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Plataforma Solar de Almeria

Introduction

At the time of writing, PSA activity is organized in three Units, two for research, and one,
called ‘PSA Management’ devoted to horizontal management of resources, fraining and
fechnical support to the other two research units called the ‘Solar Concentrating Systems
Unit’ (CSS) and ‘Environmental Applications of Solar Energy and Characterization of Solar
Radiation’ (EASE).

The new CSS unit includes the activities previously under the ‘Mid-Temperature Solar
Thermal Energy’ and ‘High-Temperature Solar Thermal Energy’ projects. It also takes on the
activities performed in the ‘very high concentration’ Solar Furnace and DISTAL facilities
which were previously part of the ‘Training and Access Project’.

The CSS Unit continues to work on the direct steam generation technology (DSG), which
aims to reduce the costs of solar thermal electricity by around 30%. The nucleus of its ac-
fivity is the European INDITEP project, the main purpose of which is the detailed design of a
5-MWe DSG plant. The experience accumulated during the years of confinued operation
of the PSA DISS loop will be a decisive factor in the success of this project.

In 2005, activities were also directed at clarifying the last technological unknown in the
DSG process: thermal storage. The DISTOR project, which is funded by the European
Commission, officially began in February 2004 and lasts 45 months. Its main purpose is the
development of a competitive thermal storage system suitable for solar plants with direct
steam generation in the solar field, for which a storage system based on phase-change
materials is currently under development.

The economic goal of the DISTOR project is a specific cost of 20 €/kWh storage system
capacity, which would make its implementation in commercial solar thermal plants profit-
able.

The DISTOR project has 13 participants from five countries and is coordinated by DLR.

The CSS Unit work in Cenfral Receiver technology focused on technological collabora-
fion with the companies promoting the two commercial tower projects. The PS10 Project,
which will be the first commercial solar thermal power plant in Spain, is due to be inaugu-
rated toward the end of 2006. The second initiative, called SOLAR TRES, which employs
molten salt as the receiver working fluid, is still in the promotion stage.

Our activity in the ‘Environmental Applications of Solar Energy’ has concentrated on
detoxification and disinfection of water, and also seawater desalination.

The 'Associated European Solar Energy Laboratory’ (SolLAB) was consolidated during
2005. The members of this virtual laboratory are the main European concentrated solar
energy research institutes: the IMP-CNRS in Odeillo (France), the DLR Solar Energy Division
(Germany), the Federal Technology Institute of Zurich (Switzerland) Renewable Energies
Laboratory, and the CIEMAT itself. The agreement was signed in October 2004 and the
coordinated tasks have already begun to bear fruit, especially in the fields of flux and
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femperature measurement and Ph.D. student training. The ‘Paul Scherrer Insifitut’ of Swit-
zerland has already signed up as a new ‘SolLAB’ member.

Furthermore, confinued intensive collaboration with the University of Almeria (UAL) has
been consolidated with the creation of a mixed CIEMAT-UAL center for joint research in so-
lar energy applications. The new laboratory building where this collaboration is physically
located on the UAL campus, was partly financed by the ERDF Program, and was inaugu-
rated in 2005.

Training and dissemination activities continue at a strong pace, as we are aware that
we cannot ignore the facet of informing society about the existence of this renewable
energies option. We therefore maintain educational agreements with universities and re-
search centers around the world.

Important events this year were the visit of the Minister for the Environment, Cristina
Narbona, and the ‘Terra Foundation’ ‘Sun and Peace Prize’ award.

And | do not wish to end this introduction without acknowledging the support received
from the CIEMAT Directorate General and the fine work and professionalism of the entire
PSA staff.

Diego Martinez Plaza
Director de la Plataforma Solar de Almeria
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General Presentation

The PSA as a Large Solar Facility: General Information

The Plataforma Solar de Almeria (PSA), a dependency of the Centro de Investigaciones
Energéticas Medio Ambientales y Tecnoldgicas (CIEMAT), is the largest center for research,
development and testing of concentrating solar technologies in Europe. PSA activities
form an integral part of the CIEMAT Department of Energy as an R&D division.

Figure 1. Integration of the PSA in the CIEMAT organizational structure

The objectives that inspire its research activity are the following:

Confribute to a worldwide, sustainable, clean energy supply.

Confribute to conservation of European energy resources, climate and environment.
Promote market introduction of solar thermal technologies and derived solar chemi-
cal processes.

» Contribute to the development of a competitive Spanish solar thermal export industry

Y V VY
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» Reinforce the cooperation between business and scientific institutions in the field of
solar thermal technology research, development, demonstration and marketing.

» Foster cost-reducing fechnological innovations leading to increased market accep-
tance of solar thermal fechnologies.

» Assist industry in identifying market opportunities related to solar thermal technologies.

Figure 2. Aerial view of the Plataforma Solar de Almeria

Organization and Functional Structure

In 2005, activities at the Plataforma Solar de Almeria were structured around two re-
search units, the Concentrating Solar Systems Unit and the Environmental Applications of
Solar Energy and Characterization of the Solar Resource Unit. The first is devoted to the de-
velopment of new and better ways of generating solar thermal power, and the second to
exploring possibilities of solar chemistry, especially insofar as its potential for detoxification
of industrial effluents, seawater desalination, and water disinfection. Supporting these R&D
Units, are the corresponding PSA management and service areas, which, given the variety
and complexity of the facilities, are of the greatest importance to daily work in all the lines
of activity taking place here.

Within the Units, each R&D project is run by a project head and a technical staff on
whose work the master lines of scientific activity and technological development at the
PSA rely. They are largely independent in the execution of their budgets, the planning of
their scientific objectives and the technical management of their resources. However, the
two R&D Units share many PSA resources, services and infrastructures, so they must all be
fluently communicated with the technical and administrative support units through the Di-
rector's Office, which sees that support capabilities, infrastructures and human resources
are efficiently distributed. It is also the Director’s Office which channels their demands o
the various CIEMAT general support units located in Madrid.
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Figure 3. PSA Organization Chart for 2005. Green indicates functions and services under
the Director’s Office.

Human and Economic Resources

The scientific and technical commitments of the PSA and their associated workload are
undertaken by a team of 98 persons who, as of December 2005, make up the permanent
staff of the Plataforma Solar. Moreover, in addition to this permanent staff, there is a con-
siderable flow of frainees and visiting researchers who are managed by the Director’s Of-
fice.

Of the 98 persons that work daily at the PSA, auxiliary services, operation and mainte-
nance contracts (32 persons) are an important part. Further auxiliary contracts are for 6
administrative and secretarial staff, 2 user information service technicians and 5 security
guards. The O&M confracts are distributed among 9 facility operators, 5 operations
waftchers and 14 mechanical, electrical and electronic maintenance staff and 4 cleaners.
The rest of the personnel are made up of the 51 persons on the CIEMAT-PSA staff, 20 of
whom are located in the CIEMAT headquarters in Madrid. There is also a permanent DLR
delegation of 12 responding to current commitments of the Spanish-German Agreement.

31 I R&D CIEMAT

B Technicians CIEMAT

O Operation &
Maintenance

O Auxiliary Services

B R&D DLR

32

Figure 4. Distribution of PSA permanent personnel as of December 2005.
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The upward trend in the PSA budget is clear, thanks in good measure to having raised
additional revenues.

Successful pursuit of external revenues, mainly from the European Commission, has
been an outstanding contribution of our constant partner DLR. The proposal of a good
number of new joint projects to the EC has allowed DLR to remain at the PSA in a new rela-
fionship based on specific projects. The fruit of this success is the relevancy of the German
PSA delegation.

The number of projects funded by the Nafional R&D Plan, where there is a growing be-
lief in renewable energies and in particular, the concentrating solar technologies, has also
increased significantly.

The PSA budget was 5.34 million Euros in 2005 (not including the cost of R&D personnel).
The CIEMAT contribution was increased to be able to undertake the activities approved
for this year in the PSA Infrastructure Improvement Plan. This plan is devoted to major im-
provements necessary in the main infrastructure, buildings, heliostat fields, efc.

E CIEMAT (General State
Budget)

B CIEMAT-Infrastructure

1,5% 10,7% Improvement Plan

15,8% ODLR

O National R&D Program

W European Commission

11,1%
7,4% 20,1% m Technical Services

W Other

Figure 5. Distribution of PSA Income 2005

As mentioned above, the Spanish-German Cooperation Agreement with the DLR,
commonly known as the CHA, has been maintained since 1987. At the present time, relo-
fions and commitments for scientific collaboration within this Agreement are regulated by
its Annex IV, which includes a permanent DLR Delegation af the PSA from 2003 to 2005. A
new Annex V covering the period 2006-2008 has recently been signed.

Altogether, the scope of cooperation in which the PSA moves is very broad. In the
sphere of international relations, the PSA actively participates in Tasks I, Il and Ill of the IEA-
SolarPACES program, under which information is exchanged and cost-sharing tasks are
carried out with similar centers in other countries (USA, Mexico, Brazil, Germany, France,
Switzerland, European Commission, South Africa, Israel, Algeria and Egypt).

2005 consolidated the recently formed Associated European Solar Energy Laboratory
(SoILAB) activities. This virtual laboratory is made up of the major European concentrated
solar energy research institutes, that is, IMP-CNRS, Odeillo (France), the solar energy division
of the DLR (Germany), the Renewable Energies Laboratory of the Federal Technology Insti-
tute of Zurich (Switzerland) and the CIEMAT itself. The agreement was signed in 2004 and
the coordinated tasks have already begun to bear fruit, especially in the fields of flux and

-10 -
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femperature measurement and training of Ph.D. students. The Swiss Paul Scherrer Institute
has already become a new SolLAB member.

Training activities include an agreement with the University of Almeria for joint man-
agement of research grants, as well as educational agreements for receiving students
from universities all over Europe. The long-lasting collaboration with the UAL has been in-
creased and consolidated with the creation of the CIEMAT-UAL Mixed Center for Research
in Solar Energy 'CIESOL’. This year the CIESOL building was inaugurated on the University
Campus in La Canada, Almeria. This building will be devoted to laboratories and rooms for
joint meeting and training activities.

s s . / .,I_.",-' i
\ o , i Y, 5 I 6 (5 |

Figure 6. Edificio del Centro Mixto ‘CIESOL’ en el campus universitario de Almeria

The scope of collaboration in the Concentrating Solar Systems Unit, continues to be ex-
cellent through PSA contacts with a wide range of national and international institutions. In
projects related to parabolic-trough collector technology projects in 2005 with the Universi-
ties of Seville and Almeria, research centers like INASMET, DLR, ZSW, and the Fraunhofer In-
stitute for Solar Energy Systems of Germany and the Weizmann Institute of Science in Israel.
In industry, there is infense contact with ufilities such as IBERDROLA, electrical industry, such
as SOLUCAR, GAMESA and the German FLABEG Solar International and engineering con-
sulting firms such as the German FICHTNER and SBP, the Spanish INITEC and the French
DEFY Systemes and EPSILON Ingenierie.

In the national scope of central receiver projects, collaboration continued in projects
with such companies as SOLUCAR, SENER, IBERESE and SERLED, and universities, such as the
University of Seville, Aimeria, the Polytechnic University of Catalonia and the UNED. Under
the umbrella of the éth Framework Programme’s Energy Programme and the Spanish-
German Agreement, there has been intense collaboration with DLR in several projects and
with other European institutions and companies, such as ORMAT (Israel), TUMA (Switzer-
land), Heron (Netherlands), FICHTNER (Germany), STC (Denmark), Forth-Cperi (Greece)
and Saint Gobain Ceramics (Germany).

The new lines of research in ‘solar fuels and process heat’ have given rise to new coop-
erative projects, among them the ‘Instituto de Tecnologia Cerdmica de Castelldn’, the
Venezuelan company ‘Petrdleos de Venezuela, S.A., the ltalian ENEA and the French
CEA.

The Environmental Applications of Solar Energy and Characterization of the Solar Re-
source Unit has maintained and consolidated the extensive list of institutions with whom
they have established relations in previous years. In fact, the list of current contractual rela-
tionships extends to all the possible spheres, from local (Univ. of Almeria, DSM Deretil, Ca-
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jamar, Coexphal, Comunidad de Regantes Cuatro Vegas), national (Grupo Abengoag,
Ecosystem, Aragonesas Agro, Emuasa, Indoor Air Quality, Fundacién Inasmet, Autonomous
University of Barcelona, Complutense University, and the Universities of Alcald and La La-
guna, the ICP-CSIC and the Hospital of San Carlos in Madrid), European (Weir-Entropie, Ao
Sol, Hellenic Saltworks, Trailigaz, Janssen Pharmaceutica N.V., Ahlstrom Paper Group, IPM,
Protection des Metaux, and universities: ETH, NTUA, INETI, EPFL, Claude Bernard Lyon 1, Poit-
iers, L'Aquila, efc.) and outside of the European Community where there are contracts with
the Mexican Institute of Water Technology (Mexico), National Atomic Energy Commission
(Argentina), National Univ. of Engineering (PerU), Tinep S.A. (Mexico), ENIG (Tunisia), Univer-
sité de Fes (Morocco), Projema, S.A. (Morocco) y Photoenergy Center (Egypt).

Educational Activities

The principle governing the -
Plataforma Solar de Almeria’s STUORNTS 2000

Training Program is the creation of o

a generation of young research- agreements h—l; 154
ers who can contribute to the 1
deployment of solar thermal en- g |3:|29
ergy in all of its possible applico-

tions.  Through this program, e E|24 i os sl
around thirty students of different ] |m2005 Months |
nationalities are admitted every
year who then confribute to the
transfer of knowledge on solar
thermal technology accumulated
at the PSA during its twenty-five
years of experiments to new gen-
erafions of scientists. The main Figure 7. Student grants in 2005

features of this fraining program
are the following:

mo<-

mo

UAL
traineeships

22030

UAL Ph.D,
grants

150

» PhD research and training grants associated with the annual agreement with the Uni-
versity of Almeria (UAL)

» EC ‘Leonardo da Vinci' grants funding living expenses for European foreign students

» Miscellaneous specific educational agreements with other entities sending students to
the PSA

The recent establisnhment of the
European virtual laboratory ‘Sol-
LAB' has opened new possibilities
for the scientific development of
researchers in fraining at the PSA.
One of the first joint activities initi-
ated by SolLAB was annual semi-
nars for Ph.D. students from the
four institutions. On June 14-15,
2005, the first seminar was held the
at DLR offices in Cologne.

Figure 8. PSA Participants in the Cologne seminar

-12-
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Facilities and Infrastructures
General DescriptionofthePSA |

General Description of the PSA

The PSA is located in southeastern Spain in the Tabernas Desert at 37°05'27.8" north and
2°21'19" west. It receives a direct annual insolation of over 1900 kWh/(mZ2-year) and the
average annual temperature is around 17°C.

The PSA’s ability to offer researchers an experimental facility with climate and insolation
conditions similar to those in developing solar-belt countries (where the greatest potential
for solar energy is found), but with all the advantages of large scientific installations in the
most advanced European countries, makes it a privileged site for evaluation, demonstra-
fion and fransfer of solar technologies.

B LOW TEMPERATURE
PARABOLIC TROUGH %
DISH/STIRLING

M SOLAR TOWER SYSTEMS

[l SOLAR CHEMISTRY

[l MATERIAL TREATMENTS

/mml g ";’ Yaytegegte,
v v"::. X,
L =]
= \I.ECE DCs (ACURE(() ----------

DESALINATION PLANT

Figure 9. Location of the main PSA test facilities

At present, the main test facilities available at the PSA are [SolarPACES, 1994]:

» CESA-1 and SSPS-CRS central receiver systems, 7 and 2.7 MWi, respectively

» SSPS-DCS 1.2-MWin parabolic-trough collector system, with associated thermal stor-
age system and water desalination plant

» DISS 1.8-MWy, test loop, an excellent experimental system for two-phase flow re-
search and direct steam generation for electricity production

» HTF test loop, a complete oil circuit for evaluation of new parabolic-trough collector
components

-13-
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DISTAL dish/Stirling facility, é units.

A 60-kWi solar furnace for thermal materials freatments.

A solar chemistry facility for solar detoxification applications consisting of a parabolic-
frough loop with two-axis fracking and three CPC photoreactors for different types of
frials.

Laboratory for Energy Testing of Building Components! (LECE).

Meteorological station.

Y V V

Y VvV

The PSA has two exceptional facilities for the testing and validation of central receiver
fechnology components and applications. The CRS and CESA-1 enable projects to be un-
dertaken and technologies validated in the hundreds of kilowatts range. They are outdoor
laboratories specially conditioned for scaling and qualifying systems in the phase prior to
commercial demonstratfion.

7-MWi1 CESA-| FACILITY

The CESA-I project, inaugurated in May 1983, was promoted by the Spanish Ministry of
Industry and Energy to demonstrate the feasibility of central receiver solar plants and en-
able the development of the necessary technology. At present, the CESA-1 does not pro-
duce electricity, but is a very flexible facility operated for testing subsystems and compo-
nents such as heliostats, solar receivers, thermal storage, solarized gas furbines, control sys-
fems and concenfrated solar radiation high flux measurement instrumentation. It is also
used for other applications that require high photon concentrations on relatively large sur-
faces, such as in chemical or high-temperature processes, surface treatment of materials
or astrophysics experiments.

Figure 10. The CESA-I facility seen from the East with heliostat rows focusing on the
medium-height test level (60 m.)

Direct solar radiation is collected by the facility’s 330-x-250-m south-facing field of 300
39.6-m2-surface heliostats distributed in 16 rows. The heliostats have an average nominal
reflectivity of 90%, the solar fracking error on each axis is 1.2 mrad and the reflected beam
image quality is 3 mrad. The CESA-1 facility has the most extensive experience in glass-

! Laboratorio de Ensayo Energético de Componentes de la Edificacion

-14-
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metal heliostats in the world, with first generation units manufactured by SENER and CASA
as well as second generatfion units with reflective facets by ASINEL and third generation
facets and prototypes developed by CIEMAT and the SOLUCAR company. In spite of its
over 20 years of age, the heliostat field is in optimum working condition due to a strategic
program of continual mirror facet replacement and drive mechanism maintenance. To
the north of the field are two additional areas used as test platforms for new heliostat pro-
fotypes, one located 380 m from the tower and the other 500 away. The maximum ther-
mal power delivered by the field onto the receiver aperture is 7 MW. At a typical design
iradiance of 950 W/mz2, a peak flux of 3.3 MW/m2is obtained. 99% of the power is focused
on a 4-m-diameter circle, 90% in a 2.8-m circle.

The 80-m-high concrete tower, which has a 100-ton load capacity, has three test levels:

» A cavity adapted for use as a solar furnace for materials testing at 45 m, which has
been used very successfully in reproducing the heat ramp on space shuttles during
their reentry into the atmosphere in test pieces of the ceramic shield and also for sur-
face treatment of steels and other metal compounds.

» A cavity with a calorimetry test bed for pressurized volumetric receivers at 60 m. At
the present time this cavity houses the SOLGATE project infrastructure, which includes
three volumetric receivers with a total incident power of nearly 1 MW, 250-kW solar-
ized turbine, and corresponding electric generator, air loop, heat rejection system
and thermal shield.

» The 2.5-MW TSA volumetric receiver test facility at the top of the tower at 80 m.

The tower is complete with a 5-ton-capacity crane at the top and a freight elevator
that can handle up to 1000-kg loads. Finally, for those tests that require electricity produc-
fion, the facility has a 1.2-MW two-stage furbine in a Rankine cycle designed to operate
with 520°C 100-bar superheated steam

THE 2,7-MW7s SSPS-CRS FACILITY

The SSPS-CRS plant was inaugurated as part of the International Energy Agency’s SSPS
project (Small Solar Power Systems) in September 1981. Originally an electricity production
demonstration plant, it used a receiver cooled by liquid sodium that also acted as the
thermal storage medium. At the present fime, as with the CESA-I plant, it is a ftest facility
devoted mainly fo testing small solar receivers in the 200 to 350-kWi capacity range. The
heliostat field is made up of 91 39.3-m2 first generation Marfin-Marietta units. A second
field north of it has 20 52-m2and 65-m2 second genera-
fion MBB and Asinel heliostats that can be used as
support. The CRS heliostat field has recently been im-
proved with the replacement of all the reflective fac-
ets, which now have a lightweight structure and low-
iron glass. The most innovative feature is that in 2003,
all of the heliostats were converted infto completely
autonomous intelligent units, communicated by radio
and powered by photovoltaic energy according fo
the concept developed and patented by PSA re-
searchers. At the present tfime, the CRS facility has the
first autonomous heliostat field which does not require
the use of channels or cabling thanks to the financial
assistance of the Ministry of Science and Technology's
PROFIT program.

The nominal average reflectivity of the field is 87%,
the solar tracking error is 1.2 mrad per axis and the op-
tical reflected beam quality is 3 mrad. Under typical [ =
conditions of 950 W/m2, total capacity of the field is =&

2.7 MW and peak flux obtained is 2.5 MW/m2. 99% of  Figure 11.A CRS field heliostat
reflecting the tower

;ﬁ'&::-'_‘-
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the power is collected in a 2.5-m-diameter circumference and 90% in a 1.8-m circumfer-
ence.

The 43-m-high metal fower has two test platforms. The first is a two-level open area at
32 and 26 m prepared for testing new receivers for chemical applications. The second is
at the top, at 43 m, and houses an enclosed room with crane and calorimetric test bed for
the evaluation of small atmospheric-pressure volumetric receivers.

The tower infrastructure is completed with a 600-kg-capacity crane and a 1000-kg-
capacity rack elevator.

The ftest bed (Figure 12)consists of an air-
recirculation circuit with axial fan and 40-kW elec-
tric heater to control the air-return temperature as
well as instrumentation fo measure the tempera-
ture, pressure and flow rate. Absorber outlet air is
cooled by a water-cooled heat exchanger used
as an indirect method of thermal balance. The
calorimetric bench has been successfully em-
ployed since 1986 with logical improvements and
updating, for the evaluation of all kinds of metal
and ceramic volumetric absorbers.

Two PROHERMES Il (Programmable Heliostat
and Receiver Measuring System Il) measurement
systems are used to measure the flux of the con-
centrated solar radiation on both towers. For this,
the concenfrated incident solar beam is inter-
cepted by a lambertian targetf, located on a
plane parallel and immediately in front of the re-
ceiver aperture, at which moment a high-
resolution CCD camera records the image.

ri 132 After exhaustive freatment of the image (re-

Figure 12. Front view of the 200-350-kW moval of electronic background noise, correction

volumetric receiver test bed of aberrancies produced by the viewing equip-

in the CRS tower ment and geometric rectification), the gray-scale

value associated with each pixel undergoes a

fransformation called calibration. This operation consists of experimentally finding a spe-

cific rule or criterion that unmistakably associates each value given the solar irradiance

(W/cm2) at a specific point on the target to a gray-scale value for the pixel corresponding

to the same position previously obtained with the camera. Once the pixel map has been

calibrated and the area that they represent individually on the target is found, the total

power can be integrated, and the calculation of the rest of the magnitudes of interest,
such as peak irradiance or distribution, is possible.

The PSA has several parabolic-trough solar collector facilities. Some of them, such as
the SSPS-DCS, were pioneers in Europe, while other more modern facilities, such as the DISS
experimental plant, are unique and place the PSA in a privileged worldwide position for
research and development of new parabolic-tfrough collector applications. The main
characteristics of these facilities are briefly explained below.

THE DISS EXPERIMENTAL PLANT

This facility was erected and put info operation in 1998 for experimenting with direct
generation of high-pressure high-temperature (100 bar/400°C) steam in parabolic-trough

-16 -
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Figure 13.  View of the DISS plant solar field in operation

collector absorber tubes. The DISS experimental plant is the only facility in the world where
two-phase-flow water/steam processes in parabolic-trough collectors can be studied un-
der real solar conditions. It is very suitable not only for the study and development of con-
frol schemes, but also for the study and optimization of the operating procedures that must
be implemented in direct steam generation solar fields. Other possible applications of this
plant are the study of the heat transfer coefficients in horizontal tubes through which the
two-phase water/steam flow circulates, and testing of components for parabolic-trough
solar collector fields with direct steam generation in the absorber tubes.

The DISS plant consists of two subsystems: the solar field of parabolic-tfrough collectors,
and the power block. In the solar field, the feed water is preheated, evaporated and
converted info superheated steam as it circulates through the absorber tubes of a
665-m-long row of parabolic-trough collectors with a total solar collecting surface of
3,838 m2. The installation of two new collectors in 2003 has increased the nominal super-
heated steam flow rate that the DISS collector row can produce to 1 kg/s.

Superheated steam generated in the solar field is condensed, processed and reused
again as feed water for the solar field (closed-circuit operation) in the power block.

Facility operation is highly flexible and can work at up to 100 bar pressure as needed
(usually at 30, 60 or 100 bar) and in any of the three basic direct steam generation modes:
Recirculation, Injection and Once-Through, or any combination thereof. Furthermore, it is
equipped with all the instrumentation required for complete system monitoring.

Figure 14 shows a simplified diagram of the DISS loop in which the solar field is shown as
one row of 13 parabolic-trough collectors with north-south-oriented rotating axes. The col-
lectors are composed of 12-m-long by 5.76-m-wide reflective parabolic-trough modules.
The solar field consists of two parts, the preheating/evaporating section and the super-
heating section. At the end of the preheating/evaporating section, there is a recirculation
pump and a water/steam separator which augments flexibility of system operation. The
power block consists of water/steam separators, condensers, chemical dosing system,
preheaters, deaerators and water pumps.

One of the most important characteristics of the DISS plant is the possibility of measuring
the thermal gradient in the cross sections of the parabolic-trough solar collector absorber
tubes.

