single focus concentrator prototype 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 is deployed.  

Non-imaging secondary concentrators are designed and optimized to reduce the size of the 

photovoltaic cell arrays, increase the concentration and match the incoming flux to the square 

receiver shape at each of the 6 foci. An average concentration above 2000 suns is achieved with an 

overall optical efficiency above 80%. The rated power of the first design is 12 kWp electric and 20 

kWp thermal (in the form of cell cooling water at up to 95°C). 
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Current 3D solar concentrators based on inflated membranes suffer from severe concentration 

limitations beyond very small rim angles, and may need multiple facets designs to overcome these 

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

support frame and, successively, a slight 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 Hencky 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. These approaches are: i) 

membrane thickness variation, ii) modulus variation, iii) pre-shaping the membrane, iv) applying 

pre-strain, v) use of elasto-plastic materials, vi) annular membranes and vii) multiple membranes. 

To evaluate the performance of each design, the deflection of the membranes is simulated using 

finite element structural analysis and the optical properties are determined by means of simulations 

performed with an in-house Monte Carlo ray tracing code [4].  

The most promising avenues turn out to be elasto-plastic materials and a design using multiple 

membranes. Both approaches show significant optical improvements over a single elastic 

membrane. At the same time, the stresses in the membrane and on the support structure can be kept 

at an acceptable level. Still, stresses in the membranes remain challenging, and designs that can be 

manufactured with existing commercial films are limited to rim-angles below 30°. 
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Experimentation of a high temperature thermal energy storage prototype using 

phase change material for the thermal protection of a CSP tower solar receiver 

D. Verdier1, A. Ferrière1, Q. Falcoz1 

1 CNRS-PROMES Laboratory (UPR 8521), 7 rue du Four Solaire, 66120 Font-Romeu-Odeillo-Via, France 

Phone:  +33 468 30 77 43 

david.verdier@promes.cnrs.fr  

The study deals with the problem of thermal inertia and life time of the solar receiver of a 

Concentrated Solar Power (CSP) tower plant. Indeed the intermittence of solar contribution, in 

particular the one due to cloudy events, causes important temperature fluctuations of the receiver 

and contributes to its premature ageing. This is the reason why the CNRS-PROMES laboratory 

develops a Thermal Energy Storage (TES) for the protection of a metallic surface solar receiver 

(Mini-Pegase project*). 

Once the receiver is no longer irradiated, the temperature of the air flowing through the receiver, at 

750°C in normal operation conditions, decreases below 400°C in less than 15 minutes. The aim is to 

maintain this temperature up to 600°C thanks to the TES. Besides, the storage should enhance the 

life time of the receiver, by decreasing the temperature gradient in the materials. The design of the 

TES is based on a technology using both Phase Change Material (PCM) for the thermal density, and 

a metallic matrix geometry shaped fins in order to enhance the heat transfer inside the storage 

module. The chosen metal is the copper, as for the receiver, because of its great thermal 

conductivity, its resistance at very high temperatures, and its chemical compatibility with the 

lithium carbonate (Li2CO3), the chosen PCM. Li2CO3 melts at 723°C, in the operation range (600 – 

800°C) of the receiver. Li2CO3 will store and provide the most part of the energy in the TES 

because of its high heat capacity and latent heat, and its relative high thermal conductivity regarding 

the others PCMs. 

A first test bench of the TES has been built in order to characterize its dynamic thermal behaviour. 

It has been experimented firstly at low temperature with paraffin wax as PCM with the intention to 

observe the material behaviour. Results are commented, interpreted and compared to simulation 

(CFD) results. Secondly, the Li2CO3 has been put instead of Paraffin, and the test bench is 

experimented at very high temperature (800°C). Critical issues in sealing appeared and tests were 

aborted. As a result, a design for a new test bench is under study. The general approach for this 

design is presented. 

