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Foreword
June 2010
Hello All,
We are at a critical point in the evolution of CSP projects around the world.
The global financial crisis has created an environment of “tight” investment
capital and uncertain government incentives. We are starting to see consolidation
in the solar industry. The cost of photovoltaics is rapidly decreasing and many
analysts think that they will continue to do so. The photovoltaics industry has
recently targeted utility-scale solar markets for development. At the same time in
the U.S., there is a “pent up” backlog of CSP projects with signed power purchase
agreements in excess of 9 GW. The first of these, the 280 MW Abengoa Solana
project in Arizona has just been approved but many others are awaiting
notification of a Department of Energy Loan Guarantee before they can proceed
to secure financing and start construction by the end of 2010. Starting
Tom Mancini
construction by the end of the year is important because it enables a direct
Chairman, SolarPACES
payment of the 30% investment tax credit from the U. S. Treasury to the project.
Executive Committee
In Spain where approximately 900 MWs of projects are under construction and
another 1.2 GW are on the Registration List, discussions are ongoing about the
status of existing projects and the future of the feed-in-tariff. Frequently, I have the opportunity to meet with CSP
project developers and, in spite of all that is going on, I hear that they are absolutely committed to building their projects
because it is the right thing to do to combat global warming. Elsewhere around the world, we welcome the emergence
of potential large new markets in the Middle East and North Africa Region (MENA) as well as China and India where
we believe there is huge potential for the development of CSP projects.
SolarPACES membership is currently 16 countries and this year we welcomed the first industry member to our
Executive Committee (ExCo). Brazil recently accepted our invitation to rejoin SolarPACES and China, India, Portugal,
Turkey, Morocco, Tunisia, Chile and Libya have all inquired about membership in the Implementing Agreement. Last
September, we held a very successful symposium in Berlin with 32 sessions, more than 200 papers, and over 700 people
registered for the conference. At a time of increasing numbers of CSP Conferences around the world, the SolarPACES
Annual Symposium remains the most complete and comprehensive CSP technical conference. At our last ExCo meeting
on Jeju Island, Republic of Korea, the SolarPACES ExCo approved the new implementing agreement, agreed to a
process wherein we can invite industry to join SP, and voted to accept Mitsubishi as our first industry member. We
continue to grow and to find areas where we can add value to our members and bring CSP technologies to commercial
markets.
This Annual Report reflects a number of changes in the ship we know as SolarPACES. We’ve trimmed our sails
and altered our course in response to our new Strategic Plan wherein our emphasis has been expanded to include market
development and increasing awareness of CSP technologies. International cooperation in technology development
remains at the heart of our activities but we fully realize that CSP technology development means that we need to help
enable the application of carbon-free, CSP solutions to our global climate change problem. The second part of this
report includes an excerpt of the recently published CSP Roadmap developed by the IEA’s Renewable Energy Division
(RED). This is one of many clean energy roadmaps being developed by the IEA in response to a request from the G8. I
want to personally thank Cedric Philibert, who served as the lead author of the CSP Roadmap, for the way he engaged
SolarPACES and for producing an important document that clearly establishes CSP as one of the renewable energy
solutions in our arsenal in the battle with GHGs.
We are told that the financial crisis is easing and that capital will be available; I certainly hope that that this coming
year will find new CSP construction activities in Spain, the U. S., and at other locations around the world. In closing, I
want to invite all to our Symposium in Perpignan in September; you can find more information on the Symposium at its
dedicated website: www.solarpaces2010.org.
Best Regards,

SolarPACES Chair
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REPORT OF THE SOLARPACES EXECUTIVE COMMITTEE FOR 2009

1.1

1 Report of the SolarPACES Executive
Committee for 2009
Christoph Richter
IEA SolarPACES
Executive Secretary

Part 1 of this Report, which gives an overview of results and achievements of the SolarPACES Implementing Agreement in 2009, is submitted to the IEA by the
SolarPACES Executive Committee.
Part 2 is an excerpt of the recently published CSP
Roadmap from the IEA and gives an outlook on the
global future potential for Concentrating Solar Technologies and the required measures to realize this.
The more detailed, technically substantial, nonproprietary information on the progress of SolarPACES
projects and their results are given by the five SolarPACES Operating Agents in Parts 3, 4, 5, 6 and 7 of
this report.
As in previous years, it is also the aim of the Annual
Report for the year 2009 to inform member country
institutions and partners inside and outside the IEA on
progress in developing Concentrating Solar Technologies (CST) for near and long-term competitive markets.
In this sense, this report exceeds the formal IEA reporting requirements.

1.1 Objectives, Strategy and
Scope
The objectives of the IEA SolarPACES Strategic
Plan expanded the role of the Implementing Agreement
from one that focused on technology development to
one addressing the full range of activities necessary to
IEA SolarPACES
VISION
IEA SolarPACES
MISSION

IEA SolarPACES
STRATEGY

overcome barriers to large-scale adoption of concentrating solar technology. The primary objectives of the
Strategic Plan are to:
1. Support TECHNOLOGY development,
2. Support MARKET development, and
3. Expand AWARENESS of the technology.
In the Strategic Plan, SolarPACES has chosen to
expand its outreach and market development related
activities in recognition of the impact that increased
utilization of concentrating solar power (CSP) systems
will have on global climate change; the increased interest by developing countries in SolarPACES; the changing needs of the CSP industry; the revision of the
REWP’s strategy; and accelerated means of communication through the internet.
Specific examples of expanded outreach and market
development are:
 In 2007, the CSP Global Market Intiative, begun in
2002 by SolarPACES, joined forces with the EMPower project, sponsored by the United Nations Environment Program (UNEP) Global Environment
Facility (GEF), the KfW (German Development
Bank), the Solar Electric Power Association (SEPA)
and the German Ministry for Technical Cooperation
and Development (BMZ).
 Reaching out to other IEA Implementing Agreements, SolarPACES has extended its collaboration

Our vision is that concentrating solar technologies contribute significantly to the delivery of
clean, sustainable energy worldwide
Our mission is to facilitate technology development, market deployment and energy partnerships
for sustainable, reliable, efficient and cost-competitive concentrating solar technologies by providing leadership as the international network of independent experts
Our strategy is to:
 Coordinate and advance concentrating solar technology research by focusing on the next
generation of technologies;
 Provide information and recommendations to policy makers;
 Organize international conferences, workshops, reports and task meetings in order to facilitate technology development and market deployment;
 Provide opportunities for joint projects in order to encourage energy partnerships between
countries;
 Develop guidelines and support standards in order to increase the transparency of the market and reduce risks associated with project development;
 Manage the undertaking of independent studies of strategic interest;
 Leverage our activities with other IEA implementing agreements and renewable energy
organizations.
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to the PVPS and SHC implementing agreements on
the crosscutting issues of solar resource assessment
and the application of CSP technologies for industrial processes.
 Recently, SolarPACES responded to an invitation to
participate in the IEA Office for Energy Technology
and R&D Gleneagles program of work for the proposed Climate Change, Clean Energy and Sustainable Development Initiative. Of the G8 Plus Five
countries, six are active participants in SolarPACES
(France, Germany, the United States, Mexico, Italy,
and South Africa), and three other countries have
participated in the past (Brazil, Great Britain and
Russia).
The IEA SolarPACES Vision, Mission and Strategy
are described in the IEA SolarPACES Strategic Plan
and were updated at the ExCo Meeting in November
2008 in Almería, Spain, as shown in the box above. The
IEA SolarPACES vision and mission statements focus
on overcoming the technical, nontechnical, institutional,
and financial barriers to the deployment of CSP technologies.
Technology development is at the core of the work
of SolarPACES. Member countries work together on
activities aimed at solving the wide range of technical
problems associated with commercialization of concentrating solar technology, including large-scale system
tests and the development of advanced technologies,
components, instrumentation, and systems analysis
techniques. In addition to technology development,
market development and building of awareness of the

Figure 1.1.
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potential of concentrated solar power are key elements
of the SolarPACES program.
The scope of IEA SolarPACES is cooperative research, development, demonstration and exchange of
information and technical personnel, for solar power
and chemical energy systems. The scope of subjects
undertaken is shown in Figure 1.1, by solar concentrating and conversion process.
IEA SolarPACES collaboration extends from concept development in the different solar thermal disciplines, to laboratory research, prototype development,
pilot scale demonstrations and final product qualification.
A few examples given here will illustrate the range
of the work of SolarPACES. Cooperative development
and testing of key solar components, including advanced concentrators and receivers, which has helped
reduce the costs and improve the reliability of concentrating solar technology. System tests of pilot-scale
plants, such as the 10-MW Solar Two power tower in
the United States and the DISS trough system in Spain
have demonstrated the performance and reliability data
needed to predict commercial plant performance. Similarly, cooperation on system operation and maintenance
has led to reduced costs at the commercial Kramer Junction parabolic trough plants in the United States, and
will help ensure cost-competitiveness at future concentrating solar power plants. The SolarPACES "START"
(Solar Thermal Analysis, Review and Training) team
missions have assisted in the introduction of concentrating solar power in developing Sunbelt countries. By
sending an international team of experts, independent

Scope of CSP research, development and demonstration work
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technical advice has been made available to interested
countries including Egypt, Jordan, Brazil, Mexico and
Algeria. START missions to Algeria, Egypt, and Mexico have already contributed to the first phase of planning concentrating solar power plants in these countries.
In solar chemistry research, where the commercialization goals are more long-term, SolarPACES has succeeded in building and promoting international interest,
defining research priorities, and facilitating cooperative
international research.

1.3

and utilities. Furthermore, the ExCo has invited special
guests from industry, utilities, financial institutions and
regulatory bodies to most of its meetings. Details are
given in the SolarPACES Annual Reports. This has
been intensified by introducing a special “Host Country
Day” in the ExCo meeting agenda, where energy policy
mak ers, utilities and industry are invited to report and
discuss the host country’s CSP project perspectives.
Industry and utility partners are actively participating in the Tasks and their technical meetings and seminars, as reported in detail in the SolarPACES Annual
Reports. Since the announcement of renewable electricity incentive programs in the European Union, industry and utility participation in the task meetings has
increased sharply. At the last task meetings, over a
dozen private firms were represented. At the last Symposium, about half of the over 700 participants came
from industry and utilities. Industry actively participates
in SolarPACES Tasks and other activities as partners.
Task I, which focuses on CSP systems and is most
closely related to market and near-term demonstration
projects, is the most prominent example. Industry is
responsible for over 50% of the information sharing
projects. With the approval of the new IEA Framework
for International Energy Technology Cooperation,
which admits industrial sponsors to Implementing
Agreements, further industrial participation is expected.

1.2 Participation of Countries,
R&D Institutions, Utilities
and Industry
As of December 2009, 16 countries, or organizations designated by their governments, participate in
IEA SolarPACES as shown in Table 1.1.
The SolarPACES Implementing Agreement has attracted non-IEA member countries, Algeria, Egypt,
Israel, Mexico, South Africa and United Arab Emirates
which possess excellent solar resources for the application of solar concentrating technologies. Task Participation is shown in Table 1.2 debajo de.
Cooperation with industry is a key element in the
SolarPACES activities. Those countries that have nominated industry or utilities as the contracting party are
represented in the ExCo by representative companies

Table 1.1. SolarPACES Contracting Parties as of December, 2009
Country

Represented by

Govt.

R&D
Institute

Industry

Electric
Utility

ExCo Member

Algeria

NEAL

X

Badis Djerradi

Australia

CSIRO

X

Wesley Stein

Austria

BMVIT

x

Theodor Zillner

Egypt

NREA

X

Salah El Din Abd El Rahman

DG-RTD
DG-TREN

X

Rolf Oström
Pietro Menna

European
Union

CNRS

X

Alain Ferriére

Germany

DLR

X

Robert Pitz-Paal

Israel

WIS

X

Michael Epstein

Italy

ENEA

X

Massimo Falchetta

IIE

X

Jorge Huacuz Villamar

KIER

X

Chang-Hyun Jeong

France

Mexico
Republic of Korea
South Africa

ESKOM

Spain

CIEMAT

Switzerland
United Arab Emirates
United States of America

BfE

X

Department of
Energy

Diego Martínez Plaza

X

Stefan Oberholzer

X

MASDAR

X
X

Louis van Heerden

Mohamed al Zaabi

Frank Wilkins
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Table 1.2.

Active Task and Participation. (X) is Task Operating Agent

SolarPACES Task ALG

A

AUS

EC

EGY

F

D

I

IL

KOR

MEX

ZA

E

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

(X)

X

I.

CSP
Systems

II.

Solar
Chemistry

III

Technology
and
Advanced
Applications

X

Solar
Resource
Knowledge
Management

X

X

X

X

Solar Energy
And Water
Processes
And
Applications

X

X

X

X

V

VI

SOLARPACES

X

X

The nature of the CSP technologies, with their large
concentrator fields, receivers and storage systems, implies intensive collaboration with industry in all stages
of development, from initial conceptual engineering to
prototype development, and to large-scale demonstration. The CSP cost reduction strategy builds on progress
in R&D and mass manufacturing by industry. The potential for this has grown exponentially during recent
years. In 2009, several new CSP plants have started
operation in Spain, the currently most active market
with a project pipeline of more than 2 GW. Further
potential for increased deployment of CSP is present
now in many countries in all five continents, resulting in
a total of over 15 GW global CSP capacity in different
stages of project development. The Southwest United
States alone is expected to see very dynamic growth of
CSP plants during the next few years with a cumulative
capacity of nearly 10 GW.
In Germany the Desertec Industrial Initiative (DII)
launched in 2009 with growing participation of major
companies in Europe and North Africa further increased
the potential future market. This initiative intends to
prepare the way for the large-scale construction of CSP
plants in the great deserts of North Africa and the Middle East plus the necessary interconnection to the power
grids in these regions. This extension of Solar Electricity generation capacity along with a future interlinked
High Voltage Direct Current (HVDC) Supergrid would
allow the endless solar potential of the deserts to be
tapped, providing the local electricity supply as well as
feeding up to 15% of Solar Electricity into the European
Market.

X

X

X

X

X

CH

X

(X)

X

X

X

X

X

(X)

UAE

USA

X

(X)
X

X

X

X

(X)

1.3 The SolarPACES Work
Program
SolarPACES member (contracting party) activities
are carried out through cooperative research, technological development and demonstration, and exchange of
information and technical personnel. As the nature of
electric power technologies would imply, the parties
involved comprise governments, public research institutions, industrial suppliers, electric utilities, and international financing entities. They all cooperate by means
of information exchange, formal and informal initiation
of joint or national activities – task-shared as well as
cost-shared – and also by sharing the costs of mutually
agreed-upon activities. In the period under review, the
work within IEA SolarPACES was structured in the
five main Tasks with a number of Subtasks as shown in
Figure 1.2. Tasks IV and V are collaborative activities
with the Solar Heating and Cooling (SHC) and the Photovoltaic Power Systems (PVPS) Implementing Agreements. Task IV was completed in 10/2007. For detailed
information on task organization and results of work
please refer to the respective chapters in Parts 3 – 8 of
this report.
The collaboration that was earlier focused on Research, Development and Demonstration is now increasingly also emphasizing large-scale worldwide deployment. The new Task VI on "Solar Energy and Water
Processes and Applications" will provide the solar
energy industry, the water and electricity sectors, governments, renewable energy organizations and related
institutions in general with the most suitable and accurate information on the technical possibilities for effectively applying solar radiation to water processes, replacing the use of conventional energies.
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Figure 1.2.

1.5

Organization of Work within the SolarPACES Task Structure

1.4 Coordination with Other
Bodies
SolarPACES is the only agreement and international
program working on Concentrating Solar Power technologies. The SolarPACES ExCo represents delegates
from national CST (concentrating solar technology)
programs with a composite budget of 60-70 million
USD per year and is the only international, multilateral
umbrella for CST cooperation.
In Europe and in the US, industry with an interest in
CST has associated in their respective industry associations—ESTELA (European Solar Thermal Electricity
Association) and SEIA (Solar Energy Industry Association of the USA). SolarPACES is cooperating closely
with these associations (e. g. CSP Outlook 2009, Preparation of SolarPACES 2009 Conference).
Neighboring technologies are general solar utilization and power generation technologies. In this field,
SolarPACES is cooperating closely with the International Solar Energy Society (ISES) and its national
associations by contributing regularly to their conferences and journals. SolarPACES also contributes regularly to the international power industry conferences
like PowerGen and others.
Special acknowledgement is due the European Union and its support of transnational CSP projects within
Europe, like INDITEP, DISTOR, SOLHYCO,
SOLASYS, SOLREF, SOLZINC, HYDROSOL, AndaSol, PS10 and SolarTres. The information on these
projects has been shared with the non-European SolarPACES partners.
SolarPACES also gave special support to the World
Bank Solar Initiative with in-kind contributions by the

contracting member institutions to project identification
studies in Brazil, Egypt, and Mexico, and to the World
Bank’s Cost Reduction Study.
Proactive cooperation with the IEA Renewable
Energy Division has continued and increased, together
with other renewable implementing agreements, developing the IEA RD&D priorities, participating in the
REWP seminars, dedicated Renewable Energy Workshops and contributing input to IEW publications like
the World Energy Outlook (WEO) and Energy Technology Perspectives (ETP). Specific input and reviewing effort during 2009 and beginning of 2010 was given
to the IEA CSP Roadmap, whose preparation was
launched with a specific workshop during the 2009
SolarPACES conference.
Proactive cooperation is currently ongoing within
Task V for “Solar Resource Knowledge Management”
with the SHC and PVPS Implementing Agreements.

1.5 Information Dissemination
The key SolarPACES event for information dissemination is the now annually International Symposium
on Concentrating Solar Power and Chemical Energy
Systems, the international forum where scientists, engineers, users and students learn about the latest advances
in concentrating solar technology.
The 15th Symposium, held from September 15th –
th
18 2009 in Berlin, Germany, confirmed with more
than 700 participants, including a growing share of
participants from industry, the dynamic growth in participation seen in the other recent Symposia, and confirmed also the decision to switch the schedule to an
annual event. An impression of the event and the international composition of participation are shown in Figure 1.3. (See box with graph and photo next page),
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Figure 1.3.
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Participation and Participants at 15th SolarPACES Conference in Berlin

SolarPACES publications on CST and sharing national CST publications through SolarPACES-wide
distribution lists have become another important means
of information sharing. The SolarPACES Annual Report 2008 was published and distributed among the
SolarPACES members and the participants of the 15th
SolarPACES conference, totaling over 1000 interested
experts worldwide, giving detailed literature references
and contact addresses to encourage further cooperation.

stalled to increase the possibilities for online cooperation.