-17 -
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Figure 14.  Simplified diagram of the PSA DISS plant

THE LS-3 (HTF) TEST LOOP

The LS-3 test loop, also called the HTF test loop, which was erected in 1997, is an ideal
facility for evaluating parabolic-trough collector components under real solar energy op-
erating conditions. Mirrors, absorber tubes, solar tracking systems, etc., can be installed
and evaluated in this facility, which is provided with the appropriate measurement and
monitoring instrumentation.

The original facility consisted of a closed thermal oil circuit connected to a solar collec-
tor made up of four 12-m-long by 5.7-m-wide LS-3 parabolic-trough modules with a total
collecting surface of 274 m2. The thermal oil used in this facility (Syltherm 800) has a maxi-
mum working tfemperature of 420°C, and a freezing point of —40°C. The rotating axis of the
solar collector is oriented east-west, which increases the number of hours per year in which
the angle of incidence of the solar radiation is less than 5°. The facility’s oil circuit, which
has a maximum working pressure of 16 bar, is made up of the following elements:

1-m3-capacity oil expansion tank, with automatic nitrogen inertization system

Oil circuit sump tank

Mechanical draft oil cooler, with air speed control and 400-kW maximum cooling.
Centrifugal oil pump, with a flow rate of up to 8.3 liters per second

40-kW, 3-x-380 V electric oil heater.

VVVYVYYVYYVY

Figure 15. General view of the HTF
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In the HTF fest loop, and in parallel to its initial solar collector, is the EUROfrough collec-
tor prototype which was installed later. The EUROtrough collector design was developed
by a European consortium which, with the financial aid of the European Commission, de-
signed, built and erected it at the PSA and evaluated it under real conditions. The new
parabolic-trough collector is apt not only for solar thermal power plants, but also for other
large applications, such as desalination of seawater or industrial process heat in the 150°C-
425°C range. Af the conclusion of the EUROfrough project, the partners in the project do-
nated this first prototype to CIEMAT for its operation and maintenance, and it now forms
part of the PSA parabolic-trough collector facilities. With the installation of the EUROfrough
HTF loop., the system’s collecting area has increased to 685 mz2.

A thermal storage system made up of four 5-m3, 10-15-fon modules, two concrete and
two ceramic, each with a 175-kWh storage capacity, have also been inserted in the test
loop for evaluation (Figure 16). They are connected in such a way that they may be
charged or discharged either together or separately.

RS SRE
L

Figure 16.  Storage module tube bundles

Dish/Stirling Systems: DISTAL and EUROdish

PRINCIPLES

A dish/Stirling system consists of a wide-diameter parabolic mirror with a Stirling-type ex-
ternal combustion motor installed in its focal area. The parabolic dish-mirror continuously
fracks the sun, so that the sun’s rays are reflected onto its focal plane, obtaining a Gaus-
sian-shape concentrated solar energy map and several tens of kW. The Stirling motor is an
external combustion motor that employs the thermodynamic cycle of the same name
and that has two advantages that make it appropriate for this application:

» Combustion is external, that is, the energy confribution from sunlight is collected by
the parabolic dish and concentrated on its focal zone.
» Itis a high-performance thermodynamic cycle.

An alternator is connected to the Stirling motor so that the luminous energy can be
fransformed into electricity or delivered to a nearby application for direct consumption
right in the same block at the focus of the concentrating dish.
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The most obvious application of
dish/Stirling systems is the production of
electricity for self-producers in remote ar-
eas or rural communities where there is
no grid, for pumping water, etc. The op-
fimum niche on the energy market would
be a power range of a few fens of kilo-
watts, where it would compete with the
already commercial photovoltaic sys-
tfems or diesel generators.

Since the beginning of activities in
1992, three generations of profotypes
have been erected and routinely oper-
ated at the PSA for their technical
evaluation, DISTAL I, DISTAL I and
EUROdish.

DISTAL |

In operation since 1992, this installa-
fion initially consisted of 3 7.5-m-
diameter parabolic dish units capable
of collecting up to 40 kWt energy with a
SOLO V160 9-kWe Stirling motor located
in its focal zone.

The concentfrator prototype was
made using the stretched membrane
technique, which maintains the para-
bolic shape with a small vacuum pump.
It has 94% reflectivity and can concen-
trate the sunlight up to 12,000 times in its
12-cm-diameter focus. It has a focal dis-
tfance of 4.5meters and polar solar
fracking. Two DISTAL | units were disas-
sembled in the year 2000 and replaced
by third generation EUROdish unifts.

DISTAL II

The DISTAL Il was a first attempt at a
system with better features and per-kWe
cost. Three new stretched-membrane
prototypes were erected and put into
routine operation in 1996 and 1997. Their
slightly larger 8.5-m-diameter delivers
50 kWt to the motor. The focal distance
is 4.1 m and the maximum concenfra-
fion is 16,000 suns at the focus. The Stir-
ling motor, which had also evolved, is
now a 10-kWe SOLO V161 and the track-
ing system is azimuth-elevation, which
allows automatic sunrise-to-sunset op-
eration.
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Figure 17. Schematic diagram of a parabolic
dish with Stirling motor at the focus
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Figure 19.  DISTAL Il unit
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EUROdish

The second and latest attempt to make this fechnology economical is the Spanish-
German EUROdish project. Two new prototypes were designed and erected with the fol-
lowing goals:

» Reduce the price of components by using standard industrial elements.

» Develop a new dish manufacturing system discarding the stretched-membrane tech-
nology and applying a composite-material molding system.

» Develop a new optimized system assembly procedure that uses new specially devel-
oped tools.

» Remote control and monitoring over the WWW.

» Improve the Stirling SOLO V161 motor, especially those components used in the re-
ceiver cavity.

» Test pre-commercial units as reference systems.

sl vy o= |

Figure 20.  Front and back views of the EUROdishes.

Solar Furnace

GENERAL DESCRIPTION AND PRINCIPLES OF OPERATION

Solar furnaces reach the highest energy levels obtainable with a solar concentrating
system, having attained concentrations over 10,000 suns. Their main field of application is
materials testing, either in ambient conditions, controlled atmosphere or vacuum, and so-
lar chemistry experiments using chemical reactors associated with receivers.

The solar furnace essentially consists of a continuously solar-tracking flat heliostat, a
parabolic concentrator mirror, an attenuator or shutter and the test zone located in the
concentrator focus [Martinez and Rodriguez, 1998].

The flat collecting mirror, or heliostat, reflects the parallel horizontal solar beams on the
parabolic dish, which in turn reflects them on its focus (the test area). The amount of inci-
dent light is regulated by the attenuator located between the concentrator and the
heliostat. Under the focus there is a test table movable in three directions (East-West,
North-South, up and down) that places the test samples in the focus with great precision.
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HELIOSTATS

The reflective surface of the heliostats is made up multiple flat non-concentrating facets
that contfinually frack the solar disk and reflect its parallel horizontal beams onto the opti-
cal axis of the concenftrator.

The PSA solar furnace has four heliostats arranged on two levels, each one of which fo-
cuses on a fourth of the concentrator, so that complete illumination of the concentrator is
assured during the operating period. The heliostats have 16 3.35-m2 sandwich-type facefs,
for a total of 53.58 m2. Each one is made up of two mirrors with 90% reflectivity held to a
supporting frame by 30 suction cups.

CONCENTRATOR

The concentrator disk is the
main component of the solar fur-
nace. It concentrates the incident
light from the heliostat, multiplying
the radiant energy in the focal
zone. Its optical properties espe-
cially affect the flux distribution at
the focus. It is composed of 89
spherical facets with a total surface
of 98.5 m2 and 92% reflectivity. Its
focal distance is 7.45 m. The para-
bolic surface is achieved with
spherically curved facets, distrib-

uted along five radii with different :
curvatures depending on their dis- Figure 21.  Solar Furnace: Concentrator (left) and
tance from the focus receiver in operation at the focus (right).

ATTENUATOR

The attenuator consists of a set
of horizontal louvers that rotate on
their axes, regulating the amount
of entering sunlight incident on the
concentrator. The total energy on
the focus is proportional to the ra-
diafion that passes through the aft-
tenuator.

It is composed of 20 louvers ar-
ranged in two columns of 15. In
closed position the louvers form a
55° angle with the horizontal and 0°
when open. . ]
Figure 22. The focus and the test table on the left.

On the right, the attenuator, completel
TEST TABLE open, all%ws the rays from the he'I)iosta:ls

This mobile support is located outside fo enter.

under the focus of the concentra-
for. It moves on three axes (X, Y, Z) perpendicular to each other and positions the test
sample with great precision in the focal area.
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DISTRIBUTION OF THE FLUX DENSITY IN THE FOCUS

The concentration and distribution of the flux density in the focus characterize a solar
furnace. This distribution usually has a Gaussian geometry and is characterized by a CCD
camera hooked up to an image processor and a lambertian target. The characteristics of
the focus with 100% aperture and solar radiation of 1000 W/m?2 are: peak flux, 3000 kW/m?2,
total power, 58 kW and focal diameter, 23 cm [Neumann, 1994].

Solar Chemistry Facilities

SOLAR PHOTOCHEMICAL FACILITIES

The first pilot plants with reactors for solar decontamination at the Plataforma Solar de
Almeria were developed at the beginning of the nineties (with support from the EU). The
present configuration of the parabolic-tfrough collector photochemistry pilot plant is com-
posed of four two-axis solar-tfracking parabolic-tfrough solar collectors with a total collect-
ing surface of 128 m2. The concentrating factor achieved is 10.5 suns. Each “Heliomans”
solar collector consists of a column supporting 32 mirrors in four parallel parabolic troughs
for a total area of 32 m2. The working flow rate may be varied between 500 and 4000 L/h.
All the piping, tanks and accessories are HDPE (high-density polyethylene), a material
highly resistant to the majority of chemicals. The module absorber fubes (56-mm-diameter,
2-mm-thick borosilicate glass) are each 16 m long, totaling 64 linear meters of photo-
chemical reactor.

Later, other CPC (Compound Parabolic Collector) pilot plants, which can use diffuse
radiation as well as direct, were installed. The CPC reflectors are made of anodized alumi-
num. Af the PSA there are now several such plants. The oldest has three modules (1,
Figure 23), each with a 3-m2 surface filted 37° from the horizontal, with a pump, tank and
connecting piping for system operation. The fotal system volume is approximately 250 L
and the absorber tube (illuminated volume) is 108 L. In 2002, a new 15-m?2 collector (2)
connected to a recirculation pump and a tank, increased the volume to 300 L. This col-

Figure 23. General view of the CPC Solar Photochemistry Facilities with the
new collector in the foreground
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lector is the most advanced model developed in recent years and freatment plants to be
developed in several different projects are expected to be based on it. Furthermore, two
small twin prototypes (3) are also available for parallel experiments. Each reactor is made
up of three modules of eight glass fubes each. The three modules (3.08 m?) in each reac-
for are mounted on a fixed platform also tilted 37° (local latitude). The total reactor volume
is 40 L, of which 22 L is the total iradiated volume and the rest is in the piping and tank.

Due to developments in the context of the European CADOX Project (see R&D Projects,
Environmental Applications of Solar Energy and Characterization of Solar Radiation), a
new system consisting of a new CPC-type solar collector (4) (50-mm photoreactor diame-
ter more suitable for photo-Fenton applications) with its corresponding tank and recircula-
fion pump (75 L) coupled to a biological reactor has been installed (150 L based on bio-
mass aftached to inert matrix) and an ozonization system (50 L, with an ozone production
system of up to 15 g Os/h). All of monitored (pH, T, ORP, O2, flow rate, H202, Os3) and com-
puter-controlled (pH, T, flow rate). Small prototypes (5) have also been installed for disin-
fection applications under the European SOLWATER and AQUACAT Projects (see R&D pro-
jects, Environmental Applications of Solar Energy and Characterization of Solar Radiation).

There are also 3 ultraviolet solar radiation sensors available, one direct with solar frack-
ing unit and 2 global in horizontal position and tilted 379 (same angle as the CPCs) with re-
gard to the earth’s surface. All the data are sent to a computer that stores them for later
evaluation of results.

SOLAR CHEMISTRY LABORATORY

The PSA Solar Chemistry Laboratory is a 75-m?2 building designed to hold all the conven-
fional chemical laboratory equipment: workbenches, gas extractor fan hood, storeroom
for small amounts of chemicals, central distribution of technical gases, UPS, safety systems
(extinguishers, shower, eyewash, etc.) precision-scale workbench, ultfrapure water system,
ulfrasonic bath, centrifugal vacuum disfillation system, as well as many other systems nor-
mally used in a chemistry laboratory. In addition, it has the following analytical equipment
related to Environmental Chemistry: Liquid chromatograph (quaternary pump with auto-
matic injector and diode detector), gas chromatograph (FID and TDC) with purge and
frap system (analysis of volatiles dissolved in water), ion chromatograph, TOC analyzer
(with automatic injector), UV-visible spectrophotometer, COD and BOD and automatic
shredder. All these systems are completely computerized and networked. Furthermore, it
has the only Andalusian network (14 stations) node in Almeria for UVB/UVA/PAR measure-
ment.

SOL-14 SOLAR THERMAL SEAWATER DESALINATION PLANT

This facility consists of the following subsystems:

A 14-effect multi-effect desalination plant

A CPC (compound parabolic concentrator) stationary solar collector field
A thermal water storage system

A double effect absorption heat pump (LiBr-H20)

A water-tube gas boiler.

YV VVVY

The system operates with water as the heat transfer fluid, which is heated as it goes
through the solar collectors to the storage system. The hot water from this storage system
provides the MED plant with process heat.

The solar field is composed of 252 stationary solar collectors (1.12 x Ao Sol CPC) with a
total surface area of 500 m?2, arranged in four rows of 63 collectors. Due to the reverse re-
turn piping, the nominal total flow rate (14.97 m3/h) is distributed uniformly among the four
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Figure 24.  SOL-14 stationary solar collector field (500 m?)

rows (3.74 m3/h) without need for any addifional regulation. The collectors are arranged in
groups of nine, each of which is connected in parallel in each row, which are in turn con-
nected in parallel to the main header line to the storage tanks. Each group of nine collec-
fors is arranged in the following manner: i) the collectors are lined up east-west to maxi-
mize solar energy collection, ii) each group is subdivided into three subgroups of three col-
lectors, iii) the collectors in each subgroup are connected in parallel; iv) each subgroup is
connected fo the one after it in series. The maximum operating tfemperature is 100°C
since the collectors are connected to the storage tanks in an open loop at atmospheric
pressure.

The thermal storage system consists of two inferconnected 24-m3 water tanks. This vol-
ume allows sufficient operating autonomy for the backup system to reach nominal operat-
ing conditions.

The fossil backup system is integrated by a propane gas water-tube boiler with a maxi-
mum production of 200 kg/h of saturated steam at a pressure of 10 bars. Each boiler en-
sures heat-pump (180°C, 10 bar) and MED plant operating conditions when there is no so-
lar radiation. The gas is stored in a 2450-litfre outdoor tank, allowing 143 hours of operating
autonomy.

The desalination plant consists of a 14-effect multi-effect distillation unit, which is con-
nected to the thermal storage system described above. For nominal production of 3 mé/h
of distillate, plant consumption is 190 kWi, with a performance factor (number of kg of dis-
fillate produced by each 2.326 kJ of thermal energy consumed) over 9. The salt concen-
fration in the distillate is around 5 ppm. The nominal temperature gradient between the
first and last effects is 40°C, with a maximum operating femperature of 70°C in the first ef-
fect. The vacuum system is made up of two hydroejectors fed by sea water at 3 bar. The

Dimensions: ......ccceceeveenen. 2012x 1108 x 107 mm

Apertura area 1.98 m2

Absorber
EMISSIVItY wooevveeeieecieeee, 0.10-0.15
Absorptivity ....eeeveeenen. 0.94-0.95

Weight (empty) cccccueeneeeee. 38 kg

Operating pressure.......... 6 bar

Test pressure ......cveeeveenee.. 12 bar

Optical efficiency............ 0.70-0.71

Thermal loss factor........... 3.4 W/m?3-K

Figure 25. Technical specifications of the 1.12x AoSol solar collector and detail of
the piping in the solar collector field
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vacuum system evacuates the
unit at operation startup, com-
pensates for small amounts of air
and gas released with the feed
water, and small losses that could
occur in the various connections.

a

In 2005, a new prototype dou-
ble-effect (LiBr — H20)absorption
heat pump was installed devel-
oped specifically for connection
fo the multi-effect distillation plant
at the PSA. This device increases
the MED plant performance facto
fo about 20 due to the heat re-
covered from condensing low-
exergy saturated steam produced
in the last effect.

’”HH"

™4

Figure 26.

Double effect absorption heat pump in-
stalled in the SOL-14 plant

STATIONARY SOLAR COLLECTOR TEST PLATFORM

i
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L
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= This facility was erected in 2002 for the pur-

pose of offering additional services to the scien-
tific research community, especially energy
characterization of stationary solar collectors
and their possible application in solar desalina-
tion processes.

Figure 27.  View of the stationary solar collector
test platform
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Figure 28.  General diagram of the stationary solar collector test platform
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Other Facilities

PSA METEOROLOGICAL STATION

The PSA has had a meteorological station since 1988, primarily for measuring integral so-
lar radiation (global, direct and diffuse radiation), but also for other generic weather vari-
ables (tfemperature, wind speed and direction, relafive humidity and atmospheric pres-
sure, cumulative precipitation, etc.). The task of entirely remodeling this old statfion has re-
cently been undertaken. Given the framework in which our facilities work, from the begin-
ning this inifiafive was infended to comply with the strictest requirements of quality and
accuracy in solar radiation measurement. As an overall indication of having reached this
goal, the station has been a full member of the World Meteorological Organization’s Base-
line Surface Radiation Network, whose directives it follows, since October 2005.

In addition to measurement of the meteorological variables mentioned, its most out-
standing feature is the measurement of the spectral distribution of solar radiation.

The new radiometric station’s equipment may be classified in three basic groups:

1) Measurement instruments. The PSA
meteorological statfion instruments
are in the highest range of solar
radiation measurement. All the ro-
diation sensors are ventilated and
heated, and have a temperature
measurement sensor. This equip-
ment provides the best information
on solar radiation and more gen-
eral atmospheric variables, and
can be used for filtering input data
and validating spectral models.
They are used for:

— Measurement of the terrestrial
radiation balance. Incoming
and outgoing shortwave and
long-wave radiation is meas-
ured at 30 m

— Solar radiation characterization:
components (direct and diffuse)
and UV.

— Vertical wind profile: wind speed and direction at 2, 10 and 30 m

— Miscellaneous weather information: pluviometer, barometer and psychrometer

Figure 29. General view of the new PSA radiomet-
ric station

2) The Spectroradiometer is so different that it must be considered an independent instal-
lation. It is a prototype developed to CIEMAT specifications by Instrument Systems. This
equipment, based on the SP320D, which incorporates a photomultiplier and a lead
sulfur detector, records the spectral distribution of the solar radiation over its whole
spectral range (from 200 to 2500 nm), compared to the majority of such equipment
which works only for a part of the spectrum (generally visible or ultraviolet). The basic
equipment is connected to a switch in such a way that it can work with three alter-
nafing probes, which are arranged in a solar tracker to record the global, direct and
diffuse solar radiafion, respectively. Although it is configurable, the equipment has
been programmed fto record a specfrum (with an approximate resolution of 2 nm in
UV and visible and 10 nm in IR) in about 7 minutes, and changes measurement probes
every 10 minutes. This way we have an hourly database with 2 spectra for each one of
the solar radiation variables. Another important difference from the usual solar radia-
tion spectral distribution measurement equipment is that it operates continuously from
sunup to sundown.
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The data acquisition system. This system was specifically Developer in Visual C++ using
IMP cards. Acquisition frequency is 1 s with 1-minute, hour and daily averaging. The
data are stored in a relational database management system, described below, and
a series of physical and other filters are applied during acquisition. It is worth mention-
ing that this data acquisition system is connected to a GPS which also acts as a high-
precision time server.

The database. The database was http://lwww.psa.es
developed in Microsoft SQL
Server 2000 and consulting tools
were developed in ASP so it
would work on the internet. The
data base tables are dynamic,

making it possible to remove or |G | @S
add sensors to the station without
having to modify the table struc-

ture. The database size is de- <o @__-
signed to provide simultaneous A\ 2s
access to 10 years of second [Sremat T ‘q-'.

data and averages of all the Figure 30.  User login for access to solar radia-
variables recorded. In 2005 the tion information.

tools for its usage were com-
pleted and at the present fime the information is available on the PSA website. In or-
der to find out the demand for the information, it is necessary to log on for access.

THE SPECTRAL CALIBRATION LABORATORY

The need for a calibration laboratory arises from the way in which the Spectroradiome-

fer is designed to operate. This equipment usually works only during specific measurement
campaigns, in which case yearly recalibration is recommended. However, this equipment
is in constant operation, so on-site calibration is necessary to:

»

»

Minimize loss of data during calibration periods (around 1 month if the equipment
must be sent to the manufacturer).

Be able to increase calibration frequency as needed: every six months, quarterly,
monthly or even weekly.

The calibration laboratory has been specially designed for calibration over the whole
200 to 2500 nm range.

Figure 31. Spectroradiometer probes for Figure 32.  Spectroradiometer detector with

measuring global and diffuse radia- three-probe connector switch
tion as installed in the solar fracker
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Figure 33. New Spectral Calibration Laboratory Figure 34. CEDER Radiometric Station in Soria
adjacent to the CESA-1 building

RADIOMETRIC STATION AT CIEMAT - CEDER (SORIA).

This new station will provide better solar radiation information, and also serve as a com-
parison with PSA measurements. It is quite similar to the one at the PSA, but with simpler
equipment in a shed on the roof. The sensors, arranged in a 2AP solar tracker, record
global radiation and its two components.

ENERGY TESTING OF BUILDING COMPONENTS LABORATORY (LECE)

The Energy Testing of Building Components Laboratory (LECE) is another of the facilities
at the PSA. This laboratory is part of the Bioclimatic Architecture R&D program of CIEMAT's
Renewable Energies Department and is managed directly by it. It participates in the
PASLINK EEIG, a network of European laboratories with similar characteristics, which is of
economic interest. The laboratory consists of four fully instrumented test cells for testing
conventional and passive solar building components and, furthermore, makes use of the
excellent infrastructure at the PSA for solar applications.

The purpose of the LECE is to contribute to the knowledge on the energy quality of
building elements through experiments determining the thermal properties of closures,
such as the global heat transfer coefficient, the solar gain factor or system response times.
It also performs other types of tests among which are important because of the climatic
condifions in Spain, with regard to ventilation phenomena. The knowledge of those prop-
erties can be used to improve building design for increased energy savings without loss of
comfort and predicting their thermal behavior. LE high-precision time server CE activities
may be classified as:

» Experimental support for preparation of standards and regulations.
» Experiments in the CIEMAT Bioclimatic Architecture R&D program.
» Collaboration with and services for building materials and component manufacturers.

Figure 35.  Views of the LECE: Cells, reference buildings and solar chimney
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R&D Projects

Research in the various groups at the PSA has contfinued to enjoy good health during
2005.

In the Solar Concentrating Systems Unit, activities continued in direct steam generation
technology (DSG), which is expected to reduce the costs of solar thermal electricity pro-
duction by around 30%. The nucleus of activity was the European INDITEP project which
aims at detailed design of a 5-MWe DSG plant. The years of experience accumulated dur-
ing the continual operation of the PSA DISS loop will be a decisive factor in the success of
this project.

Furthermore, during 2005, activities to clear up the last remaining technological un-
known in the DSG process, thermal storage, were begun. The main objective of the DISTOR

Plataforma Solar de Almeria Division

RECT
o Martinez
PSA Management 5 Environmental Applications
Concentrating Solar Systems

Figure 36.  PSA R&D Project Organization
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project, partly financed by the European Commission, is to develop a competitive thermal
storage system adequate for solar plants with direct steam generation in the solar field. A
storage system based on phase-change materials is under development for this purpose.

In central receiver technology, research activity has focused on technological collabo-
ration with the companies building the first two commercial power tower plants, PS10,
which is due to be inaugurated at the end of 2006 and will be the first solar thermal power
plant in Spain, and SOLAR TRES, which is based on the use of molten salts as the working
fluid, and is sfill in the promotion stage. Strategic collaboration has begun with SENER for
the testing and validation of a receiver panel for this commercial plant.

Thermochemical hydrogen production also has a place in the group’s activity. Phase 2
of the project undertaken with Petfrdleos de Venezuela, S.A. and the ETH of Zurich, was
begun this year. A 500 kW receiver to validate scale up of the technology will be de-
signed, fabricated and tested on the CRS tower.

2005 was an especially important year for the ‘Environmental Applications of Solar En-
ergy and Characterization of the Solar Resource’ Unitf, as the activities defined as its objec-
five after the restructuring of CIEMAT at the beginning of 2004 became consolidated. The
proof of this was the approval at the end of 2005 of a total of 5 European projects (Euro-
pean 6t Framework Program) plus another for excellence from the Autonomous Commu-
nity of Madrid.

Growth of scienfific and industrial interest in detoxification of waste water as an appli-
cation of sunlight was outstanding in 2005. This was demonstrated by new industrial facility
at the DSM-Deretil company in the framework of the CADOX project, based on the tech-
nology previously used in pilot plants.

In the field of solar disinfection, the SOLWATER and AQUACAT projects, which made it
possible to develop a combined system (through generation of different oxidants) for the
control of pathogenic elements present in drinking water tested successfully in Mexico,
Peru, Argenfina, Morocco, Tunisia and Egypt, were completed. Although the results were
highly satisfactory, these systems are sfill in a preliminary stage of development. In sea-
water desalination, it is worth mentioning the culmination, after 4 years of development, of
the AQUASOL project which provided the PSA with a highly innovative experimental facil-
ity and which, given its complexity and multitude of possibilities, is going to be a very useful
tool for the design and practical implementation of this kind of systems based on the multi-
effect distillation fechnology.