*Pegase: Production of Electricity from Gas turbine and Solar Energy 
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CSP technology: study of innovative methods for physical and chemical storage 

systems at medium temperatures 

A. C. Tizzoni1, S. Sau2, N. Corsaro2, C. D’Ottavi1 

1 Enea - UTRINN - Tor Vergata University Rome- Department of Chemical Science and Technologies 

Phone: +39 3389815031 
2 Enea - UTRINN-Technical unit for renewable energy sources, Casaccia Center, Rome 

atizzoni@hotmail.com 

The employment of concentrated solar power plants (CSP) is one of the most promising 

technologies for carbon free energy production and to store large amounts of heat that can be used 

in many different and useful ways. The molten salts MS (mixtures of nitrate salts) are becoming the 

most used transport fluid (HTF) and heat accumulation materials (HSM) in these types of 

installations, as they have numerous advantages. A binary mixture of NaNO3-KNO3, indicated as 

“solar salt”, is currently the most employed. It can be is useful also to investigate other mixtures 

with low melting points, however more expensive. The aim of the present study can be divided into 

three main topics: 

 Validation and completion the chemical/physical data on the ternary mixture 

KNO3/NaNO3/NaNO2, (indicated as A/B/C), starting studying three binary mixtures 

composed by (A-B), (B-C) and (A-C), comparing them to solar salt, according to freezing 

points, range of operating temperatures, heat capacity, viscosity, density, heat conductivity, 

thermal stability and crystals structure by XRD diffraction. Investigation on the kinetics of 

the reactions involved in the solar salt thermal degradation. [1]  [2] [3] [4] [5]  

  Regarding the phase diagrams of the ternary and binary mixtures, a theoretical model is also 

being developed, based on the theory of regular solutions. 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. [6] [7] [8] [9] 

 CSP technology can also be used for the production of “solar fuels”. An experimental and 

theoretical investigation was carried out regarding a modification of the so called “sulfur 

iodine” water splitting thermochemical cycle, namely the photo-thermal sulphur-ammonia 

(S-A) process. [10] As an example, data on sulphur ammonia process, where a metal oxide is 

used as intermediate, are shortly presented and discussed. 

References: 
[1] DIN 51007 

[2] G. Hakvoort, L. L. Van Reijen: Thermochimica Acta, 1985, 93, p 317 

[3] Freeman E. S.: The kinetics of the thermal decomposition of sodium nitrate and of the reaction between sodium 

nitrite and oxygen, Journal of Physical Chemistry, 1956, 60(11), 1487-1493 

[4] Coastal Chemical Co., L.L.C. –HITEC® Heat Transfer Salt technical brochure 

[5] Qiang Peng, Xiaolan Wei, Jing Ding, Jianping Yang, Xiaoxi Yang: High-temperature thermal stability of 

molten salt materials,  Int. J. Energy Res, 2008, 32, 1164–1174 
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[7] C.M. Kramer and C.J. Wilson: The phase diagram of NaNO3-KNO, Thermochimica Acta, 1980, 42 , 253—
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High-temperature thermochemical energy storage based on the reversible 

reaction of metal oxides 

M. Wokon1, T. Bauer1, M. Linder2, A. Wörner2, A. Thess2 

1 DLR, Institute of Technical Thermodynamics, Linder Höhe, 51147 Cologne, Germany 

Phone: +49 2203 601 4119 
2 DLR, Institute of Technical Thermodynamics, Pfaffenwaldring 38-40, 70569 Stuttgart, Germany 

michael.wokon@dlr.de 

The application of thermal energy storage (TES) technologies is crucial to improve the energy 

efficiency of solar thermal power plants and industrial processes. Using the reaction enthalpy of 

reversible 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 500°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. Hence, gas storage is not 

necessary with this concept. In order to decouple energy supply and 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. 

Due to its suitable equilibrium temperature of approximately 900°C in air, low toxicity and 

availability at low cost, manganese oxide was chosen as a reference storage material. 

6 Mn2O3 + ∆HR ⇌ 4 Mn3O4 + O2, ΔHR = 32 kJ/mol 

The reaction kinetics used for the simulation of a thermochemical energy storage system was 

determined in isothermal and dynamic measurements by thermogravimetric analysis. 

A lab-scale storage test rig with a packed bed storage reactor was set up to study the reversible 

reaction of metal oxides for thermochemical energy storage on a larger scale. Experimental results 

of the thermal reduction (storage charging) and oxidation (storage discharging) of manganese oxide 

will be discussed. Conversion and reaction rates were determined based on measured oxygen 

concentrations. 