1.6 SolarPACES Awards
The 15th SolarPACES conference also set the stage
for the first SolarPACES Awards to honor the personal engagement of individuals and institutions that significantly contribute to the deployment of CSP technology.
Two types of Awards can be given:
Technological Innovation Award for innovations
relevant to a more rapid deployment of CSP technology
through:





Figure 1.4. CSP Outlook 2009 and Solar Fuels.
(Download:
www.solarpaces.org/Library/library.htm)

Furthermore, in collaboration with Greenpeace and
ESTELA the CSP Outlook 2009 was launched, showing
the high potential of CSP contribution to the world´s
electricity demand until 2050. Another specific publication is the Solar Fuels brochure, which gives an overview of the different pathways for thermochemical
generation of Solar Fuels using concentrating solar
technologies and their future perspective for application.
The SolarPACES website at www.solarpaces.org
has been redesigned during 2009 and increased the
access and download capacity. It has now monthly
around 50000 visitors and several hundred downloads
of the recent publications of 2009. For the internal use
of SolarPACES members, a sharepoint site was in-

Performance/cost ratio increase
Improved manufacturing technology
Better component lifetime
Improved environmental profile

The innovation should be realized at least in technical prototype and its characteristics should have been
published according to scientific standards.
The first Technology Innovation Award was given
to the team of Dr. Eckhard Lüpfert, Dr. Klaus Pottler,
Dr. Steffen Ulmer, Dr. Marc Röger and Dr. Björn Schiricke, from the Solar Research department at the DLR

Figure 1.5. Award Winners:
E. Lüpfert, S. Ulmer, B. Schiricke, M. Röger
and M. Becker with R. Pitz-Paal (Conference
Chair) and A. Häberle (Organizing Team)
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Institute of Technical Thermodynamics for their work
in the field of measurement and qualification methods
for concentrating solar collectors.
Lifetime Achievement Award
This award honors personal contributions to the successful development and implementation of CSP systems of an individual throughout a major phase of
his/her life. Criteria are:

21st

 Acknowledged leadership in research or management in the field of CSP technology
 Long term commitment in this field
 Promotion of international cooperation

27th

The 2009 Lifetime Award winners in recognition of
their decade long contributions to the development of
CSP technology were Dr. Manfred Becker, formerly
Head of the Energy Technology division at DLR, and
Dr. Paul Kesselring formerly Head of Laboratory for
Energy and Process Technology at PSI,

1.7 Overview of 2009 Activities
The calendar of general SolarPACES-related activities in 2009 is summarized below. For specific task
activities please refer to the respective chapters of this
report.
January
15th
February
26th

March
23rd
24th- 25th
April
2nd

“Concentrating Solar Energy”, Presentation
University Bremen, Physics Kolloquium
“Concentrating
Solar
Power
- Status and Perspectives”, Contribution to
Greenpeace Workshop, Madrid, for preparation of Desert Power Campaign and CSP
Outlook 2009
Presentation on SolarPACES Activities for
Clean Water Supply, REWP Workshop
Energy and Water, Paris, IEA
55th REWP Meeting, Paris, IEA,
76th SolarPACES ExCo Meeting, Zurich,
Switzerland, with Host Country Day, Visit
to PSI Solar Furnace

May
7th

June
12th

August
11th

1.7

“Learning curves: Development of CSP
systems”, Contribution to Renewable Energy Technology Deployment (RETD)
Workshop, Barcelona, Spain
“Solar Energy: Potential and Challenges”
2nd Knowledge Forum, University of
Sharjah, UAE
Overview Results CSP Outlook 2009 Press
Conference, Berlin, Germany, organized by
Greenpeace
Presentation “Concentrating Solar Systems
for Water Supply”, DERBI Conference,
Perpignan, France
“SolarPACES - Overview on Activities,
Technology, Projects” Presentation Sanya
CSP Conference, Sanya, China

September
77th SolarPACES ExCo Meeting, Berlin,
13th
Germany
14th

Task Meetings, IEA CSP Roadmap Workshop,

15th – 18th 15th SolarPACES Conference
30th

October
22nd -23rd
26th

“Recent Development of CSP worldwide”,
Presentation CSP Conference, Zeroemission Fair, Rome, Italy
Joint IEA-MNRE Workshop on Renewable
Energies, New Delhi, India
SolarPACES Midterm Review at 56th
REWP Meeting, Stockholm, Sweden

November
Desertec Overview Presentation, Industrial
3rd
High-Temperature Solar Energy Workshop,
Neuchatel, Switzerland
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2 The IEA CSP Roadmap to 2050
An excerpt from the IEA CSP Technology Roadmap
prepared by
Lead Author Cedric Philibert, Renewable Energy Division, IEA Secretariat

2.1 Introduction
Solar electricity could represent up to 20% to 25% of
global electricity production by 2050. This important
finding emerges from the solar Photovoltaic (PV) and
Concentrating Solar Power (CSP) roadmaps that were
launched on 11 May, 2010, in Valencia/Spain, by the Executive Director of the IEA Nobuo Tanaka, during the
Mediterranean Solar Plan Conference hosted by the
Spanish presidency of the EU. "It is particularly appropriate to present the two solar roadmaps in Valencia today, given that Spain has taken a leading role globally in
promoting solar power and other forms of renewable
energy," said Mr. Tanaka. "The combination of solar
photovoltaics and concentrating solar power offers considerable prospects for enhancing energy security while
reducing energy-related CO2 emissions by almost six billion tonnes per year by 2050." The roadmaps detail the
technology milestones that would make this possible,
highlighting that the two technologies will deploy in different yet complementary ways: PV mostly for on-grid
distributed generation in many regions and CSP largely
providing dispatchable electricity at utility scale from regions with brightest sun and clearest skies. PV also helps
provide energy access off grid in rural areas. Together,
PV and CSP could generate 9 000 Terawatt hours of
power in 2050.
"This decade is crucial for effective policies to enable
the development of solar electricity," Mr. Tanaka said.
"Long-term oriented, predictable solar-specific incentives are needed to sustain early deployment and bring
both technologies to competitiveness in the most suitable
locations and times." These incentives will need to
evolve over time to foster innovation and technology improvements. To support cost reductions and longer-term
breakthroughs, governments also need to ensure longterm funding for additional research, development and
demonstration efforts.
With effective policies in place, PV on residential and
commercial buildings will achieve grid parity – i.e. with
electricity grid retail prices – by 2020 in many regions.
PV will become competitive at utility-scale in the sunniest regions by 2030 and provide 5% of global electricity at the time. As PV matures into a mainstream technology, grid integration and management and energy storage
become key issues. The PV industry, grid operators and
utilities will need to develop new technologies and strategies to integrate large amounts of PV into flexible, efficient and smart grids. By 2050, PV could provide more
than 11% of global electricity.

The IEA expects CSP to become competitive for peak
and mid-peak loads by 2020 in the sunniest places if appropriate policies are adopted. Its further expansion will
depend on the development of dedicated transport lines
that will bring CSP electricity to a greater number of
large consumption centers. Some of them will have to be
developed within large countries such as China, India and
the USA. Others will cross border, and many will be
needed to link the southern and northern shores of the
Mediterranean Sea. Thanks to thermal storage, CSP can
produce electricity around the clock and will become
competitive with base load power by 2025 to 2030. North
America will be the largest producer of CSP electricity,
followed by North Africa and India. North Africa would
most likely export about half its production to Europe,
the second largest consumer. The overall contribution of
CSP could – like that of PV - represent 11% or more of
the global electricity demand by 2050.
Mr. Tanaka concluded in noting that "solar PV and
CSP appear to be complementary more than competing.
The firm capacity and flexibility of CSP plants will help
grid operators integrate larger amounts of variable renewable electricity such as solar PV and wind power. PV
will expand under a broader range of climate conditions
and bring clean renewable electricity directly to endusers."
Below we publish large excerpts of the Technology
Roadmap on CSP, which was prepared by the International Energy Agency’s Renewable Energy Division, with
Cédric Philibert serving as lead author, under the supervision and with contributions of Paolo Frankl, Head of
the Renewable Energy Division, which we thank for their
kind authorization.

2.2 Vision of future deployment
2.2.1 CSP deployment
The IEA’s Technology Roadmap for Concentrating
Solar Power (CSP) foresees a rapid expansion of CSP
capacities in countries or regions with excellent direct
normal irradiance (DNI) and computes its electricity production as progressively growing percentages of the
overall consumption forecast in IEA climate-friendly
scenarios in these regions (see Table 2.1). In neighboring
but less sunny regions, a lower contribution of CSP electricity is expected, which mixes local production and
electricity from not-too-distant, sunnier areas.
Plants built before 2020 mostly respond to intermediate and peak loads, while a first set of high-voltage di-
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Table 2.1. Electricity from CSP plants as shares of total

electricity consumption.

Countries

2020

2030

2040

2050

Australia,
Central Asia 1,
Chile,
India (Gujarat,
Rajasthan),
Mexico, Middle
East,
North Africa, Peru,
South Africa,
United States
(Southwest),

5%

United States
(remainder)

3%

6%

15%

20%

Europe (mostly
from imports),
Turkey

3%

6%

10%

15%

Africa (remainder),
Argentina, Brazil,
India (remainder)

1%

5%

8%

15%

Indonesia (from
imports)

0.5%

1.5%

3%

7%

China, Russia
(from imports)

0.5%

1.5%

3%

4%

Source: Hank Price, US DOE, 2007.
12%

30%

40%

rect-current (HVDC lines) is built to connect some of the
CSP plants in sunny areas to large demand centers. From
2020 to 2030, as costs are reduced and performance enhanced, the deployment of CSP continues with base-load
plants, thus maximizing CO2 emission reductions. After
2030, while CSP continues to develop, solar fuels enter
the global energy mix. By 2050, CSP represents about
11% of global electricity production.
The overall estimated growth of CSP electricity output is represented in Figure 2.1 in comparison with three
other scenarios: the BLUE Map scenario of ETP 2008,
and the advanced and moderate scenarios of Global CSP
Outlook 2009, produced by SolarPACES, ESTELA and
Greenpeace.

Figure 2.1.

2.2.2

Figure 2.2.

Growth of CSP production under four scenarios
(TWh)

The vital role of transmission

Vision of possible HVDC lines linking the
Southwest to the rest of the United States.

India, South Africa and the United States (Figure 2.2)
will have to arrange for large internal transmission of
CSP-generated electricity.
In other cases, high-voltage transmission lines will
cross borders, opening export markets for CSP producing
countries and increasing energy security for importing
countries. Australia might feed Indonesia; the Central
Asian countries supply Russia; Northern African countries and Turkey deliver power to the European Union;
northern and southern African countries feed equatorial
Africa; and Mexico provides CSP electricity to the United States.
The transfer of large amounts of solar energy from
desert areas to population centers has been promoted, in
particular, by the DESERTEC Foundation (Figure 2.3). It
has inspired two major initiatives in Europe, the Mediterranean Solar Plan and the DESERTEC Industry Initiative. The first, developed within the framework of the
Barcelona Process: Union for the Mediterranean, aims to
bring about 20 GW of renewable electricity to EU countries by 2020 from the various developing economies that
adhered to this recently created intergovernmental organization.
The second initiative, announced in July 2009, takes
the form of a limited liability company, with 12 shareholders. 2 The DESERTEC Industry Initiative aims to establish a framework for investments to supply the Middle
East, North Africa and Europe with solar and wind power. The long-term goal is to satisfy a substantial part of
the energy needs of the Middle East and North Africa,
and meet as much as 15% of Europe’s electricity demand
by 2050.
The abundant sunlight in the Middle East and North
Africa will lead to lower costs, compensating for the additional expected transmission costs and electricity
losses. Further, the current feed-in tariffs in Spain or
France for large-scale, ground-based solar electricity
would largely cover the costs of production of electricity
in North Africa, assessed at EUR 150 (USD 209)/MWh
on best sites, plus its transport to the south of Europe, assessed at EUR 15 (USD 21)/MWh to EUR 45
(USD 63)/MWh.

This roadmap sees long-range transportation of electricity as an important way of increasing the achievable
potential of CSP. Large countries such as Brazil, China,
2
1
Includes Afghanistan, Kazakhstan, Kyrgyzstan, Pakistan,
Tajikistan, Turkmenistan, and Uzbekistan.

These are ABB, Abengoa Solar, Cevital, DESERTEC Foundation, Deutsche Bank, E.ON, HSH Nordbank, MAN Solar
Millennium, Munich Re, M+W Zander, RWE, Schott Solar
and Siemens.
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Big cities near deserts

Source: the DESERTEC Foundation

Figure 2.3.

2.2.3

The DESERTEC concept applied to EU-MENA
Region

Deployment till 2020:
Intermediate and peak loads

From 2010 to 2020, the global rollout of CSP initiated before 2010 is expected to accelerate, thanks to
continuous industry efforts and the adoption of suitable
incentives for CSP in sunny countries.
From 2010 to 2020, the global solar resource potential is investigated more accurately due to expected advancements in satellite algorithms, which offer higher
spatial resolution and better DNI maps. These estimates
are validated by many high-quality solar radiation measurement stations. Such reference stations are installed in
all countries and regions of interest for CSP, including
those currently lacking adequate coverage, such as China,
India, Turkey, Africa, the Middle East and Latin America.
The deployment of CSP takes many forms, from assisting fossil-fuel plants in fuel savings to solar-only CSP
plants in regions with excellent sunlight. Some off-grid or
remote-grid CSP systems are built, but on-grid large
plants comprise more than 90% of overall CSP capacity.
Thermal storage is further developed but in most cases remains limited to what is necessary to cover almost
all intermediate and peak loads from solar resources only.
CSP is not yet fully competitive with coal power plants
for base load, as CO2 emissions are not yet priced highly
enough.
Back-up, usually from natural gas, is used in some
cases to enhance the efficiency of the conversion of solar
thermal energy to electricity. In other cases it is used only
to guarantee the plant’s production capacity – during the
day in summer to compensate for cloud cover, but also in
the evening or at night, essentially to compensate for variability of a growing share of wind power on most grids.
Dedicated HVDC lines are developed and built to
bring solar electricity from distant regions to consumption centers. Some lines link North African countries to
Europe. A north-south line links Lagos to plants in Mali
or Niger.
Other HVDC lines are built in large countries. In India, Mumbai and Delhi, as well as Lahore in Pakistan,
could be supplied from Rajasthan. In the United States,
Atlanta could be reached from the Southwest. In Brazil,
Sao Paulo and Rio de Janeiro, in China, Xining, Chengdu
and Chongqing could be supplied with CSP electricity.

Most CSP plants will be built on sites with good or excellent sunshine – including deserts – close to significant
consumption centres. The largest metropolitan areas likely to benefit from CSP electricity by 2020 are Ahmadabad, Alexandria, Algiers, Amman, Athens, Baghdad,
Barcelona, Cairo, Casablanca, Houston, Istanbul, Jaipur,
Johannesburg, Karachi, Las Vegas, Lima, Los Angeles,
Madrid, Mexico City, Miami, Riyadh, San Diego, Santiago (Chile), Sydney, Tashkent, Tehran, Tripoli, Tunis
and Urumqi.
The global installed capacity reaches 148 GW, with
an average capacity factor of 32% (2 800 hours per year),
thereby providing 414 TWh annually. Primary energy
from fossil-fuel back-up or hybridization in CSP plants
accounts for 18% of this amount; the “solar share” in
CSP electricity is thus 82% or 340 TWh. This represents
1.3% of the global electricity production expected by
2020. The limiting factor for deployment during this period is the global capacity of the industry, which must rapidly increase from about 1 GW per year in 2010 to more
than 20 GW per year by 2020.

2.2.4

Deployment till 2030:
Base loads and CO2 reductions

CSP technologies will become competitive with coalfired base-load power, maximizing CO2 reductions
around 2020 as CO2 prices increase and costs fall for solar fields and storage, due to higher-temperature technologies (540°C and above). Many newly built CSP plants
will have larger solar fields and storage systems to produce electricity on a continuous basis for most of the
year. Incentives will vanish rapidly in most countries, as
they are no longer required to support the deployment of
CSP capacities.
Furthermore, investors in CSP plants built after 2010
will progressively come to the end of their reimbursement
period, and begin to enjoy significantly higher benefits as
the costs of CSP electricity will now derive only from
operation and maintenance expenses.
Further HVDC line extensions, up to 3 000 km long,
could be considered at this stage. Moscow could be supplied from Kazakhstan. Existing lines will need to be
reinforced or augmented as their capacities are progressively saturated. In Europe, investments in local CSP
plants will vanish as the technical potential, taking into
account land availability, is almost totally utilized – but
European investors will continue to finance CSP plants
abroad, particularly on the southern shore of the Mediterranean.
The global installed capacity will reaches 337 GW,
with an average capacity factor of 39% (3 400 hours per
year), thereby providing 1 140 TWh annually. The solar
share will be 85%, thanks to improvements in storage, or
970 TWh. This represents 3.8% of the global electricity
production by 2030.
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Mid-sized biomass/CSP plants in developing
countries
In countries where electrification of households is not
complete, small-scale or mid-scale CSP plants offer cogeneration of electricity for remote or weakly interconnected grids, and process heat for some local manufacturing. Where DNI is good but not excellent, and large
amounts of biomass, notably animal residues, are available for gasification, these CSP plants are often hybridized
with biogas. While the main driver is the availability of
the resource in Africa, Brazil, China, India and other developing economies, these plants entail no CO2 emissions
at all.
Meanwhile, the first demonstration plants for solarassisted natural gas reforming are built in southern Europe, California and the Middle East for manufacturing
fertilizers. On some refinery sites, solar tower plants recycle the hydrogen that extracts sulfur from petroleum.
Solar-assisted coal gasification for the production of
coal-to-liquid fuels with a smaller carbon footprint is being developed in Australia, China, India, South Africa
and the United States.

2.2.5

Deployment beyond 2030:
Power and fuels

CSP continues its expansion as CO2 pricing makes it
fully competitive with fossil fuels. CSP imports help electricity grids handling a growing share of variable energy
sources in many regions. However, a limit to electricity
imports is set at 15% of consumption of importing countries, as governments prefer local renewable resources.
Meanwhile, solar fuels are progressively introduced to
the global energy mix.
By 2040, the global installed CSP capacity reaches
715 GW, with an average capacity factor of 45% (3 900
hours per year), thereby providing 2 790 TWh annually.
The solar share of 85%, or 2 370 TWh, represents 8.3%
of the global electricity generation.
By 2050, the global installed capacity reaches 1 089 GW,
with an average capacity factor of 50% (4 380 hours per
year), thereby providing 4 770 TWh annually, or 11.3%
of the estimated global electricity production in the ETP
2008 BLUE Map scenario. As the global electricity system becomes decarbonizes, biogas and solar fuels become the main source of back-up and hybridization in
CSP plants from 2030 to 2050. There is thus no greater
reason than before to attempt to build solar-only plants.
Therefore, the roadmap foresees the same solar share of
85% or 4 050 TWh in 2050. This represents 9.6% of
global electricity production by 2050.
Figure 2.4 shows where CSP electricity will be produced and consumed by 2050. North America would be
the largest producing region, before Africa, India and the
Middle East. Africa would be by far the largest exporter,
and Europe the largest importer. The Middle East and
North Africa considered together, however, would be
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shoulder to shoulder with North America (the United
States and Mexico). Indeed, the Middle East-North Africa region is the largest producer when all solar products
are considered, including gaseous and liquid fuels.