INTRODUCTION

2005 was the Solar Concentrating System Unit's (SCSU) first year at the PSA, as at the
beginning of the year the "High Temperature Solar Thermal Energy” and “Parabolic-Trough
Collector Technology” R&D programs were merged to form the present SCSU. This was
done as a result of CIEMAT restructuring toward the end of 2004 in order to optimize avail-
able resources and promote horizontal cooperation among the various departments, divi-
sions and R&D groups at the CIEMAT.

The general goal of the SCSU is to promote and conftribute to the development of solar
concentrating systems, both for electricity generation and industrial process applications
that require solar concentration, regardless of whether this need is for mid-temperature,
high-temperature or high photon flows.

SCSU R&D activity is structured in three Groups: i) Mid-temperature, ii) High Concentro-
fion and iii) Solar Fuels and Solarization of Industrial Processes, which provides a transition
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between the previous situation with differentiated activities and personnel and the current
sifuation with activity requiring aftention to increased requests for consulting services from
the newborn commercial sector and participation in research, development and demon-
stration projects. This situation suggests distributed management in the three Groups or ar-
eas of activity mentioned, but sharing personnel, experimental capabilities, etc., to opfi-
mize resources.

The new sfructure’s infernal procedures enable an adequate flow of information and
cooperatfion among its three Groups, so that R&D activity in each group does not become
an exclusive work package, but rather encourages horizontal collaboration among them,
making more efficient use of available Unit resources.

Solar radiation concentration is necessary for processes requiring high temperatures
and/or high efficiencies. The shape of the concentrating system and its relafionship to the
receiver, where the concentrated radiation is transferred to the process of interest, is lim-
ited to a few technologies, all of which are present at the PSA: 1) linear-focusing para-
bolic-tfrough collectors which provide medium concentration (up tfo 50 times incident solar
flux) and temperatures of up fo 450°, with applications in industrial heat and electricity
generation; 2) heliostat fields with central receiver tower, which achieve high concentro-
fions (up to 1500-2000 times incident solar flux) and temperatures of up to 1100°C, with ap-
plications in electricity generation and fuel production (such as methane reforming, etc.);
3) parabolic dishes, which achieve high concentrations (flux up to 2500-3000 fimes inci-
dent solar flux) and are usually applied to electricity generation (placing a Stirling motor
and generator in the focal areaq); 4) finally, solar furnaces make it possible to work at the
same concentrations as dishes (or more if a secondary concentrator is used, achieving flux
of up to 10000 suns), but under near laboratory conditions.

In the Medium Concentration Group, activities are mainly related to the parabolic-
frough collector fechnology (since this is the type of collector best suited to this fempera-
fure range), while activities in the High Concentration and Solar Fuels and Solarization of
Industrial Processes Groups are related to the cenfral receiver, dish/Stirling and solar fur-
nace.

In pursuing the general goal mentioned above (promotfing and contributing to the de-
velopment of solar radiation concentrating systems), the activities common to all three
groups include:

> Applied or technological research, such as the design, development, testing and
evaluation of components and processes that represent or may represent improve-
ments in the cost/benefit ratio for the developments of reference.

» Maintfenance of quality and improvement in experimental capabilities, that allow us
fo continue being an international experimental reference in all types of solar con-
centrating technologies.

> Development and or use of analytical and design tools for plant and/or component
predesign studies; feasibility studies; or optimization of the integration of the solar con-
centrating devices in more efficient electrical conversion system, both in thermody-
namic cycles and direct conversion systems.

» Conftribute to the development and consolidation of an industrial sector, by transfer-
ring technology, making feasibility studies and R&D roadmaps and defining action
tending fo eliminate the technological barriers that impede penetration of these
tfechnologies; communication of lessons learned in reports, publicatfions in journals,
contribution s in congresses, giving courses and seminars, etfc.

In addition to these common goals and activities, each of the three groups has articu-
lated its activity in 2005 around a few goals or priority fields of development:
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Medium Concentration Group:

>

>

>

Development of high pressure and temperature Direct Steam Generation in the
parabolic-tfrough receiver tubes themselves in order to eliminate the oil now used as
the working fluid in solar plants with this type of collector.

Develop new parabolic-trough collector designs suitable for their application in indus-
trial heating and cooling.

Development of a thermal storage system using change-phase materials (latent heat
storage).

High Concentration Group:

>

Contribute to the design of a domestic molten-salt tube-receiver technology able to
surpass the characteristics of the American Solar Two, taken as a reference and which
may be implemented in the first commercial plant of this type, Solar Three.
Development of the volumetric absorber technology, particularly the uncertainties still
associated with them, such as their durability, optimization of the geometric design
and thermophysical properties effective under high-flux/high-temperature conditions.
Development of high-temperature, high solar concentration components and sys-
tfems that are more efficient and cheaper, especially those with the most weight in
the total plant cost (concentrator, receiver, thermal storage) and simplification of as-
sociated O&M through high levels of automation.

Exploitation of the cenfral receiver component testing, operatfion, confrol and
evaluation capabilities and experience, by participating in third-party national and
international development projects.

Solar Fuel and Industrial Process Solarization Group:

>
>

>

Solar hydrogen production with various procedures.

Study of physicochemical and thermochemical behavior of high-temperature mate-
rials, and

Testing of photovoltaic cells and devices at high concentrations. This activity is done
in collaboration with the High Concentration Group

The R&D activities carried out in the Solar Concentration Systems Unit are described fur-

ther below separately for each one of the three Groups that make up the Unit.

The Medium Concentration Group activities have the following general goals:

1. Development of new components and applications for concentrating solar sys-
tems that work in the range of temperatures between 150°C and 45°C, called
the mid-temperature range.

2. Development of modeling and simulation tools for solar systems with parabolic-
frough collectors, which are tfoday the most widely used commercially in the
temperature range indicated above, and

3. Promote the creation of a Spanish industrial nucleus to which the tfechnology
and knowledge acquired by the PSA in mid-temperature solar systems can be
fransferred, so that this industrial nucleus can drive commercial development,
inside and outside of Spain, of mid-temperature concentrating solar systems.

Since the parabolic-trough collector technology, known by the initials PTC, is af present

the best developed for solar radiation conversion into thermal energy in the mid-
tfemperature range (150°C-450°C) or medium concenfration (<100), current activities in the

SCSU Medium Concentration Group are almost exclusively devoted to this fechnology.

However, we also aware of a new technology which, although it is in its infancy from the
commercial point of view, presents inferesting characteristics for applicatfion in the same
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range of concentration and temperatures ad the parabolic-tfrough collectors. This is the
Fresnel Linear Concentrators (FLC), of which up to now only a small number of prototypes
have been installed.

The PTC are linear focusing, concentrating solar collectors which convert the direct so-
lar radiation in thermal energy and are ideal for working with solar radiation concentro-
fions of around 20 to 80 fimes. Due to concentration of the direct solar radiation incident
on the collector aperture plane, it efficiently raises the temperature of the working fluid to
above 400°C. For this reason, the PTC are ideal for supplying industrial process heat be-
tween 150° and 400°C. In view of the large number of processes that meet this condition,
the commercial interest of the PTC is very important, since its commercial implantation
could significantly contribute to meeting the Kyoto commitments for CO2 emissions reduc-
fion as well as Spanish and European Union dependency on imported energy.

A PTC is basically made up of a parabolic-trough mirror that reflects direct solar radio-
fion, concentrating it on a receiver tfube placed in the line of focus of the parabolic mirror.
This concentrated radiation causes the fluid that circulates inside the tube to heat up,
fransforming the solar radiation into thermal energy in the form of the sensible heat of the
fluid. The photograph in Figure 37 below shows how a PTC works.

Medium Concentration Group activities are grouped into different projects that each
have their own group of partners, budget and planning. The final results pursued by this set
of projects is fo promote its commercial implantation.

Among the activities carried out by the Medium Concentration Group at the PSA dur-
ing 2005, those related to high-pressure, high-temperature direct steam generation in the
PTC absorber tubes confinued to occupy a position of major importance. This new tech-
nology, known by its initials DSG (Direct Steam Generation), confinues to demonstrate its
great infterest for reducing the cost of the thermal energy supplied by this type of solar col-
lector, since it makes the thermal oil and oil/water heat exchanger now employed in this
type of solar facility unnecessary. A simultaneous feasibility study on the use of new work-
ing fluids for parabolic-trough collectors has also been done to explore new possibilities for
cost reduction and increased efficiency.

In 2005, the strong contrast already demonstrated in 2004 between the technical and
market maturity of the PTC plants for electricity generation (thanks to the valuable experi-
ence confributed by the SEGS plants in California) and the lack of development of other
possible medium concentration or mid-temperature range solar energy applications that
are also of interest, such as industrial process heat and industrial heating and cooling.
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There continues to be a lack of solar collectors and industrial equipment on the market
with suitable characteristics for this type of applications, which recommends a strong R&D
drive fo meet the same level of development they have for electricity generation. Spain,
as in many other countries located in the so-called Solar Belt, has climate conditions that
make these other mid-temperature solar system applications very attractive. This is why in
2005 af the PSA we had a certain amount of activity in this field and have confinued work-
ing in the development of components for industrial heating and cooling and industrial
process heat. We therefore continued to participate in Task 33/4 (“Solar Heat for Industrial
Processes” or SHIP; www.iea-ship.org) of the International Energy Agency in order to take
advantage of the experience and knowledge of solar thermal energy applied to industrial
heat which other international entities possess. The area of work at the PSA related to mid-
tfemperature solar systems has thus been enlarged as traditionally it concentfrated exclu-
sively on electricity generation (solar thermal power plants). However, the logical limitation
of available resources has made the weight of activities related to solar radiation applied
fo solar heating and cooling and industrial process heat much less than the solar thermal
power plant activities.

PSA activities in the Medium Concentration Group in 2005 were mainly related to the
INDITEP, DISTOR, FASOL and PREDINCER projects. The activities and results achieved in
these projects by the PSA in 2005 are described below.

INDITEP PROJECT

The INDITEP Project officially began on July 1, 2002 and ended on June 30, 2005. It re-
ceived funding from the European Commission (Contract n® ENK5-CT-2001-00540) and the
activities planned in it constitfute the logical technical contfinuation of the DISS project ac-
fivities (1996-2001). Once the technical feasibility of the Direct Steam Generation (DSG)
process was demonstrated in the DISS project (Eck, et al, 2003), the next logical step was
tfo optimize the process and its essential components, and at the same time, undertake
the detailed design of the first commercial solar thermal power plant using direct steam
generation in the solar field.

The INDITEP project was planned with our basic targefts:
1) Detail design of a pre-commercial 5--MWe DSG plant

2) Opfimization and advanced development of components fo make the DSG tech-
nology more competitive (economic compact water/steam separator, etc.)

3) Characterization under real solar condifions of the most important components for
DSG solar fields.

4) Socio-economic study of the DSG technology.

Most of the INDITEP project partners (IBERDROLA, ABENGOA, CIEMAT, DLR, Flabeg Solar,
GAMESA, INITEC, SIEMENS and ZSW) also participated in the DISS project, which has en-
sured perfect continuation and connection between the activities of the two projects. The
CIEMAT participation in the INDITEP project in 2005 concentrated on the following activi-
ties:

> Participation in detailed engineering of the pre-commercial 5-MWe DSG plant

» Operate and maintain the DISS plant in order to write operating and maintenance
procedures for commercial DSG plants, and also evaluate new water/steam separa-
tors

> Study the behaviour under real working conditions of the new ball joints in the solar
DSG collectors

> Develop new selective coatings able to resist temperatures of up to 550°.

PSA activities in each of these four areas are described below.
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Detailed engineering of a pre-commercial 5-MWe DSG plant:

Figure 38 shows a general simplified diagram of the pre-commercial DSG plant de-
signed in the INDITEP project. The gross electric power is 5.47 MW, while the net electric
power of the power block is 5.17 MW, with a net performance of 24.9%. The solar field is
made up of seven parallel rows, each composed of ten 100-m ET-Il collectors. In each row,
the evaporating and superheating sections are separated by a water/steam separator.
The total aperture area of the solar field is 38,385 m2, with a peak thermal power of 15 MW
(Zarza et al., 2004).

The main contribution of the PSA in 2005 to the detailed engineering of the 5 MWe DSG
plant was the technical specifications for instrumentation required in the solar field, and
operating and confrol procedures, written in collaboration with IBERINCO, DLR and ZSW
(Eickhoff et al., 2005). Since there has been no practical experience with a similar plant,
the operating procedures contain all of the options learned in the PSA DISS experimental
plant that seem commercially feasible, and there is no way to ensure which of the possible
startup, shutdown and control options written in the INDITEP project for the pre-
commercial 5-MWe plant will be the best for larger commercial DSG plants, so the various
options must be evaluated and optimized experimentally in the plant itself. These activities
will take up the first 18 months of the 5-MWe plant operation.

Tests defined for this period are the following:

1. Tests for verifying alarm limits and operation at programmed locations during solar field
emergencies. Estimated duration: 1 month, included in the period of plant startup

2. Tests related to solar field startup and shutdown procedures to find out the advantages
and disadvantages of the various options available from the viewpoint of large com-
mercial DSG plants. Estimated duration: 4 months (at various fimes of the year.)

3. Tests related to process control parameters during routine operation. Estimated dura-
tion: 4.5 months minimum (tests at different tfimes during the year.)

4. Evaluation of system thermal/electric performance under ambient conditions (sum-
mer/winter). Solar field process parameter optimization to increase final plant perform-
ance. Estimated duration (4.5 months minimum (tests at different fimes of the year).

5. Main solar field and power block component evaluation (water/steam separators, so-
lar collectors, turbogenerator, etc.). Estimated duration: 4 months.

PSA DISS plant operation and evaluation of new components:

Another important fraction of participation of the PSA in the INDITEP Project in 2005 was
devoted tfo testing in the experimental DISS plant to evaluate the new compact wao-
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Figure 38. General diagram of the pre-commercial DSG plant designed in the INDITEP Project
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ter/steam separators and continue testing different operating and control strategies.

In 2005, the DISS plant was operated for a total of 832 hours and three water/steam
separator prototypes have been successfully installed, two cyclone separators in the same
place and a third, plate separator in parallel. These separators were assembled in the in-
terface installed by the DLR in the DISS loop in 2004.

302 tests were completed in the DISS plant during 2005, distributed as below (tests not
valid are not included):

OPEIATING TESTS: ittt ettt e b e b e e seesbeesbeesbeessessaesssens 8
1st separator calibration, statistics and dynamics testing: ...coeceeeveeveeveeeens 57
2nd separator designed by Frametone calibration, statistics and

AYNAMICS TESTING: ceiiiieceeceeeeee ettt et te e te et ete e ae s eeesraesree e 87
DLR (plate) separator statistics and dynamics testing iu...eeeeeeeeeeveeceennenne. 79
(@l 1 £ I 1= ] 1SRRI 16
Ball joint testing at 30 AN 70 DAI: ..o 55

As demonstrated in the fest list above, in 2005, 55 new ball joint tests were done at pres-
sures of 30 and 70 bar. The tests carried out by the PSA with new ball joints have two aims:

» Evaluate the behavior of the new ball joints at 120 bar/400°C, so there are several
commercial models available for DSG plants working under these pressure and tem-
perature parameters in the solar field. The possibility of several manufacturers is impor-
tfant to avoid a monopoly leading fo excessively high prices.

» See if it is possible for ball joints to allow the parameters of steam produced by the
DSG solar fields to be increased to 100 bar/550°C, to improve performance in the
power block. In this sense, the study carried out in the DISS project demonstrated that
a regenerative Rankine cycle working with steam at 100 bar/550°C can increase so-
lar/electric performance up fo 23.2%. But ball joints suitable for these pressure and
temperature parameters must be available for this to be possible.

Since the only ball joints for DSG solar fields for 100 bar/400°C experimentally evaluated
to date under real solar conditions are manufactured by the American Advanced Thermal
Systems (ATS) company, in 2005, two models by a different manufacturer, the HYSPAN
company. The two models tested are for 120 bar/400°C and °00 bar/550°C. The tests done
in 2005 were with steam produced in the DISS solar field and had a maximum pressure of
70 bar. The figure below shows the two models of ball joints that were tested in 2005. It can
be observed that the flanges necessary for the ball joints to install them in the test bench
that we have at the PSA for this type of experiments. It is planned that once the 30 and 70
bar tests have been completed, they be tested at higher pressures of up to 550°C at the
ENDESA Litoral de Almeria power plant in Carboneras, Almeria. For various technical rea-
sons, it was not possible to complete all of the tests planned in 2005, so they will continue

HYSPAN 120bar/400°C ball joints HYSPAN 100bar/550°C ball joints

Figure 39. The two HYSPAN ball joint designs for DSG plants.
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into 2006.

Some improvements were also made to the DISS plant in 2004. An example of these im-
provements is the installation of a new absorber tube and change in position of three
more. Improvement in local open loop local controls was also continued in collaboration
with the Electronics Technical Office installed in the DISS plant collectors. One new version
of this control was installed in the two ET-Il collectors that were added to the DISS plant at
the beginning of the INDITEP project and are now under observation and evaluation.

As advanced in the 2004 Annual Report, in 2005, the PSA worked on integrating our lo-
cal solar tracking control info an overall plant architecture suitable for the current techno-
logical situation. In this direction, some steps were taken in meetings with companies in the
sector, but industry does not seem to be taking a serious interest in this subject, so it is still
open.

> Development of new Solgel coatings:

In 2005, in the framework of the INDITEP project, the PSA has been working on develop-
ing antireflective glass coatings and selective high-temperature absorbers. The activity in
these two fields is summarized below.

a) Antireflective glass coatings
In the last few years, antireflective coatings have been found with very good optical

(Ts01ar>0.97) and mechanical properties for coating the glass of the absorber tubes. In 2005
the outdoor durability of these coatings was studied in a QUV weathering chamber which
alternates cycles of condensation, temperature and UV radiation.

It has been experimentally proven that there is a strong hydrophobic influence on the
outdoor durability of the film. To augment this property in the material, different concentrao-
tions of methyltriethoxysilane (MTEQS), the methyl radical of which is non-hydrolizable were
added, conferring strong hydrophobicity to the antireflective film, which completely repels
water. The following figure shows the tfransmittance in the solar spectrum of the materials
prepared.

Incorporation of MTEQS in the solution as a precursor of polymeric silica with triton pro-
duces a slight decrease in the solar transmittance, which becomes more severe the higher
the MTEQOS content.

Figure 40 below shows the behavior of different materials in the weathering chamber.
The antireflective coatings prepared without MTEQOS show a decrease in transmittance of
almost 5%, while those prepared with 10% MTEQS, the drop is less than 1.5%, after 2000
hours of testing, which corresponds to about 5 years outdoor exposure. Next year, different
materials are going to be tested to try and increase the hydrophobicity of the antireflec-
tive film and improve its outdoor durability.

100
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E i Polymeric + triton SiO,
75 Polymeric + triton + MTES SiO,
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A (nm)

Figure 40. Solar transmittance of the different antireflective
materials prepared with borosilicate glass.
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Figure 41. Variation in solar transmittance of the various AR
coatings in the weathering chamber

b) Selective high-temperature absorbers.

In 2005, we concentrated our efforts on finding a selective high-temperature (550°C-
600°C) stainless steel pipe coating stable in air. At high tfemperatures, in the selective ab-
sorbers the mechanism that fails is mainly thermal oxidation of the infrared reflector and
diffusion of chemicals among the various coatings of the absorber.

In 2005, a fine coating of platinum was used as an IR reflector fo avoid oxidation in air
and an alumina/platinum cermet anti-diffusion barrier to make the IR reflector stable in air
at 550°C.

Two different materials were employed as absorbent coatings, one dual coating made
of two alumina/platinum cermets with different metal content, and one MnxCoyCu;O4
spinel.

The optical properties of the cermet absorber completely developed at the PSA, with
the antireflective silica coating are a=0.95 and gs00c=0.14. The individual coatings were sin-
tered at 600°C with no degradation of the optical properties. The thermal durability of this
absorber is under study at 550°C in air, with promising results.

To reduce the cost of the absorber and the number absorbent coatings, the possibility
of substituting the alumina/platinum cermet with an spinel is being studied. Spinels are
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Figure 42. Hemispherical reflectance of three selective high-temperature absorbers devel-
oped at the CIEMAT
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highly thermally stable materials so they are good candidates for high-temperature appli-
cations. The initial results are good and solar absorptance of up to 0.97 with thermal emis-
sivity higher than with the cermet absorber coating have been achieved. The following
figure shows the absorbent edge of the spinels, which have much higher wavelengths
than the cermet, implying greater emissivity.

Emissivity of the absorbers with spinel and one or two anfireflective coatings at 500°C is
0.18 and 0.26 respectively. Next year, the thicknesses of the spinel and antireflective coat-
ings will be optimized to increase solar absorbency and reduce thermal emissivity.

DISTOR PROJECT

The DISTOR Project is a European R&D Project with financial assistance from the Euro-
pean Commission (Contract N°. SES6-CT-2004-503526). This 45-month project officially be-
gan in February 2004. It is coordinated by the German DLR and has a large number of par-
ficipants: CIEMAT-PSA, Sistemas de Calor, INASMET and IBERINCO (Spain), DEFY Systemes
and EPSILON Ingénierie (France), SGL Technologies GmbH and FLAGSOL GmbH (Ger-
many), Sanlucar Solar Solucar, S.A. (Spain), ZSW (Germany), Weizmann Institute of Science
(Israel), and the Central Laboratory of Solar Energy and New Energy Sources (Bulgaria).

The main purpose of the DISTOR project is to develop competitive storage suitable for
direct steam generation solar plants. Since most of the thermal energy in the steam is re-
leased when it condenses, and this process takes place at a constant temperature, the
best storage system for this type of solar plant would be based on a medium that absorbs
heat at a constant temperature. This leads to a need for thermal storage based on latent
heat using phase-change materials, which is what the DISTOR project is developing. Mix-
fures of sodium nitrate and potassium prepared with another material providing accept-
able thermal conductivity to promote charging and discharging in the storage system are
being studied. The economic goal of the DISTOR project is a specific cost of 20€/kWh stor-
age system capacity, since this figure would make it profitable.

Thermal storage systems in the 150°-400°C range currently available are based on mao-
terials that increase in temperature (sensible heat) and therefore are not valid for solar sys-
tfems with direct steam generation. This is precisely the need for developing a storage sys-
tem specific to solar fields with direct steam generation, since without it, continuous gen-
eration of electricity with solar systems of this type is not possible.

The participation of the PSA in the DISTOR project concentrates on two specific areas:
1. Technical specifications the storage system to be developed must meet

2. Installation in the PSA DISS experimental plant and evaluation under real solar
conditions of a first 200 kWh-capacity prototype of the new storage system.

As the technical specifications were completed in 2004, our participation in the DISTOR
project in 2005 concentrated on preparing the prototype’s installation in the DISS experi-
mental plant scheduled for the end of 2006, specifically, reviewing the prototype’s inter-
face with the DISS plant, which is the only experimental plant with direct steam generation
in the solar collectors in operation today, as proposed at the beginning of the project. This
was necessary because the information obtained from PSA activities in another European
R&D project (the INDITEP project) made it clear that the interface initially proposed would
not be suitable. Figure 43 shows the interface first proposed.

In the schematic shown in Figure 43, pump P-23 is a key element, since it will have to
operate under a high pressure water flow rate (approx. 80 bar) and near-safuration tem-
perature, so the available NPSH would be very low. Such a pump is infrequent in commer-
cial applications, making it prohibitively expensive (>75,000€). Furthermore, this pump
would probably be very inefficient (<25%), so a new interface design was necessary.
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Figure 43.  Schematic diagram of the interface initially proposed for connecting the storage
module to the PSA DISS experimental plant.

After considering various options, the interface shown in Figure 44 seemed the most suit-
able, since the two water pumps required are already installed in the DISS plant. This
makes it cost considerably less than the first proposal. The use of the flash tank already ex-
isting in the DISS plant also makes pressure compensation possible using economical perfo-
rated plates.

In 2005, the PSA also worked on the conceptual design of the data acquisition and
conftrol system necessary to monitor storage module testing. Although at the beginning of
the project, it was planned to implement new measurement channels in the DISS data
acquisition and conftrol system, this optfion was discarded to avoid possible perturbation of
DISS plant operation, and a data acquisition and conftrol system specific fo the storage
module, but directly communicated to the DISS plant, will be installed instead.
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Figure 44. Schematic diagram of the new storage module interfface proposed for the PSA
DISS experimental plant
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FASOL PROJECT

The purpose of the FASOL Project is to develop a new medium-size parabolic-frough
collector suitable for small-fo-medium solar thermal energy applications at temperatures
up 300°C. The activity carried out in this project was closely related to our participation in
International Energy Agency Task 33/1V (Solar heating for industrial processes) (www.iea-
ship.org), with which we have been collaborating since it began in 2003.

Knowing that information is one of the main requirements for extending solar thermal
energy info the area of industrial processes in Spain, the Medium Concentration Group or-
ganized a Workshop in the first quarter of 2005 in the framework of the 9t GENERA (Energy
and Environment International Trade Fair) in Madrid. 70 persons attended the course, in-
cluding representatives of industry interested in energy savings and efficiency as well as
the solar thermal industry and members of national and international solar energy R&D
centers. Two arficles were also written on the potential of solar thermal energy and keys o
its industrial application. One was published in a widely distributed engineering journal and
the other was presented at the National Renewable Energies Congress, CONEERR 2005
(Rojas, Canadas, 2005).

On a scientific-technical level, our collaboration with Task 33/IV is mainly within Subtask
C, "Development of new collectors and components” and D, “System integrafion and
demonstration plants”.