Finally, thermal analysis results regarding the cycling stability and thermodynamic equilibrium of a 

binary mixed oxide, exhibiting more advantageous material properties compared to single oxides, 

will be presented. 
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Development of a thermocline thermal energy storage system with filler 

materials for concentrated solar power plants 

J.-F. Hoffmann1, V. Goetz1, X. Py1, P. Convert2 

1CNRS-PROMES Laboratory (UPR-8521), Rambla de la Thermodynamique, Tecnosud, 66100 Perpignan, France 

Phone : +33 468 68 22 15 
2 AQYLON, 46-48 rue René Clair 75892 Paris, France. 

jean-francois.hoffmann@promes.cnrs.fr 

Intermittent energy production is one of the main concerns for renewable energy technologies such 

as concentrating solar power (CSP). The solution is to combine solar power plants with a thermal 

energy storage (TES) system to guarantee the supply of energy, even in the absence of solar 

radiation, such as at night or on cloudy days [1]. The implementation of a TES system has a 

considerable influence on the thermodynamic performance of a solar power plant. A first generation 

of storage has been developed. It includes two storage tanks, one for hot fluid and the other for cold 

fluid. In Andasol CSP plant (50MWe), based on such technology, a thermal storage of 7.5 h has 

required 28 000 tons of solar salt (binary salt mixture 60 wt.% KNO3 and 40 wt.% NaNO3). To 

match the International Energy Agency (IEA) target of 630 GWe of CSP in 2050, the needs in salts 

would represent 30 times the Chile mine production [2]. To limit this conflict, the laboratory 

focuses its research to use recycled materials from industrial for thermal storage material. Although 

there are two tanks, the transfer fluid only occupies the volume of a single reservoir. A thermal 

storage system using a single tank contains a fluid which has a temperature gradient spanning its 

full height, this gradient is known as a thermocline. The filler material introduced into the reservoir, 

reduces the quantity of fluid inside, whilst increasing its storage capacity, minimizing natural 

convection and decreasing the cost. In this objective, the development of a thermocline thermal 

energy storage system using filler materials is studied through a numerical model and a 

demonstrator. 

References: 

[1] M. Medrano, A. Gil, State of the art on high-temperature thermal energy storage for power generation. Part 

2-Case studies, Renewable and Sustainable Energy Reviews, 2010, 14, 56-72. 
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Experimental methods for measurement of Molten Salts thermal conductivity 

and optimization of thermal storage tank used in CSP systems 

S. Pistacchio1, F. Donato2, E. Veca2, P. Coppa1 

1 Tor Vergata University Rome Department of Industrial Engineering 

Phone: +39 3283815298 

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 

molten 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. [6] [7] [8] [9] [10]  

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] [4] [5]  

 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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Journal of Thermophysics, Vol. 21, No. 6, 2000 
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method, Journal of Thermal Analysis and Calorimetry, Vol. 67 (2002) 257.265 

[3] Y. Nagasaka, A. Nagashima, Absolute measurement of the thermal conductivity of electrically conducting 

liquids by the transient hot-wire method, Journal of Physics E: Scientific Instruments, 1981, Vol. 14 

[4] C. A. Nieto de Castro, J. C. G. Calado, W. A. Wakeham, M. Dix, An apparatus to measure the thermal 

conductivity of liquids, Journal of Physics E: Scientific lnstruments, 1976, Volume 9 

[5] J S Powell, An instrument for the measurement of the thermal conductivity of liquids at high temperatures, 

Meas. Sci. Technol. 2 (1991) 111-117 

[6] S. Lovers, W. Lin, Numerical Simulation of three-dimensional flow dynamics in a hot water storage tank, 

Applied Energy 86 (2009) 2604-2614 
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thermal and hydrodynamic behaviors of cylindrical storage tanks, Renewable Energy, Volume 36, Issue 5, 
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Transfer, Volume 68, January 2014, Pages 641-648 
[9] Cònsul, I Rodrı́guez, C.D Pérez-Segarra, M Soria, Virtual prototyping of storage tanks by means of three-
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Design and optimization of solid thermal energy storage module for solar 

thermal power plants application 

Y. Jian1,2, Q. Falcoz2, P. Neveu2, F. Bai1, Z. Wang1 

1 The Key Laboratory of Solar Thermal Energy and Photovoltaic System, Institute of Electrical Engineering, Chinese 
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2 CNRS PROMES Laboratory (UPR 8521), 7 rue du Four Solaire, 66120 Font-Romeu-Odeillo-Via, France 