Figure 2.4.

Production and consumption of CSP electricity
by 2050 (in TWh)

Concentrated solar fuels

Full-scale, solar-assisted natural gas reforming plants
will be progressively built in the Middle East and North
Africa, Central Asia and the US Southwest from 2030.
Hydrogen will be blended with the natural gas in existing
gas pipelines and distribution networks, including for exports (in particular to Europe) to be ultimately used in
houses, industrial or power plants. In this first step, the
blend is limited to about 12% in volume to minimize the
required adaptation in transport systems and end-use devices.
Oil prices are expected to make both coal-to-liquid
and solar fuels competitive, but the former have huge upstream carbon content if carbon capture and storage are
not deployed at liquefaction plants – so liquid solar fuels
are introduced as transport fuels to prevent increased upstream CO2 emissions. Solar fuels will not substitute for
second- and third-generation biofuels that have a lower
carbon footprint on a life-cycle basis, but will complement them.
In the following decade, the blend of hydrogen in natural gas will rise to 25% of volume (at normal pressure)
with a second phase of adaptation at system and end-use
levels – roughly comparable with the changes customers
experienced when they had to adapt from town gas to
natural gas. This reduces the specific consumption of
natural gas by about 6%, as the energy content of hydrogen, while greater than that of natural gas per mass, is
significantly smaller by volume. Furthermore, this substitution takes place only in the sunniest countries that produce natural gas, thus avoiding the need to transport pure
hydrogen. Solar hydrogen blended in natural gas thus accounts for 86 Mtoe by 2050, or over 3% of the estimated
global consumption of natural gas. Figure 2.5 shows the
geographical distribution under that forecast.

Figure 2.5. Roadmap vision of hydrogen production blended
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in natural gas (Mtoe)

Similarly, about 3% of the global market for liquid fuels
is taken by fuels derived from solar hydrogen, in part by
using CSF plants to produce the hydrogen required to
remove sulfur from petroleum products in refineries, in
part by solar-assisted coal-to-liquid or gas-to-liquid
processes with much lower CO2 emissions.
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costs are slightly higher than those of PV devices, but
CSP plants have a greater energy output per MW capacity.

CO2 reductions from concentrating solar
power and fuels by 2050
The 4 050 TWh of solar electricity generated by CSP
plants in 2050 are expected to avoid around 2.5 gigatons
(Gt) of CO2 emissions per year worldwide with respect to
the ETP Baseline scenario. The 86 Mtoe savings on natural gas would yield another 560 Mt of CO2 of CO2 reduction. Together, emission reductions due to CSP electricity
and gaseous fuels can be assessed around 3Gt of CO2, or
about 7% of the CO2 reductions from unabated trends necessary to halve global energy CO2-related emissions by
2050
The perspectives offered by this vision would not exhaust the global potential for CSP, which could essentially run the world’s economy by itself, at least with respect
to electricity, with low or no CO2 emissions. However,
energy policies will also favor other resources, notably
renewable energy sources, which in places are less expensive or closer to end-users, and obviously have a more
“domestic” nature in less sunny countries. Furthermore,
these perspectives rest on policy support, especially in
this decade.

2.3

Economic perspectives

Although CSP currently requires higher capital investments than some other energy sources, it offers considerable long-term benefits because of minimum fuel
costs for back-up/hybridization. Moreover, initial investment costs are likely to fall steadily as plants get bigger,
competition increases, equipment is mass-produced,
technology improves and the financial community gains
confidence in CSP. In the near term, the economics of
CSP will remain more favorable for peak and intermediate loads than for base loads, for reasons explained in
this section.

2.3.1

Investment costs

For large, state-of-the-art trough plants, current investment costs are USD 4.2/W to USD 8.4/W depending
on labor and land costs, technologies, the amount and
distribution of DNI and, above all, the amount of storage
and the size of the solar field. Plants without storage that
benefit from excellent DNI are on the low side of the investment cost range; plants with large storage and a higher load factor but at locations with lower DNI (around
2000 kWh/m2/year) are on the high side. Figure 2.6 provides for a decomposition of investment costs of a trough
plant with storage under Spanish skies. These investment

Figure 2.6.

Investment cost of a 50-MW trough plant
with 7-hour storage

Investment costs per watt are expected to decrease for
larger trough plants, going down by 12% when moving
from 50 MW to 100 MW, and by about 20% when scaling up to 200 MW. Costs associated with power blocks,
balance of plant and grid connection are expected to drop
by 20% to 25% as plant capacity doubles. Investment
costs are also likely to be driven down by increased competition among technology providers, mass production of
components and greater experience in the financial community of investing in CSP projects. Investment costs for
trough plants could fall by 10% to 20% if DSG were implemented, which allows higher working temperatures
and better efficiencies. Turbine manufacturers will need
to develop effective power blocks for the CSP industry.
In total, investment costs have the potential to be reduced
by 30% to 40% in the next decade.
For solar towers, investment costs are more difficult
to estimate, but are generally higher than for trough
plants. However, increasing efficiency from 15% to 25%
will allow a 40% reduction in investment in solar-specific
parts of the plants, or 20% of overall investment costs.
The recent trend toward many mass-produced, small flat
mirrors promises to bring costs down further, as the problems of wind resistance and precision in pointing are resolved using computers. As the solar tower industry rapidly matures, investment costs could fall by 40% to
75%.
The costs of CSP electricity should go down even
Milestones for cost reductions
1. Achieve competitiveness for peak and
intermediate loads
2. Achieve competitiveness for base loads

Dates
2020

2025 to 2030

more. Some experts see a greater potential in developing
countries for local fabrication of towers than of troughs,
leading to lower costs in emerging economies.

2.3.2

Operation and maintenance
costs

Operation and maintenance costs for CSP include plant
operation, fuel expenses in the case of hybridization or
backup, feed and cooling water, and field maintenance
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costs. A typical 50 MW trough plant requires about 30
employees for plant operation and 10 for field maintenance. Operation and maintenance costs have been assessed from USD 13/MWh to USD 30/MWh, including
fuel costs for backup. As plants become larger, operation
and maintenance costs will decrease.

2.3.3

Costs of providing finance for
CSP plants

Financing schemes can differ markedly from one investment and legal environment to another, with significant consequences for the costs of generating electricity
and the expected rates of return on investment. Large utilities building their own plants with available cash do not
incur the costs that utilities or investors face when combining equity and loans from various sources to finance
plants. Differences among fiscal regimes, in particular
with respect to corporate taxes, have an impact on the
turnkey costs (the expenditures necessary before a plant
is ready for use) depending on how long it takes to secure
financing and build the plant. This impact might be significant for CSP plants that may require one to two years
of construction. The same parameters will have an even
greater impact on the electricity generating costs, as capital expenses are much larger for CSP plants than for, say,
fossil-fuel plants.

2.3.4

Towards competitiveness

In the regions where CSP plants can be installed, peak
and intermediate loads are more often driven by air-

3

conditioning than by electric heating demands, corresponding to the optimal daily and seasonal operation periods for CSP plants. This explains why the economics of
CSP will remain more favorable for peak and intermediate loads than for base loads in the coming decade, unless or until CO2 emissions are heavily priced. Competitors have significantly higher generation costs for peak
and mid-peak demand, while the cost of CSP electricity is
about the same for peak and base-load.
Peak loads are usually considered as cumulating 10%
of the yearly consumption of electricity, intermediate
loads 50% and base loads the remaining 40%. This indicates that there will be an ample market for CSP with
peak and intermediate loads, and no need to rush into
base-load production. The US Department of Energy has
set an objective for its CSP program to reach competitiveness with fossil fuels by 2015 for intermediate loads,
at around USD 100/MWh, and by 2020 for base loads, at
around USD 50/MWh. According to the evolution of levelized electricity costs envisioned in this roadmap
(Figure 2.7), competitiveness is more likely to be
achieved by 2020 for intermediate loads and 2025 to
2030 for base loads.

Generating costs

Levelized energy costs, which estimate a plant’s annualized lifetime cost per unit of electricity generation,
range from USD 200/MWh to USD 295/MWh for large
trough plants the technology for which figures are most
readily available. The actual cost depends mostly on the
available sunlight 3.
The impact of storage on generating costs is not as
simple as it may seem. When there is storage capacity,
the investment costs increase with the size of the solar
field and the added storage but so do the capacity factor
and the yearly electrical output (e.g., up to 6 600 hours in
Spain with 15 hours of storage), thus the energy cost
changes only marginally.
In any case, the main merit of storage is not to reduce
the cost of electricity but to increase the value of the plant
to the utility in making its capacity firm and dispatchable,
allowing solar plants to compete with fossil-fuel plants by
supplying base-load power in the not too distant future.

2.3.5
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For this analysis, the following assumptions were used: equity
capital, 30 years economic lifetime, 10% discount rate. The
lower end corresponds to excellent DNI and little storage, the
upper end corresponds to larger storage and higher capacity
factor but lower DNI.

Source: IEA analysis

Figure 2.7.

Projected evolution of the levelized electricity
cost from CSP plants, in USD/MWh, under two
different direct normal insolation levels (in
kWh/m2/y)

Assuming an average 10% learning ratio 4, CSP investment costs would fall by about 50% from 2010 to
2020, as cumulative capacities would double seven times
according to the vision proposed in this roadmap – if all
stakeholders undertake the actions it recommends. Electricity costs would decrease even faster thanks to progressively greater capacity factors, making CSP technology competitive with conventional technologies for peak
and intermediate loads in the sunniest countries by about
2020. This perspective is fully consistent with the potential for improvement for the various technologies identified in the next section.
Solar thermal hydrogen production costs are expected
to be USD 2/kg to USD 4/kg by 2020 for efficient solar
thermodynamic cycles (detailed below), significantly
lower than costs of solar electricity coupled with electrolysis, which are expected to be USD 6/kg to USD 8/kg
when solar electricity cost is down to USD 80/MWh. So-

4

A 10% learning ratio means a 10% decrease in investment
costs when cumulative installed capacities double.
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Table 2.2. Comparison of main CSP technologies
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Technology

Optical
efficiency

Annual
solar-toelectric
efficiency

Land
occupancy

Water
cooling
(L/MWh)

Storage
possible

Possible
back-up/
hybrid
mode

Solar
fuels

Outlook
for
improvements

Parabolic
troughs

**

15%

Large

3 000 or
dry

Yes, but not
yet with DSG

Yes

No

Limited

Linear
Fresnel
receivers

*

8-10%

Medium

3 000 or
dry

Yes, but not
yet with DSG

Yes

No

Significant

Towers
(central
receiver
systems)

**

2 000

Depends on
plant
configuration

Yes

Yes

Very
important

Parabolic
dishes

***

Depends on
plant
configuration

Yes, but
unusual

Yes

Through
mass
production

20-35%
(concepts)

25-30%

Medium

Small

or dry

none

Note: Optical efficiency is the ratio of the energy absorbed by the solar receiver over the solar energy received in the entire device.

lar-assisted steam reforming of natural gas would become
competitive with natural gas (as an energy source) at
prices of about USD 11/MBtu.

2.4 Milestones for technology
improvements
Table 2.2 summarizes the main features of different
CSP technologies and their outlook for improvements.
Technology advances are under development that will
enable CSP to boost electricity production and reduce
costs, notably through higher temperatures that bring
greater efficiency. Other technologies now under development will enable the production of liquid or gaseous
fuels by concentrating solar energy. With concerted effort, these milestones can be achieved in the next two to
five years.
1.
2.
3.
4.
5.
6.

Milestones for technology improvements

Demonstrate direct steam generation
(DSG) in parabolic trough plants
Large-scale solar tower with molten salts
as heat transfer fluids and storage
Mass-product parabolic dishes with Stirling engines
Demonstrate three-step thermal storage
for DSG solar plants
Demonstrate solar tower with supercritical
steam cycle
Demonstrate solar tower with air receiver
and gas turbine

2.4.1

Dates
2015 - 2020
2010 - 2015
2010 - 2015
2015 - 2020
2020 - 2030
2020 - 2030

Troughs and LFR

In an ongoing effort to increase performance and lower costs, all components of parabolic troughs need to continue to make incremental improvements, particularly solar field elements. Effective but costly back-silvered,
thick-glass curved mirrors could be replaced with troughs
based on less expensive technologies such as acrylic substrates coated with silver, flexible aluminum sheets cov-

ered with silver or aluminum, or aluminum sheets glued
to a fiberglass substrate. Wider troughs, with apertures
close to 7 m (versus 5 m to 6 m currently) are under development, and offer the potential for incremental cost
reductions.
Other proposed innovations are more speculative, but
merit further research. The current glass-to-metal welding
of the evacuated tubes that collect solar energy could be
replaced with a mechanical seal, if it proved capable of
preserving the necessary vacuum for 20 years or more.
Selective coating of the tubes could also make small performance improvements.
More fundamental advances should be pursued as
well, including replacing the costly heat transfer fluid
currently used by trough plants, synthetic oil that limits
the steam temperature to about 380°C as it degrades at
higher temperatures. The challenge is to enable the next
generation of trough plants to produce steam at temperatures close to 500°C, thereby feeding state-of-the-art turbines without continuous back-up from fuel.
Direct steam generation (DSG) in the collector
fields would allow high working temperatures and reduces investment costs, as no heat transfer fluid and heat exchangers would be necessary. DSG needs to be demonstrated in troughs on a large scale, but more work is
needed to design specific options for storage with DSG,
ensure the separation of water and steam, and handle the
circulation of high-temperature, high-pressure working
fluids, which is a challenge with mobile receivers.
Other options involve advanced heat transfer fluids,
including:
• Pressurized gas, currently under testing at the Plataforma Solar de Almeria, Spain. Additional work is
needed to improve heat transfers in the receiver
tubes, and to ensure control of the solar field, which
is more complex than the standard design.
• Molten salts used in the collector field simplify storage, as the heat transfer fluid becomes the storage
medium. Salt mixtures usually solidify below 200°C,
however, so work is needed to reduce the pumping
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and heating expenses needed to protect the field
against freezing.
New liquid fluids, in particular nanofluids, should
actively be investigated.

Linear Fresnel reflectors (LFR) are a nascent technology with large room for improvement. Although LFR
lend themselves to DSG because of their fixed receivers,
LFR developers should explore options similar to those
being considered for trough plants.

2.4.2

Towers and dishes

CSP towers, which already reach high working temperature levels, can achieve higher temperatures still,
opening the door to better power cycle efficiencies. Storage costs can also be drastically reduced with higher
temperatures, which allow more heat to be converted into
electricity and less lost due to limited storage capacity.
Improved efficiency also means a lower cooling load,
thus reducing water consumption by wet cooling in plants
in arid areas. It would also reduce the performance penalty of dry cooling.
The possibilities of these higher temperatures should
be explored using different receiver technologies. One
option is supercritical steam (or carbon dioxide) cycles
such as those used in modern coal-fired power plants,
which reach thermal-to-electric efficiency levels of 42%
to 46% with supercritical and ultra-supercritical designs. 5
The application of this technology to solar towers, however, requires that it be adapted.
Direct steam generation (DSG) will pose particular
challenges in synchronizing solar fields with receivers
and supercritical steam turbines. A continuous management of solar collectors will be needed to avoid problems
during start-up and variations caused by clouds and at
sunset. Solar towers with high-temperature heat transfer
fluids and storage may prove more capable of fulfilling
these requirements, as they disconnect solar heat collection and power generation 6. Superheating with some fuel
could also help address these challenges.
High-temperature tower concepts also include atmospheric air as the heat transfer fluid (tested in Germany
with the Jülich solar tower project) with solid material
storage. Solar-to-electricity efficiencies of up to about
25% can be delivered by such towers, but for supercritical steam turbines below 400 MW, the gain in efficiency
may not compensate for the cost and complication of the
cycle.
Solar-based Brayton cycles offer a completely different way of exploiting the higher working temperatures
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that towers can achieve. Pressurized air would be heated
in the solar receivers, and then sent directly to a gas turbine. Excess heat could be sent to a steam cycle running a
second generator. The solar-to-electricity efficiency
could be as high as 35%. 7 Heat storage, however, is still
an unresolved issue for such plants, while fossil-fuel (or
biomass) back-up is more straightforward. Back-up fuel
heating the air from the solar receiver could be used to
manage solar energy variations, and if necessary continuously raise the temperature level.
The main ongoing work on dishes aims at reducing
costs through mass production and demonstrating longterm reliability, consolidating their specific advantages of
excellent efficiency and no need for cooling water. They
could also be improved by making them more compatible
with thermal storage and hybridization, as has been experimentally demonstrated on a few large dishes.

2.4.3

Improvements in storage
technologies

Increasing the overall working temperatures of plants
is the best means of reducing storage costs. 8 Several
types of storage-specific research are promising, including the use of inexpensive recycled materials such as vitrified wastes (e.g. asbestos wastes) with a glass or ceramic structure. Adding nanoparticles to increase the heat
capacity of molten salts is another option. A third possibility is to use thermocline separation between hot and
cold molten salts in a single tank, but leakage risks are
more difficult to manage in this case.
Storage is a particular challenge in CSP plants that
use DSG. Small amounts of saturated steam can be
stored in accumulators, but this is costly and difficult to
scale up. Effective full-scale storage for DSG plants is
likely to require three-stage storage devices that preheat
the water, evaporate the water and superheat the steam.
Stages 1 and 3 would be sensible heat storage, in which
the temperature of the storage medium changes. Stage 2
would best be latent heat storage, in which the state of the
storage medium changes, using some phase-change material (PCM). Sodium nitrate (NaNO3), with a melting
temperature of 306°C, is a primary candidate for this
function.

2.4.4

Emerging solar fuel
technologies

Concentrating solar thermal technologies also allow
the production of hydrogen (H2), which forms the basis of
fuels, or carriers, that can help store solar energy and dis-

5

Typically, modern coal-fired power plants use steam at up to
620 °C and 24 MPa to 30 MPa, but by 2020 could reach
700 °C and 35 MPa, using nickel-based alloys to achieve efficiencies approaching 50%.
6
Another advantage is that high-temperature heat transfer fluids such as molten salts are low pressure liquids, which allow
for thinner wall tubes in heat exchangers and thus facilitate
heat transfers.