In Subtask C, we continued working on the design and development of a collector for
industrial process heat known as the FASOL project. Experience acquired in 2004 demon-
strated that the parabolic-trough reflector is one of the sfill unsolved technological specifi-
cations, both with regard to the parabolic shape of its support structure and weather resis-
tance of its reflective materials.

In mid-2005, a company in Almeria, Castano Bolea e Hijos, made a new parabolic-
frough concentrator similar to the two previous prototypes (reinforced composite material
on a metal structure with a 2.6-m-wide aperture) but with a new methodology appropri-
ate for freatment and curing of the composite material. The optical quality of the parab-
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ola of this third prototype was evaluated at the PSA by photogrammetry and, although
the results were better than with the two previous prototypes, it became clear that for
adequate optical quality of the parabolic-tfrough collectors, the manufacturer must be
highly specialized in the handling and freatment of composites.

In view of the general flexibility of plastics, the possibility of their use as a reflective sur-
face support instead of the thin glass usually used for this was explored in the FASOL pro-
ject. Two mirrors, one with a methacrylate and the other a polystyrene support, and in
both cases, an aluminum reflective foil, were tested. They were exposed to outdoor condi-
tions at the PSA for eight months, during which time the spectral reflectivity was measured
periodically and different cleaning freatments were fried out. While the methacrylate mir-
ror was returned to its nominal reflectivity with a simple cleaning method, degradation of
the polystyrene mirror had already made it unacceptable for its application in parabolic-
frough collectors after the first two months of exposure.

I — lﬂ:-- ﬁ\\:
A

Reference mirror
(silvered glass mirror) |

&

Polystyrene W ;
mirror Methacrylate

mirror i

Figure 46.  Outdoor test bed for reflective materials

In 2005, the new optimized collector concept for industrial process heat evolved, in the
first place, toward a smaller design (no more than 1.50 m aperture) so it can be installed
on rooftops and terraces and, in the second place, foward less conventional designs, such
as a glass cover in the aperture plane (protecting the parabolic reflector from the ambi-
ent) to provide a larger number of reasonably-priced materials options. A mathematical
model has been designed to reproduce the opfical and geometrical performance of
these designs with different combinations of materials. This optical-geometrical efficiency
model, along with the thermal efficiency model already developed previously, will make it
possible to find out what combination of materials and collector design has the best
cost/efficiency relationship.

PREDINCER PROJECT

The PREDICNCER Project is a coordinated R&D Project with funding from the Ministry of
Education and Science under its CICYT program (Project ID: DPI2002-04375-C03). The pro-
ject began in 2002 and ended in November 2005. In the framework of the project, the
CIEMAT collaborated with the University of Almeria Robotics, Electronics and Automatics
Department Research Group and the University of Seville Systems Engineering and Auto-
matics Department (project coordinator), to study different bounded-uncertainty process
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models, and develop and evaluate predictive confrol algorithms applicable to solar
parabolic-trough collector fields for them.

The project goals undertaken were:

- Development of modeling techniques and identification of bounded-uncertainty
models

- Development of formulas that include the uncertainty in the predictive controller de-
sign stage

- Analysis of the robustness of the formulas and their modification to ensure robustness.

- Computational studies and implantation of the algorithms

- ldentification of the reference test plants, and

- Validation of the conftrollers developed in the DISS plant

For existing DISS and Acurex PSA parabolic-trough plants (PTC), we have analyzed First-
Principle (mass balance, energy and momentum) non-linear model structures using the
Dymola software tool and the object-oriented language, Modelica (Figure 47), simplified
non-linear First-Principle models with bilinear simplification, with which we have been able
fo develop confrollers employing the feedback linearization technique to reject distur-
bances (Figure 48), and linear models around a work point found both by simplifying First-
Principle models where the bounded uncertainties of the parameters (physical magni-
fudes) are estimated taking info account the system operating ranges, and using para-
metric identification of I/O data, where low-order dynamic models are found with additive
uncertainties like:

Doay(t)=Y bu(t—d—j)+e(t)
i=0 i=0
These models are being used to apply robust model predictive control techniques (ro-
bust MPC) (Figure 49). The MPC confroller takes the uncertainty or discrepancies between
model and plant info account in the design, considering the worst possible outlet case
calculated by the model. Then an algorithm minimizing the maximum target function pos-
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Figure 47. Resulis of DISS loop simulation developed with the Modelica/Dymola tool with the
progress of outlet steam temperature and the length of the saturated/superheated
steam interface when there are steps in solar radiation, ambient temperature and
Feedwater flow rate.
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Figure 48.  Results in the Acurex solar plant. Application of feedback linearization control

designed from the non-linear (bilinear) simplified model. Disturbances in radia-
tion and inlet fluid temperature.

sible in the classic MPC is implemented for all uncertainties (min-max predictive control),
that is, the optimum confroller action sequence, u, is calculated as:

u* = arg min max J(u, )
uelU 6<O®

where U is the set of permissible action sequences, 8is the uncertainty and @ is the set of
values considered for the uncertainty.
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models around a work point. System response with outlet steam pressure and
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In addition to applying these control techniques, the behavior of this type of solar sys-
tem during disturbances has also been improved. The use of automatic command gen-
erators has also increased plant automation, the number of operating hours planned and,
thereby, the final efficiency of these solar systems, for which an increase in production of
more than 2-3% is estimated.

Concerning computational studies, our work on the implementation of an OPC (OLE for
Process Control) data server in the PSA DISS plant should be pointed out. The OPC protocol
can make different computer tools compatible, allowing real-time communication of the
DISS plant control application and data acquisition (Symphony/INFI?0 de Elsag-Bailey/ABB)
with the modeling and simulation environments we use to develop and implement the
controllers and models (Modelica/Dymola or Matlab/Simulink).

The project (2002-2005) produced 7 articles in scienfific publications and 17 communi-
cations to natfional and international congresses.

OTHER ACTIVITIES IN 2005

In addition to their work in the INDITEP, FAROL, DISTOR and PREDINCER projects, the PSA
Medium Concentration Group also worked in other areas, among them, the tests carried
out in the PSA HTF loop, such as the WANDA and OPAL projects, mainly directed at col-
laboration with the DLR and financed by the German BMU, are worth mentioning. In 2005,
DLR performed 36 charge fests and 33 discharge tests in the PSA HTF loop with the con-
crete thermal storage system in the WANDA project. The system was operated for 12 days
fo test and adjust the automatic storage system inlet tfemperature control using automatic
valves installed in the oil pipes.

Other types of tests performed in the HTF loop have been the adjustment of off-sets in
the EUROTROUGH collector local solar fracking conftrol installed in this loop, thermal loss
tests and infrared absorber tube temperature measurement.

Nineteen thermal performance tests, 6 photogrammetry tests and 6 incident flux meas-
urement tests on the collector absorber were also performed in the EUROTROUGH collec-
tor using direct sensors (German "Parascan II" project).

In 2005, the HTF test loop was also used to evaluate new components developed by
Spanish industry. This test loop was operated for a total of 763 hours in 2005.

The PSA also participated in the ANDASOL-1 project, although due to the delay in start-
ing construction, parficipation in 2005 was less than planned and was limited to technical
and scientific advisory services to the companies responsible for detailed engineering and
plant construction in matters related to the solar field.

In the field of Direct Steam Generation, steps toward construction of the 5-MWe pre-
commercial plant designed in the INDITEP project were begun. Contact was made with
possible partners, an unavoidable step if the DGS technology is to be used commercially in
large thermal power plants. The construction of large commercial DGS plants is impossible
if a pre-commercial-scale plant has nof first verified everything related to control and op-
eration of the DSG solar field. The results and experience acquired at the PSA in the ex-
perimental DISS loop provides a promising basis that makes us optimistic in so far as the
feasibility of the DSG project for large commercial plants, but does not allow us to elimi-
nate the reluctance that possible investors may have due to lack of previous experience in
a large enough plant to ensure proper functioning of large DSG plants. This is the goal pur-
sued with the design of a 5-MWe DSG plant in the framework of the European INDITEP pro-
ject. The main problem that arose in 2005 in attempting to build this 5--MWe DSG plant is the
lack of adequate public subsidies, since national or regional demonstration project pro-
grams were not intended for projects like this one.

Furthermore, as in 2004, we also continued to meet the requests of a large number of
companies interested in the parabolic-trough solar thermal power plant technology who
came to the PSA for consulting and information. The legal framework defined in Spain for
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solar thermal power plants by Royal Decrees 436/2004 (BOE of 27/03/2004) and 2351/2004
(BOE of 24/12/2004) has meant an important leverage for Spanish industrial activity in this
field. The premium set for electricity produced in solar concentrating plants in any of its
three variants (parabolic-tfrough, central receiver or dish/Stirling), along with the possibility
of an annual 12-15% hybridization with gas, has strengthened the interest in the investment
and industrial sectors in the solar concentrating technologies. These attractive conditions
have led numerous companies to the PSA in 2005 in search of consultation and collaboro-
tion. Unfortunately, the logical limitation of available human resources in the PSA Medium
Concenftration Group and previously acquired commitments in projects already underway
have made it impossible to take care of all of the requests for collaboration received in
2005 as well as we would have liked, but a great effort was made to provide the maximum
information and advice possible to companies that have requested it of us.

The two things that should be mentioned in 2005 because of theirimportance as an ac-
fivity in itself and the advancement of the general goals of the High-Concentration Solar
Thermal Energy Group (HCSTE), were a consequence of the new framework of incentives
for solar thermal power production (RD 436/2004):

> The great advance in the construction of the PS10 plant, the civil engineering work of
which was almost completed at the end of 2005, and

> The reactivation of the Solar TRES project, for which CIEMAT undertook validation of
the salt receiver technology shared by SENER and CIEMAT.

The power tower, or central receiver system (CRS) technology, consists of a large field of
heliostats or mirrors that frack the position of the Sun at all fimes (elevation and azimuth)
and direct the reflected rays onto the focus placed at the top of a tfower. As it is a fixed
focal point, off-axis optics are used, so its analysis and energy-opfical optimization are
complicated. The orders of solar concentration are from 200 to 1000 and rated plant cao-
pacity from 10 fo 50 MW, usually less than in parabolic-trough concentrating plants. They
can use a wide variety of thermal fluids, such as saturated steam, superheated steam,
molfen salt, atmospheric or pressurized air, and operate in temperature ranges between
300°C and 1000°C. It is a technology in which the PSA has a long tradition of research and
two absolutely privileged facilities, the CESA-1 and CRS with very flexible test beds for test-
ing and validation of components and subsystem:s.

Their high incident radiation flux (typically between 200 and 1000 kW/mZ2) enables them
fo work at high temperatures and be integrated in more efficient scaled cycles, from
Rankine cycles with saturated steam to Brayton cycles with gas furbines, are easily hybrid-
ized in a wide variety of options, and with thermal storage, have the potential for generat-
ing electricity with high capacity factors, so that today, systems above 4500 equivalent
hours per year are possible.

Cenftral receiver systems, after a scale-up and demonstration stage, are today at the
gates of commercial operation. To date, more than 10 experimental facilities have been
tested worldwide. They have usually been small 0.5 to 10 MW systems and the majority
were operated in the eighties. That experience demonstrated the technical feasibility of
the concept and its ability to operate with large thermal storage systems, as well as to test
various receiver concepts which are differentiated by the type of heat transfer fluid em-
ployed, such as molten salt, saturated steam or air-cooled volumetric receiver. The most
extensive experience has taken place in several projects carried out at the Plataforma So-
lar de Almeria and in the Solar One and Solar Two plants in Barstow (California). The various
technological development projects since then have improved components and proce-
dures, so that today, predictions place system solar-to-electric conversion efficiency at
23% at design point and 20% annual. In spite of everything, the great central receiver sys-
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fem challenge sfill pending is a first generation of commercial grid-connected plants op-
erating under market conditions.

The high capital cost is still an obstacle for the making full commercial use of their po-
tential [Romero, Buck y Pacheco, 2002]. The first commercial applications that are about
to be born still present installed power costs of 2500 to 9000€/kW (depending on the size of
storage) and costs of electricity produced are around 0.16-0.20€/kWh under certain favor-
able boundary conditions. A reduction in the cost of the technology is therefore essential
fo enlarge the number of commercial applications and potential sites. Aware of this prob-
lem, the PSA, in addition to participating in the first CRS commercial demonstration pro-
jects, has a permanent line of system and components R&D aimed at reducing costs and
improving their efficiency.

Royal Decree 436/2004 of March 12t (BOE n° 75, March 27, 2004) which lays out the
methodology for updating and systematizing the legal and economic framework, includes
most of the ambitions and demands of the scientific, technological and industrial sector
interested in promoting the development and commercial implantation of solar thermal
power in Spain. With the approval of an incentive tariff schedule for solar thermal power
which in practice recognizes a sale price for electricity generated in solar plants three
fimes higher than the markeft price, the basis is set for activating the sector and unblocking
a series of projects that have been planned since 1998 with active parficipation of the
PSA. Interest of business and engineering firms in the central receiver fower and dish/Stirling
tfechnologies has been revitalized, and as a result, the PSA is in their sights as the techno-
logical tractor and pole of diffusion of knowledge and experience in the subject.

Furthermore, in August, 2005, the Renewable Energies Promotion Plan for 2005-2010 was
published to revitalize the slow development of the first plan for 2000-2010, and which, in
view of the enormous movement in applications for solar thermal power plant technolo-
gies permits, has increased the power limit fo be covered by Royal Decree 436/2004 from
200 MW to 500 MW installed in 2010.

A tangible result of this regulating framework in the central receiver technologies has
been the reactivation of the two plant projects mentioned above, the 11-MW PS10 led by
the SOLUCAR company and the 17-MWe SOLAR TRES plant promoted by the SENER com-
pany. Both plants will have a decisive influence in the next few years in demonstrating the
commercial maturity of these systems.

The civil engineering work for the SOLUCAR PS10 plant was almost completed by the
end of 2005 and its connection to the grid is planned for Fall 2006. This is the most impor-
tant central receiver technology development event in the world. Although the activity of
the High Concentration Group in 2005 on the PS10 was slight, the implications of the mate-
rialization of PS10 have changed our priorities insofar as tfechnological development. Thus
volumetric receiver technology has been relegated to a secondary priority, since it is not
being used in the PS10 receiver, and has reactivated interest in the optimization of tube
receivers.

Moreover, the 17-MWe Solar Three commercial central receiver demonstration plant
project, which employs a molten salt receiver developed by SENER and CIEMAT, was
again undertaken in 2005. After a period of lethargy due to circumstances beyond the
control of CIEMAT, SENER and CIEMAT decided to go ahead and undertake development
of the receiver, in spite of the absence of outside technological offers, and initiate its vali-
dation with the construction, testing and evaluation of a 4-MWth prototype. The resulting
receiver technology will be co-owned by SENER and CIEMAT, and after its validation in
2006, will be used in the Solar Three Plant.

This momentum of technological deployment has conciliated the participation of the
PSA High Solar Concentration Group (HSCG) in both demonstration projects (PS10 and So-
lar Three), with the performance of other R&D activities in specific projects, almost all of
them financed by public R&D programs, with the exception of salt receiver panel devel-
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opment for which financing is shared by SENER and CIEMAT. So three types of HSCG R&D
activity can be distinguished:

A)
B)
C)

Participation in demonstration projects (such as PS10 and Solar Three);
Technological Development of Components and Systems

Improvement of experimental capacity and quality procedures

Specifically, the High Concenftration Group participated in the following projects in 2005:

2)

A) PARTICIPATION IN DEMONSTRATION PROJECTS:

Project: "PS10: 10 MW Solar Thermal Power Plant for Southern Spain”; Ref. NNE5-1999-
00356. Announcement: 1999/C 77/13. Financed by: EC- DG XVII (ENERGIE Program).
Head researcher: Rafael Osuna (SOLUCAR). Participating entities: CIEMAT, SOLUCAR
(Spain), DLR, Fichtner (Germany). Duration: July 2001/Juy 2004 (CIEMAT participation
extended to plant operation startup).

Project “SOLAR TRES: Molten Salt Solar Thermal Power 15 MWe Demonstration Plant”;
Ref. NNE5/369/2001. EC- DG XVII (ENERGIE Program). GHERSA, SENER, CIEMAT (Spain),
Saint Gobain (France), Boeing (USA), Alstom (Czech Republic). (December
2002/December 2007). Head researcher CIEMAT: M. Sdnchez.

"Development of receiver for a molten-salt solar thermal power plant” Collaboration
Agreement between CIEMAT and SENER Ingenieria y Sistemas S.A. for developing the de-
sign technologies, defining operating and control strategies to guarantee and lengthen
the life of a molten salt receiver to be employed in solar thermal power plants (Duration:
Nov. 17, 2005 / Dec. 31, 2007). Head researcher CIEMAT: Félix M. Téllez.

2)

3)

2)

B) TECHNOLOGICAL DEVELOPMENT OF COMPONENTS AND SYSTEMS:

Project: "ECOSTAR: European Concentrated Solar Thermal Roadmap™. Ref. 502578.
Announcement: Energyl- Sustainable Energy Systems — 6th FP. Financing entity: EC
DG Research). Participating entities: CIEMAT (Spain), DLR, VGB (Germany), CNRS
(France), WIS (Israel), IVTAN (Russia), ETH (Switzerland). Coordinator: R. Pitz-Paal (DLR).
Head researcher CIEMAT: M. Romero. (Duration: December 2003/April 2005).

Project: “"HICONPV: High Concentration PV Power System”. Ref. 502626. Announce-
ment: Energy1- Sustainable Energy Systems — 6° PM. Financing entity: CE DG Investi-
gacién). Participating entities: Solucar Energia (Coordinator), DLR, Fraunhofer ISE,
PSE, CIEMAT, RWE, Ben Gurion University, EDF, University of Malta. Head researcher
CIEMAT: JesUs Ferndndez Reche (Duration: December 2003/December 2006).

AVANSOL Project: "Advanced volumetric absorbers for high solar concentrating
technologies”. Its purpose is to answer two questions in central receiver solar thermal
Technologies: 1) Durability of the volumetric absorber under real operating condi-
fions and 2) Optimum choice of material and porous absorber geometry. Coordina-
tor: Solucar; Participating entities: Fundaciéon INASMET, University of Seville and
CIEMAT. Ref. PROFIT, CIT-120000-2005-49, CIT-120000-2005-49. Head researcher CIE-
MAT: Félix M. Téllez; (Duration: October 30, 2005 —-October 30, 2007)

C) IMPROVEMENT OF EXPERIMENTAL CAPABILITY AND QUALITY PROCEDURES:

Project: "Development of Solar Thermal Plant Conftrol Systems and Tools”. Specific
collaboration agreement between CIEMAT and the University of Aimeria. Head re-
searcher: Manuel Romero (CIEMAT) and Manuel Berenguel (UAL). (Duration: Novem-
ber 2003 to December 2006).

Project: “MEPSOCON: Concentrated solar power measurement in central receiver
power plants”. Ref. DPI2003-03788. Announcement: National R&D Plan 2002, Indus-
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trial Production Program. Ministry of Science and Technology. Head researcher: Jesus
Ballestrin (CIEMAT). Participating entities: CIEMAT. (Duration: December 2003 to De-
cember 2006.)

A) PARTICIPATION IN DEMONSTRATION PROJECTS

CIEMAT-PSA activity in demonstration projects consisted of accompaniment, transfer
and advising in design of components and plants, based on accumulated PSA experience
in component development and testing as well as analysis and design. In 2005, significant
support was given development of a molten salt tfechnology for the Solar Three plant, for
which SENER and CIEMAT have undertaken with their own funding validation of the re-
ceiver tube technology and development of a 4-MWth prototype.

Project PS10

The PS10 Project started in 1999 has come a long way to date and awakens many ex-
pectations in the solar community as the first commercial solar tower initiative inside and
outside of our country. For the PSA, the PS10 Project is of enormous importance because it
is an obligatory reference that focuses central receiver technologies research and devel-
opment and channels feedback from industry. In this case, the SOLUCAR company and a
public research center such as CIEMAT, have defined joint strategies for developing helio-
stats, advanced concentrators, solar receivers, software codes and tools, as well as ther-
mal storage, generating several different projects that have been funded by the Ministry
of Education and Science's PROFIT program.

The main purpose of the PS10 (Planta Solar 10) project is the design, construction and
commercial operation of a solar thermal power tower plant and heliostat field with a gross
rated power of 11 MWe. This plant is being built in the municipal limits of Sanlucar la Mayor
in the province of Seville, and is scheduled for inauguration in the last quarter of 2006. The
plant is promoted by ABENGOA, through its operating company SANLUCAR SOLAR, and
the project coordinator SOLUCAR. The project has received a five-million-Euro subsidy from
the European Commission and 1.2 million Euros from the Andalusian Regional Government.
CIEMAT, DLR and Fichtner Solar also participate as partners in the European project.

In the beginning, the project was based on the Phoebus scheme, which used atmos-
pheric-pressure air as the thermal fluid and a volumetric solar receiver. In 2003, the techni-
cal project had to be completely revised, because the base-line annual production re-
quirements set by the promoter of 3000€/kW and annual production of 24 GWh, could not
be reached with the air technology in a first small-sized commercial plant. Based on these
limitations, the basic plant scheme was modified info what is now a saturated steam solar
receiver. The system makes use of a field of Sanlucar-120 glass-metal heliostats, saturated
steam cavity receiver and turbine, and thermal storage in steam.

It has a total of 624 121-m?2 heliostats developed by SOLUCAR and a 100-m tower. A
cavity solar receiver, selected to reduce radiafion and convection losses, achieves a
thermal efficiency of 92%. The absorber panel is made of independent flexible tubes to
absorb thermal expansion and mechanical deformation without risk of breakage or leak-
age. The receiver produces saturated steam at 40 bar and 250°C, feeding a boiler that in-
creases the system thermal inertia.

The power block works with saturated steam at 250°C and a nominal conversion to
electricity of 30.7%. The system thermal efficiency at design point is estimated at 21.7% and
average annual efficiency is 16.3%. In this sense, the challenges of finding a simpler and
more economical fechnology, and improving efficiency, have been achieved.

For cloudy periods, or solar transients, the plant incorporates a 15-MWh saturated steam
storage system which provides 50 minutes of operation at 50% turbine load.
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The PSA collaboration with SOLUCAR in pro-
ject redefinition, was basically in review of the
new solar receiver designed by the TECNICAL
company, definition of a direct flux measure-
ment system inside the cavity, validation of the
heliostat field optimization procedure (by com-
parison of the SOLVER and STC codes), and in
evaluation of the Sanlucar-120 heliostat.

All in all, the PS10 Project is only a first step
which uses low-risk technological options (low
tfemperature, and small plant size), where the
logical progression to further plants, some of
them already well-defined, is to larger sizes (such
as the upcoming PS-20) and higher operating
temperatures (superheated steam) which will
reduce specific investment and power produc-
fion costs. In this sense, a plan for a double cavity
receiver (one for safurated and the other for su-
perheated steam) fowers was assessed under
the PROFIT project called SOLPRO. The SOLPRO
Figure 50. PS10 Plant under construction proposal is being kept in reserve by SOLUCAR for

with a heliostat focused on the future water/steam plants.
receiver zone at the end of 2005

SOLAR TRES Project

The purpose of the Solar Tres Project is to build and operate a 17-MW commercial-scale
demonstration solar power plant using heliostat field, tower, and molten-salt (40% potas-
sium nitrate and 60% sodium nitrate) for heat transfer and energy storage in Spain.

The Solar TRES project began in 1999, almost at the same time the American Solar Two
project, which concluded that the fechnology was ready for commercial operation,
ended. So two of the main parficipants in Solar Two, Boeing and Bechtel Corp. agreed
with the Spanish GHERSA company to develop the commercial central receiver technol-
ogy using molten salt as the heat transfer and storage fluid. The initial consortium of Euro-
pean and American companies received a 5ME subsidy from the European Commission
(December 2002), although startup of the project was delayed until the new regulations
for such plants was clarified (2004), and because of strategy changes of some of the part-
ners. Finally, in 2005, the tfeam was consolidated with entirely European companies (SENER,
Siemens, GHERSA, Saint Gobain and CIEMAT) led by SENER. For these reasons, the inifial
completion date of mid 2007 will have to be extended.

The project accumulates previous experience in the Solar Two project, but also includes
design innovations resulting from the work by SENER and CIEMAT, along with the technical
conditions imposed on solar thermal energy by Spanish legislation. The Solar Tres design
faces the challenge of solving some problems, basically related to certain components,
found in Solar Two. This challenge motivated an agreement between SENER and CIEMAT
for the development and evaluation of a new heliostat concept and a prototype molten-
salt receiver with better thermal performance able to operate with large amounts of fluid
without compromising its durability (at least 25 years). This agreement, undertaken as
component “validation” (heliostat and receiver) for the Solar Tres plant, is a fechnological
development project in and of itself (SENER-CIEMAT).
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The plant will have a total heliostat
field area of 142.31 hectares, receiver
thermal power of 120 MWi, and 15

Table 1. Technical specifications of the Solar Tres plant

o i 2480
hours of storage. The plant capacity is Number of heliostats
17 MWe which will provide Reflective area of the solar field 285200 m?
96,400 MWhe per yeOr H C1|SO |nC|UdeS Land area occupied by the heliostat field 142.31 Ha
a share of natural gas as permitted by )
. 2 Total area occupied by the plant 160 Ha
current Spanish legislation (RD 436/04). P Y p_ 190
Power generated will be delivered en- Tower height m
firely fo the grid. Receiver thermal power 120 MWt
Solar Tres is approximately three Turbine power 17 MWe
fimes the size of Solar Two, employs Thermal storage capacity 15 hr
115,6-m2 heliostats, a receiver with Gas Bumner capacity 16 MWin
higher thermal power, and achieves pacty
better plant efficiency. Estimated annual power production 96 400 MWhe
. CO2 emissions saved over best conven-
The larger-capacity thermal sfpr tional alfernative 23 000 tons/yr
age system can work for 15 hours with
a load of 8130t of molten salf, with
submerged tank heaters. The efficient, COz emissions saved over a coal plant 85 000 fons/yr

low-risk system, uses high-temperature 565°C molten salt with a loss of only 1-2°C a day,
and low-temperature molten salt storage at 285°C, 45°C above its melting point.