Phone: +33 468 30 77 33 
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Solid sensible heat storage is an attractive option for high-temperature storage applications in terms 

of investment and maintenance costs. Typical solid thermal energy storage systems use a heat 

transfer fluid to exchange heat as the fluid flows through a tubular heat exchanger embedded in the 

solid storage material. The modified lumped capacitance method is used with an effective heat 

transfer coefficient in a simplified analysis of the heat transfer in solid thermal energy storage 

systems. An initial model is developed using the modified lumped capacitance method for a solid 

cylindrical heat storage unit. The analytical solution of the model is given by using Laplace 

Transform method. According to the analytical solution, a new optimization method for the solid 

storage module is proposed, which use system requirement (released energy and fluid outlet 

temperature) and cost of storage module as constraint condition and objective function of the 

optimization respectively. The optimization results are given for many kinds of system requirement 

using the new optimization method. 
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The Solar Furnace of Odeillo 
Monday the 23rd of March at 2:00 pm 

 

The Solar Furnace of Odeillo is one of the biggest solar 

furnaces in the world, built by Felix Trombe during the period 

1962-1968. It exists also the solar furnace of Parkent in 

Uzbekistant similar as Odeillo (it is a copy). The feasibility of 

the solar furnace had been prior demonstrated by Pr. Trombe 

with the construction of the small solar furnace of Mont Louis in 

1949, a few kilometers away from Odeillo. The place, located 

at 1 500 m of altitude, is appropriate to study solar energy 

because of a low level of pollution, air particles and humidity 

level, and more than 2 500 hours of sun per year. 

The big parabola of the solar furnace, 54 meters high and 47 meters large, is 

made of approximately 10 000 little mirrors that concentrate the solar radiations to 

the same location, a circle of 80 cm diameter. The heliostat field in front of the solar 

furnace (north) is made of 63 heliostats, 54 m² each. Thus the solar furnace of 

Odeillo can reach a power of 1 000 kW. 

There are other solar furnaces at the sixth floor of the solar furnace building. Smaller, 

with vertical axis, they can reach a power of 6 kW, 2 kW or 1 kW with an optical 

concentration up to 17 000. 

Since 1990, an information center is opened to public - Heliodyssée - to discover the 

history of the Solar Furnace of Odeillo and to teach people about solar energy and 

concentrated solar power, renewable energies and research in CNRS-PROMES 

laboratory. 

In 2009, the Solar Furnace of Odeillo has been registered as Historical Monument in 

France. 
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Statistics & Organization 
 

This year at SOLLAB, we have 48 PhD students for oral presentations. The repartition 

of presentation, provenance, year of PhD and participation to Summer School can be 

represented by the followings graphs: 

 

 

 

 
 

SFERA-SOLLAB Organization Team 2014 – 10th Doctoral Colloquium 

 

 
D a v i d 

V E R D I E R 

 
S é b a s t i e n 

MEY-CLOUTIER 

 
F l o r e n t 

LARROUTUROU 

 
H a d r i e n 

B E N O I T 

 
Inma 

PEREZ 

and all the others: Morgane BELLEC, Cédric LERAY, Freddy ORDONEZ, Gael LEVEQUE, Alexis VOSSIER,  

Marie PROUTEAU, Laurent LESTRADE, Renée LESTRADE and Didier RIVES. 

  

2

12

3

13

5

4

2

6
1

Presentation topic

Solar Resources

Central Receiver Systems

Linear Focusing Systems

Solar Thermochemistry

Measurements & Characterization

Desalination & Detoxification

Dish Systems

Thermal Energy Storage

Building Energy Performances

33%

27%

17%

13%

6%
4% Provenance

DLR

PROMES

ETH

PSA

PSI

ENEA

21%

58%

21%

Year

1st Y

2nd Y

3rd Y

29%

71%

Participation

SOLLAB

SOLLAB+SFERA
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