7

Such solar combined-cycle plants should not be confused with
the ISCC plants currently under construction, which have a
small solar share compared with the fossil-fuel share.
8
For example, if the temperature difference between the hot
and cold working or transfer fluids is 300°K instead of 100°K,
the same volume of storage material will store three times as
much heat.
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tribute it to industry, households and transportation, substituting fossil-based fuels with low-emission solar energy.
Solar towers and large dishes are capable of delivering
the required amount of heat at the appropriate temperatures.
Producing solar hydrogen via electrolysis of water using solar-generated electricity offers an overall solar-tohydrogen efficiency of about 10% with current technologies. High-temperature heat from CSP could reduce electricity needs. CSP also offers several other promising options for solar fuel production (Figure 2.8).

process heat for the thermo-chemical decomposition of
hydrogen sulfide into hydrogen and sulfur.
Solar-assisted production of hydrogen from fossil fuel
could be deemed transitional, because it uses the exhaustible resource as feed-stock only, and not as energy
source. Also, solar liquid fuels produced from a fossil
feedstock would contain carbon atoms, with small but net
emissions of CO2 when combusted. In the long term,
however, they will result in much lower emissions than
state-of-the-art coal liquefaction processes, which risk
rapidly increasing upstream emissions associated with
fuels in transportation when oil
becomes scarcer and more costly.
The production of pure hydrogen from water or from both
water and biomass would be
considered a superior form of
solar hydrogen since it is based
on an extremely abundant and
fully renewable resource (hydrogen is recombined in water
when used as a fuel) with no
CO2 emissions. It requires, howSource: PSI/ETH-Zürich
ever, much longer research efFigure 2.8. Different thermochemical routes to producing fuels with concentrating solar
forts.
energy.
Solar thermolysis requires
temperatures above 2 200°C,
Short-term options would reduce CO2 emissions but
and raises difficult challenges. Water-splitting thermonot eliminate them. In the presence of carbon from fossil
chemical cycles allow operation at lower temperature lefuels or biomass, the carbo-thermal reduction of metals
vels (some less than 1 000°C), but require several chemicould take place at lower temperatures, but the output,
cal reaction steps, and there are inefficiencies associated
instead of pure hydrogen, would be a syngas mixture of
with heat transfer and product separation at each step.
H2 and CO. Similarly, solar-assisted steam reforming of
Thermal cracking of natural gas will directly produce hynatural gas, and steam gasification of coal or solid biodrogen and marketable carbon black. These options remass, can yield syngas. Another option would be natural
quire long-term research efforts.
gas reforming using CO2 instead of steam. CO2 could be
Above 1 200°C, more efficient two-step cycles using
directly captured from flue gases at coal power plants,
reversible reduction-oxidation (redox) reactions can be
and recycled in a solar-enhanced gaseous or liquid fuel.
used. The two steps can be separated in time and place,
Syngas can also be used in the well-known water-gas
offering interesting possibilities for their use in transporshift process to give H2 and CO2, which can be separated
tation. Dedicated concentrated solar fuel plants deeasily, or for producing liquid synthetic transportation
oxidize light elements, which are easily transported to
fuels (as well as methanol and ammonia) through comcustomer stations or even within vehicles, where their
mercially available Fischer-Tropsch processes. Solar pyoxidation with water produces hydrogen. Oxides are then
rolysis or gasification of biomass would greatly reduce
returned to the solar plants. Aluminum, magnesium and
the CO2 emissions involved in the manufacturing of bionon-metallic elements such as boron are good candidates
fuels.
as energy carriers in such schemes.
Hydrogen from CSP could be used in today’s energy
system by being blended in natural gas networks up to
20% of volume. This blend could be used for various
purposes in industry, households and transportation, reducing emissions of CO2 and nitrous oxides.
Solar hydrogen could also find niche markets today in
replacing hydrogen production from steam reforming of
natural gas in its current uses, such as manufacturing fer2.5.1 Overcoming economic barriers
tilizers and removing sulfur from petroleum products. SoCSP today is usually not competitive in wholesale
lar-assisted steam reforming of natural gas would elimibulk
electricity markets, except perhaps in isolated locanate the emissions associated with the 40% or more of
tions
such as islands or remote grids, so in the short term
natural gas used as energy source, not feedstock, in the
its
deployment
depends on incentives. A number of reformer use. Concentrated sunlight could also provide
gions, including Spain, Algeria, some Indian states, Israel

2.5

Policy Framework:
Roadmap actions and
milestones

2.10

ANNUAL REPORT 2009

and South Africa, have put in place feed-in tariffs or
premium payments. Spain, for example, lets the producers choose between a tariff of EUR 270
(USD 375)/MWh, or a premium of EUR 250
(USD 348)/MWh that adds to the market price, with a
minimum guaranteed revenue of EUR 250/MWh and a
maximum of EUR 340 (USD 473)/MWh. This approach
has proven effective, as it offers developers and banks
long-term price certainty, and makes CSP one of the less
risky investments in the power sector.
In the United States, the federal government recently
created the Renewable Energy Grant program, as well as
a Federal Loan Guarantee program designed to foster innovation. BrightSource became the first CSP provider to
benefit from this program, securing USD 1.4 billion from
the US Department of Energy in February 2010 for several projects.
In the long term, however, financing of CSP plants
may become difficult if investors in technology companies do not supply some equity capital. Prices for capacity and energy are only guaranteed by utilities on a caseby-case basis under renewable portfolio standards (the
regulations that require increased production of energy
from renewable sources) and these standards are not always binding.

2.5.2

Financing innovation

As pointed out in earlier in this roadmap, many different technical approaches to CSP have been proposed,
each showing expected benefits and potential challenges.
All these options have to be tested in pilot plants to reveal their benefits and constraints, so strong government
support for innovative small pilot plants is direly needed.
Small 5 MW pilot plants are essential as a step towards
developing commercial plants.
Once a prototype has been tested through small-scale
demonstration, it is conceivable to build a full-scale, firstof-its-kind commercial plant. This is a risky step for private investors. Managing first-of-their-kind plants draws
upon public knowledge while also providing lessons to
the global CSP community, so public R&D institutes
should take part in these efforts.
The requirements for first-of-their-kind demonstration
plants may be higher for CSP plants that could only
achieve targeted efficiency levels in the range of
200 MW to 350 MW – so they would be higher for towers than for line-focus systems, and higher for line-focus
systems than for dishes.
The US Loan Guarantee Program is one example of a
strong incentive designed to foster innovation by private
investors. Another useful procedure could be for utilities
bidding for capacities to specify that some degree of innovation is required.
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2.5.3

Incentives for deployment

This roadmap recommends the
following actions:
GOVERNMENTS
Establish an equitable environment
for CSP development through feed-in
tariffs or binding renewable energy
standards on a par with groundmounted PV
2. Avoid arbitrary limitations on plant
size and hybridization ratios; develop
procedures to reward solar-only
share
3. Streamline permit procedures for
CSP plants and access lines
4. Consider offering suitable land and
access to grid or water resources,
and waiving land property and other
taxes for quick-start deployment
5. Develop incentive schemes for solar
process heat
6. Progressively eliminate subsidies to
fossil fuels and price CO2 emissions
7. Develop incentive schemes for solar
process fuels
UTILITIES
8. Provide certainty to investors with
long-term power purchase agreements or bidding procedures
9. Reward CSP plants that have firm
capacities
10. Facilitate grid access for CSP developers
11. Participate actively in project development
1.

Milestones
2010 - 2020

2010 - 2020

2010 - 2040
2010 - 2020

2010 - 2020
2010 - 2030
2020 - 2040
2010 - 2025
2020 - 2050
2010 - 2040
2015- 2025

To support CSP deployment, it is vital to build investor confidence by setting a sufficiently high price for the
electricity generated, and in a predictable manner. Feedin tariffs and premiums have proven effective for CSP
deployment in Spain, and for other renewable energy
technologies in many countries. The levels of feed-in tariffs or premiums must be carefully studied and agreed
upon with everyone involved, however, as they are ineffective if too low and economically inefficient if too generous. Renewable energy standards might be effective if
they are sufficiently ambitious and “binding” for utilities
– that is, if the financial penalties or safety valves are set
at appropriate levels in case of no or limited compliance.
While incentives need to be gradually reduced to foster less expensive CSP electricity, revisions need to be
announced in advance to enable producers to adapt. Furthermore, while governments may want to limit the benefit of incentives to specified overall project capacities,
they should not arbitrarily limit plant size, as scaling up
plant size is one important way of reducing costs.
Similarly, governments should avoid arbitrarily setting hybridization rates; instead, they should establish
ways to limit incentives to the solar fraction of CSP power. As PV power and CSP use the same resource, they
should enjoy the same incentives so that choices efficiently match the quality of the solar resource with energy needs.
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Governments should also design and implement incentives for solar process heat for industrial applications
of all kinds and, at a later stage, for the various solar fuels
that concentrating solar plants can deliver.
Regardless of whether the electricity sector belongs to
state-owned or partially state-owned monopolies or is fully deregulated, governments could encourage all utilities
to bid for CSP capacities. Governments should also consider other options to help initiate or develop CSP capacities, such as offering suitable land or connection to
the grid or to water resources; waiving land property taxes; and helping ensure the availability of low-cost or at
least reasonably priced loans.
Utilities, for their part, should reward the flexibility of
CSP plants, i.e. their ability to dispatch electricity when
needed. Capacity payments represent a simple option for
doing this. Storage has a cost, and should be valued at
grid level, not plant level. Policy frameworks should encourage this necessary evolution.

2.5.4

Addressing non-economic
barriers

Obtaining permits and grid access are the main challenges for new CSP plants. Access to water or gas networks for backup may be difficult in some locations, and
will certainly become important if large numbers of CSP
plants are deployed in desert regions.
Nearby residents do not usually object to permits, although the synthetic oil of trough plants and molten salts
are classified as hazardous material in some jurisdictions.
Before permits are given, however, all environmental impacts must be evaluated, including loss of animal habitat,
water use, visual impact and effects on endangered species. The pace of the permitting process is the most frequent problem. In California, for example, environmental
analyses on federal or state land can take 18 to 24
months.
Similarly, grid access problems are not caused by utilities, which like the guaranteed, dispatchable nature of
CSP, but by slow planning and permitting processes.
Governments must act decisively to streamline procedures and permits for CSP plants and transmission lines.
It is especially important to build a network of HVDC
lines to transmit electricity from CSP plants in sunny regions to less sunny regions with large electricity demand.
The global success of CSP depends on interested countries, producers and consumers sharing a common vision.

This roadmap recommends the following
RD&D actions:
1.

Governments to ensure increased and
sustained funding for public and private
RD&D of CSP
2. Governments to develop ground and satellite measurement/modelling of solar
resources
3. Research centres to develop air receivers
for solar towers
4. Develop three-step thermal storage for all
DSG solar plants
5. Seek new heat transfer fluids and storage
media for line-focus solar plants
6. Develop solar-assisted hydrogen
production
7. Develop solar tower with supercritical
steam cycle
8. Develop solar tower with air receiver and
Brayton cycle
9. Develop solar-only hydrogen production
10. Develop solar-assisted liquid fuel
production
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Milestones
2010-2040
2010-2020
2010-2020
2010-2020
2012-2020
2010-2020
2015-2030
2010-2020
2020-2030
2020-2030

Recent global public R&D investments in CSP have
been assessed at less than USD 100 million per year. The
CSP deployment in the BLUE Map scenario would imply
building about 20 GW of new CSP capacity each year on
average during the next four decades. This represents investment expenses of about USD 56 billion per year.
R&D expenditures are typically 1% of total investments,
giving USD 560 million as the necessary level of public
and private R&D expenditure. Even if 50% of this were
to come from industry, the global public R&D expenses
still need to be almost tripled.
There is a need for more open access to R&D tower
facilities like those at the Plataforma Solar de Almeria
(Spain), as the few others available are all overloaded in
experiments. 9 Scalable demonstration plants in the 5 MW
range also need to be built, possibly via public-private
partnerships. These developments would easily add
another USD 300 million per year to the public R&D
funding already mentioned.
For these reasons, public R&D and small-scale demonstration support to CSP worldwide should be increased
rapidly from USD 100 million to USD 500 million per
year, and perhaps further increased to USD 1 billion per
year in a second stage. It should be noted that these sums
remain modest compared with the support already enjoyed by other power or fuel technologies.

2.6 Research, development and
demonstration support
Over the last three decades, public R&D efforts have
taken place mostly in Australia, Europe and the United
States. Russia and Ukraine seem to be less involved than
in the past but China and South Korea are building new
R&D programs, while other countries have expressed interest, in particular Abu Dhabi through Masdar.

9

These include Odeillo, Themis (France), the Weizmann Institute (Switzerland), Sandia National Laboratory (USA), Jülich
(Germany) and the CSIRO Energy Centre (Australia).
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Collaboration in R&D,
demonstration and deployment

This roadmap recommends the following
government actions:
1. Explore alternative business models for
promoting CSP deployment for distributed
generation and rural electrification
2. Negotiate cross-border incentives for CSP
electricity transfers
3. Expand international mechanisms to foster the development of CSP plants for local consumption in developing countries
4. Plan, finance and build cross-border
HVDC lines for CSP expansion

Milestones
2010 -2020
2010 - 2015
2010 - 2020
2015 -2040

Since its inception in 1977, the IEA Implementing
Agreement SolarPACES 10 has been an effective vehicle
for international collaboration in all CSP fields. Of all
IEA implementing agreements, SolarPACES has the
largest participation from non-IEA members. It has been
a privileged place for exchanging information, sharing
tasks and, above all – through the Plataforma Solar de
Almeria run by CIEMAT – for sharing experience.
The SolarPACES START teams (Solar Thermal
Analysis, Review and Training) have carried out missions
to support the introduction of CSP to developing countries. By sending international teams of experts, independent technical advice was made available to interested
countries, including Egypt, Jordan, Brazil and Mexico. In
solar chemistry research, where the commercialisation
goals are more long term, SolarPACES has succeeded in
building up and supporting international interest, defining
research priorities and facilitating co-operative international research.
The current work program of SolarPACES includes
five tasks:
• I: Solar Thermal Electric Systems;
• II: Solar Chemistry Research;
• III: Solar Technologies and Applications;
• V: Solar Resource Knowledge Management (in
common with the IEA Solar Heating and Cooling
Implementing Agreement) and
• VI: Solar Energy & Water Processes and Applications.
Task IV, Solar Heat for Industrial Processes, a collaborative task with the IEA Solar Heating and Cooling
(SHC) Implementing Agreement, ended in 2007.
The annual CSP Symposium run by SolarPACES is
by far the largest CSP scientific conference, and attracts
more and more industry, finance and policy representatives.
There seems to be no need to create any new international structure supervising RDD&D for CSP. Participation by all countries sunny enough for CSP, whether IEA
members or not, would further strengthen SolarPACES,

10

Solar Power and Chemical Energy Systems, formerly SSPS –
Small Solar Power Systems
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however. The IEA Technology Platform currently under
development inside the IEA Secretariat will co-operate
closely with SolarPACES on all relevant aspects of CSP
development.

2.7 Deployment in developing
economies
The full potential for global CSP deployment requires
particular attention to the needs of developing economies.
While some would, under this roadmap, build CSP plants
for their own needs (e.g. China and India), others would
build more for exports, notably North African countries.
Governments of developing countries have come to
realize that CSP technology, which in a few years could
have extensive local content, is a productive investment.
Governments are making considerable investments in
CSP, as they offer a strategy to reduce energy imports
and protection against spikes in the costs of fossil fuels.
Algeria and South Africa have established feed-in tariffs
for CSP, and India recently set aside USD 930 million to
launch its Solar Mission with the aim to build 20 GW of
solar capacities (PV and CSP) by 2022. Morocco has established a detailed plan for building 2 GW of CSP plants
on five sites from 2010 to 2019, representing 38% of the
current installed electric capacity of the country. One US
company recently contracted with partners to build solar
towers in India and China with overall capacities of
1 GW and 2 GW, respectively.
There are several ways of helping developing countries cover the cost difference between CSP and more
conventional power sources in the first decade. These include the Clean Development Mechanism (CDM) under
the United Nations Framework Convention on Climate
Change, which offers a mechanism for industrialized nations to pay for CO2 reductions in developing countries.
The Shams-1 project is an example of a CDM project
that has already been registered. The World Bank’s Clean
Technology Fund has also set aside USD 750 million to
cover 10% of the investment costs of CSP plants in the
Middle East and North Africa. Such investments may also receive attractive loans from regional development
banks and, according to their proportion of imported material, from export credit agencies.
For North African countries and, to a lesser extent,
Middle East and Central Asian countries, electricity exports are expected to be a catalyst to the development of
CSP. The marginal cost of electricity production is already higher in several potential importing countries,
notably in Europe. Furthermore, Europeans may accept
an even higher price for imported renewable electricity to
help achieve the ambitious objective of obtaining 20% of
Europe’s final energy from renewable sources.
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EU renewable energy targets and CSP plants
in the Mideast-North Africa region
The directive 2009/28/EC of the European Parliament
and of the Council of 23 April 2009 gives all member
states a share of renewable energy to be achieved by
2020. However, it allows these targets to include renewable energy that is consumed in a member state but produced in any non-member country from new installations.
Furthermore, it allows two or more member countries to
agree to share, with respect to their renewable energy targets, the energy produced in a non-member country and
consumed in only one EU member state. This opens up
new options for financing CSP expansion in potential exporting countries.
It is too early to estimate the marginal cost of renewable electricity needed in Europe to achieve these targets,
but if the level of feed-in tariffs is an indication, the price
paid by European countries could cover the cost of CSP
electricity in North Africa and its transport to Europe.
Cross-border incentives have thus to be set to facilitate
integration. In the importing country, priority grid connection should be offered to all renewable energy
projects, independent of origin. In both exporting and
importing countries, laws and regulations should allow
fast-track approval of new transmission lines.
Such projects need to result in win-win situations. It
would seem unacceptable, for example, if all solar electricity were exported overseas while local populations
and economies lacked sufficient power resources. Newly
built plants will have to fulfill the needs of the local population and help develop local economies. Meanwhile,
the returns from exporting clean, highly valued renewable
electricity to industrialized countries could help cover the
high initial investment costs of CSP beyond the share devoted to exports. CSP would thus represent a welcome
diversification from oil and gas exports, and help develop
local economies by providing income, electricity, knowledge, technology and qualified jobs.
Possible energy security risks for importing countries
must also be carefully assessed. Large exports would require many HVDC lines following various pathways. The
largest transfers envisioned in this roadmap, from North
Africa to Europe, would require by 2050 over 125 GW of
HVDC lines with 50% capacity factor – i.e. 25 distinct
5 GW lines following various paths. If some were out of
order for technical reasons, or as a result of an attack,
others would still operate – and, if the grid within import-
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ing and exporting countries permits, possibly take over.
In any case, utilities usually operate with significant generating capacity reserves, which could be brought on
line in case of supply disruptions, albeit at some cost.
Furthermore, the loss of revenue for supply countries
would be unrecoverable, as electricity cannot be stored,
unlike fossil fuels. Thus, exporting countries, even more
than importing ones, would be willing to safeguard
against supply disruptions.