The 120-MW+: cylindrical receiver system, designed to minimize the thermal effort and re-
sist cracking from intergranular corrosion, has a high thermal performance and is able to
work with large flows at low heat loss.

Furthermore, improvement in the physical arrangement of the plant with closed circuit
circulation of molten salt has reduced the number of valves, eliminated unnecessary pip-
ing and allows safe drainage avoiding solidification of salt.

The thermal storage system has a larger capacity and can work for 15 hours with an
8.130-t load of molten saltf. This efficient system involves less risk than other high-
temperature systems. The molten salt is at a maximum temperature of 565°C, losing only 1
fo 2°C per day. And at low temperature, the salt is stored at 45°C above its melting point,
thatis, at 285°C.

The various advances in design have improved conversion efficiency over Solar Two. Al-
though the turbine power is only slightly higher, the enlarged heliostat field and thermal
storage system make it possible to operate the plant 24 hours a day during the summer
and achieve an annual solar capacity of around 64% (around 5600 equivalent hours) and
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Figure 51. Schematic Diagram of the Solar Tres plant
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even up to 71% (including 15% production from fossil fuels).

At the end of 2005, the Solar Three Project was in the stage of technical verification
(heliostats, receivers, molten sat system, etc.) at the Plataforma Solar de Almeria facilities
and is completing promotion and final site definition, as well as final cost estimation. At the
same time, management of public financial aid has been undertaken (the engineering
project and technology verification already has a subsidy of 5SM€ from the EC R&D Frame-
work Program, although the construction of the plant has no financial aid at all at this
time) and bank financing based on "“project finance” mechanisms.

Salt Receiver Panel

During 2004-2005, Boeing withdrew its offer for Solar Tres receiver construction, compro-
mising project continuation due to the absence of an alternative commercial offer. In this
sifuation, SENER decided to take on the Solar Tres salt receiver engineering and develop-
ment on its own. Nevertheless, to reduce the risk involved, it requested that CIEMAT share
in the design and validation of a fube salt receiver, including, design, construction and
testing of a receiver panel prior to fabrication of the Solar Tres receiver, which is made up
of aset of 16 panels.
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Figure 52.  Solar Tres receiver diagram.

In the second half of 2005, SENER and CIEMAT signed a collaboration agreement to
validate the receiver technology (with SENER-CIEMAT technology), and to define the op-
erating and control strategies necessary to ensure and prolong the molten-salt receiver
lifetime for application in solar thermal power plants (beginning with Solar Tres).

The budget for this agreement was valued at around 6M€, of which 1.5M€ are for
equipment, shared by the two institutions(65% SENER, 35% CIEMAT). The equipment will
make up almost the entire system except for the turbine and generator, including: 4-MWt
receiver subsystem, 20-ton molten salt storage tank, 1-MWh evaporator, air condenser,
electrical heat tracing system, piping, 400-sensor measurement and control system.

The development of the prototype is understood as an indispensable step in reducing
risks associated with the first own development of a technology that could be imple-
mented in the first solar thermal power plants under very demanding operating conditions
(with solar flux of up to 1000 kW/m?2, salt temperatures of 565°C and important temperature
differences between different zones on the receiver panel).
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Figure 53.  Detail of the system and panel receiver to be installed at the 70-m level of the
CESA-1 tower

In 2005, the basic design for the experimental system to be installed at the 70-m level of
the PSA CESA-1 tower was undertaken and component acquisition began (Salt pump,
evaporator, etc.). Installation of the set of components is planned for the first quarter of
2006 and the first verification tests and commissioning are scheduled for July 2006. The
general program is designed to asses the feasibility of the receiver design and efficiency
by the end of October 2006, when fabrication for the Solar Tres receiver would begin.

The installation of the panel at the PSA will test control strategies and verify the durabil-
ity and maintenance of the absorbent tube freatment, etc. The duration of the SENER-
CIEMAT Agreement has therefore been extended to December 2007.

B) DEVELOPMENT OF CENTRAL RECEIVER SYSTEMS AND COMPONENTS

This line of research is the most consolidated, since it has inherited the goals and re-
sources of the former Central Receiver Systems Project. This group of projects includes fea-
sibility studies and parficipation in infegral demonstration projects that mean the active
contribution of the PSA to technology fransfer and commercial implementation of solar
high-concentration systems. This does not exclude participation in projects for integrating
new innovative schemes, development of specific components, such as the solar receiver,
the solar concentrator, control systems and perfecting design and simulation tools.

ECOSTAR project:

The purpose of this short project (December 2003 to April 2005) is fo roadmap for solar
concentrating power generation technology. Work was coordinated by DLR (German
Aerospace Center) with the parficipation of the main European concentrating solar tech-
nology research and development centers (CIEMT, ETH, IVTAN, WIS, CNRS), and advised by
the European Power Producers Association (VGB). The study specific concentrated on de-
tfermining those technical innovations with the greatest impact on penetration of solar
thermal power systems.

The methodology for analysis selected seven typologies of reference plant (SEGS) pao-
rabolic-trough, parabolic trough with direct steam generation, power tower with wa-
ter/steam receiver, power tower with molten salts, power tower with air-cooled volumetric
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receiver, hybrid power tower with pressurized volumetric receiver and dish/Stirling systems).
The comparison was done for a 50-MWe plant adapted fo each of the fechnologies and a
levelized electricity cost (LEC) was the parameter compared. During 2005 the conclusions
of the study were published and presented in several forums and congresses.

Many of the systems included in the study are being assessed for implementation in
Spain with the economic reference the 21c€/kWh for electricity produced with solar ther-
mal power. For the most mature technology, the PTC with oil as the heat transfer fluid (and
for which there are plans for construction of several 50-MWe plants with molten-salt thermal
storage), ECOSTAR estimates 17-18c€/kWh. Other technologies assessed with smaller plants
of about 15 MWe in the same place the cost is significantly higher, varying between 19 and
28c€/kW. Scale-up of these plants to sizes of 50 MWe in the same place lead to electricity
cost estimations of 15 to 20c€/kWh.

As the costs estimated for the different systems are rather similar, within the margin of
doubt on current costs, and since the maturity of the technologies evaluated is not homo-
geneous, it is impossible for ECOSTAR to recommend priorities of some tfechnologies over
others. Nevertheless, the sensitivity analyses performed make it possible to estimate the
relative impact of implanting different innovations in the various technologies. The generic
conclusions establish three levels of priority for implementing innovations. The table below
shows central receiver system research priorifies.

Table 2. R&D priorities in CRT, according to ECOSTAR (ALEC = Potential electricity cost reduction)

Technology Priority A ALEC Priority B ALEC Priority C ALEC
TRC + molten Increase size to 3-11% Advanced mirrors | 2-6% Advanced storage | 0-1%
salt 50 MW

Larger heliostat; 7-11%

structure
TRC + Increase size to 6-11% Superheated 6-10% Advanced mirrors 2-6%
Water/Steam 50 MW steam

Larger heliostat; 7-11% Advanced  sfor- | 579

structure age
TRC + Air + Increase size to 8-14% Advanced  stor- | 4-9% Advanced mirrors 2-6%
Steam turbine 50 MW age

Larger heliostat; 7-11% Better receiver | 379

structure performance
TRC + Air + Larger heliostat; 7-11% Increase size to | 3-9% Advanced mirrors 2-6%
Gas Turbine structure 7.10% | SOMW Better receiver | 1-2%

Include thermal performance

storage

Several generic conclusions may be arrived at from this study:

- Series production of modular components and scale-up to larger-sized plants will
lead to a significant cost reduction (estimated at 30% of the current cost), and
efforts in technological innovation could lead to a considerable additional re-
duction in costs.

- All of the technologies evaluated in the study have a significant potential for
lowering cost through mid-term implementation of innovations such as those
analyzed in the ECOSTAR project (See Figure 54)

- Mid-term research should prioritize improvement of modular components such as
concentrators (heliostats), or receivers.
- In mid-to-long term, research should focus on less modular components, such as

thermal storage or opfimum integration in larger and more efficient thermody-
namic production cycles.

- The development of these technologies requires a boost that can come either
from extending conditions for financial assitanc4e such as outlined in Spain, to
other countries, especially those with high solar potential. The southern Mediter-
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Figure 54.  Influence of technological innovation on cost reduction for different solar thermal
power systems (Results of the ECOSTAR) project
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Figure 55.  Estimated LEC found in the ECOSTAR Project for two different time scenarios (to-
day and 2020) and two resource levels (2000 for southern Europe, 2500-2700 for
North African deserts).

ranean Basin offers significant potential for cost reduction because they have a
20-30% higher solar resource.

New power production schemes: The HICON-PV project

Integration of thermal energy collected in the solar receiver in more efficient power
production schemes is one of the permanent lines of research at the PSA. This approach is
carried out both through a search for options or thermal power production schemes
based on more advanced thermodynamic cycles and incorporation of power production
systems by direct conversion (photovoltaic, MHD, thermal ionic, etc.).

The HICON-PV project (High CONcentration PV Power System) is a project financed by
the European Commission under the Sixth Framework Program the purpose of which is the
development, fabrication and testing of a concentrating photovoltaic device able to
work with solar radiation fluxes of up to 1000 kW/m2, as a way to develop a concentrating
tfechnology that can reach a cost per unit of 1€/Wp (one Europ per peak watt) in 2015.
The project began in December 2003 and is planned to end in December 2006. The par-
ticipants are SolUcar Energia (coordinator), DLR, Fraunhofer ISE, PSA-CIEMAT, RWE, Ben
Gurion University, EDF and University of Malta

The HICON-PV Project proposal is based on the use of GaAs multi-junction cells that
support high solar flux and reach efficiencies of up to 35% (solar-to-electric conversion).
With current silicon technology the cells are limited to concentrations of less than
500 kW/m?2 and efficiencies that barely surpass 20%.

-57-



Annual Report 2005

The CIEMAT tasks in this project include selection of suitable solar concentrating systems
for high photovoltaic concentration and their adaptation to the strict radiation flux and
temperature distribution requirements on the photovoltaic module (in collaboration with
DLR); testing and evaluation of photovoltaic modules in the PSA solar furnace and the de-
velopment of test standards, procedures and evaluation of concentrating photovoltaic
devices.

Figure 56. Cells and Monolithic Integrated Modules (MIMs) tested in the PSA Solar Furnace in 2005

In 2004, PSA project activity concentrated on the Solar Furnace with all the instrumenta-
tion necessary for testing the cells developed by Fraunhofer ISE, besides simulation and op-
fical optimization of different types of solar concentrators (parabolic, Fresnel or tower). In
2005, all the new components installed in 2004 were commissioned and tested and differ-
ent cells monolithic integrated modules (MIMs) were characterized, as well as the thermall
behavior of the cooler for the photovoltaic modules proposed by PSE.

As flux on the MIM surface may not vary over 10%, after solar flux characterization test-
ing in the solar furnace and modeling and testing of secondary concentrating devices or
flux homogenizers, a secondary concentrator/homogenizer was designed so that solar flux
incident on the cells would have the required flatness.

Volumetric Receivers: AVANSOL

The receiver is the authentic nucleus of any power tower system, because it is the most
technologically complex element, and the need for the absorber to have minimum losses
and in very strict concentrated flux conditions. Among the various options for thermal flux
and heat exchange configurations, the PSA has been focusing its research since 1986 on
the development of air-cooled volumetric solar receivers, the absorber being an illumi-
nated matrix or porous medium (metal screen or ceramic monolith), through which the
cooling gas flows. ;

After development experi-
ence with about thirty different- 0.25 ] \
sized volumetric receiver proto-
types (between 50kW: and
3000 kWt at the absorber outlet),
the main conclusions are their
reliability, environmentally-
friendly use of air as the heat

transfer fluid, and high availabil-
ity, high thermal system effi-
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that can be manufactured in series and availability of proven high-temperature thermal
storage solutions, e.g., rock beds.

All of these developments have had three basic purposes: 1) Demonstrate their high-
flux, high-temperature, and in some cases, medium-pressure (~10 bar) operating capacity;
2) Improve thermal efficiencies (a function of the working temperature) of solar radiation
conversion; 3) Simultaneously with the above two purposes, low-cost designs (through
modular designs and choice of materials).

Nevertheless, in spite of the advances in this technology, there are still a series of pend-
ing questions that are crucial to the development and industrial application of the air
tfechnology in cenfral receiver systems, mainly:

> The durability of materials and designs tested and/or used must still be proven under
high solar flux/high-temperatures
» Specific receiver costs must be further reduced

Approach to the second challenge requires combining the election of absorber mate-
rials with easily mass produced structural designs and adequate porous geometries having
high effective solar absorbencies.

This was the motivation for the AVANSOL project proposal, accepted in the PROFIT pro-
gram and scheduled for October 2005 to October 2007 with the following participants.

Este planteamiento motivd la propuesta del proyecto AVANSOL, aceptado en el pro-
grama PROFIT, con duracion de Octubre de 2005 a Octubre de 2007 vy los siguientes parti-
cipantes:

SOLUCAR: Project Coordinator, also the company coordinating infernational volumetric
receiver development projects, such as SOLAIR (3 MWin). As the company promoting the
first commercial central receiver plant, it continues to be interested in the volumetric re-
ceiver technology as an option for future plants, to the extent that some uncertainties prior
fo the project are clarified.

CIEMAT: 3 CIEMAT groups parficipate in AVANSOL:

- PSA, which probably has the longest experience in the world in festing
and evaluation of volumetric receivers, is in charge of the technical
coordination of the Project.

- Power Plant Structural Materials Division, which conftributes its experi-
ence in characterizing deterioration (corrosion / rust) of metals, etc.,
and

- Fusion Materials Division, which contributes its experience in ceramics
for extreme conditions (femperature, radioactivity, etc.)

INASMET: This company has wide experience in developing porous ceramic structures
(Alumina, SiC, etc.) and characterization (mechanical, etc., of ceramics)

University of Seville: The USE manufactures “bio-mimetic” structures that can replicate
any porous biological structure in ceramics, such as SiC.

The Project has taken on the challenges of:

Developing methodologies that enable the durability of both ceramic and metal volu-
metric absorbers to be estimated, perfecting accelerated aging tfechniques and deriving
relationships between aging and durability under conditions such as solar flux and high
temperatures.

Review options for durable materials and geometric structures that can be manufac-
tured in series and are easily scalable and therefore have a high cost reduction potential.

The Project is due to last from October 2005 to October 2007. In 2005, preparation of the
laboratory techniques for optfical and thermal characterization of small samples (as the
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Ceramic honeycomb Ceramic Foam Metallic wiremesh

Figure 58. @ Examples of porous structures for solar volumetric receivers

first step in selection), and experimental capabilities for thermal cycle testing, solar flux cy-
cling (using a parabolic dish and a device for intermittently positioning the samples in the
focal zone) and aging in a weather chamber.

Heliostats and solar concentrators

Heliostat improvement and cost reduction continues to be one of the crucial points for
economic feasibility of central receiver solar thermal power plants, since they represent
between 30% and 40% of the total plant cost. The tracking device (motor, gears, etc.) is re-
sponsible for 40% to 50% of the heliostat cost, since high precision solar-tfracking and high
mechanical resistance (due to wind loads and large reflective surfaces) are required.

In 2005, the CIEMAT validated the optical and tracking quality of the SENER heliostat
prototype designed for the Solar Tres plant under a subcontract. It was done in two cam-
paigns to quantify the functional characteristics of the prototype, both for aiming at a
fixed target throughout the day and its optical quality, that is, ability to concentrate the
solar radiation. These tests followed the Testing and Evaluation Protocol previously de-
signed by the PSA for this purpose.

Development of Advanced Control Systems

There is a fruitful line of collaboration with the University of Almeria (UAL) in the devel-
opment of control systems based on a scientific cooperation agreement signed in 2002.
Under this agreement, significant development work has been done in cooperation with
the Automation, Electronics and Robotics research group at the University of Almeria. This
agreement includes the development of a new real-tfime heliostat field control system to
be implemented in the PSA CESA-1 and CRS fields and the integration of control, data ac-
quisition and evaluation environments for solar tower receivers.

b)

Figure 59.  (a). Sener heliostat (2005). Area: 115.6 m2 Geometry: spherical; Alignment: on-
axis; Focal distance (for testing at the PSA): 472.85 m.; (b) CESA-1 tower image
analysis target (PSA)
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In 2004, a significant advance was made in the design of control systems for the CESA
and CRS fields. It should be emphasized that for the development of the software for these
control systems, tfechnologies are being used that not only offer a local solution to the PSA
heliostat field control problem, but are scalable and adaptable to commercial solar fower
plants. Specifically, distributed objects technologies are being used, in which the real-time
determinism of the software components is ensured through the use of Real-Time Operat-
ing Systems (RTOS). In this project, CORBA® is being used on RTOS LynxOS® software for
heliostat confrol system development. Insofar as the integration of controls, acquisition
and solar receiver test result evaluation environments, a Control System for the Receiver
Block, Storage and Air Circuit has been designed and developed based on LabView®. This
system will be perfectly intfegrated with the Heliostat Field Control System as well as other
computers in the CIEMAT telematic network (in the PSA subnetwork and the CIEMAT-
Moncloa subnetwork, to provide an environment for real-time analysis of the experiments
performed atf the PSA.

In 2005, the algorithms developed were implemented. Coding and verification of these
algorithms in critical real-time environments (LynxOS/RT-CORBA) required a long time to
do.

At present, the central control system is being fested in the CESA-1 heliostat field. This
new system, once any errors which may appear have been corrected, is expected to re-
place the pVAX control application that has been working for over twenty years in this
heliostat field by the beginning of 2007. This system will enable many experiments to be de-
signed which could not be done to datfe on the old control platform.

C) IMPROVEMENT OF EXPERIMENTAL CAPABILITIES AND QUALITY
PROCEDURES:

This section includes activities considered fundamental for a center of excellence in
testing and measurement of solar concentrating systems such as the PSA. In particular, the
search for more reliable concentrated solar flux measurement methods and instruments
and preparation and testing of materials subjected to high flux, are essential for the next
generations of plants. Although these activities are usually permanent in any scientific fa-
cility of reference in solar concentration, most of the time they go by unnoticed as they
are hidden within component development projects or systems testing. They are therefore
characterized by their markedly horizontal profile. There are, however, projects funded by
the National R&D Plan that focus specifically on the development of these techniques and
processes. In 2004, such activities were under the MEPSOCON and SOLARPRO projects.

Instrumentation and Measurement (MEPSOCON Project)

Many factors affect the measurement of concentrated solar radiation, making it nec-
essary to improve its precision. This uncertainty is propagated in the design of the final solar
plant and eventually, its price. This is why it is necessary for the various causes of distortion
of incident power measurement to be analyzed so this uncertainty can be significantly re-
duced. The definition of a calibration procedure for the sensors (calorimeters) used in
measuring highly concentrated solar radiation as well as the design of a new calorimeter
to mitigate the differences already existing are the main objectives of a new project
called MEPSOCON: Measurement of concentrated solar power in central receiver power
plants.” The MEPSOCON project, which is funded by the National R&D Program through its
Design and Industrial Production Program, began on December 1, 2003 and is due to end
on November 30, 2006. MEPSOCON and the development of radiometers and calorime-
ters is the object of collaboration with the National Autonomous University of Mexico's
Center for Research in Energy. Among other goals is the design, construction and charac-
terization of a cavity calorimeter for the measurement of concentrated radiation flux in so-
lar concentrating systems.
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The characterization methods employed have the Gardon radiometer as the refer-
ence, for which a specific calibration procedure has been defined, using a dual cylindri-
cal-cavity graphite black body, following the NIST procedures (Nacional Institute of Stan-
dards and Technology). Once the Gardon radiometer calibration procedures had been
designed, a systematic error was detected (Type B uncertainty), in its use for measuring so-
lar radiation. This uncertainty is dependent on the radiometer coating. If the coating is
Zynolyte paint, the radiometer overestimates the measurement by 3.6%, and if the coating
is colloidal graphite, it overestimates it by 27.9%. These systematic errors are because at
the calibration temperature (850°C) the spectral radiation of a black body is significantly
different from the spectral distribution of solar radiation, which, according to the Wien’s
displacement law is at 2580 nm. A systematic error is therefore observed in the power ab-
sorbed by the coatings under the two different spectral distributions. This systematic error
has been acknowledged by the Vatell Corp., with whom an article on these findings, of
great importance for widespread use of these radiometers in solar applications, has been
coauthored. In order to use these sensors for the measurement of solar radiation, a correc-
fion of the calibration constants must be made, using an adimensional factor of 0.965 for
Zynolyte and 0.782 for colloidal graphite.

The three main tasks set in the beginning have been undertaken during the two years
the project has lasted, and, as they were planned for three years, their development has
been unequal up to now, although the goals set are still scheduled to be achieved.

In 2005, the construction of a radiometry laboratory now in the commissioning phase
(see Figure 60 below). This new laboratory was built with ERDF funding (B2C937097144C9BF
Laboratory for Radiometric Calibration for the Plataforma Solar de Almeria).

The laboratory is equipped with scientific-technical instrumentation also financed by
ERDF (16A99EDAOECDA337 Equipment for the Radiometric Calibration Laboratory) and the
MEPSOCON project itself. Among these instruments, the acquisition of black bodies, py-
rometers, high-precision electromagnetic flow meters and water pump with special fea-
fures.

The current radiometric calibration procedures for Gardon radiometers (radiometric
and calorimetric) were analyzed in the laboratory, and the error quantified in each case.
The uncertainties involved in fransferring the sensors calibrated in laboratory to solar radio-
fion conditions were analyzed, and it was found that calibration has to be corrected when
measuring under solar radiation conditions. To quantify this correction, we found the spec-
fral absorptivity curves (spectrophotometer) for the black radiometer coatings (mainly
Zynolyte and colloidal graphite) and the spectral reflectivity curves (spectrophotometer)
of the heliostat mirrors, and the differences in absorptance of these coatings under black
body conditions (Planck’s Law) and solar radiation (spectroradiometer).

The systematic errors quantified (see Table 5) in measuring the concenfrated solar
power with Gardon radiometers calibrated using a black body at 850°C are:
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de Almeria’s Solar Furnace, it was possible to validate the
laboratory calibration procedures described above and
verify experimentally the systematic errors committed in
measurement of high solar irradiance. These results were
recognized by the VATELL company, manufacturer of the
Gardon sensors which will co-author a publication on the

Table 3.

Systematic error in measuring solar power

Coating

Systematic error

Zynolyte

+3.6%

Colloidal graphite

+279%

By working in the solar context of the Plataforma Solar

subject.

ter in the range of 50-5000 kW/m2 and + 1% precision is

4

The acquisition of a Kendall absolute cavity radiome-

Figure 61.

worth mentioning. This sensor has that advantage of be-
ing self-calibrating and making irradiance measurements
regardless of the type of radiation (UV, visible or IR). This sensor is infended to be a national
primary standard for high irradiance.

Irradiance / kW m™

Cavity radiometer

Gardon sensor thermal behavior was simulated with the FLUENT finite elements code to
find out the influence that working in an outdoor scenario such as during the evaluation of
solar receivers has on iradiance measurement. The conclusion is that perturbation in the
solar iradiance measurement due to convective or thermal phenomena is less than +1%.

This project is in turn related to other projects or groups that require quality certification
of high solar flux measurement, such as:

1. The European HICONPYV, for which concentrated solar flux characterization test-
ing was done during which the photovoltaic cell had to be subjected to con-
cenftration for its own characterization testing

On the other hand, it is in the framework of the European SOLLAB consortium (Al-

liance of European Solar Concentration Laboratories) where it actively partici-
pafes in the “Flux and Temperature Measurement Group” with other members
from each country. Among the goals of this group is the definition of European
solar irradiance measurement standards

(http://www.promes.cnrs.fr/ACTIONS/Sollab/presentation.htm).
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Figure 62.
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Improvement of facility capabilities

In 2005, apart from maintenance of
experimental capabilities in the two
heliostat fields (CESA-1 and CRS) and
on various levels of the CESA-1 tower
with experiments underway (such as
the KOSMOSOL Project, confinuation of
SOLAIR, or 3-MWt ceramic volumetric
receiver on the 80-m level of the CESA-1
tfower, the PDVSA project on the CRS
fower), a laboratory for opfical and
thermal characterization of CRT ab-
sorber elements has been commis-
sioned. In 2005, this laboratory acquired
a 4000-W lamp, a motorized optical
best bed for characterizing reflectivity
and angular transmissivity of absorbers
and reflectors using laser and photodi-
ode light sources.

Figure 63.

New spectrophotometer for optical cha-
racterization

Furthermore, as mentioned above, aging festing capabilities for thermal cycle and
concentrated solar radiation exposure were perfected. Kiln linings have been acquired
and a DISTAL 1-type parabolic disc is being prepared at the PSA as a test device.

The activity mentioned under the section on control is also in and of itself an installation
improvement, as the algorithms and device in the control room are updated. At the end
of 2005, the new heliostat field control system being made at the PSA was already well

advanced.

Apart from the replacement or installation of new generic sensors (such as the meteoro-

logical), other improvements have also been made:

» Repair of 6 CRS heliostat structures

» Acquisition of 80 high-reflectivity mirrors for repair of CRS heliostat facets.
» These repairs and repair of mechanical breakdowns, angular position gages and
electric batteries have improved CRS heliostat field availability from 52% to 92%.

Figure 64. Volumetric receiver processing plant in operation in the PSA Solar Furnace
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» A first draft of the technical specifications for renovating the CRS and DCS low volt-
age room.