2.8

Conclusion and role of
stakeholders

This roadmap has responded to requests from the G8
and other government leaders for more detailed analysis
of the growth pathway for CSP, a key climate-change mitigation technology. It describes approaches and specific
tasks regarding RDD&D; financing mechanisms; grid integration; legal and regulatory frameworks; public engagement; and international collaboration. It provides regional projections for CSP deployment from 2010 to
2050. Finally, this roadmap details actions and milestones
to aid policy makers, industry and power-system actors,
as well as non-governmental organisations (NGOs), intergovernmental organisations (IGOs) and multilateral
banks, in their efforts to successfully implement CSP (see
below).
The CSP roadmap is meant to be a process, one that
evolves to take into account new technology developments, policies and international collaborative efforts.
The roadmap has been designed with milestones that the
international community can use to ensure that CSP energy development efforts are on track to achieve the reductions in greenhouse-gas emissions that are required by
2050. The IEA, together with government, industry and
NGO stakeholders, will report regularly on the progress
achieved toward this roadmap’s vision. For more information about the CSP roadmap actions and implementation, visit www.iea.org/roadmaps.
© OECD/IEA, 2010

Please note that this publication is
subject to specific restrictions that
limit its use and distribution. The
terms and conditions are available
online at:
www.iea.org/about/copyright.asp.
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STAKEHOLDER

ACTION ITEMS
•
•
•
•
•

NATIONAL
GOVERNMENTS

SOLARPACES

•
•
•
•
•
•

Ensure increased and sustained funding for public and private RD&D of CSP
Develop on-the-ground and satellite measurement/modelling of solar resources
Establish an equitable environment for CSP development through feed-in tariffs or binding renewable
energy portfolio standards, on a par with large-scale ground-mounted photovoltaic plants
Encourage state-controlled utilities to bid for CSP capacities
Avoid arbitrary limitations on plant size and hybridization ratios; instead develop procedures to reward solar electricity only
Streamline permit procedures for CSP plants and access lines
Consider offering suitable land and access to grid or water resources, and waiving land property and
other taxes, as additional means for quick-start deployment
Develop incentive schemes for solar process heat and fuels, not just electricity
Explore alternative business models for promoting CSP deployment for distributed generation, notably in developing countries
Progressively eliminate subsidies to fossil fuels and price CO2 emissions
Join SolarPACES as members

•

Pursue cost reduction potential for line-focus systems:
o
New components (troughs, mirrors, heat collector elements)
o
New transfer fluids
o
Master direct steam generation (DSG) in parabolic trough plants
o
Raise working temperatures in Linear Fresnel Reflector plants
Pursue cost reduction potential for parabolic dishes and relevant thermodynamic engines, in particular through mass production
Pursue cost reduction potential of heliostat (mirror) fields with immediate control loop from receivers
and power blocks to address transients
Further develop heat storage, in particular three-step storage systems for direct steam generation
solar plants, whether LFR, troughs, or towers
Further develop central receiver concepts, notably for superheated steam, molten salts and air receivers; increase temperature levels to reduce storage costs and increase efficiency
Work collaboratively with turbine manufacturers to develop new turbines in the capacity range convenient for CSP plants with greater efficiency, in particular through supercritical and ultra-supercritical
designs
Consider all options for cooling systems in warm and water-scarce environments
Develop new concepts for small and mid-scale plants for remote or weakly interconnected grids, and
isolated end-users.
Join SolarPACES as sponsors

UTILITIES

•
•
•
•
•
•

Provide certainty to investors with long-term power purchase agreements or bidding procedures
Reward CSP plants that have firm capacities
Facilitate grid access for CSP developers
Participate actively in project development
In the long run, own and operate CSP plants as part of own generating assets portfolio
Join SolarPACES as sponsors

NON-GOVERNMENTAL
ORGANIZATIONS

•

Help obtain local public acceptance of CSP projects through fair assessment of pros and cons

•

Call for and organize negotiations between potential importing and exporting countries to establish
cross-border incentive regimes for CSP electricity transfers between countries
Develop international mechanisms to foster the development of CSP plants for local consumption in
sunny developing countries
Help organize the planning, financing and achievement of cross-border HVDC lines mainly associated with CSP expansion

•

•
•
CSP INDUSTRY

•
•
•
•
•

INTERGOVERNMENTAL
ORGANIZATIONS AND
MULTILATERAL
DEVELOPMENT
AGENCIES

•
•
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3 Task I:
Solar Thermal Electric Systems
Operating Agent:
Mark S. Mehos
National Renewable Energy Laboratory

3.1 Nature of Work & Objectives
Task I addresses the design, testing, demonstration,
evaluation, and application of concentrating solar power systems, also known as solar thermal electric systems. This includes parabolic troughs, linear Fresnel
collectors, power towers and dish/engine systems.
Through technology development and market barrier
removal, the focus of SolarPACES Task I is enabling
the entry of CSP systems into the commercial market
place. The component development and research efforts of Task III (see Part 5 of this report) logically feed
Task I as new components become parts of new systems. In return, the results of this Task I provide direction to Task III on new component needs.

3.2 Organization and structure:
The Task I Operating Agent is responsible for organization and reporting of Task I activities. Due to
the desire of CSP developers and other stakeholders to
promote and increase the financeability of CSP
projects, Task I has focused recently on two primary
subtasks, 1) the development and population of an international project database for commercial CSP systems under operation, construction, or development
and 2) the development of acceptance test procedures
and standards for CSP systems. A third subtask, the
development of best practice guidelines for modeling
CSP systems, has been proposed and will likely be developed further in 2010. Each of these three subtasks
will be described more fully later in this chapter.

3.3 Status of the Technology
Concentrating solar power offers the lowest cost
option for large, utility-scale solar energy today, with
expected un-incentivized production costs of less than
20¢/kWh for early commercial plants sited in locations
with premium solar resources. Lower costs are expected where additional incentives for CSP systems are
available (e.g. the existing U.S. Federal 30% Investment Tax Credit). As the cost of electricity from conventional generation technologies continues to rise, offtakers are becoming increasingly interested in CSP as a
viable alternative to other renewable technology options. Concerns over global warming and the increasing likelihood of a global carbon constrained energy
market, has further increased this interest.
While CSP continues to gain market share worldwide, reductions in the installed cost for utility-scale

photovoltaic systems have resulted in fierce competition between the two technology options. As CSP and
PV systems approach cost parity the ability of CSP
plants to provide high value firm, dispatchable power
through the use of thermal storage or hybridization
with fossil fuels will become increasingly important.
Concentrating solar power today is represented by
four technologies: parabolic troughs, linear Fresnel reflectors, power towers and dish/engine systems. Of
these technologies, parabolic troughs, and more recently towers, have been deployed in commercial plants.
Nine SEGS plants totaling 354 MW, originally built
and operated by LUZ in California in the 1980s and
1990s, are continuing to operate today with performance of most of the plants improving over time. In
2006, two commercial CSP began full-scale operation.
Acciona, formerly SolarGenix, completed construction
of a 64-MW parabolic trough plant near Las Vegas,
Nevada. The 64-MW plant was the first new commercial large-scale parabolic trough plant to begin operation in more than 15 years Abengoa inaugurated the
first commercial central receiver plant, PS10, an
11 MW saturated steam central receiver plant located
near Seville, Spain. Since these first plants, considerable progress has been made in the construction and development of plants throughout the world, demonstrating an increasingly optimistic outlook for CSP
technologies of all configurations (see below for list of
plants in operation or under construction). Over
380 MW of CSP systems are now operational in Spain
and over 700 MW are currently under construction at
the time of this report. Project totaling greater than
10 GW of capacity are under various stages of development, primarily in Spain, northern Africa, and the
southwest U.S. (see project database task for more information on CSP projects in operation, under construction, or under development).
Parabolic troughs are today considered to be fully
mature technology, ready for deployment. Early costs
for solar-only plants are expected to be in the range of
0.17-0.20 $/kWh in sunny locations where no incentives are offered to reduce costs. In recent years, the
five plants at the Kramer Junction site (SEGS III to
VII) achieved a 30% reduction in operation and maintenance costs, record annual plant efficiency of 14%,
and a daily solar-to-electric efficiency near 20%, as
well as peak efficiencies up to 21.5%. Annual and design point efficiencies for the current generation of parabolic trough plants under construction in the U.S. and
Spain are expected to be even higher, greater than 15%
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and 23% respectively, based on higher performance
mirrors and heat collection elements.
Hybrid solar/fossil plants have received much
greater attention in recent years, and several Integrated
Solar Combined Cycle (ISCC) projects are now under
construction in the Mediterranean region and the U.S.
New Energy Algeria (NEAL) selected Abengoa to
build the first such project at Hassi-R’mel. The project
will consist of a 150 MW ISCCS with 30 MW solar
capacity. Similar projects are under construction in
Morocco and Egypt. Archimede is another example of
an ISCCS project, however the plant’s 31,000 m2 parabolic trough solar field will be the first to use a molten
salt as a heat transfer fluid.
Advanced technologies like Direct Steam Generation (DISS) are under development at the Plataforma
Solar de Almeria where researchers continue to compare direct steam, using a combination of sensible heat
storage and latent heat storage, with oil heat transfer
fluids. Abengoa has constructed several direct steam
test loops at their test facility. Depending on results of
these tests, Abengoa intends to implement commercialscale direct steam. Research on higher temperature heat
transfer fluids and lower-cost storage systems are also
being pursued. Both Abengoa and Solar Millennium
are developing systems that use molten salt in the field,
increasing plant efficiency and reducing storage costs.
Linear Fresnel systems are conceptually simple,
using inexpensive, compact optics, and are being designed to produce saturated or superheated steam. This
technology may be suited for integration into combined
cycle recovery boilers, i.e., to replace the bled steam in
regenerative Rankine power cycles or for saturated
steam turbines. Extensive testing experience at a prototype-scale has been underway for several years at the
Liddell power station in Australia and the first commercial system linear Fresnel system, Puerto Errado I
by Novetec, is now operational in Spain. Systems are
also under development by (MAN/SPG (Germany),
Ausra/Areva (U.S/France), and SkyFuel (U.S.).
Power tower technology, a.k.a. central receiver
technology, have completed the proof-of-concept stage
of development and, although less mature than parabolic trough technology, are on the verge of commercialization.
Construction of PS10, the first commercial power
tower, was completed by Abengoa at its project site
outside of Seville, Spain and has been operating successfully since 2007. The tower system uses a saturated steam receiver to deliver steam to an 11-MW saturated steam turbine. PS20, roughly double the size of
PS10, started operation in 2009. Brightsource and eSolar are also developing steam-based receiver designs
with the intent of delivering superheated steam at higher temperatures and pressures. eSolar’s Sierra SunTower project, a 5-MW plant located at their test facility in Lancaster, California, began operation in 2009.
An alternative to steam receiver systems under development by Abengoa, Brightsource, and eSolar is the
molten salt tower. This approach offers the potential
for very low-cost storage that permits dispatch of solar
electricity to meet peak demand periods and a high ca-
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pacity factor (~70%). A molten-salt power tower three
times larger than Solar Two is being designed by Sener
for southern Spain. This plant, named Gemasolar, is a
17-MW molten-salt tower and is projected to start construction in 2010. U.S.-based Solar Reserve has signed
agreements for 250 MW of tower projects with molten
salt storage in Nevada and California.
Dish/engine systems are modular units typically
between 5 and 25 kW in size. Stirling engines have
been pursued most frequently, although other power
converters like Brayton turbines and concentrated PV
arrays have been considered for integration with dish
concentrators. The high solar concentration and operating temperatures of dish/Stirling systems has enabled
them to achieve world-record solar-to-electric conversion efficiencies of 30%. However, due to the level of
development of these technologies, energy costs are
about two times higher than those of parabolic troughs.
Dish/engine system development is ongoing in Europe
and the USA. Reliability improvement is a main thrust
of ongoing work, where the deployment and testing of
multiple systems enables more rapid progress.
Dish/Stirling systems have traditionally targeted highvalue remote power markets, but industry is increasingly interested in pursuing the larger, grid-connected
markets.
In Europe, Schlaich Bergermann und Partner have
extensively tested several 10-kW systems, based on a
structural dish and the Solo 161 kinematic Stirling engine at the Plataforma Solar de Almería. Follow-up activities based on the EuroDish design are being pursued
by a European Consortium of SBP, Inabensa,
CIEMAT, DLR and others. EuroDish prototype demonstration units are currently being operated in Spain,
France, Germany, Italy and India.
In the USA, Stirling Energy Systems (SES) is developing a 25-kW dish/Stirling system for utility-scale
markets. Six SES dish/Stirling systems are currently
being operated as a mini power plant at Sandia National Laboratories’ National Solar Thermal Test Facility
in Albuquerque, NM, USA. SES has two power purchase agreements to install 800 MW of these 25-kW
systems in California, USA.
Construction of a
1.5-MW facility is underway in Arizona.

3.4 Reported Task I activities
The focus of Task I efforts has continued on development of the international project database for CSP
systems as well as facilitating discussions related to the
development of procedures and test standards for CSP
systems. A third activity, the development of best
practice guidelines for modeling CSP systems, has
been proposed and will likely be developed further in
2010. Each of these efforts is described briefly below.
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SolarPACES international
Project Database

Description of Project Database Activity

Table 1 provides a listing of operational CSP systems
worldwide. Additional details for these projects and
well as projects under construction or operation can be
viewed at the SolarPACES project site located at
http://www.solarpaces.org/News/Projects/projects.htm.
Details on operational systems in the table that started
operation in 2009 are described in more detail below as
extracted from the database.
Table 1.1

CSP Systems in Operation

COMMERCIAL
CSP SYSTEMS

Contact

Operational Systems

Sharing

I MT C

Philip Jones - Cogentrix

x

SEGS III-IX

x

Ps10/Ps20

Dan Brake – NextEra Energy
Resources
Asun Padrós – Acciona Solar
Power
Phil Smithers – Arizona Public
Service
Ana Cabañas – Abengoa Solar

Andasol 1-2

Manuel Cortés – ACS Cobra

x

Saguaro

x
x
x

Liddell Power Station David Mills - Ausra

x

Kimberlina Power
Station
Puerto Errado 1

x

David Mills - Ausra

x

Sierra SunTower

Wolfgang Gödde - Novatec
Biosol
Jim Shandalov - eSolar

Alvarado I

Asun Padros – Acciona

x

Ibersol Ciudad Real

Iberdrola

x

SolarPACES International Standards

standards in preparation for a follow on open workshop
coincident with the 2009 SolarPACES Symposium
held in September 2009 in Berlin.
Subsequently NREL, through a contract with Dr.
David Kearney, has supported an effort to develop preliminary guidelines for acceptance testing of parabolic
trough solar fields. An acceptance test protocol committee, consisting of a panel of international experts,
was formed to help guide the effort. The committee
currently consists of representatives from Worley Parsons, NextLight, Fluor Power, Acciona Solar Power,
Abengoa Solar, Solar Millennium, Flagsol, Arizona
Public Service, NV Energy, Black and Veatch, R.W.
Beck, and Fichtner Solar. A preliminary draft of the
guidelines are expected to be released to Task I participants in the summer of 2010.

Best Practice Guidelines for CSP Modeling

SEGS I-II

Nevada Solar One

3.3

x

Description of Standards Development Activity
This activity was initiated in 2008 following the
2008 14th Biennial CSP SolarPACES Symposium held
in Las Vegas, NV. Those attending a Task meeting at
that venue expressed interest in defining a program for
developing procedures and test standards for CSP systemswith an initial emphasis on procedures for acceptance testing of parabolic trough solar fields. In March
2009, a preparatory workshop was jointly hosted by
NREL and DLR in Golden, Colorado in conjunction
with Task III to further define the activity. The objective of the preparatory workshop was to organize and
to gather expert opinions on the subject of testing and

Description of Proposed Modeling Guideline
Activity
Predicting the performance of a CSP plant is an important factor in the development of large-scale
projects. Computer models predicting the system’s annual, hourly, and sub-hourly performance are required
to assess single CSP projects (e.g., feasibility or due
diligence studies), compare different CSP concepts
(e.g. technology, site), optimize a project (e.g., solar
field size, storage capacity), investigate the influence of
component characteristics (e.g., receiver characteristics) or to assess system performance during commissioning, among other things.
The aim of the proposed activity is to assess the
state of the art in CSP performance modeling and to
develop and document a best practice guideline for
CSP performance calculations. To reach broad international acceptance, all relevant institutions world-wide
will be invited to participate in this group. The activities may serve as a first step on the way to a standard
for CSP performance modeling.
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3.5 OPERATIONAL PLANTS STARTING OPERATION IN 2009
ANDASOL-2
This page provides information on Andasol-1, a concentrating solar power (CSP) project, with data organized
by background, participants, and power plant configuration.
Background

Land Area:
Solar Resource:
Electricity Generation:
Contact for Information:
Company Web:
Lat/Long Location:
Break Ground:
Production Date:
Construction job-years:
Annual O&M jobs:
PPA Date:
Tariff Rate:
Tariff Period:
Tariff Information:

Participants

Developer:
Owner(s) (%):
Operator:
Offtaker(s):
EPC Contractor(s):

Plant Configuration
Solar Field

Number of SCAs:
# of Loops:
# SCAs per Loop:
Solar-Field Aperture Area:
SCA Length:
SCA Manufacturer (Model):
(SKAL-ET)
# Modules per SCA:
Mirror Manufacturer (Model):
Number of Heat Collector
Elements (HCEs):
HCE Manufacturer:
HCE Length:
Heat-Transfer Fluid Type:
phenyl/Biphenyl oxide
Inlet Temperature:
Outlet Temperature:

Power Block

Turbine Capacity (Net):
Output Type:
Power Cycle Pressure:

200 hectares
2,136 kWh/m2/yr
158,000 MWh/yr (expected)
Manuel Cortés,
Maria Sanchez, ACS/Cobra
Group
www.grupocobra.com,
www.grupoacs.com
37°13’50.83”N, 3°4’14.08”W
March 15, 2007
600
40
March 30, 2009
27 euro cents per kWh
25 years
Real Decreto 661/2007

Project Overview
Project Name:
Country:
Location:
Owner(s):

Technology:
Turbine Capacity
(Net):

Andasol-2 (AS-2)
Spain
Aldiere, Granada
ACS/Cobra Group,
Solar Millennium
Group
Parabolic trough
49.9 MW

ACS/Cobra Group
Status: Operational
ACS/Cobra Group (75%), Solar Millennium Group (25%)
Start Year: 2009
Cobra O&M
Endesa
UTE CT Andasol-2: Cobra (80%) and Sener (20%)
Cooling Method:
Wet cooling

624
156
4
510,120 m2
144 m
UTE CT Andasol-1
12
Flabeg (RP3)
11,232 / 11,232
Schott / Solel
4m/4m
Di293°C
393°C
49.9 MW
Rankine cycle
100 bars

Cooling Method Description: Cooling towers
Turbine Manufacturer:
Siemens (Germany)
Turbine Efficiency:
38.1% @ Full load
Annual solar-to-electric
efficiency:
16%
Backup Type (%):
HTF heater (12%)

Thermal Storage

Storage Type:
2-tank indirect
Storage Capacity:
7.5 hours
Thermal Storage Description: 28,500 tons of
molten salt, 60% sodium nitrate, 40% potassium nitrate. 1010 MWh. Tanks are 14 m high
and 36 m in diameter
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Planta Solar 20
This page provides information on Planta Solar 20, a concentrating solar power (CSP) project, with data organized by
background, participants, and power plant configuration.
Solúcar Energía’s Planta Solar 20 (PS20) is a 20-megawatt
power tower plant being constructed next to the PS10 tower,
and it will be the largest power tower in the world. The PS20
receiver has been significantly improved with respect to it
predecessor PS10 receiver. For example, designing a natural
circulation receiver and increasing incident solar radiation
capture will increase net electrical power output by 10 percent. The 160-meter tower was designed to reduce the visual
impact of its height. The plant has the capacity to generate
more than 40 gigawatt-hours of energy each year, enough to
supply power to 10,000 homes.
Status Date:

Background

Land Area:
Solar Resource:
Electricity Generation:
Contact for Information:
Company Web:
Lat/Long Location:
Break Ground:
Production Date:
PPA Date:
Tariff Rate:
Tariff Period:
Tariff Information:
Project Type:
Incentive 1:

Participants

Developer:
Owner(s) (%):
Operator:
Offtaker(s):
EPC Contractor(s):

Heliostat Field Area:
Number of Heliostats:
Heliostat Area:
Heliostat Manufacturer:
Heliostat Description:
Tower Height:
Tower Configuration:
Tower Receiver Type:
Heat-Transfer Fluid Type:
Receiver Manufacturer:
Outlet Temperature:

Project Name:
Country:
Location:
Owner(s):
Technology:
Turbine Capacity
(Net):

April 21, 2009

Status:
Start Year:

Planta Solar 20
(PS20)
Spain
Sevilla, Sanlucar la
Mayor
Abengoa Solar
Power tower
20 MW
Operational
2009

80 hectares
2,012 kWh/m2/yr
48,000 MWh/yr (expected)
Ana Cabañas, Abengoa Solar
www.abengoasolar.com
37°26’30.97”N, 6°14’59.98”W
2006
April 22, 2009
January 17, 2005
27.1188 euro cents per kWh
25 years
Royal Decree 661/2007; Total Price = Pool + Tariff Rate
Commercial plant
1.9 million euros from Andalusian Regional Government
Abengoa Solar
Abengoa Solar
Abengoa Solar
Endesa Distribución (FIT); Electric market (pool)
Abener Energía

Plant Configuration
Solar Field

Project Overview

Power Block

150,000 acres
1,255
120 m2
Abengoa
(Solucar 120)
Glass-metal
165 m
Cavity
Water
250°-300°C

Turbine Capacity (Gross):
20 MW
Turbine Capacity (Net):
20 MW
Output Type:
Rankine cycle
Power Cycle Pressure:
45 bars
Cooling Method:
Wet cooling
Cooling Method Description: Refrigeration towers
Turbine Manufacturer:
Turbine Efficiency:
Annual solar-to-electric
efficiency:
Backup Type (%):
Natural gas (15%)

Thermal Storage
Storage Type:
Storage Capacity:

Other
1 hour
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Puerto Errado 1
This page provides information on Puerto Errado 1, a concentrating solar power (CSP) project, with data organized by
background, participants, and power plant configuration. This
plant, operated by Novatec Solar España, is a linear Fresnel
reflector system.

Background

Technology:
Status:
Country:
City:
Region:
Lat/Long Location:
Land Area:
Solar Resource:
Electricity Generation:
Contact(s):
Company:
Break Ground:
Start Production:
PPA/Tariff Date:
Tariff Type:
Tariff Rate:
Tariff Period:
Tariff Information:
Project Type:

Project Name:
Country:

Puerto Errado 1
(PE1)
Spain

Location: Calasparra
Linear Fresnel reflector
(Murcia)
Operational
Spain
Owner(s): Novatec Solar
España S.L.
Calasparra
(100%)
Murcia
38°16′ 42.28″ North
Technology: Linear Fresnel
1°36′ 1.01″ West
Reflector
7 hectares
Turbine Capacity
1,700 kWh/m2/yr
(Net): 1.39 MW
2,800 MWh/yr
Wolfgang Gödde (Novatec); Ignacio
Status: Operational
Aycart (Prointec)
Start Year: 2009
Novatec Solar España, Prointec
March 14, 2008
March 17, 2008
April 1, 2009
b1.2 R.D 661/2007
26.9375 Euro cents per kWh
25 years
Tariff rate is 21.5495 Euro cents per kWh beyond 25 years
Prototype

Participants

Developer(s):
Owner(s) (%):
EPC Contractor:
Operator(s):

Novatec Solar España ; Prointec
Novatec Solar España S.L. (100%)
Novatec Solar España
Novatec Solar España S.L.
Power Support
Generation Offtaker(s): Iberdrola S.A.U. REE

Plant Configuration
Solar Field

# of Lines:
2
Line Length:
980 m
Mirror Width in Line:
16 m
Collector Manufacturer (Model) : Novatec Solar España S.L. (Nova-1)
Collector Description:
Fresnel
Mirror Manufacturer :
Novatec Solar España S.L.
Drive Manufacturer:
KKK-Siemens
Receiver Manufacturer : Novatec Solar España S.L.
Receiver Length:
980 m
Heat-Transfer Fluid Type: Water
HTF Company:
Novatec Solar España
Solar-Field Inlet Temp: 60°C
Solar-Field Outlet Temp: 270°C
Solar-Field Temp. Difference: 210°C

Power Block

Project Overview

Turbine Capacity (Net): 1.39 MW
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Ibersol Ciudad Real (Puertollano)

This page provides information on Ibersol Cuidad Real
(Puertollano), a concentrating solar power (CSP) project,
with data organized by background, participants, and
power plant configuration.

Background

Land Area:
Solar Resource:
Electricity Generation:
Contact for Information:
Company Web:
Lat/Long Location:
Break Ground:
Production Date:
Cost:
Construction job-years:
Annual O&M jobs:
Tariff Period:
Tariff Information:

Participants

Developer:
Owner(s) (%):
Operator:
Offtaker(s):
EPC Contractor(s):

150 hectares
2,061 kWh/m2/yr
103,000 MWh/yr (expected)

Owner(s):
Technology:

Spain
Puertollano, Castilla-La
Mancha
IBERCAM, IDAE
Parabolic trough

IBERCAM (Iberdrola Renovables Castilla-La Mancha)
IBERCAM (90%), IDAE (10%)
Iberdrola Renovables
Market
Not applicable

Solar Collector Assembly
(SCA) Field Area:
Number of SCAs:
# of Loops:
# SCAs per Loop:
Solar-Field Aperture Area:
SCA Manufacturer (Model):
# Modules per SCA:
Mirror Manufacturer (Model):
Number of Heat Collector
Elements (HCEs):
HCE Manufacturer:
HCE Length:
Heat-Transfer Fluid Type:
HTF Company:
Inlet Temperature:
Outlet Temperature:

Thermal Storage

Location:

Ibersol Ciudad Real
(Puertollano)

38°38’36.19”N, 3°58’29.6”W
Turbine Capacity
March, 2007
(Net): 50 MW
May, 2009 (estimated)
200,000,000 euros
Status: Operational
200 average; 650 peak
Start Year: 2009
60
25 years
Market price with premium system

Solar Field

Turbine Capacity (Net):
Output Type:
Power Cycle Pressure:
Cooling Method:
Turbine Manufacturer:
Turbine Efficiency:
Backup Type (%):

Project Name:
Country:

Plant Configuration

Power Block

Project Overview

352
88
4
287,760 m2
Iderdrola Collector
12
Flabeg, Rioglass
6,336 / 6,336
Schott / Solel
4m/4m
Diphenyl/Diphenyl oxide
Dow Chemical
304°C
391°C
50 MW
Rankine cycle
100 bars
Wet cooling
Siemens
38.9% @ Full load
HTF heater (gas-fired)

Thermal Storage Description: N/A
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Alvarado I

This page provides information on Alvarado I, a concentrating solar power (CSP) project, with data organized by background, participants, and power plant configuration.

Background

Land Area:
Solar Resource:
Electricity Generation:
Contact for Information:
Lat/Long Location:
Break Ground:
Start of Production:
Cost:
Project land Area:
Construction job-years:
Annual O&M jobs:
Tariff Rate:
Tariff Period:

Participants

Developer:
Owner(s) (%):
Operator:
Offtaker(s):
EPC Contractor(s):

135 hectares
2,174 kWh/m2/yr
105,200 MWh/yr (estimated)
Asun Padrós , Acciona Energía
38°49’37”N, 6°49’34”W
December, 2007
June, 2009

Acciona Energía
Acciona Energía (100%)
Acciona Energía
Acciona Energía

Solar Collector Assembly
(SCA) Field Area:
Number of SCAs:
768
Solar-Field Aperture Area:
SCA Manufacturer (Model): Acciona Solar Power
Mirror Manufacturer (Model):
Number of Heat Collector
Elements (HCEs):
HCE Manufacturer (Model):

Biphenyl/Diphenyl oxide
393°C

Power Block

Thermal Storage

Storage Type: None
Sierra SunTower

50 MW
Rankine cycle
Wet cooling

Alvarado I
Spain

Location:

Alvarado, Badajoz

Owner(s):

Acciona Energía

Technology:

Parabolic trough

Turbine Capacity
(Net):
Status:

350
31
27 euro cents per kWh
25 years

Solar Field

Turbine Capacity (Gross):
Turbine Capacity (Net):
Output Type:
Power Cycle Pressure:
Cooling Method:
Turbine Supplier:
Turbine Efficiency:
Backup Type (%):

Project Name:
Country:

Plant Configuration

HCE Type (Length):
Drive Manufacturer(s):
Heat-Transfer Fluid Type:
Inlet Temperature:
Outlet Temperature:

Project Overview

Start Year:

50 MW
Operational
2009
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Sierra SunTower

This page provides information on Sierra SunTower, a concentrating solar power (CSP) project.
eSolar, a world leader in CSP technology in tower configuration, built, owns, and operates the only operating solar therProject Overview
mal power plant using tower technology in the United States.
Project Name: Sierra SunTower
Located in Lancaster, California, about 40 miles north of Los
(Sierra)
Angeles, this tower system has been producing electricity
since July 2009, which is being sold to Southern California
Country: United States
Edison under a power purchase agreement.
Location:

Background

Solar Resource:
Contact for Information:
Company Web:
Lat/Long Location:
Break Ground:
Production Date:
Incentive 1:

Participants

Developer:
Owner(s) (%):
Operator:
Offtaker(s):

2,629 kWh/m2/yr
Jim Shandalov;
www.esolar.com
34°46′ North, 118°8′ West
July, 2008
July 2009
Expected 30% Federal Investment Tax Credit (ITC, 5-year
MACRS)
eSolar
eSolar
eSolar
Southern California Edison

Plant Configuration
Solar Field

Heliostat Field Area:
Number of Heliostats:
Heliostat Area:
Heliostat Manufacturer:
Tower Height:
Receiver Manufacturer:
Receiver Type:
Receiver Manufacturer:
Receiver Type:
Heat-Transfer Fluid Type:
Receiver Inlet Temp:
Receiver Outlet Temp:
Receiver Temp. Difference:

Power Block

Turbine Capacity (Gross):
Output Type:
Cooling Method:
Cooling Method Description:

27,670 m2
24,360
1.136 m2
eSolar
55 m
Babcock & Wilcox
External
Victory Energy
Cavity
Water
218°C
440°C
222°C
5 MW
Rankine cycle
Wet cooling
Cooling towers

Owner(s):
Technology:
Turbine Capacity
(Net):
Status:
Start Year:

Lancaster, California
eSolar
Power tower
5 MW
Operational
2009
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4.1

4 Task II: Solar Chemistry Research
Operating Agent: Anton Meier, PSI, Switzerland
National Coordinators:
•
•
•
•
•
•
•
•
•

4.1

Keith Lovegrove, ANU, Australia
Gilles Flamant, CNRS-PROMES, France
Karl-Heinz Funken, DLR, Germany
Michael Epstein, WIS, Israel
Paolo Favuzza, ENEA, Italy
Yong-Heak Kang, KIER, Korea
Alfonso Vidal, CIEMAT, Spain
Anton Meier, PSI, Switzerland
Alan Weimer, UC, USA

Nature of Work & Objectives

The primary objective of Task II – Solar Chemistry
R&D – is to develop and optimize solar-driven thermochemical processes and to demonstrate their technical
and economic feasibility at an industrially scale:
• Production of energy carriers: conversion of solar
energy into chemical fuels that can be stored longterm and transported long-range. During this term,
special focus is on solar thermal production of hydrogen and syngas.
• Processing of chemical commodities: use of solar
energy for processing energy-intensive, hightemperature materials.
• Detoxification and recycling of waste materials: use
of solar energy for detoxification and recycling of
hazardous waste and of secondary raw materials.
Organization and Structure: The Task II Operating
Agent, currently PSI, Switzerland, is responsible for
organization, operation, and reporting. International
solar chemical research, development and demonstration efforts are coordinated in cost, task and/or information- sharing activities by National Coordinators, making use of an efficient network, for the rapid exchange
of technical and scientific information. In 2009, we
welcomed Paolo Favuzza from ENEA as the new NC
for Italy, and Yong-Heak Kang from KIER as the new
NC for Korea. The Task II Annual Meeting provides a
forum for presenting and discussing major technological achievements.
The Task II Program of Work provides an up-todate description of the national and international

projects. When appropriate, Task II conducts a status
review on novel technologies for assessing their technical and economical feasibility. Task II is continuously
striving to stimulate public awareness of the potential
contribution of solar chemistry to clean, sustainable
energy services.

4.2

Status of Technology

This chapter provides a comprehensive overview of
the many ways in which solar chemical technologies
may be used for the delivery of clean, sustainable energy services. In 2009, special focus was on the solar
thermal production of fuels (hydrogen and syngas) and
chemicals for the power, transportation and chemical
sectors of the world energy economy.
In 2009, solar chemistry research was presented at
two major international conferences:
• 15th SolarPACES Conference, Berlin, Germany,
September 15-18, 2009: 24 papers were presented
on solar fuels.
• ASME Conference on Energy Sustainability 2009,
San Francisco, July 19-23, 2009: 13 papers were
presented on solar thermochemistry.
In August 2009, SolarPACES published a comprehensive brochure on Solar Fuels from Concentrated
Sunlight to provide an overview of goals, current status,
and future perspectives in this emerging field.
In the following, the most important achievements in
2009 of Task II related projects are summarized with
up-to-date information about project participation, objectives, status, and relevant publications.
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4.2.1 SOLAR PRODUCTION OF
ENERGY CARRIERS
SOLREF – Solar Steam Reforming of Methane Rich Gas for Synthesis Gas Production
Participants: DLR (D), APTL (GR), WIS (IL), ETH
(CH), Johnson Matthey Fuel Cells Ltd.
(UK), HyGear B.V.(NL), SHAP S.p.A. (I)

SOLARPACES

SOLHYCARB – High Temperature Solar
Chemical Reactor for Co-production of Hydrogen and Carbon Black from Natural Gas
Cracking
Participants: CNRS-PROMES (FR), ETH (CH), PSI
(CH), WIS (IL), CERTH/CPERI (GR),
DLR (D), TIMCAL (B), SOLUCAR
R&D (E), CREED (F), N-GHY (F)

Contact:

Christian Sattler, christian.sattler@dlr.de

Contacts:

Gilles Flamant, flamant@promes.cnrs.fr

Funding:

EC funded project, cost shared:
€ 2,100,000

Funding:

EC funded project, cost shared:
€ 1,900,000

Duration:

April 1, 2004 - September 30, 2009

Duration:

March 1, 2006 – February 28, 2010

Background: The work proposed in SOLREF is based
on the activities performed in the previous SOLASYS
project, in which the technical feasibility of solar steam
reforming was proven. Based on the experience and
know-how acquired in SOLASYS, SOLREF will take
solar steam reforming a significant step closer to industrialization.
Purpose: The main purpose of this project is to develop
and operate an innovative 400 kWth solar reformer for
several applications such as hydrogen production or
electricity generation. The new solar reformer is more
compact and more cost-effective than the previous
SOLASYS reformer.

Figure 4.1. SOLREF receiver-reactor on top of the solar
tower at WIS, Rehovot, Israel.

Achievements in 2009: Due to delay in manufacturing/certification of the reformer, the project was extended to September 2009. The 400-kWth solar reformer
was constructed and set-up on the WIS solar tower,
Rehovot, Israel (Figure 4.1). Although the project was
formally finished on September 30, 2009, testing has
continued. The reactor is still installed on the tower, and
the first months of 2010 will be used to acquire a larger
data base. The results will be published after the end of
the testing.