» High-pressure heliostat and collector washing equipment with two nozzles for simulta-
neous washing has been purchased. This machinery replaces one that had been in
use for 22 years and broke down frequently, interrupting the mirror-washing schedule.

» A new safety valve was installed in the TSA plant to replace a leaky one that did not
allow pressure to be conftrolled properly.

» A vacuum pump has been acquired and installed for the facet-shaping bench. Facet
repair and replacement that is going to be carried out in the coming years to provide
the heliostat fields with 100% availability will require fabrication and shaping of new
facets that will be done in the PSA facilities, reducing their cost.

» Aremote-control two-axis rotary platform has been acquired for installing the heliostat
laser-canting equipment.

» To replace CASA heliostat mechanisms for the CESA-1 plant, an order was placed
with SENER for the design, fabrication and supply of 5 heliostat mechanisms, com-
pletely adaptable to the CASA heliostat structures and pedestals in the PSA CESA-1
field.

Solar Fuels and Industrial Processes Group

The production of different electric energy vectors permitting seasonal storage and
fransport of solar energy, as well as its integration in industrial processes that have to be
adapted for solarizing the endothermal stages, are emerging activities in the Solar Con-
centrating Systems Unit.

INDUSTRIAL PROCESSES

1 2
SOLAR HYDROGEN INTEGRATION IN
INDUSTRIAL PROCESSES

‘l SOLAR FUELS AND J

92302
l—1{| Solar gasification
of oil coke
92304
=—| INNOHYP-CA
[ | CIEMAT
B CE
[ | EMPRESAS
5 pROFIT/PN/FEDER

Figure 65.  Structure and content of the lines of research in solar hydrogen and integration in
industrial processes. Colors show sources of funding

Solar gasification of petroleum coke project

Complete replacement of fossil fuels is a long-term goal that requires the development
of new Technologies. It is strategically desirable as an intermediate stage to consider mid-
ferm goals oriented toward the development of hybrid solar/thermal endothermic proc-
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esses in which fossil fuels are used exclusively as chemical reagents and the solar energy is
the process heat source. An major example of a hybrid process, and certainly one which
will probably cause the most impact, is solar gasification of petroleum coke. The results are
cleaner fuels with an energy content improved by the solar energy: its calorific value is in-
creased above that of the main raw material by the solar contribution in an amount equal
fo the enthalpy exchange in the reaction. The pefroleum coke-solar energy combination
creates a link between today’s oil-based technology and the solar chemistry technology
of tomorrow.

Petroleum coke gasification is a complex process, but the overall chemical conversion
may be represented by the simplified net reaction:

C/H O, +(1-y)H 0:(§+1—yjH2 +CO

Where x and y are the elemental molar relationships of H/C and O/C in petroleum coke,
respectively. The chemical obtained is syngas, the quality of which depends on x and y.

The solar gasification of petroleum coke project is in collaboration between Petrdleos
de Venezuela (PDVSA), the Swiss Federal Institute of Technology Zurich (ETH) and the
CIEMAT, and its main goal is to develop a clean solar pefroleum coke, and heavy oil in
general, gasification technology. In its first stage, the project has concentrated on charac-
terizing the process for three types of petroleum coke from a heavy crude oil operation in
Faja del Orinoco in Venezuela: Flexicoke, and Delayed Coke from Petfrozuata and Amuay.
The chemistry kinetics tests performed in laboratory reactors with kinetic contfrol have con-
firmed the high quality of the syngas produced at temperatures over 1300K, where the
composition of the gas is practically reduced to CO and Hz. The gas obtained is very
clean, since there are no combustion gases and all of the coke is used as chemical re-
agent. Kinetfic constants and the corresponding kinetfic model have also been found and
a model has been developed using the Fluent® code for fransfer of matter and energy in
the reactor, which analyzes the fluid dynamic behavior of particles of 1 fo 100 microns.

An exergy analysis based on the Second Law of Thermodynamics examined two fech-
nically feasible pathways for obtaining energy from the gasification chemicals and estab-
lished a basis on which fo compare them with electricity generatfion in conventional
power plants. The two pathways are: 1) syngas produced by solar gasification with petro-
leum coke vapor is used as a fuel in a combined Brayton-Rankine cycle with 55% perform-

aperture cone cooling
coke inlet
steam inlet
[]
ceramic rear cone
spillage shield cooling—]
. product gas exit
x| T ceramic cavity liner
ceramic front cone

thermocouple

tangential nozzles
window ring gap

Figure 66. = Schematic of the 5-kW solar chemical reactor used for petroleum coke gasification
( PDVSA, ETH, CIEMAT collaboration project)
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ance; and 2) the syngas produced by solar gasification with steam is reprocessed until Hz
with the displacement reaction, followed by separation of Ho/CO2, and the H2 is used to
feed a fuel cell with 65% performance. The exergy analysis shows that the two paths can
double the specific electricity output (6.6 kWh/kg of coke), and thereby reduce specific
CO2 emissions to half compared to a Rankine cycle fed by fuel with 35% performance.

In 2004, Phase 1 of the project, consisting of the design and construction of an experi-
mental 5-kW reactor tested in the solar furnace, was completed. The reactor tested pro-
duced fop quality syngas from pefroleum coke at an operating temperature of 1300-
1800K, with 87% conversion and residence times of 1 s. CIEMAT, apart from participating in
testing of the 5-kW reactor in the PSI solar furnace in Switzerland, also performed a labora-
fory test campaign with scale model heated by an electrical resistance in which new
methods of feeding the coke in slurries were tried.

In 2005, Phase 2 of the Project, consisting of concept scale-up to a 500-kW pilot plant
that will later be tested in the CRS tower at the Plataforma Solar de Almeria, was begun.

Roadmap for thermochemical hydrogen production (INNOHYP Project)

COz-emission-free thermochemical hydrogen production is currently undergoing re-
newed interest, after two decades of ostracism and lack of interest. The high concentra-
fion solar fechnology has the capabilities and properties required for large-scale solarized
hydrogen production, using high temperatures and thermochemical cycles.

The INNOHYP-CA project (Innovative high temperature routes for Hydrogen Production
— Coordinated Action) is a Concerted Action funded by the European Commission in its 6t
Framework Progam, the object of which is to review the state-of-the-art of innovative CO»-
emission-free mass thermal production of hydrogen. The project is being coordinated by
the French Commissariat for Atomic Energy (CEA) and the collaboration of seven other
participants (ENEA in Italy, DLR in Germany, the University of Sheffield in the United King-
dom, Empresarios Agrupados and CIEMAT in Spain, CSIRO in Australia and the EC Joint Re-
search Cenire in the Netherlands). The study concentrates on classical thermochemical
water disassociation such as UT-3 SI, Westinghouse and metal oxide cycles such as the ZnO
cycle, mixed ferrites and ofhers, such as high-temperature electrolysis. Fossil-fuel decar-
bonization processes, such as is also being analyzed, thermal methane cracking, solar
methane reforming and solar gasification of carbonaceous materials. The INNOHYP pro-
ject also reflects on the technological challenges to be solved and propose the scope of
future research and development, as well as a bridge to other roadmapping projects
(Hyways Project), and as liaison with technological platforms and international collabora-
fion forums such as the International Energy Agency and the IPHE (Internacional Partner-
ship on Hydrogen Economy).

The project began in September 2004 and is scheduled to last two years. In 2005, a re-
port on the state-of-the-art of the various processes was prepared that will make it possible
fo begin the corresponding comparative roadmap in 2006.

Metal oxide hydrogen production (Solter-H Project)

Of the multitude of endothermal processes of interest for their solarization, those based
on metal oxides are especially aftractive. The Solter-H Project is funded by Spanish Ministry
of Education and Science PROFIT program, in which the Hynergreen Company and
CIEMAT also participate. In this project. The purpose of this project, which reviews the
state-of-the-art of different thermochemical cycles, is to select a process for later devel-
opment by the partners, first on a laboratory scale and later upscaling to several kW in a
solar furnace or solar dish.

Both the available bibliography and operating data existing for General Afomics and
UT-3 cycles seem to be excessively complex, both with regard to the number of reactions
involved and the tfechnological development required to solve some basic problems. This,
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along with inherent power-plant operating problems would make operation extremely
complicated, since heliostat field confrol would have to be integrated with several re-
ceivers, basic separation operations, purification, etc. This inferaction among the various
field components would be even more critical in the presence of transients or even during
startup and shutdown. However, hybrid cycles such as the Westinghouse cycle, although
less efficient and with two clearly differentiated reactions, could be a feasible alternative
for a solar plant. Fruit of this conclusion was a joint proposal to the EC 6" Framework Pro-
gram presented with the CEA and DLR, however, this proposal unfortunately did not re-
ceive funding. Nevertheless, this process has been retained as subject to possible devel-
opment in future intfernational cooperation.

In the scope of national projects, collaboration between Hynergreen and CIEMAT con-
sidered development of a process that could adapt the knowledge of both in solar con-
centrating technology and volumetric solar absorbers seemed more feasible. In this sense,
mixed ferrites have more attractive characteristics for possible solarization. The absence of
reliable data is, however, one of the strongest limitations for beginning solarization of this
process. The Solter-H project is infended to develop the steps necessary for a technical
and economic feasibility study analyzing the use of mixed ferrites in solar reactors, by test-
ing different doped ferrites, first in laboratory and then in small solar concentrators.

Solar PRO: DEVELOPMENT OF HIGH-TEMPERATURE INDUSTRIAL PROCESS HEAT
SYSTEMS USING CONCENTRATED SOLAR RADIATION

Energy is the basis of industrialized civilization. Continually decreasing reserves, the need
fo limit emissions info the atmosphere, progressive growth in demand and energy de-
pendence on foreign powers have driven important efforts in energy savings and lever-
aged the use of renewable energy sources, since they are considered a determining fac-
tor in meeting the community regulations on limiting acid emissions into the atmosphere
and infernational agreements signed by Spain in environmental matters, such as the Kyoto
protocol.

Solar thermal energy is the renewable energy which, because of its characteristics,
must take on a relevant role in industry, since it is possible to directly, or indirectly transfer-
ring its energy to an absorbent material, provide the thermal energy necessary for many
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Figure 67. Methodology designed in the INNOHYP project for the analysis of state-of-the art
mass thermochemical hydrogen production.
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industrial processes, supplying solar process heat at different temperature levels.

It is obvious that the industrial processes that usually require a major energy contribution
are those that are produced at high temperatures. However, it must be kept in mind that
for the future implantation of solar thermal concentrating fechnology in high-temperature
industrial processes, a strong research effort is necessary. This is especially true for this type
of applications, which requires the detailed study of technical and economic feasibility for
each process, including the design of process-specific chambers or reactors, depending
on process characteristics and technical and production requirements, as well as testing
and characterization of the reactors, processes and products, so the technological feasi-
bility in each particular case can be demonstrated, and design and production parame-
ters adjusted to them.

The demonstrated experience of the PSA in various solar concentrating technologies in
national and international projects for materials treatment and generation of solar heat at
different temperatures, makes it possible for us to take on innovative projects, such as So-
larPRO.

The purpose of SolarPRO is to demonstrate the technological feasibility of the use of so-
lar thermal energy as an energy supply system in industrial processes other than electricity
generation for which the common denominator is high temperature. SolarPRO combines
the experience and knowledge acquired in many central receiver technology projects
with know-in materials tfreatment in the solar furnace since its inauguration in 1991.

For this, the PSA as project coordinator, is collaborating with research groups highly
specialized in the processes to be studied:

> Instituto de Tecnologia Cerdmica (Castellon) (ITC). Technology center with knowl-
edge of industrial ceramics manufacturing processes

> Polytechnic University of Catalonia (UPC) Dept. of Fluid Mechanics. Knowledge of
ground polluted by heavy metals.

> University of Seville (USE) Dept. of Mechanical and Materials Engineering. Knowledge
of metal sintering.

Table 4.  Processes initially selected for study

Typical industrial ceramics processes

Drying and baking chamber con volumetric re-

. ‘ y s 0, 0
Drying of ‘raw’ pieces 100°C < T < 200°C ceiver

Th|rd. fiing' for certain kinas of de- 800°C < T < 900°C Drylng and baking chamber con volumetric re-
coration ceiver

Baking of ceramic tiles 850°C < T < 1100°C (I‘;)gtnegg and baking chamber con volumetric re-

Powder metallurgical processes

Metal sintering | T~ 1000°C Processing in controlled atmosphere chamber

Waste treatment

Processes for eliminating heavy
metals from polluted soils.

T< 630°C Solar rotary furnace

The main project goals are:
1) Demonstrate the technological feasibility of the concept.
2) Acquire enough data and experience to optimize design and operating procedures

3) Identify possible new processes that could be supplied with energy from solar process
heat.

4) Come to conclusions that assist in proposing later system scale-up.

The main milestones reached in 2005 were the development and testing of an experi-
mental laboratory-scale device for producing high-quality ceramic compounds using
concentrated solar energy at processing tfemperatures over 1300°C, installation and
commissioning of a processing plant based on the volumetric receiver technology in
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which processing tfemperatures of up to 1000°C have been reached, and development of
a specific data acquisition system to control process variables at all times. Furthermore, an
additional chamber was built for freatment of materials in controlled atmosphere and a
rotary furnace reactor for thermal desorption of soil polluted by heavy metals which will be
installed and characterized in the solar furnace next year.

INTRODUCTION

The program of work and activities in the Environmental “Applications of Solar Energy
and Solar Radiation Characterization™ Unit are currently organized around the following 5
main lines of research:

a) Solar detoxification of liquid effluents

b) Solar disinfection of drinking water

c) Solar gas detoxification

d) Solar seawater desalination

e) Characterization and measurement of solar radiation

Figure 68 shows the Unit's structure with the main lines of research carried in 2005 in the
context of the various projects underway, the most relevant activities of which are briefly
described below.

2005 was an especially significant year for the “Applications of Solar Energy and Solar
Radiation Characterization” Unit, because of the consolidation of its activities which were
defined as its goal when CIEMAT was restructured at the beginning of 2004. This is demon-
strated by the approval at the end of 2005 of five European projects (EC 6 Framework
Programme) plus another in the Madrid Regional Government'’s Excellency Program. These
projects, which obviously are not reported here because they were started so recently, will
be carried out in 2006:

1) Photozyme Nanoparticle Applications for Water Purification, Textile Finishing,
Photodynamic Biomineralization and Biomaterials Coating (PHOTONANOTECH)
2) Innovative and/or Integrated Technologies for Treating Industrial Wastewater

— Degradation of non
biode gradable
industrial contaminants
— Photo-reactors
development

= Design of

treatment plants

= Combination with
biological methods
= Combination with
other advanced
oxidation technigues
— Advanced analytical
and hinassays
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[— Pathogens elimination
with solar radiation
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combined systems
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technological systems
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applications based on

supported catalysts
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Figure 68. Environmental Applications of Solar Energy and Solar Radiation Characteriza-
tion Unit Structure, by subject, line of research and knowledge group
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(INNOWATECH)

3) Innovative Solar Disinfection of Drinking Water for Use in Developing Countries or
in Emergency Situations (SODISWATER)

4) Mechanic Power Generation based on Solar Heat Engines (POWERSOL)

5) Seawater Desalination by Innovative Solar-Powered Membrane-Distillation Sys-
tem (MEDESOL)

6) Development of New Systems For Eliminating Toxic and Corrosive Gases Gener-
ated by Wastewater Treatment Plants (DETOX-H2S)

These projects, which are within the scope of most of the Unit's lines of research, will en-
able both in-depth technological development and an increase in the number of re-
search groups with whom we closely cooperate.

Concerning activities in 2005, the continually growing scientific and industrial interest in
this application of solar radiation to the field of detoxification. This is demonstrated by the
erection of a new industrial facility based on technology used in other previous plants by
the DSM-Deretil company in the framework of the CADOX project [Blanco y Malato,
2005¢c, 2005d], the many contacts for development of other similar facilities and the in-
tense activity for the diffusion of these techniques and technologies [Blanco y Malato,
2005b, 2005¢, 2005d; Malato y Blanco, 2005g, 2005h, 2005i].

In the field of solar disinfection, the SOLWATER and AQUACAT projects, in which a com-
bined system employing the generation of various oxidants for the control of pathogens in
drinking water was developed and successfully tested in Mexico, Peru, Argentina, Mo-
rocco, Tunisia and Egypt, were concluded. Although the results were highly satfisfactory,
these technological systems are still under preliminary development.

Gas detoxification activities also received a strong boost in 2005, enabling definitive
consolidation of this research group. The studies performed in this field have drawn grow-
ing inferest from certain companies because of the possibilities for eliminating foul odors
and gas pollution in general, especially for problematic gas generated at urban wastewa-
ter treatment plants.

No doubt the area that has grown the most in 2005 is solar desalination. The water
shortage problem, which is becoming more severe, as much in our own counfry as in
many other countries around the world, along with a clear synergy between this problem
and the availability of high levels of solar radiation, make the perspectives and possibilities
for research and development of these technologies more and more promising. In this
sense, it is worth mentioning the culmination, after four years of development, of the
AQUASOL project, which has provided the PSA with an innovative experimental solar de-
salination facility, which, given its complexity and multitude of possibilities, is going to be a
very useful tool for the design and practical implementation of this type of MED multi-
effect distillation system [Blanco y Alarcén, 2005e]. Furthermore, the future execution of the
MEDESOL and POWERSOL projects (mentioned above) include a very large part of the
available technological spectrum for which the incorporation of solar energy for desalina-
fion of brackish or sea water makes sense. The strategy pursued in each of these initiatives,
as well as the scientific and technological developments of each project, will provide the
PSA with a unique set of solar desalination experimental installations making the PSA a ref-
erence for this fechnology and its applications.

Finally, , in the area of solar radiation measurement and characterization, completion
of the new PSA meteorological station and startup of its web data access service, which
has been implemented following “Baseline Surface Radiation Network” directives should
also be mentioned. This access is available to the public at the address,
http://meteo.psa.es/, simply by prior registration. A second outstanding aspect related to
this activity is the current growth of interest in both solar thermal and photovoltaic solar
technologies for solar power plants. This has also motivated an ever-greater demand by
many companies for studies on the solar potential at specific sites, using both surface
measurements and satellite image analysis.
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In conclusion, it may be said that there has been clearly constant growth in the Unit's
activities during recent years, demonstrating the scientific quality and prestige achieved
by the group and the definitive deployment of these technologies as possible real answers
fo the global water and power problems looming on the horizon.

SOLAR DETOXIFICATION OF LIQUID EFFLUENTS

Combined Photocatalysis-Ozonation Treatment (Fotozon Project)

This project studies elimination of recalcitrant pollutants in water using Advanced Oxi-
dation Processes (AOPs). This original project combines Photocatalysis and Ozonation, for
which a strong synergy, significantly increasing the detoxification capability of either meth-
odology alone, was observed in preliminary experiments [Malato and Blanco, 2005¢].

The general project goals are:

1) Study the photocatalytic synergies (homogeneous and heterogeneous) + ozonation.
Find the optimum operating parameters.

2) Find the conditions for detoxification. Combination of the technology proposed with a
biological treatment. Application to the detoxification of waste water

3) Preparation of TiO2 photocatalysts that improve their response to sunlight

4) Perform pilot plant experiments making use of sunlight. Real-scale validation of lab
experiments. Application to solar freatment of industrial waste water effluents

5) Design or pre-design of a wastewater freatment plant [Augugliaro et al., 2005]

The Plataforma Solar de Almeria mostly participates in the second and third years of this
3-year project (2003-2005). In fact, in 2004, ozonation experiments in water with 5 different
compounds (Alachlor, Atrazine, Clorfenvinphos, Diuron, Isoprofuron) were carried out in an
ozonation pilot plant built for the purpose (see PSA Annual Report 2004). All of the com-
pounds were successfully degraded, however, the disappearance of total organic carbon
(TOC) is another maftter: Figure 69 shows the progress of TOC during the reaction. It may be
observed that after 1000 minutes of reaction, TOC is 47.9 mg/L (initial TOC in the solution
was 64.8 mg/L) which means that only 26% of the initial TOC was eliminated. With these re-
sults it seems clear that ozonation is not a good method for total mineralization of nonbio-
degradable compounds. Nevertheless, these results do not present a serious disadvan-
fage, since one of the goals of this project is to study compatibility of ozonation and a bio-
logical treatment [Farre et al.,

2003]. 70 25
Figure 69 also contains 60 -
data concerning inorganic - 20
ions formed during the reac-  _ 50 4
tion, since the initial com- e -0 5
pounds contain heteroatoms  E 407 o
such as Cl, N and P, and § | 3 2
therefore, formation of CI, F 3
NHs*, PO and NOszduring 20 Kl
the reaction is to be ex- B
pected. The final amount of 10 !
chlorine detected was 20 mg . . . o
L', which is 7.43% of the ) oo a0 0 0 1000
maximum amount expected -

for toftal mineralization. As
only 26% of TOC was de-  Figure69. TOC concentration in CI-, NO3-, PO43 and NH4* over

graded, it is clear that the time during ozonation of a mixture of pesticides. Vol-
process is more effective for ume freated: 50.1 L; O2 flow rate: 200 L h-'; [Os]gas:
dechlorination than for min- 26.8gm=.
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eralization. The total amount of 100
ozone consumed in the reaction
was 7.8g (?.2g Os consumed
per gram of TOC degraded). L0
Therefore, the mixture of com-
pounds treated with ozone 2 g |
achieved low TOC degradation | —— 555 min
and high ozone consumption. 8 —®— {75 min
However, partial mineralization § 40 T=p ol
s —¥— 815 min

of the solution for potential sec- —— 1035 min
ondary treatment in a biological 20 1 —+— 1155 min
reactor could be enough.

In a detailed study of the pos- 3

sibility of combining chemical
and biological treatments, the
Zahn-Wellens  biodegradability time / days

test was performed on samples

taken during ozonation. The 5 Figure 70. Zahn-Wellens Test of simples taken in the

] &) 10 15 20 25 3C

compounds described above experiment shown in Figure 69 after 555,
are toxic and nonbiodegradable 675,759, 915, 1035 and 1155 minutes of
ozonation

and the Zahn-Wellens test ap-
plied to the original solution of
the mixture of 5 compounds did not show any degradation of TOC after 28 days. There-
fore, all of the samples used in the test were taken after complete disappearance of the
initial compounds. Figure 70 shows the data from these tests.

It is important to mention that at 70% TOC degradation, the solution is considered bio-
degradable. It may be observed that after 28 days of biotreatment, the solufions are bio-
degradable. The reason why the test was performed on samples faken after 555 minutes
of reaction is because of the possibility of generating toxic or nonbiodegradable degradao-
fion intermediates. According to the results of this experiment, that possibility can be dis-
carded. It may therefore be concluded that partial mineralization by ozonation of the so-
lution of 5 compounds produces a solution that is potentially suitable for biological treat-
ment.

ELIMINATION OF PERSISTENT CONTAMINANTS BY ADVANCED OXIDATION
(FOTODETOX PROJECT).
hitp://www.psa.es/webesp/projects/fotodetox/index.html

This Project, financed by the Spanish RD&l Plan, began in 2004 and is coordinated by
the PSA Environmental Applications of Solar Energy and Solar Radiation Characterization
Group with participants of the Univ. of Almeria Chemical Engineering Dept. and the Poly-
tfechnic Univ. of Valencia Textile and Paper Engineering Dept. Its main goals are:

1) Study of the biodegradability of water polluted by pesticides and partially treated by
photocatalysis using specific cultures of single bacteria strains (selected from among
those commonly used in WTPs). Find out which are the most active bacteria strains for
its biodegradation.

2) Develop a predictive model for the biodegradability of water partially treated by
photocatalysis.

3) Study the biodegradability (by real active sludge from WTPs) of water polluted by pes-
ficides and partially treated by photocatalysis.

4) Develop a bioreactor specially adapted to this type of water partially treated by
photocatalysis [Ballesteros y col., 2005].

5) Pre-design of a solar photocatalytic water tfreatment plant for pretreatment of water
containing persistent pollutants and make them compatible to the input requirements
of a municipal WTP.
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During the first year (see PSA Annual Report 2004), the main pesticides used in intensive
agriculture as applied in the province of Almeria were studied in depth. Analytical tech-
nigues necessary to evaluate their degradation were perfected and the non-
biodegradability of those selected was verified. The feasibility of TiO2 photocatalysis in the
solar pilot plant was also studied for each pesticide [Oller et al., 2005b].
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Figure 71. Photocatalytic degradation (TiOz2) of Figure 72. Total organic carbon in the mixture

each pesticide in the mixture

In 2005, a feasibility study of TiO2 photocatalysis of pesticide mixtures (Methomyl, Cy-
moxanyl, Oxamyl, Dimethoate Pyrimethanil) was carried out and a study of each of them
with photo-Fenton is now underway. Degradation of each of these pollutants is analyzed
by HPLC-UV, the measurement corresponding to the mixture at any given time. Figure 72
shows how the pesticides disappear completely after about 420 minutes. Pyrimethanil is a
bit more resistant to degradation. These results agree with those of experiments with the
single pesticides described in the PSA 2004 Annual Report. Moreover, monitoring of TOC
demonstrates incomplete mineralization after about 33 hours of photocatalytic treatment
with a residual TOC of about 7 mg/L. As there are compounds in the mixture containing
nifrogen, sulfur and phosphorous in their structures, they were also analyzed for their re-
lease as nitrate, ammonia, sulfate and phosphate. It may be observed that the nitrogen
balance is not completely closed, although total nitrogen concentration present in the
form of nitrate and ammonia is very near expected. The sulfur and phosphorous balances
are completely closed, and all the sulfur and phosphorous has been oxidized into sulfate
and phosphate.