Background: The SOLHYCARB project addresses the
solar thermal decomposition of natural gas (NG) for the
co-production of hydrogen (H2) and Carbon Black (CB)
as a high-value nano-material. This solar process avoids
CO2 emissions and saves fossil fuels in comparison to
conventional methods for H2 and CB production (e.g.
NG steam reforming), where the process heat is supplied by burning a significant portion of the feedstock.
Purpose: The research aims at designing, constructing,
and testing innovative solar reactors at various scales
(10 kWth and 50 kWth) operating between 1400°C and
1800°C. The targeted results are: (1) CH4 conversion
over 80%; (2) off-gas H2 yield over 75%; and (3) CB
properties equivalent to industrial products. The main
scientific and technical challenges concern the design
and operation of high-temperature solar chemical reactors containing nano-size particulates, the production of
two valuable products (H2 and CB) in the same reactor,
and solar reactor scale-up based on reactor modeling
and experimental validation.
Achievements in 2009: A multi-tubular solar reactor
prototype (10 kWth scale) for natural gas (or methane)
pyrolysis was developed and tested between 1400°C
and 1800°C at the focus of the CNRS solar furnace in
France. This reactor features a cavity-type receiver
(cube of 0.20 m side length) with a 0.09 m-diameter
aperture closed by a transparent quartz window to let in
concentrated solar radiation. The reacting gas is flowing
through four tubular reaction zones, each composed of
two concentric graphite tubes that are positioned vertically inside the cavity. This configuration showed good
H2 production efficiency performance, but did not recover CB in the filter efficiently. The positive effect of
increasing either the temperature and/or residence time
of CH4 pyrolysis was demonstrated (Figure 4.2). Then,
to facilitate the gas-solid flow and alleviate particle
deposition within the vertical tubes, a new tubular configuration consisting of a single horizontal tube was
proposed and tested using an external plasma heating
source. Significant quantities of CB particles were collected in the filter bag while high CH4 conversion was
maintained.
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This new design was selected for the development
of a multi-tubular 50-kWth pilot-scale solar reactor. It is
composed of seven horizontal tubes that pass through a
0.40-m-side cubic graphite cavity receiver with a
0.13-m-diameter aperture closed by a hemispherical
quartz window (solar flux density of 4 MW/m2 at the
aperture). Nine experimental runs were performed in the
1300°C-1600°C temperature range and with 25% to
50% CH4 mole fractions in the feed. Complete CH4
conversion and H2 yield over 80% were achieved. The
samples of carbon produced are being used for thorough
analysis of the CB properties compared to commercial
standards.
At ETH, a transient heat transfer model was developed for a reacting flow of CH4 laden with μm-sized
carbon particles directly exposed to concentrated solar
radiation and undergoing thermal decomposition into
carbon and hydrogen [4.4]. The unsteady mass and
energy conservation equations, coupling convective
heat and mass transfer, radiative heat transfer, and
chemical kinetics for a two-phase solid-gas flow, were
formulated and solved numerically for both phases.
Parametric study was performed with respect to the
initial particle diameter, volume fraction, gas composition, and velocity. Validation was accomplished by
comparing temperatures and extent of the reaction with
those measured experimentally using a 5-kW particleflow solar chemical reactor prototype in PSI’s solar
furnace in the 1300-1600 K range [4.5]. Methane conversion and hydrogen yield exceeding 95% were obtained at residence times of less than 2 s. A solar-tochemical energy conversion efficiency of 16% was
reached experimentally, and a maximum value of 31%
was numerically predicted for a pure methane flow.
SEM images revealed the formation filamentous agglomerations on the surface of the seed particles, reducing their active specific surface area.

4.3

SYNPET – Hydrogen Production by SteamGasification of Petcoke
Participants: PDVSA (Venezuela),
ETH/PSI (CH)

CIEMAT

(E),

Contact:

Alfonso Vidal, alfonso.vidal@ciemat.es
Juan Carlos de Jesús, dejesusjc@pdvsa.com
Aldo Steinfeld, aldo.steinfeld@eth.ch

Funding:

PDVSA-CIEMAT-ETH: $ 8,300,000

Duration:

January 1, 2003 – February 28, 2010

Background: Hybrid solar/fossil endothermic processes
make use of fossil fuels as the chemical source for H2
production and of concentrated solar energy exclusively
as the source of high-temperature process heat. PDVSA,
CIEMAT and ETH began a joint project for developing
and testing a 500 kWth solar reactor for steam gasification. The modeling and engineering design of the solar
reactor as well as the results of preliminary experimental campaigns have been summarized in previous SolarPACES reports. CIEMAT managed construction of the
solar gasification plant on the 40-m platform of the

Publications: [4.1]-[4.5]

Figure 4.2. CH4 conversion, H2 yield, C yield (left axis);
CH4 and C2H2 off-gas mole fractions (right axis)
versus residence time (T=1823K, CH4 mole
fraction in the feed: 10%).

Figure 4.3.

Solar petcoke gasification reactor mounted
on top of the SSPS tower at the Plataforma
Solar de Almería. View from the heliostat
field (top) and inside the cabin before installation of the off-gas system (bottom).
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SSPS tower at the Plataforma Solar de Almería (PSA).
A complete description of the plant is given in [4.6].
Purpose: The project aims at experimentally demonstrating the technology for gasifying heavy crude oil
solid derivatives, such as petcoke, in a 500 kWth solar
pilot reactor.
Achievements in 2009: Testing began in the second half
of 2009 after completion of the 500-kWth solar gasification plant at the PSA (Figure 4.3). The primary goal of
this series of tests was to ensure proper plant operation
at power levels approaching the maximum load and to
acquire working experience with the complex system
(the SCADA system monitors and controls about 850
process variables). Thermal tests started with low input
power, which was then gradually increased by focusing
additional heliostats. Peak input power was about
1.5 MW/m2, which represents a total absorbed power of
300 kWth inside the receiver-reactor. The temperature
distribution on the frustum surrounding the receiver
aperture was measured to evaluate the thermal performance of the ceramic material. After about two weeks of
testing, a problem occurred at the aperture of the receiver, which subsequently was disassembled for further inspection. Macroscopic observations of cracks on
the conical ceramic aperture front revealed poor thermal
and/or mechanical shock resistance of the alumina materials.
A second test campaign with an improved absorber
configuration is scheduled for March 2010 and will last
three months. The results of this experimental campaign
will provide input for the pre-design of a commercial
plant in Venezuela.
Publications: [4.6]

SOLSYN – Solar Process for High Quality
Syngas from Carbonaceous Materials
Participants: PSI/ETH (CH), HOLCIM (CH)
Contact:

Christian Wieckert,
christian.wieckert@psi.ch

Funding:

Swiss federal funding (CTI) + industry:
€1,300,000 (2nd phase)

Duration:

Aug 1, 2009 – July 31, 2011(2nd phase)

Background: In the first stage of the project in
2007/2008, laboratory tests with a two-cavity batch
solar reactor demonstrated the feasibility of solar steam
gasification for a wide range of carbonaceous feedstock
[4.7] (Figure 4.4). The processes taking place in the
packed-bed solar reactor were studied numerically as
well [4.8].
Purpose: The main project goal is to develop and operate an innovative 250-kWth solar pilot reactor for steam
gasification of coal, coke, and carbonaceous waste materials. The main product is a synthesis gas (syngas,
consisting mainly of H2 and CO), which has a higher

Figure 4.4. Flow diagram of solar steam gasification of carbonaceous materials for syngas production.

calorific value than the feedstock material (“solar upgrade”). It is intended to be used as fuel for firing cement kilns.
Achievements in 2009: Based on the conceptual design
of a 250-kWth solar pilot plant, detailed design of the
two-cavity solar batch reactor, feed and off-gas systems
was made. Major plant components have been ordered
and will be shipped to a solar facility where extensive
testing is planned for 2010.
Publications: [4.7]-[4.8]

Sundrop Fuels converts Sun’s Energy into
Clean Affordable Fuels
Contact:

Alan Weimer, alan.weimer@colorado.edu

Participants: Sundrop Fuels, Inc. (USA)
Background: Sundrop Fuels Inc., Louisville, CO
(USA), is a new energy company with roots at the Colorado Center for Biorefining and Biofuels (C2B2;
www.C2B2web.org). It is preparing to enter the marketplace with a unique solar gasification process that
turns almost any kind of plant material into clean, affordable liquid transportation fuel for use in today's
autos, diesel engines and aircraft. Core elements of
C2B2 sponsor Sundrop Fuels Inc.’s technology were
developed by and are licensed through University of
Colorado at Boulder (UC Boulder) and the National
Renewable Energy Laboratory (NREL) – two cornerstones of C2B2. In 2008, the company acquired Copernican Energy, a CU-Boulder technology transfer spinoff
founded by C2B2 Executive Director, Dr. Alan Weimer, and his Ph.D. student, Dr. Christopher Perkins.
The company's initial backing comes from two of the
world's premier venture groups, Kleiner Perkins Caufield & Byers (KPCB) and Oak Investment Partners.
The Sundrop Fuels process centers on its proprietary
SurroundSunTM technology, a solar-thermal biomass
gasifier that is mounted on a tower and powered by a
concentrating mirror field below. The solar reactor
creates ultra-high temperatures of more than 1,300°C,
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gasifying any feedstock within seconds. The resulting
"syngas" – a mixture of carbon oxides and hydrogen –
is then made into various forms of liquid transportation
fuel using well-established commercial processes. In the
solar-driven gasification process, nearly one hundred
percent of the biomass used actually becomes transportation fuel. This astonishing efficiency and the fact that
the energy content of the product syngas exceeds that of
the starting biomass by over 30% provides for a production process allowing Sundrop Fuels to compete directly
with petroleum products by creating green gasoline and
other fuels for an unsubsidized cost of less than $2 per
gallon. Further, the Sundrop Fuels production life-cycle
leaves virtually no carbon footprint, and depending on
the feedstock used, actually reduces greenhouse gas in
the atmosphere.
Purpose: The Company plans to build multi-tower solar
fuels "parks" in the Southwestern U.S. – on sundrenched industrial land located in places such as Arizona, California, Nevada and New Mexico – capable of
producing one billion gallons of clean transportation
fuel annually. A single commercial solar unit will be
comprised of a tall tower with heliostat mirrors positioned on the ground below, coupled with an integrated
biofuels production facility. Agricultural waste, woody
biomass, energy crops and other feedstock readily available throughout the Rocky Mountain and Midwest regions will be delivered to Sundrop Fuels’ biorefinery
facility via railroad. The feedstock will range from
beetle-kill trees, rice and wheat straw, corn stover or
future energy crops like miscanthus and rhubarb. Because of the high solar processing temperature, the
process is essentially feedstock agnostic.
Achievements in 2009: Following successful completion of laboratory and on-sun demonstration systems,
Sundrop Fuels began operating a 1 megawatt thermal
Receiver Development Facility (RDF) in Broomfield,
Colorado, in September 2009 (Figure 4.5). The company is now securing strategic partners to begin construction in 2010 of a commercial-scale, revenue generating facility that will be coupled with an integrated

Figure 4.5.

Sundrop Fuels, Inc. ~1 MW RDF Facility,
Broomfield, CO. [4.12]
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pilot-scale biorefinery to produce seven to eight million
gallons of transportation fuel annually. A full-scale
biorefinery producing 100 million gallons a year is
planned for completion in 2015.
While Sundrop Fuels started as a concept born in the
labs of C2B2 mainstays CU Boulder and NREL, its
technology will soon have a significant presence.
Publications: [4.9]-[4.12]

Fundamentals of a Solar-thermal Hydrogen Production Process using a Metal-oxide based Water-splitting Cycle
Participant: UC Boulder (USA)
Contact:

Alan Weimer, alan.weimer@colorado.edu

Funding:

DOE funded project, cost shared:
$ 1,170,000

Duration:

October 1, 2005 – September 30, 2010

Background: Multi-step thermochemical cycles which
split water through a series of two or more chemical
reactions using spinel (MgAl2O4) ferrites provide an
opportunity for carrying out the high-temperature reduction step at modest temperatures of less than 1800
K. In addition, they remove oxygen and hydrogen in
separate steps, thus avoiding the recombination issues.
Purpose: The objective of this project is to develop a
fundamental understanding of the ferrite-based
(MxFeyO4) solar-thermal thermochemical cycles to split
water through theoretical and experimental investigations. On the basis of these results, a process flow sheet
will be developed and an economic analysis will be
carried out of the best process options.
Achievements in 2009: Cobalt ferrites were deposited
on Al2O3 substrates via atomic layer deposition, and the
efficacy of using these in a ferrite water-splitting redox
cycle to produce H2 was studied. Experimental results
were coupled with thermodynamic modeling, and results indicate that CoFe2O4 deposited on Al2O3 is capable of being reduced at lower temperatures (200oC300oC) than CoFe2O4 due to a reaction between the
ferrite and substrate to form FeAl2O4. Although the
reaction of FeAl2O4 and H2O is not as thermodynamically favorable as that of FeO and H2O, it was shown to
be capable of splitting H2O to produce H2 if nonequilibrium conditions are maintained. Significant
quantities of H2 were produced at reduction temperatures of only 1200oC, whereas, CoFe2O4 produced little
or no H2 until reduction temperatures of 1400oC.
CoFe2O4/Al2O3 was capable of being cycled at 1200oC
reduction / 1000oC oxidation with no obvious deactivation.
Publications: [4.13]
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Hydrogen Production from Solar Thermochemical Water-Splitting Cycles
Participants: CNRS-PROMES (F), CNRS-IEM (F)
Contacts:

Stéphane Abanades,
abanades@promes.cnrs.fr

Funding:

CNRS (F), Languedoc-Roussillon regional council (F)

Background: Two-step and three-step solar watersplitting thermochemical cycles based on metal oxide
redox pairs (MxOy/MxOy-1) are the most promising cycles for H2 production. These cycles may entail either
volatile (ZnO/Zn or SnO2/SnO) or non-volatile oxides
such as ferrites. In addition to the water-splitting H2
generation step, all cycles involve a high temperature
step for the endothermic metal oxide reduction reaction,
which takes place in a solar reactor.
Purpose: The main purpose of the study is the experimental evaluation of promising multi-step cycles for H2
production. Research concerns (1) study of the chemical
steps including reaction kinetics; (2) design, operation
and performance evaluation of innovative solar reactors;
and (3) determination of the global efficiencies of the
solar chemical processes. Overall energy efficiencies
above 20% are targeted to compete with electrolysis.
Achievements in 2009: Two-step cycles involving hightemperature solid-gas reactions were considered. The
kinetics of the hydrolysis reaction in the ZnO/Zn and
SnO2/SnO thermochemical cycles was studied for solar
H2 production. Nanoparticles of Zn and SnO were synthesized by solar thermal reduction of the oxides at
about 1600°C, with neutral gas quenching of the vapors.
They were then hydrolyzed to quantify and compare the
H2 yields and the kinetic rate laws in a fixed bed. Hydrolysis of Zn nanoparticles was up to 55% of H2 yield,
whereas SnO hydrolysis was almost complete. In contrast, Zn hydrolysis was much faster than SnO hydrolysis, but Zn suddenly deactivated. Models of solid-gas
reactions were applied to identify the controlling mechanisms and the associated kinetic parameters. The
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kinetic models were fitted to both isothermal and nonisothermal (temperature ramp) hydrolysis experimental
data (Figure 4.6). Activation energies and reaction orders were found to be 122±13 kJ/mol and 2.0±0.3 for
SnO, and 87±7 kJ/mol and 3.5±0.5 for Zn, respectively.
Finally, a shrinking core approach was applied to SnO
to account for the reaction-controlling mechanisms.
A lab-scale solar reactor prototype was designed,
constructed and operated, allowing continuous thermal
dissociation of volatile metal oxides at reduced pressure. It is based on a cavity-type rotating receiver absorbing solar radiation and composed of standard refractory materials. The reactant metal oxide powder is
injected continuously into the cavity and the active
particles produced are recovered in a downstream ceramic filter. Dilution/quenching of the product gases
with an inert gas yield nanoparticles by condensation.
The solar thermal dissociation of ZnO was achieved
experimentally, the reaction yields were quantified, and
a first concept of the solar reactor was qualified. ZnO
conversion was up to 87% and the maximum yield of
Zn particles recovered in the filter was 21% for a dilution ratio of 300.
Publications: [4.14]-[4.16]

Solar Hydrogen Production from a ZnO/Zn
Thermochemical Cycle
Participants: PSI (CH), ETH (CH)
Contacts:

Anton Meier, anton.meier@psi.ch
Daniel Gstoehl, daniel.gstoehl@psi.ch
Aldo Steinfeld, aldo.steinfeld@eth.ch

Funding:

SFOE-Swiss Federal Office of Energy,
PSI, ETH

Duration:

January 1, 2003 – December 31, 2011

Background: Hydrogen production from water using
solar energy in a two-step thermochemical cycle is
under study. The first endothermic step is the thermal
dissociation of ZnO(s) into Zn(g) and O2 at temperatures above 2000 K using concentrated solar energy as
the source of process heat. The second, non-solar, exothermic step is hydrolysis of Zn at 700 K to form H2 and
ZnO(s); the latter separates naturally and is recycled to
the first step.
Purpose: The main purpose of this study is to optimize
the solar reactor technology for the thermal dissociation
of ZnO at laboratory scale (10 kWth solar power input)
and to successfully demonstrate the fully integrated
pilot scale reactor (solar power input of 100 kWth).

Figure 4.6.

Isothermal hydrolysis of solar-produced SnO
and Zn powders (I denotes the time of steam injection) and results of the fitting from an empirical depletion model: dα/dt = k·(1-α)n.

Achievements in 2009: The solar chemical reactor concept proposed is based on a rotating cavity-receiver
lined with reacting ZnO particles held together by centrifugal force and directly exposed to high-flux irradiation. The thermal decomposition of porous ZnO is well
described by a transient ablation model that combines

SOLARPACES

Figure 4.7.