Only cymoxanyl and oxamyl have been studied up to now with photo-Fenton (Figure 73
and Figure 74). Temperatures were kept at 30°C and pH was between 2.5 and 3 with
20 mg/L of Fe?*. Degradation of cymoxanyl was complete (noticeably faster than with
TiO2). Mineralization was incomplete (residual TOC similar to TiO2). The nitrogen balance
was incomplete. Degradation of oxamyl was complete (also noticeably faster than with
TiO2). Mineralization was better than with TiO2, reaching a TOC of around 2 mg/L.). The ni-
frogen balance was similar to that of cymoxanyil.
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Figure 73. Cymoxanyl degradation by photo- Figure 74. Oxamyl degradation by photo-Fenton
Fenton
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Treatment of water containing persistent organic pollutants by a
combination of advanced oxidation and biological processes
(CADOX Project). http://www.psa.es/webeng/projects/cadox/index.htmil

Following the project goals, as defined in the 2003PSA Annual Report, the first fasks in
the Project were designed to find the main parameters for degradation of target com-
pounds by oxidation (TiO2, photo-Fenton and ozone). It was demonstrated that all of the
compounds subject to this work can be successfully treated by photo-Fenton, TiO2 and
ozone. In 2004, two prototypes were erected (one at the PSA and the other at INETI, in Por-
fugal) during the project, and their main characteristics were described in the 2004 PSA
Annual Report. The purpose of the work [Hincapié et al., 2005a, 2005b] with these proto-
types in 2005 was to find the basic parameters necessary to design and build the demon-
stration plant which is the final project goal. This plant was finished at the end of 2005.

The main conclusions arrived at from the experiments performed with the prototypes
were:

1. The reactivity of the compounds treated by both advanced oxidation processes
tested (photo-Fenton and TiO2) were very similar.

2.  With atfrazine and the pesticides in the phenylurea family, there was always some
TOC left at the end of the tfreatment, due to the stability of the triazine ring and
urea that forms during photocatalytic degradation.

3. TiO2 photocatalysis fakes longer than photo-Fenton for similar mineralization.

4. Evolution of pH during freatment by TiO2 depends on how much chlorination
there is of the molecules treated (hydrochloric acid generated lowers the pH)
and the organic nitfrogen content, which is usually fransformed into ammonia and
therefore has the opposite effect.

5. Biodegradability is reached when dechlorination is complete.

6. Ozonation much reduces pesticide mineralization, however, dechlorination is still
complete, but with much longer reaction time.

7. Chlorated solvents are only mineralized by photo-Fenton and with great difficulty
by TiO2. In this case, combinatfion with a biological treatment is not pertinent,
since complete mineralization is simultaneous with dechlorination. Both ozonation
and TiO2 produce great losses of contaminants volatilized info the atmosphere

[Malato et al., 2005f].
2000

The positive and negative results, based on . —o—Femac, Fe, =20 mg/L
elimination, mineralization and biodegradability 70 2 T e e
during laboratory and pilot plant experiments 1500 - —=—COD, mgL,

[Gernjak y col., 20050, 2005b; Malato et al., 2005a,
2005b, 2005¢, 2005d; Maldonado et al., 2005a, Oller
et al., 2005a; Rodriguez et al., 2005], are summa- s
rized in the following table. This table provides the eo
key information for selection of the best treatment Eﬁ
system developed in the CADOX project. C

1250

A
AYY

From these conclusions real water from the final e
user (DSM-DERETIL) was used in a test campaign o
find the design parameters for the demonstration ]
plant. These experiments were limited fo treatments 100 -
with photo-Fenton and ozonation as the prior stage 1
fo a fixed-bed bioreactor using biomass from the

DSM-DERETIL treatment plant. Femac (550 mgf/L, a 0 — Bases =SSN
nonbiodegradable compound) was completely -50 0 50 100 150 20t
degraded with a hydrogen peroxide consumption t, o min

of 30-35 mM (Figure 75).

During testing, the mean oxidation state (ratio of Figure 75.Photo-Fenton degradation of
COD to TOC) became constant at the same time water from DSM-DERETIL
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Table 5. Selection of the best combination of freatments for the demonstration plant

Photo-Fenton TiO2 Ozone Biotreatment
. - Adequate biode-
Lab scale Pesticide Mineralization a 56 mg No mineralization Resulfs n.ot con- gradability after de
Fe/L clusive
pre-freatment
Mineralization a 56 mg . - Results not con-
Femam No mineralization . -
Fe/L clusive
Evaluation ++ + NA ++
. Recovery of the cata- | Recovery of the Ozone is effi- ) .
Scale up otwijﬁll(éﬁisc lyst can be avoided catalyst possible cientif COD is leedk;bei;job'ﬁ;icdor
by working with Fe but expensive < 500 mg/L P
Evaluation + - + +
Best point of bio- Best point of With fixed-bed bio-
.. Best point of biode- degradability . P . reactor treatment
Prototypes Pesticides L biodegradabil- .
gradability found found takes a . achieved up to the
- ity found
long fime end
Best point of bio- Best point of With fixed-bed bio-
Best point of biode- degradability . P . reactor treatment
FEMAC L biodegradabil- .
gradability found found takes a . achieved up to the
. ity found
long time end
Evaluation ++ - + +
Selecti * * *
cection Photo-Fenton Ozone Biological

that Femac was completely degraded. This also coincided with the time when the water
became biodegradable, as determined by the Zahn-Wellens test. Femac was also de-
graded by ozonation, but after a longer treatment time (approx. 700 min.) and with an
ozone consumption of about 2 mg of Os per mg of Femac. As with photo-Fenton, biode-
gradability was reached by ozonation when Femac was completely decomposed. In ad-
dition to demonstrating biodegradability with the Zahn-Wellens test, the effluent from both
freatments was fed to a fixed-bed bioreactor for several months. Operating under these
conditions, the bioreactor achieved biodegradation of better than 80%.

Based on these results, (which are only sketched very briefly here) the demonstrate
plant designed consisted of 100 m2 of CPCs (around 1300 L illuminated volume) with a
3000-L recirculation tank, an ozonizer with two contact columns (@800- h 2500 mm y @500-
h 2100 mm) in series, which is able to produce up to 1 g Osz/h and a biotreatment made
up of several tanks (neutralization, conditioning, bioreactor) in which the biomass is set at
a 700 L filler. The plant was finished at the end of 2005, and will be tested in 2006. Figure 76

shows the various demonstration plant components

Figure 76.CADOX project demonstration plant ozonation system and fixed-bed bioreactor (left),
and solar collector system (right)

-76 -



Plataforma Solar de Almeria

SOLAR DRINKING WATER DISINFECTION PROCESSES

Solar disinfection of drinking water (Solwater Project)
http://www.psa.es/webeng/solwater/index.html

The SOLWATER project (official name: “Cost effective solar photocatalytic technology
tfo water decontamination and disinfection in rural areas of developing countries”) is a
project funded by the European Commission (contract n®: ICA4-CT-2002-10001) under the
INCO program (EU-DG Research, Confirming the International Role of Community Re-
search for Development). This 3-year (November 2002-October 2005) project is coordi-
nated by the Environmental Applications of Solar Energy Group and has a budget of
1818,6 k€ and both European (ECOSYSTEM-Spain, AOSOL-Portugal, Complutense University
of Madrid-Spain, National Technical Univ. of Athens-Greece, Ecole Polytechnique Federale
de Lausanne-Switzerland) and South American (Mexican Institute of Water Technology-
Meéxico, National Atomic Energy Commission-Argentina, National University of Engineering-
Peru, TINEP S.A. de C.V.-Mexico), participants, because the area of potential application
of the results is Latin America.

The main goal of this project is to develop a completely autonomous solar system for
the disinfection of drinking water in rural areas without having to use any chemical addi-
tive [Ferndndez-Ibdnez et al., 2005a; Rincdn and Pulgarin, 2005; Sarria et al., 2005a, 2005b].
The final system will treat water based on the combination of two photocatalytic proc-
esses activated by sunlight for the generation of powerful oxidants that may be efficient
for the inactivation and elimination of pathogens in water. The first of these processes is the
use of fitanium dioxide immobilized on an inert maftrix to generate hydroxyl radicals (*OH)
and the second is the generation of singlet oxygen (102) from a photosensitizer based on
Ruthenium (ll) complexes fixed on a polymer matrix. Furthermore, the final system is ex-
pected to also be able to eliminate potential persistent organic pollutants.

During the development of this final system, several different prototypes were designed
and built (Figure 77, left) in order to experimentally compare the behavior and efficiency
of two different photoreactor concepts, one concentric with a tube inside the cylindrical
reactor where the catalyst is fixed and another flat, inserted vertically inside the tube
(Figure 77, right). In both cases, the optics used were based on 1-m2 CPC solar collectors.
For each of these photoreactor concepts, two different catalysts were used, TiO2 sup-
ported on a special paper developed by the Ahlstrom Paper Group (France), and RU(ll)
complexes with polyazo heterocyclic ligands immobilized on polymer supports developed
by the Complutense University of Madrid [Sichel et al., 2005a]. In 2005, these prototypes
were tested using E. coli as the reference to study the disinfection efficiency of the differ-
ent systems.

Figure 77.  Solar reactor prototype for water disinfection with catalyst fixed on two different sup-
ports (flat plate or concentric tube, see right) arranged inside the glass tube
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One of the main CIEMAT tasks in this 10°
Project was to experiment to find out the
optimum operating conditions, that is,
those that disinfect the water effectively
at the lowest cost, fastest and using the
least energy possible. The main photore-
actor operating parameters affecting the
process were therefore analyzed. There-
fore, various experiments were performed e 1OUmin o control
for disinfection of water containing Es- —a— 5L/min —4— control
cherichia coli, at an initial concentration 1004 —° 24/min —o—control
of 107 CFU/mL, at three different flow 10 . . . . . . . .
rates 2, 5 and 10 L/min. Figure 78 shows 05 00 05 10 15 20 25 30 35 40
that E. coli is deactivated faster when the Quy (kJL)
reactor works at 2L/min than at 5 or
10 L/min. During photocatalysis, interac-

Conc. E. Coli (CFU/mL)

Figure 78.Photocatalytic efficiency of TiO2 on Ahl-
strom KN47 paper at three different re-

tion (adsorption) with the agent to be de- actor flow rates: 2, 5 and 10 L/min. Pro-
stfroyed on the catalyst surface plays a gress of E. Coli concentration is plotted
fundamental role. Therefore, better disin- over Quv (UV energy input by unit of
fection efficiencies are to be expected photoreactor volume)

when the interaction conditions between bacteria and catalyst are optimum, that is, at
low recirculation flow rates in the reactor [Sichel et al., 2005b]

Photocatalytic degradation experiments were also performed with gallic acid, a model
organic compound. The concenfrations of this pollutant were relatively low (20 and
50 mg/L), because humic acid pollution in natural groundwater is usually found at such
concentrations [Gumy et al., 2005]. Figure 79 (left) shows the results of gallic acid degradao-
fion in the photoreactor described above with Ahlstrom KN47 paper coated with titanium
dioxide (20.7 g/m?2) on the concentric support. Degradation of the compound at two dif-
ferent initial concentrations is very different. When the initial concentration is 20 mg/L, it is
adsorbed on the catalyst better than when the initial concentration is 50 mg/L. which is
why the process is more efficient with the first one. Photocatalytic behaviour with flat and
concentric-support reactor configurations was also compared. Figure 79 (right) shows deg-
radation of gallic acid in the two systems (initial concentrations 30 and 35 mg/L). The con-
centration of gallic acid is plotted over UV energy accumulated in the reactor per unit vol-
ume (Quv). The organic concentration decreases faster with the flat support, as the illumi-
nated volume of water is greater with this configuration, and therefore better use is made
of the photons entering the system and of the radicals generated on the iluminated cato-
lyst [Sichel et al., 2005b and 2005¢].
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Figure 79. Photocatalytic degradation of gallic acid in a CPC solar reactor with TiO2 immobilized on
Ahlstrom KN47 catalytic paper 20.7g/m2 TiO2-PC500. Left: Concentric support with 20 and
50 mg/L initial concentration of gallic acid. Right: concentric and flat supports, 30 and
35 mg/L initial concentration
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According to the results of experiments by the PSA [Ferndndez-lbdnez y col., 2005b vy
2005c], and other participants in the project (UCM, NTUA, EPFL y LACE), the final system has
been designed, which was tested in 2005 in remote rural areas at three different sites in
South America, Argentina, Peru and Mexico in the framework of the SOLWATER project.
The purpose is to analyze the results obtained 3 socioeconomic environments at different
solar latfitudes. Figure 80 shows two photos of the two final reactors installed in Jiupetec
(Mexicio) and Tucumdn (Argentina) for the field tests.

Figure 80.  View of the final system developed and prepared for testing in Mexico, Mexican In-
stitute of Water Technology (left) and Argentina, National Atomic Energy Commis-
sion (right.)

Detoxification and purification of drinking water by photocatalysis in
semiarid countries (AQUACAT Project) http://aquacat.univ-lyon1.fr/

In addition, and conceptually linked to the SOLWATER project, the Solar Chemistry
Group participates in another European project called "Detoxification of waters for their
recycling and potabilisation by solar photocatalysis in semi-arid countries” (AQUACAT,
ICA3-CT2002-10016) coordinated by the University of Lyon-1. The purposes of the AQUACAT
project are basically the same as those in the SOLWATER project, except the region the fi-
nal system is designed for is the Mediterranean. It will be tested in communities in Egypf,
Morocco and Tunisia [Chapelon y Herrmann, 2005].

The parficipants in the AQUACAT project are the Univ. Lyon-1 (France, Coordinator),
CIEMAT-PSA (Spain), ECOSYSTEM S.A. (Spain), AO SOL Lda. (Portugal), Univ. Poitiers (France),
AHLSTROM (France), ENIG (Tunisia), UNIV. DE FES (Marruecos), PROJEMA, S.A. (Morocco),
PHOTOENERGY CENTER (Egypt). Univ. Complutense (Spain), EPFL (Switzerland). The total
budget is 1700 k€ with a contribution by the European Comision of 1000 k€.

The final AQUACAT solar photocatalytic water disinfection system was developed,
manufactured and installed in three North African countries, Tunisia, Morocco and Egypf.
Figure 81 shows two photos of the reactors installed in the School of Engineers of Fez (Mo-
rocco) and in the Photoenergy Center of El Cairo (Egypt), where they were tested in the
field with real water.
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Figure 81.  View of the final system developed for testing at the Ecole Supérieure de Technolo-
gie de Fes, Morocco (left) and Photo Energy Center, Cairo, Egypt (right)

Emerging technologies for water treatment in developing countries
(Solarsafewater Project)
http://www.cnea.gov.ar/xxi/ambiental/ssw/indesp.htm
hitp://www.psa.es/webesp/projects/solarsafewater/index.html

The goals of the Emerging technologies for water treatment in developing countries
(SOLARSAFEWATER Project FP6-510603, EC éth Framework Program ) are:

1) Publicize the most recent results and promote transfer, use and evaluation of solar
photocatalytic technologies for depollution and disinfection of water, applied to rural
areas in developing countries.

2) Contribute to regional work in solar water treatment by capable teams integrated in
networks with European participation

3) Explore possible future European Commission Research and Technology Develop-
ment, (EC RTD) activities related to pilot tests using the technology developed in the
SOLWATER Project (Economic Solar Photocatalytic Technology for Decontamination
and Disinfection of Water in Rural Areas in Developing Countries).

The SOLARSAFEWATER initiative is related to treatment of water until fit for drinking. The
implementation of these Specific Support Activities allows experience and know-how to
be exchanged by active R&D teams and contribute to the diffusion of knowledge on this
subject, especially for its application in rural areas and outlying urban areas in third-world
countries. SOLARSAFEWATER has carried out two key activities for this purpose:

> A Course on Possibilities for Safe Water Supply Using New Technologies. The course
was given in Port Iguazy (Misiones, Argentina) on Friday the 14 and Saturday the 15th
of October 2005. The two-day event included lectures on the technical characteris-
fics of the new technologies available for procurement of water, in particular, those
that make use of sunlight. It was directed at young scientists and engineers, and was
attended by approximately 50 people, almost all of them from Latin America. The
presentations at the course and the texts prepared by the professors are available on
the event's web page [Ferndndez-lbdnez, 2005a; Blanco, 2005a.

> A Symposium in confinuation of the Course, addressed scientists and engineers
working on the subject, for discussion of The Challenge of Supplying Safe Drinking Wa-
ter: Technologies for Latin America. The main language of the Symposium was Span-
ish, but the lectures and talks were given in the speaker’s original language. the Sym-
posium was a three-day event (October 17, 18 and 19, 2005) discussion of the state-
of-the-art of photocatalytic tfechnology and other Advanced Oxidation Technologies
(AQTs) for water purification and for publicizing the abilities of available technologies
among potential users and small and medium-sized businesses and high-ranking gov-
ernment employees in nearby countries. Participation by members of the SOLWATER
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D
@°;, SOLAR SAFE WATER

Puerto Iguazu - Misiones - Republica Argentina
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__mo__ | REALIZARON EXITOSAMENTE
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CURSO mismo clickeando en los botones Curso y Simposio.
En el botdn Curso, busque Contenido del Curso, y
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El Proyecto Tecnologias Emergentes para
Estudiar los Problemas de Tratamiento de

ORGANIZADORES Agua en Paises en Desarrollo
(SOLARSAFEWATER, Proyecto FP6-510603 del

ceceas mporintes]| Sexto Programa Marco de la Unidén Europea)
tiene como objetivos:

MJ - Dar a conocer los resultados mas recientes y
promover la transferencia, aprovechamiento y
PUERTO 1GUAZU evaluacion de las tecnologias fotocataliticas solares
para la descontaminacion y desinfeccion del agua,
CONTACTO aplicadas a areas rurales de paises en desarrollo.

- Contribuir al desarrollo del trabajo regional en

Figure 82. View of the SOLARSAFEWATER project events website
(hitp://www.cnea.gov.ar/xxi/ambiental/ssw/indesp.htm)

project provided a suitable environment for comparative evaluation of the options
available for technical solutions and the market offer. The Symposium, starting out
from the SOLWATER project results, explored possible future research activities, includ-
ing solar photocatalytic pilot tests and/or other possible options. The Symposium also
was useful for exploring the possibility of expanding the CYTED Latin American photo-
catalysis network to include European participation in general. The Symposium in-
cluded several Plenary Lectures, Guest Lectures, poster sessions and round table dis-
cussions on specific subjects.

SOLAR GAS DETOXIFICATION PROCESSES

Photocatalytic destruction of gas in gluing and metal degreasing booths
(CMP)

The new regulation on industrial emissions of volatile organic compounds (VOCs) that is
to go into effect in 2007 following European Union directive (1999/13/CE), sets much stricter
limits on the amount of pollution that can be released into the atmosphere. The greatest
concern for this air pollution is not only its infrinsic toxicity, but also its participation in pho-
tochemical reactions that generate ozone in the tfroposphere. There is therefore a growing
demand for new pollution control systems that make it possible to comply with legislative
requirements without high investments by the companies in the sectors involved (textiles,
shoes, paints, varnishes, etc.). In this context, the CMP S.L., company, automobile parts
manufacturer with factories in La Rioja and Navarra, has funded a project for developing
a solar solvent emissions treatment system. These studies were done by the Solar Gas De-
toxification Group in cooperation with the CSIC -ICP Catalytic Processes Engineering Dept.

The source of CMP S.L. emissions is forced evaporation of solvents used in gluing and
degreasing during manufacturing. Since the composition and concentration of the emis-
sions conditions the choice of tfreatment method, the first step was the analytical charac-
terization of the effluent. A gas micro-chromatograph was used to analyze samples taken
at the plant and it was found that emissions consisted of aromatic compounds (toluene,
xylene) and minor amounts of chlorides (tetrachloroethylene, dichloromethane) and oxy-
genates (butanol, methyl-ethyl-ketone, etc.). The average emissions concentration is
around 100 ppmv.

With these parameters, the feasibility of photocatalytic emissions treatment of some
representative pollutants (toluene and trichloroethylene) was evaluated in photocatalytic
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oxidation fests in a solar photoreactor designed for ceramic catalysts synthesized at the
ICP-CSIC. However, the efficiencies obtained under the conditions required for real emis-
sions tfreatment were not good enough to ensure compliance with the future regulation.
Therefore, keeping in mind the considerable increase in flow rate due to cenfralization of
the plant’s gas extraction system, the use of photocatalysts for the freatment of these ef-
fluents was discarded. As an alternative method, a combination of pollution adsorption
and catalytic combustion. This new strategy consists of a cyclic process in which the or-
ganic compounds are first concentrated by keeping them in the adsorbent bed until satu-
ration, and then it is desorbed by a reduced flow of hot air that takes them to the catalytic
bed where they are combusted. In order to keep up a confinuous decontamination proc-
ess, a double adsorbent bed has to be used so that while one of them is accumulating or-
ganics, the second is being regenerated. The thermal energy necessary for the desorption
and catalytic oxidation would come from parabolic frough solar collectors (PTC). A dio-
gram of the system proposed is shown in Figure 83.

Clean Air
25.000 m*h! 17 Parabolic
Trough
Concentrated Collector
pollutant
Catalytic
% Oxidation
GRERTS IR
oz |
I I—(: Hot Air

Polluted Air 2.500 m3h-!

[Toluene] =100 ppm

Figure 83.  Diagram of the gas treatment system proposed for the CMP
S.L. company based on adsorption-desorption processes and
catalytic combustion with solar thermal energy supply.

The catalyst was monoliths containing Pt as the active phase and that has been shown
to be highly effective in the combustion of toluene in concentrations up to 3600 ppmyv with
residence times short enough to be used in the CMP S.L. plant. Combustion of the organic
compounds is generally an exothermic process which can be used to recover heat gen-
erated, and also helps keep up the reaction during transients when the solar thermal sup-
ply is insufficient.

Concerning the adsorbent, several different porous materials have been tested both as
monoliths and extrudes. The most satisfactory results were with activated carbon monoliths
that retained up to 70 mg of toluene per gram of adsorbent in dynamics at a temperature
of 35°C. These organics can be desorbed by heating the bed to over 80°C. In the tests per-
formed with the PTC installed at the CIEMAT in Madrid, a 30 L/min air stream was heated o
250°C using just one 2.25 m-long module with an uncovered glass absorber tfube and
global radiation of around 700 W/m?2,

The experiments performed to test the efficiency of combining the desorption system
and catalytic combustion were also positive, and it could be proved that the use of the
two methods together for the freatment of volatile organic pollution is effective. Therefore,
the project is to be extended to installation in the plant of a demonstration system to de-
termine the feasibility of using the three technologies involved in the emissions freatment:
adsorption, catalytic combustion and solar heating.
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DEVELOPMENT OF ALTERNATIVE METHODS FOR PREPARATION OF HIGH-
EFFICIENCY PHOTOCATALYTIC MATERIALS

The basic purpose of this project is to develop advanced photocatalysts to satisfy the
growing demand for suitable materials for freatment of Volatile Organic Compound emis-
sions (VOC:s). This goal is particularly relevant in the scope of photocatalytic elimination of
indoor air pollution, which is currently at a beginning stage of commercial development,
with commercial prototypes that incorporate this technology in air conditioning systems.
The photocatalyst most used is by far TiO2, both anatase and in mixtures of anatase and
rutile. For its application in freating aqueous effluents, TiO2 is frequently used as a powder.
However, gas treatment requires photocatalysts supported on open structures that allow
the treatment of high flow rates without taking the photoactive component away with it.
It is also desirable for the support used to be fransparent to the radiation used for activat-
ing the photocatalyst (UVA), since this would allow more effective use of the incident pho-
tons.

Against this background, during the first year, research has concentrated on the selec-
fion of high-efficiency TiO2 photocatalysts and on the other, on the search for supports
permitting maximum performance of the photoactive component. The most relevant re-
sults are the following:

» Preparation of photocatalyst thin films on borosilicate glass. Borosilicate glass is a very
suitable support for photocatalysts since they combine adequate fransparency in the
UVA region (see Figure 84) with good chemical affinity for TiO2, which enables excel-
lent fixation of the photoactive material. It is therefore relatively simple to achieve thin
films by the dip-coating method. TiO2 and TiO2 —ZrO2 thin films have been made this
way on glass Rashig rings and thin glass plates. These materials have been proven to
be highly effective in the elimination of different types of compounds such as Shz,
toluene and trichloroethylene.

» TiO2 coatings on porous ceramic supports. Adsorpfion is a basic stage in any hetero-
geneous catalytic process. In general, the increase in adsorption capacity translates
into greater pollution degradation reaction efficiency. From this viewpoint, TiO2 was
coated on porous natural sepiolite silicate ceramic supports, using different prepara-
fion methods. Fixation of commercial TiO2 powders is possible with suspensions of
these materials in isopropanol with some additives to increase viscosity. This way TiO2
coatings have also been deposited using stabilized sols in the slip-casting process. The
photoactivity results of using these materials are very promising and seem to confirm
the positive influence of porosity on increased efficiency.

» Photoactive films on polymeric supports. The use of organic substrates has the advan-
tages of its light weight (which can be determinant in certain applications), its malle-
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Figure 84.  Left: Variation in TCE conversion with residence time for two different TiO2 coatings
(solid and hollow symbols) at different input concentrations: 30 (diamonds), 81
(circles), 142 (squares); Right: TiO2-coated plastic used in these tests.
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ability and its relatively low cost. If, moreover, UVA transparent materials like PET are
selected, then highly-efficient photocatalytic materials are sure to result. Nevertheless,
TiO2 deposition on such supports presents a considerable challenge, as these thermo-
sensitive materials cannot be used in calcination processes to attach and crystallize
the photoactive layer. Furthermore, due to the considerable hydrophobicity of the
organic materials, it is very difficult to fix homogeneous metal oxide films based on
aqueous sols to them. TiO2 photocatalytic activity itself and/or the effect of the radia-
fion could degrade the support that could eventually lose its tfransparency and/or
mechanical consistency. Therefore, in this study, an SiO; layer was proposed as a pro-
tective barrier shielding the support. Various strategies were tested to improve adhe-
sion including the addition of surfactants and deposition of loaded polymers that fos-
ter fixation of the inorganic films. The first results with these materials are quite promis-
ing and have recently been published [Sdnchez et al., 2006]. On example of the
photoactivity of these materials for the degradation of trichloroethylene over resi-
dence time is shown in Figure 84. it is important fo point out that these results show
that although TiO2 was not subjected to any high-temperature freatment, its effi-
ciency is comparable.

SOLAR SEAWATER DESALINIZATION

AQUASOL Project

The main goal of this European Project is the development of a hybrid solar/gas sea-
water desalination technology based on multi-effect distillation (MED) which complies with
the principles of energy efficiency, low cost and zero discharge.

The parficipants in the AQUASOL project are: CIEMAT (coordinator), INABENSA (Spain),
Ao Sol Energias Renovdveis (Portugal), National Technical University of Athens (Greece),
INETI (Portugal), Cajamar (Spain), Hellenic Saltworks (Greece), Las Cuatro Vegas Irrigation
Community of Almeria (Spain) and Weir-Entropie (France). The four-year project is divided
into two stages: a first research stage lasting two and a half years and a second demon-
stration stage lasting a year and a half. The project started officially in March 2002.

The AQUASOL Project focuses particularly on the technological development of three
basic poinfs:

1) Incorporation of a hybrid solar/gas energy source based on high-efficiency, low-cost
stationary compound parabolic collectors (CPC)
2) Develop an optimized double-effect absorption heat pump (LiBr/H20) for its installa-
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Figure 85. General AQUASOL desalination system flow diagram
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tion in the MED process which reduces the energy consumption required by a con-
ventional MED plant by half.

3) Reduce any kind of discharge from the disfillation process to zero by recovering the
salt from the brine.

In 2005, development of the demonstration phase continued concluding with the instal-
lation of all the subsystems that make up the AQUASOL desalination plant (stationary CPC
solar collector field, thermal storage tanks, gas boiler, double-effect absorption heat puma
and advanced solar dryer), as shown in the flow diagram in Figure 85.

The new double-effect (LiBr-
H20) heat absorption pump has
been noticeably improved over
the first prototype that was
tested at the PSA at the begin-
ning of the nineties. Contrary to
this last, in which steam conden-
sation produced in the low-
temperature steam generator
was performed directly in the
first effect of the MED plant, the
new one developed incorpo-
rates its own low-temperature
condenser, and all the heat
fransfer takes place in internal
heat exchangers. The heat
yielded by the pump absorber Figure 86. Double-effect absorption heat pump (LiBr-H20)
and the condenser increase the
enthalpy of a stream of water powering the first effect of the distillation plant. The use of
water as the heat transfer fluid to receive the heat supply from the pump favors the use of
hybrid supply schemes in which the final energy required by the desalination process can
come from the solar collector field and the absorption machine at the same time, the
proportions depending on the available solar resource at the time.

This year, the piping between all of the above subsystems was also installed, and so was
the design and implementation of the new conftrol system which makes it possible to op-
erate the entire plant (MED plant+heat pump) from a single panel. The data acquisition
system that monitors and evaluates data during experiments was also completed.

\"m '“I\\Tl.“‘hh"'M"\

Figure 87.  Front view of the MED distillation plant building, with the two thermal storage tanks,
the propane gas tank (right) and part view of piping.
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Figure 88. @ Advanced solar dryer developed in the AQUASOL Project

In the research stage of the AQUASOL Project, an advanced solar dryer was designed
fo increase the concenfration of the brine from the MED plant to the point of calcium
carbonate saturation (16°Be, Baumé scale). This design consists of three parallel con-
nected evaporation channels (4-m x 17-m), connected to each other, inside which the
brine circulates. These channels are provided with a plastic cover, a preheating section at
the inlet and a solar chimney at the other end to drive the air flow inside the channels. This
experimental device is installed at the Kalloni salt works (Island of Lesbos, Greece), prop-
erty of the Greek Hellenic Saltworks company. A fourth open-air channel has been added
on for the sake of comparison of the new solar dryer behavior. Simulafion models predict
an increase in evaporation efficiency 2.5 fimes open-air evaporation ponds in a conven-
fional salt works.

Figure 89 and Figure 90 show evaluation of the first experimental results from the
AQUASOL system. In the first one, distilled water production is shown with the correspond-
ing thermal energy consumption when the plant is operating in solar-only mode. For an
MED Plant first effect inlet temperature of 71.5°C, average product was 3.23 m3/h, and
specific consumption was 69.17 kWhi/m3. If the inlet temperature is reduced to 68.5°C,
then the average specific consumption of thermal energy falls to 67.8 kWhi/m3. The sec-
ond figure shows plant behavior in fossil-only mode with the heat pump, and it can be ob-
served how this device enables the performance factor to increase (kg of distillate pro-
duced per 2326 kJ thermal energy supplied to the system) from an average of 10 up to an
approximate 20 [Alarcon y col., 2005].
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Figure 89.  Distillate production and total thermal energy consumption in AQUASOL plant
(solar-only mode)
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Figure 90.  AQUASOL plant with the heat pump (fossil-only mode) performance factor

OSMOSOL Project

Activities in the new OSMOSOL Project (Solar thermal reverse osmosis desalination), fi-
nanced by the Ministry of Education and Science, began in 2005.

The main goal of this project is the development of an innovative technology based on
the application of solar thermal energy to desalination by reverse osmosis, which meets
the principles of both environmental sustainability and economic feasibility. For this it is in-
fended to use the thermal energy collected and concentrated by a solar device to feed
a thermodynamic cycle based on a fluid that evaporates at a relatively low temperature
and which, connected to a turbo compressor system, enabling direct transformation of
thermal energy into the mechanical energy required for osmosis.

RO MODULE
SOLAR

— | COMPRESSOR

TURBINE

CONDENSER

SALT WATER

. Working fluid, minimum temperature, maximum pressure [Ammonia, 30°C - 40 bar]

. Steam working fluid, maximum temperature and pressure. [Ammonia, 80°C - 40 bar]
. Steam working fluid, minimum temperature and pressure. [Ammonia, 30°C - 12 bar]
. Liguid working fluid, minimum temperature and pressure. [Ammonia, 30°C — 12 bar]
. Preheated salt water.

. High-pressure salt water.

. Brine.

. Product.

ONO~OTANWN —

Figure 91.  Generic reverse osmosis system connected to a solar engine. On the right,
states of working fluid throughout the cycle and temperatures and pressures for
a specific example (ammonia)
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The parficipants in the three-year OSMOSOL Project, which began in December 2005,
are: University of La Laguna (Coordinator), CIEMAT and the University Rovira i Virgili. The
specific objectives of this project are:

> Selection and modeling of a thermodynamic cycle to feed the reverse osmosis unit

(selecting the best thermodynamic boundary conditions).

Optimize the solar desalination system to desalinate both brine and sea water.

Select the various subsystems that make up the desalination system.

Develop and test a stationary solar collector optimized for this application.

Complete preliminary design of the technology developed for a 100-1000 m3/day sys-

tem with gas backup

Complete thermodynamic, technical, economic and environmental evaluation of

the solar osmosis system proposed.

» Comparison of the technology developed to other solar and conventional desalino-
fion technologies.

> Analysis of exploitation of results.

YV VY

Y

CHARACTERIZATION OF SOLAR RADIATION

Durante el ano 2005, las actividades relacionadas con el estudio y la caracterizacion
de la Radiacién Solar se han centrado en la participacién en Proyectos relacionados con
la:

> Medida de la radiacién solar.
> Estudio de la distribucion espectral de la radiacién solar.
» Tratamiento de imdgenes de satélite para cdlculo de la radiacién solar.

A continuacidén se describen en detalle las actuaciones mds relevantes referentes a es-
tas lineas de actividad.

ACCESS TO CIEMAT RADIOMETRIC INFORMATION

This project, financed by the ERDF, SPANISN  icaonessteavambinacs i s rerss oers Eoervacion e Rasioin st
National RD&l Plan and internal funding, re-
sponds to the desire for on-line access to
quality solar radiation data, basically for its
use as energy in the context of CIEMAT activi-
ties in general and the PSA in particular. The
project began in 2001 and will confinue unfil
2010, depending on the availability of funding
for its maintfenance.

Acceso web datos on-line

Estacidn Meteoroldgica CEDER

From 2001 to 2004, it mainly concentrated
on perfecting the information to be distrib-
uted, basically data from a new PSA radio-
metric station (high quality dating conforming
fo BSRN standards) and solar radiation data
from satellite image treatment.

Mapas de Eznafia de radiacidn solar

In 2004, a new radiometric station was also
installed at the CEDER (Soria), to improve sat- :
ellite image treatment models and the quality Figure 92. Information available on the web
of solar radiation databases in Spain.

With all of the above, the Solar Radiation Group at the PSA has information from the fol-
lowing three sources available to it:

1) PSA BSRN Radiometric Station:
From 2001 to 2003:

» The best site and locations of structural components were chosen
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» Instrumentation was chosen.
» The data acquisition system was configured

In 2004, the main action was related fo designing the database and implementing the
tools, and finally, in 2005, perfecting use of tools and filters.

2) Radiometric Station at the CEDER (Soria).

In 2005, information from this station was included in the data generated by the Solar
Radiation Group. Although it is not as completely instrumented, it is completely autono-
mous, because it is configured with very robust commercial components. The information
from this station is filtered weekly with external tools and uploaded to the main server.

3) Satellite Imaging.

This activity has been carried out in the context of the Spanish National Plan for RD&I
Projects since 1999. Up to 2004 it concentrated on:

Developing the methodology

Acquiring and perfecting the satellite databases
Acquiring and perfecting the terrestrial databases
Developing the imaging models

Applying the models developed to all of the images
Generating the results

YVVVVVYVY

In 2005, the information was adapted for consultation over the web. The main problem
consisted of providing the information from the Meteosat satellite images with a charac-
teristic projection making them usable with certain geographic coordinates.

At the present time, the application has 66 users:

> 4 administrators (2 at the PSA and 2 in Madrid). With complete data acquisition sys-
fem and database access, modification and usage control privileges. This includes
access to data recorded every second.

> 25 PSA/CIEMAT users with access to average minute data (mean, minimum, maxi-
mum and standard deviation) of variables recorded at the measurement stations.

» 37 outside users with access to hourly and daily data from measurement stations.

|I\l‘les ‘Valor Radiacion
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|Marzo ‘4.44
| Abril 5.35
|Mayo 5.94
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Medias mensuales de radiacién referenciadas al uso 30:
|Octubre  3.62

TN ﬁm Mk s: 25000 Ml s $20000 |Noviembre ‘2.52
W | Diciembre ‘ 1.85
LT Wi mn: FHTE000 Mo o S0S0000

Consultar Almeria, 12 de Mayo de 2006

Plataforma Solar de Almeria

Ciemat

Figure 93. Access to solar radiation calculated Figure 94. Presentation of monthly average daily
from satellite images global radiation on horizontal surface
(in kWh/m2/day) at a specific site.
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MEDERAS PROJECT

The complete name of this project, which receives funding from the Spanish National
RD&I Plan, is *“Measurement of the Spectral Distribution of Solar Radiation and Characteri-
zation of its Influence on Photovoltaic Generation by Different Technologies?”. In the con-
text of this project, launched in the second semester of 2005, the following main goals
were pursued:

> Development of automatic spectral measurement filiration and classification method-
ologies

Starting with the operation of the PSA spectroradiometer, there is now an extensive so-
lar spectral radiation database. 2 of these spectra are recorded automatically for each
of the solar radiation components every hour from sunrise to sunset. In contrast, the major-
ity of spectral information is recorded only in specific campaigns where the volume of in-
formation is much smaller, and cannot be filtered or visually checked. In this case, the
need for filtering is must be met automatically, and there are no tools developed for it.

> Validation of global, diffuse and direct normal spectral solar radiation models

There are several spectral models available, but they were developed with certain
starting hypotheses. In the context of this project, these models were validated in the at-
mospheric conditions recorded during the measurement campaign.

» Characterization of local atmospheric parameters from spectral distribution of solar ra-
diafion in the desert of southeastern Spain.

Spectral information is an important source of information for characterizing local at-
mospheric parameters. These parameters, which in furn determine the solar radiation that
reaches the Earth's surface at a specific site, are insufficiently developed in desert atmos-
pheres like the one af the PSA.

» Characterization and analysis of the influence of the spectral distribution of solar radio-
fion on different fechnologies.
Another of the outstanding goals of this project concentrates on the influence of the
distribution on solar energy applications. To date, the influence best characterized is the
effect of the spectral distribution on photovoltaic generation. In the context of this project,
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Figure 95. Spectral measurements recorded at the PSA.

2 “*Medida de la Distribucién Espectral de la Radiacién Solar y Caracterizacién de su Influencia en la
Generaciéon Fotovoltaica por Distintas Tecnologias™
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photovoltaic panels with different technologies were installed along with solar spectral ro-
diation measurement devices in order to quantify the relationship in each case.

This project has been invited to present an extension, enlarging the study of the effect
of spectral distribution on other technologies using solar radiation.

PROJECTS IN COLLABORATION WITH COMPANIES BUILDING SOLAR POWER
PLANTS

In 2005, as a result of the socio-political situation in the Spanish power market, the num-
ber of solar power plant projects has begun to grow considerably in Spain. To the extent
that increased activity in this sector requires better knowledge of solar radiation as an en-
ergy resource, it is beginning to have an interest as relevant to cost-benefits studies as any
other business activity.

During the year, numerous contacts were made with companies that have finally ma-
terialized in technical assistance and three Collaboration Agreements. Due to the confi-
dential character of these relations, below only the content of the agreements are de-
scribed with a symbolic name.

COLLABORATION AGREEMENT A

This agreement with a Solar Power Tower Plant (in the framework of a European Project)
is for the Solar Radiation Group to perform the following tasks:

1) Selection of the plant site and the measurement station

2) Configuration of the measurement station and assistance in its installation
3) Filtering and analysis of data recorded

4) Long-term extrapolation of measurements using satellite estimations

5) Generation of representative series for energy applications studies

In 2005, work on Tasks no. 1, 2 and 3 were completed, and satellite imaging and gen-
eration of the model for the fourth task have begun.

COLLABORATION AGREEMENT B

In this case, collaboration is with a builder of Photovoltaic Farms. The purpose is mainly
supply and treatment (by CIEMAT) of all information available on the solar radiation poten-
fial at specific sites in which this company is inferested in building a particular project. In
addition to treatment of the measurements available, the results from satellite imaging will
be used and adapted to the study site. This collaboration includes supply by CIEMAT fo
both investors and financial entities of any scienfific and ftechnical documentation re-
quired for finding the solar radiation potential.

COLLABORATION AGREEMENT C

This agreement with a company promoting both types of facilities mentioned in
Agreements A and B, includes all of the tasks mentioned above. Assistance will therefore
be given in the configuration and installation of the measurement station, and a study of
the incident solar radiation on the collector surface plane for the technology being used
at each particular plant (direct radiation, global radiation on inclined surfaces, and global
radiation with fracking). The methodologies used are different in each case, adapted to
the particular needs of each initiative.

These collaboration agreements require the complete dedication of technicians for
each one of them, so they can be kept confidential and there is a constant response ca-
pability. In 2005, the maximum dedication possible in this matter was reached, and this
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sifuation is expected to contfinue through 2006 based on the confractual relationships ac-
quired.

PSA Infrastructure and Meteorological Station

The Plataforma Solar de Almeria (PSA) radiometric and meteorological station is lo-
cated at Latitude 37°5'N Longitude 2°21'W and at an alfitude of 497 m above sea level.
The PSA is between the Sierra de Filabres Mountains to the North, the Sierra de Gdador
Mountains to the Southwest and the Sierra de Alhamilla to the South, with maximum eleva-
fions over the horizon of 5.2°, 2° and 4.2° respectively, in a semiarid climate.

The sensor signals are recorded every second and, from that data sample, the hourly
averages are obtained. Wind speed and direction measurements are found after conver-
sion fo their Cartesian coordinates.

This meteorological report was prepared with data collected during 2005 at this radio-
meftric and meteorological station. In all the graphics show GMT time. The average data
corresponding to the months of January and July are shown because they are the most
representative months in winter and summer, respectively.

SOLAR RADIATION

Figure ?6and Figure 97 show the monthly average hourly direct and global irradiation,
where it may be observed that the highest average direct irradiation is at midday en the
month of January and in the summer months of June and July. Values are high, although
not as high as these, at midday in April. The maximum direct irradiance was recorded in
2005 1113 W/m2 on February 14th at 1 p.m. (GMT). The annual daily average direct irradia-
fion was 5717 Wh/m2day, with 6860 Wh/m2day in January, and 8400 Wh/m2day in July.

Figure 97 shows the highest average global irradiation at midday in the summer months
of June and July. Values are also high at midday in the month of April. This high global and
direct radiation in April is attributable to a very fransparent atmosphere at that time of
year. The maximum global irradiance recorded in 2005 was 1268 W/m2, on May 22nd aft so-
lar noon. The annual average daily global irradiation was 5145 Wh/m2day with
3350 Wh/m2day in January and 8020 Wh/m2day in July.

1 ‘. E !

T 8 8 M 11 12 13 14 15 16 17 1 13 20
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Figure 96.  Profile of monthly average Figure 97.  Profile of monthly average
hourly direct radiation (Wh/m?2) hourly global radiation
in 2005
TEMPERATURE

Figure 98 and Figure 99 show the monthly average, maximum and minimum tempera-
tures and profile of monthly average of hourly temperatures, respectively. Maximum tem-
peratures recorded were 42.0°C on the 2-m-high sensor and 41.1°C on the 10- m-high sen-
sor, both on July 17th after solar noon. The minimums are -5.7°C and -4.2°C at 7 a.m. (GMT)
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Figure 98.  Plot of monthly maximum, Figure 99.  Profile of monthly averages of
average and minimum hourly temperatures.
temperatures.

on January 27, In January, the monthly average at 2 m was 8°C and at 10 m was 9°C. In
July, the monthly average was 27°C at both heights. The annual average is 17°C.

The figure shows the inertia of high temperatures that are prolonged during the summer
afternoons, especially in the month of July. The temperatures at solar noon are also very
stable during the months in January and February.

RELATIVE HUMIDITY

Figure 100 and Figure 101 show the monthly average, maximum and minimum and pro-
file of monthly average of hourly humidity, respectively, at 2 m. The maximums recorded
were 93.6% on the 2-m-high sensor at 9 a.m. on March 20- 2005 and 95.1%, recorded at the
same time on the 10-m sensor. The minimums of 6.0% and 5.1% were both recorded at 3
p.m. (GMT) on June 30t. In January, the monthly average at 2 was 56% and at 10 m, 55%.
In July, the monthly average at 2 m was 40% and at 10 m 42%. The annual average is 53%
at both heights. Figure 6 shows the lowest humidity concentrated at midday in the months
of May, June and July. The highest humidity was recorded at night in the transition seasons,
spring and autumn.
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Figure 100. Plot of monthly maximum, aver- Figure 101.  Profile of monthly averages of
age and minimum humidity. hourly humidity

Figure 102 shows the monthly minimum, average and maximum wind speeds recorded
at 2m and 10. The strongest gust of wind, recorded on the anemometer at 2 m on the
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morning of November 26, was 17.1 m/s (61.6 km/h). The strongest gust at 10 meters was
19.9 m/s (71.6 km/h), recorded on the morning of February 15,

Figure 103 shows the profile of the monthly average hourly wind speed at 2 m. It may be
seen in this figure how the nights are usually very calm and the wind picks up from midday
onward.
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the surrounding mountains.

Figure 104. Porcentajes de ocurrencias de la direccion
de procedencia del viento en el 2005.
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On June 10" we re-
ceived a visit from Mr.
Hinrichs-Rawles, Director of
the ‘Central Department’
of the German Ministry of
the Environment and Nu-
clear Safety (BMU). This de-
partment is in charge of
BMU activities related to re-
newable energies and cli-
mate protection. The rea-
son for the visit was to ac-
quire first-hand information
on joint DLR and CIEMAT re-
search activities af the PSA.

Figure 106. Mr. Hinrichs-Rawles expressed BMU interest in our
activities

On July 9, we were awarded the Fundacion Terra ‘Sun and Peace 2005 prize for “Col-
lective Work”. The prize was awarded at the “Encuentro Solar 2005" meeting which took
place in the Parque de las Ciencias in Granada, and was attended by the Counselor for
Education of the Andalusian Government, Ms. Candida Martinez Lépez.

Figure 107. Photo of the Counselor with all the prize winners
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On July 13th, we received a visit from the Minister of the Environment, Ms. Cristina Nar-
bona Ruiz and the then Secretary of the State for Universities and Research, Mr. Salvador
Orddnez Delgado.

Both celebrities were received by the Director General of the CIEMAT, Dr. Juan Antonio
Rubio Rodriguez and by the Director of the Department of Energy, of which the PSA is a
dependency, Mr. Cayetano Lépez Martinez.

They were shown all the PSA test facilities, with special attention to those related to solar
water treatment.

Figure 108. The Director General of CIEMAT Figure 109. Visiting the desalination pro-
welcoming the Minister ject facilities

This year another step in strengthening collaboration with the University of Almeria was
taken with the inauguration of the CIESOL Building on the La Canada Campus.

Mr. Cayetano Lopez, Director of the CIEMAT Department of Energy and Mr. Alfredo
Martinez Aimécija, Rector of the UAL, presided at the inauguration ceremony of the build-
ing housing the mixed CIEMAT-UAL center. This building will be devoted to laboratories,
meeting rooms and classrooms for courses given by both institutions.

N

Figure 110. The official inauguration Figure 111.  From left to right: Amadeo Rodriguez
(UAL-CIESOL Director), Alfredo Martinez
(Rector of the UAL), Cayetano Lépez
(Director of the CIEMAT Department of
Energy) and Sixto Malato (Asst. Director
CIEMAT- CIESOL)
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AOP
ASP
BMU
BOD
BOE
BOP
BSRN
CASA
CCD
CEA
CESA-1
CHA
CICYT
CIEMAT

CNRS
COD
CPC
CRS
CRT
DCS
DEAHP
DER
DISS
DLR
DSG
EC
EPFL

advanced oxidation process

active server page

German Ministry of the Environment

Biological Oxygen Demand

Boletin Oficial del Estado (Official State Bulletin) (E)
balance of plant

Baseline Surface Radiation Network
Construcciones Aeronduticas S.A.
charge-coupled device

Commissariat for Atfomic Energy (F)

Central Eléctrico Solar Aimeria-1

Spanish-German Cooperation Agreement
Comision Interministerial de Ciencia y Tecnologia (E)

Centro de Investigaciones Energéticas Medio Ambientales y
Tecnoldgicas (E)

Centre National de la Recherche Scientifique (F)
chemical oxygen demand

compound parabolic collector

central receiver system

central receiver technology

distributed collector system

double effect heat absorption pump
Renewable Energies Dept. (CIEMAT)

Direct Solar Steam

Deutsches Zentrum fur Luft- und Raumfahrt e.V. (D)
direct steam generation

European Commission

Ecole Polytec. Federale de Lausanne (CH)
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ERDF
ETH

EU

FID
HCSTE
HDPE
HTF
ICP-CSIC

IEA
IMP
INETI
IPHE
IR
ITC
LECE
LFC

MBB

MED
MTEQOS
MHD
MIMs
MPC
NPSH
NTUA

OPC
ORP
PAR

PDVSA
PROHERMES I
PSA

PSI
PTC
PROFIT

SCSuU
SEGS
SBP
SENER
SHIP
SODIS
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European Regional Development Fund

Swiss Federal Institute of Technology Zurich (CH)
European Union

Flame ionization detector

High-Concentration Solar Thermal Energy Group (PSA)
High-density polyethylene

heat transfer fluid

Instituto de Catdlisis y Petroleoquimica — Consejo Superior de Investiga-
ciones Cientificos (E)

International Energy Agency

isolated measurement pod

Instituto Nacional de Engenharia e Tecnologia Industrial (P)
International Partnership on Hydrogen Economy

infrared

Institute of Ceramics Technology, Castellén (E)

Laboratorio de Ensayo Energético de Componentes de la Edificacién
linear Fresnel collector

Messerschmitt Bolkow-Blohm

multi-effect desalination
methyltriethoxysilane
Magnetohydrodynamic

monolithic integrated modules

model predictive control

net positive suction head

National Technical University Athens (GR)

OLE for process control
oxidation/reduction potential
photosynthetically active radiation

Petréleos de Venezuela, S.A.
Programmable Heliostat and Receiver Measuring System |
Plataforma Solar de Almeria

Paul Scherrer Institut
parabolic-trough collectors

National Scientific Research, Development and Technological Innova-
tion Plan

Solar Concentrating System Unit (PSA)
Solar Electric Generation Systems
Schlaich Bergermann und Partner
SENER Ingenieria y Sistemas S.A.

Solar Heat for Industrial Processes (IEA)

solar disinfection
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SolLAB
SPB
SSPS
STP
DC
TOC
TSA
UAL
UNED
UVA
uvB
vOC
WFD
WIS
WMO
WTP
LSW

Associated European Solar Energy Laboratory
Schlaich Bergermann und Partner

Small Solar Power Systems project (IEA)

solar thermal power

temperature dependence curves

total organic carbon

Phoebus Technology Program Solar Air Receiver
University of Almeria

National University for Education by Correspondence (E)
ultraviolet-A radiation

ultraviolet-B radiation

volatile organic compound

Water Framework Directive 2000/60/EC
Weizman Institute for Science (IL)

World Meteorological Organization

Water tfreatment plant

Zentrum fUr Sonnenenergie- und Wasserstoff-Forschung
Baden-Wurttemberg (D)
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