TASK II

Quench unit installed in the tubular solar reactor cavity outlet ( retracted feeder).

radiation, conduction, and convection heat transfer in an
Arrhenius-type kinetic rate law [4.17]-[4.19].
In 2009, a set of 20 experimental runs were performed with the 10-kWth reactor prototype in PSI’s
High Flux Solar Simulator (HFSS). Two types of Zn-O2
quenching units were designed, built, and connected to
the 10-kWth solar receiver-reactor prototype cavity
outlet. The quench gas (Ar) is injected either in the
annular gap between the feeder and the tube wall or in
the tubular outlet with a retracted feeder (Figure 4.7).
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The reacting flow (RF) from the cavity is bounded
by an annular flow of inert gas (AF) in order to avoid
particle deposition on the walls. The cold quench flow
(QF) is injected orthogonally as in a T-mixer so it mixes
quickly with the hot stream. The maximum power input
was set between 4.8 kWth and 8.8 kWth to obtain the
desired cavity temperatures in the 1774-1968 K range.
The purge gas window flow was set to 7 lN min-1. AF
and QF varied in the range of 0–31.5 lN min-1 to 073.5 lN min–1, respectively. The maximum Zn content in
the quenched products was 53.9%, and the maximum
Zn content in the filtered products was 63.2% as determined by dissolution of the products in HCl. The results
indicate that the tubular quench unit (with retracted
feeder) is superior to the annular quench unit (with
feeder placed in the cavity outlet).
The test site proposed for the 100-kWth scaled up reactor is the Megawatt Solar Furnace (MWSF) at CNRSPROMES, Odeillo, France. The in-house Monte Carlo
(MC) ray-tracing code VeGaS has been adapted to the
geometry of the MWSF for estimating the flux distribution in the scaled-up reactor [4.20]. Parameter matching
found close agreement between the MC ray-tracing
results and the experimentally derived solar concentration ratio curve at the focus. Three parameters, the fraction of diffuse reflection, fdiff, the angular dispersion
error of the heliostats, φerr,helio, and the dispersion error
of the parabolic dish, φ,err,PD were considered. The dispersion error includes the combined effect of geometric
imperfections, surface degradation of the mirror surfaces, and imperfect heliostat tracking. A comparison of
the simulated and experimentally measured flux distribution on a flat target centered at the focus is shown in
Figure 4.8. The power distribution found by ray-tracing
was then scaled so that 100 kWth input power is effectively absorbed in the solar reactor cavity.
Publications: [4.17]-[4.20]

HYDROSOL-2 – Solar Hydrogen via Water
Splitting in Advanced Monolithic Reactors for
Future Solar Power Plants
Participants: CERTH/CPERI (GR), DLR (D), Stobbe
Tech (DK), Johnson Matthey Fuel Cell
Ltd. (UK), CIEMAT (E)
Figure 4.8. Contour map of incident radiative flux for a flat
target at the focus of the MWSF parabolic dish.
For the best fit of the VeGaS results to the experimental curve, a total combined dispersion error of
6 mrad, split evenly between heliostats and parabolic dish (φerr,helio = φ,err,PD = 3 mrad), and a
fraction of diffuse reflection of fdiff = 0.05 for both
the heliostats and the parabolic dish were used.
Results are for 25 central heliostats, a direct normal solar irradiance of 1 sun (1 sun = 1000 W/m2)
for a solar altitude angle of 45° at solar noon. Experimental data provided by CNRS-PROMES.
From[4.20]

Contacts:

Martin Roeb, martin.roeb@dlr.de
Christian Sattler, christian.sattler@dlr.de

Funding:

EC (FP6), DLR

Duration:

November 1, 2005 - October 31, 2009

Background: A promising new method for solar-heated
two-step water-splitting thermochemical processes
operating at moderate temperatures below 1500 K has
been developed. It includes a support structure capable
of achieving high temperatures when heated by concentrated solar radiation, combined with a redox system
capable of water dissociation and at the same time suit-
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heliostats are used for coarse adjustment of the temperature in steps of about ±100 K, and low-flux heliostats
are used for fine tuning the temperature in steps of
about ±10-20 K. This method can be applied for both
levels of operating temperatures, 800°C and 1200°C, to
ensure adequate steady state operation.
The effect of different operational parameters such
as mass flow, gas preheating, and heliostat selection
was investigated to define appropriate ranges of operation and to optimize the process. A process procedure
was developed to ensure rapid changeover between the
two reactor modules as needed.
Several hydrogen production experiments, lasting
from a few days up to weeks, successfully proved the
process concept. Different sets of honeycomb absorbers
coated with redox material based on ferrites were tested
under standard operational conditions as well as under
modified conditions to explore the influence of specific
parameters on process performance and hydrogen production. The tests provided a significant number of
hydrogen production cycles and conversion efficiencies
from steam to hydrogen in the range of around 30%.
Design studies of pre-commercial plants applying
the HYDROSOL technology have been completed,
including elaboration of process flow sheets and sizing
of critical components such as the heliostat field.
Figure 4.9.

Operation of the HYDROSOL-2 100-kWth pilot
plant on the PSA SSPS tower.

able for regeneration at high temperatures. The feasibility of this technology was previously demonstrated
under the HYDROSOL Project. A solar reactor prototype was designed, built and operated in the DLR solar
furnace facility in Cologne (Germany), continuously
producing “solar hydrogen”.
Purpose: (1) Develop and test an optimized pilot plant
(100 kWth) based on the novel reactor concept at the
Plataforma Solar de Almería (PSA, Spain); (2) further
scale up this technology and demonstrate its effective
integration with solar concentrating systems; (3) provide stable metal oxide/ceramic support assemblies
capable of performing at least 50 water-splitting cycles
in a row; (4) decrease the temperature of the regeneration step considerably below 1500 K; (5) optimize the
efficiency of water-splitting and oxygen-releasing steps;
(6) develop the solar field control strategy.
Achievements in 2009: In 2008, the 100-kWth pilot
plant was installed and thermally tested at an experimental platform on the SSPS tower at PSA. In 2009, the
test campaigns focused on control procedure optimization, multi-cycle operation, hydrogen production, and
parametric testing (Figure 4.9).
“Control by heliostats” turned out to be the preferred
way of controlling the process temperature within the
two reactor modules operating at 800°C and 1200°C,
respectively. Since individual heliostats of the SSPS
field can provide different foci, this feature was used to
set up an efficient control strategy. So-called high-flux

Publications: [4.21]

HycycleS – Solar Production of Hydrogen by
the Sulfur-Iodine and Westinghouse Thermochemical Cycles
Participants: DLR (D), CEA (F), University of Sheffield (UK), CERTH/CPERI (GR), JRC
(NL), ENEA (I), ETH (CH), Empresarios
Agrupados (E), BOOSTEC (F)
Contact:

Martin Roeb, martin.roeb@dlr.de

Funding:

EC (FP7), DLR

Duration:

January 1, 2008 - December 31, 2010

Background: Solar energy is expected to play a major
role in the production of future transportation fuels. In
particular, solar thermochemical processes offer the
potential of highly efficient mass hydrogen production
at competitive costs. Although most of these processes
have been evaluated in theoretical studies, the technology is not yet ready for application. The highest worldwide priority is currently sulfur-based cycles, i.e., sulfur-iodine (SI) and the hybrid sulfur (HyS) cycle, because they can be operated at temperatures making use
of concentrated solar radiation as the source of process
heat. However, high temperatures and corrosive environments in their key steps present major challenges.
The severe operating conditions require advanced materials as well as special design and fabrication methods
for the key components. The key components common
to both cycles include the oxygen separator, the H2SO4
evaporator, and the SO3 decomposer, which has to with-
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stand the highest temperatures in the cycles exceeding
850°C, and is one of the main foci of HycycleS.
Purpose: Development and improvement of materials
and key components for H2SO4 decomposition including: (1) recommendations for suitable materials and
catalyst/support systems needed for key components of
sulfuric acid decomposition; (2) construction and test
operation of a solar receiver-reactor for H2SO4 evaporation/decomposition ready for scale-up; (3) realization
and verification of the feasibility of a compact SiC plate
heat exchanger as H2SO4 decomposer; (4) detailed understanding of transport properties and reaction performance of porous ceramic structures as reaction containment for the solar decomposition of H2SO4; (5)
development of stable and reliable membranes for use
in a separation step to significantly increase the conversion of SO3 to SO2.
Achievements in 2009: A prototype receiver-reactor for
decomposition of sulfuric acid (H2SO4) into SO2 and O2
was designed and simulated. One major accomplishment was a dual-chamber reactor for separate execution
and examination of the evaporation and SO3 reduction
processes (Figure 4.10). This allows independent optimization of both process steps.
Finite element modeling (FEM) has proven the validity of the design concept and predicted the thermostructural integrity of all reactor components. Initial test
operation in DLR’s solar furnace in Cologne was successfully completed. Systematic test series including the
variation of essential process parameters followed. The
sulfuric acid could be converted into SO2 and oxygen
with conversion efficiencies close to the thermodynamic
limit when operating at 850°C average absorber temperature and when applying an iron oxide catalytic
coating on the SiC absorber.
Computer tomography in conjunction with numerical techniques was used to determine the morphological
characteristics of the SiSiC foam absorber to be implemented as solar H2SO4 evaporator. Ongoing activity
comprises the incorporation of effective transport prop-
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erties – radiative characteristics, effective thermal conductivity, heat transfer coefficient, permeability, tortuosity – in the continuum model for heat transfer and
fluid flow, which eventually will be used to identify the
most suitable absorber structure.
A model for the SO3 decomposer was developed and
validated by experimental data. Based on the simulation
results, the design of the compact heat exchanger as an
SO3 decomposer was completed, and construction has
started. Various mock-ups were built and tested to investigate heat transfer characteristics and potential processes for catalyst charging and replacing.
Among the candidate materials tested for use as
high-temperature oxygen separation membranes, yttrium-stabilized zirconium exhibited the most promising
features.
Publication: [4.22]

TEPSI – Innovative Technologies and Processes for Hydrogen Production Systems
Participants: ENEA (I), Italian Universities (Roma La
Sapienza, Politecnico di Milano, Roma
III, Trento, Cagliari)
Contacts:

Pietro Tarquini, tarquini@enea.it

Funding:

TEPSI - Italian National Project:
€ 3,500,000

Duration:

February 2006 – February 2010

Background: ENEA’s activity on solar chemistry is
focused on hydrogen production. In 2004, two watersplitting thermochemical cycles were chosen as the
proper solution for this goal and have been widely investigated within the framework of the national TEPSI
project: (1) the sulfur-iodine (SI) cycle and (2) the manganese-ferrite (MF) cycle. Since 2009, other processes
have become objects of study and experimentation as
well: (3) steam methane reforming (SMR) and (4) bioethanol steam reforming (BSR). The Hydrogen-Iodide
(HI) section within the SI cycle, as well as the reforming reactions, require moderate temperatures and can
therefore be powered by solar energy through ENEA’s
facilities at Casaccia Research Centre, Italy. Reactions
requiring high temperatures (like sulfuric acid decomposition) shall instead be powered by solar towers,
whose technology may be available through international cooperation with other countries (e.g., HycycleS).
Purpose: The main purpose of the TEPSI project is to
construct a lab-scale SI plant for the production of about
10 normal liters (lN) of H2 per hour. Starting from all
experimental results obtained so far, a theoretical study
will be conducted for the dimensioning and cost evaluation of a larger scale hydrogen production plant (about
2000 Nm3/d).

Figure 4.10.

Solar two-chamber receiver-reactor for sulfuric acid (H2SO4) decomposition.

Achievements in 2009: ENEA’s solar technology, based
on parabolic troughs able to concentrate and store heat
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in the form of molten salts (mixture of NaNO3/KNO3 60/40 w/w) up to 550°C, has reached industrial level. In
fact, at the beginning of 2010, the start-up of the first
solar power plant using this solar technology to produce
electricity (5 MWe) is expected to be integrated in a
760-MWe natural gas combined cycle (NGCC) power
plant in Priolo Gargallo (Italy). Molten salt could become more and more important not only for solar electricity generation, but also as a heating medium for all
thermochemical reactions requiring moderate temperature, thus combining chemical reactions and solar radiation.
Sulfur-iodine (SI) cycle – The separate sections of
the SI cycle were thoroughly investigated before connecting them in a closed-loop cycle.
The HI decomposition reaction has been studied by
feeding the reactor with both azeotropic water solution
and pure HI gas: carbon pellets were chosen as catalysts, providing conversion up to 22% at 500°C; a kinetic model was developed. For the sulfuric acid
(H2SO4) decomposition, alumina supported iron catalysts were selected and yielded more than 80% conversion at 800°C.
Problems with iodine (I2) solidification and difficult
movement of I2 throughout the plant have been solved
using of a ceramic pump fully inserted into a small
oven. Phase equilibrium compositions have been characterized in detail. The separation and distillation column feedstock concentration range was selected for its
optimal performance. A wide range of different materials was inspected to assess their resistance to corrosion
from the aggressive HI environment. Most metals and
their alloys did not perform well, although molybdenum
improved their resistance. The best results were
achieved with SiC, SiSiC, polyether ether ketone
(PEEK), ceramics and glass coated materials.
Finally, all the different sections of the SI cycle have
been connected in the closed-loop plant at Casaccia
Research Centre (Figure 4.11). This plant works at
atmospheric pressure, all its parts are made of materials
such as quartz, pyrex, teflon and ceramics (pumps), and

Figure 4.11.

SI lab scale plant (10 lN of H2 per hour) realized in Casaccia Research Centre, Italy.
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in fact, metal parts have been avoided due to corrosion.
Final check-up of the plant is still ongoing and will
continue over coming months (Ref. [4.23]).
Manganese-Ferrite cycle – ENEA’s Material Chemistry Group is studying the low temperature (750°C)
thermochemical cycle based on sodium manganese
ferrite (NaMn1/3Fe2/3O2) for hydrogen production.
In 2009, the group was involved in studying oxidation and reduction reaction mechanisms by combined
chemical and numerical methods. In particular, crystallo-chemical methods (leading to an understanding of
atomic rearrangements in the solid substrates by fine
evaluation of X-ray diffraction data) have been combined with the study of solid-gas phase interactions by
TPD/TPR techniques (Temperature Programmed Desorption/Reaction).
Morphological and microstructural aspects of initial
solid substrates appear to be very relevant for the longterm behavior of the cyclic reactions. In view of this,
efforts have also been made to improve chemical compound synthesis routes for optimizing reagent material
structures.
Moreover, proper identification of some critical parameters is required to optimize the operating conditions of the sodium manganese ferrite cycle in a planned
pilot plant. To this end, the group is involved in the
realization of an experimental set-up for determining as
yet unknown thermodynamic parameters, such as the
equilibrium constant for mixed oxides/water/CO2 interactions and heat absorbed (Ref. [4.25]).
Bioethanol steam reforming (BSR) – BSR is considered one of the most eco-sustainable routes for producing hydrogen from renewable liquid biofuel, especially
if coupled with renewable energy sources. If the heat
required for this endothermic reaction (C2H5OH + 3H2O
= 6H2 + 2CO2) is provided by solar energy, all the CO2
produced can virtually compensate the CO2 absorbed by
growing the plants used in the fermentation process
through an entirely CO2-neutral cycle. The activity of
Cu-Zn-Al catalysts was studied at low temperatures
ranging from 420°C to 500°C in view of temperature
limitations associated with the parabolic-trough technology solar energy supply. Results showed good selectivity to ethanol reforming at 500°C, while at lower
temperatures side reactions became very competitive:
The predominant reaction was alcohol dehydration into
acetaldehyde. Ethanol conversion of 98 mol percent and
hydrogen yield of 2.1 mol percent was reached at 500°C
utilizing a γ-Al2O3-Zn-Cu supported catalyst. The product gas has a mean hydrogen content of 60.1 percent.
Steam methane reforming (SMR) – The use of an external carbon-free source like solar energy to provide
heat for highly endothermic conversion processes like
SMR has been studied. About a 30-40% reduction in
greenhouse gas (GHG) emissions and natural gas (NG)
consumption may be achieved.
The chemical process is essentially comprised of
two catalytic reactions:
CH4 + H2O Æ CO + 3H2 ΔH298 K = + 206 kJ/mol (1)
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CO + H2O Æ CO2 + H2

TASK II

ΔH298 K = - 41 kJ/mol

(2)

Reaction (1) is usually driven at 800-1000°C in a
tubular reactor placed in an industrial natural-gaspowered furnace, while the water-gas-shift (WGS)
reaction (2) is carried out at lower temperatures
(< 500°C). Hydrogen is purified afterwards.
Powering the process with solar energy using a molten nitrate mixture as the heat transfer fluid and storage
medium, the conventional methane furnace may be
replaced by more compact tubular heat exchangers. The
reaction gas mixture flows through the inner tube,
packed with the catalyst and operating in the 450-550°C
range. 550°C molten salt from the solar power plant
flows through the shell. Waste heat from the molten salt
is reused for steam generation, pre-heating feed, and
other plant services (e.g., CO2 removal).
Several processing schemes have been studied, including membranes to improve methane conversion
despite the thermodynamic limits due to the relatively
low temperatures (< 550°C). Since specific catalysts
must be employed to carry out the SMR process at lower than conventional temperatures, the first stage of this
research project has focused on catalysis, and a first Nialumina catalyst test has been conducted (Ref. [4.26]).
Kinetics results will be used to design and test a prototype reformer heated with molten salt. Finally, the reformer will be equipped with membranes to improve
performance.
Publications: [4.23]-[4.26]

SOLTERH – Solar Thermochemical Production of Hydrogen by Water-Splitting Processes
Participants: Solúcar Energía S.A. (E), Hynergreen
Technologies S.A. (E), CIEMAT-PSA (E)
Contacts:

Alfonso Vidal,
alfonso.vidal@ciemat.es

Funding:

Spanish Ministry of Science and Education (PROFIT): € 770,000

Duration:

January 1, 2004 - March 31, 2009

Background: Thermochemical cycles are expected to be
a cost and energy-efficient way to produce large
amounts of hydrogen. Two-step water splitting based on
ferrites is a very attractive candidate since there is no
phase transformation during the redox cycle. One of the
critical factors for developing this technology is the
choice between directly-irradiated volumetric receivers
and cavity receivers for solar driven catalytic reactions.
Purpose: Design, construction, and testing of innovative
solar particle receiver-reactors at different scales (1 to
5 kWth) at operating temperatures of about 800-1400ºC.
Achievements in 2009: In a preliminary study, the cyclability of different ferrites was demonstrated at laboratory scale. Among the samples under study, NiFe2O4
appears to be the most active material both for net hy-
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drogen production and cyclability, although the activation temperature was 1400ºC. Therefore, it was selected
as the first candidate for solar experiments.

Figure 4.12.

Rotary kiln during test operation in the PSA
solar furnace.

The solar rotary kiln is shown in Figure 4.12. It features a 470-mm-long by 370-mm-internal diameter
refractory-lined steel cavity, tilted at about 2 degrees
and rotating at about 10-50 rpm. Granular material is
fed into the reactor and is moving during operation by
the combined effects of rotation and gravity.
During testing, the rotary reactor was operated in
batch mode and filled with a controlled amount of 200 g
of NiFe2O4. The flow rate of argon was optimized to
ensure that the window remains clean from particle
deposition and that the process runs with an acceptable
residence time.
In general, during regeneration, mixing of the segregated core and the rest of the bed was good and the
peak of oxygen was observed within a few minutes.
However, during hydrolysis, mixing was poor, resulting
in reduced heat and mass transfer rates to the granular
bed, and, consequently, in marginal amounts of hydrogen produced.
Publication: [4.27]-[4.28]

PHYSICO2 – Clean Hydrogen Production by
Carbon Dioxide Free Alternatives
Participants: Univ. Rey Juan Carlos I Madrid (E), ICPCSIC (E), CIEMAT (E), REPSOL-YPF
(E), Hynergreen Technologies S.A. (E)
Contacts:

David Serrano, david.serrano@urjc.es
Fernando Fresno,
fernando.fresno@ciemat.es
J. L. García Fierro, jlgfierro@icp.csic.es

Funding:

The Community of Madrid: €2,017,000

Duration:

January 1, 2006 - December 31, 2009

Background: The PHISICO2 project (Clean production
of hydrogen: CO2 emission-free alternatives) progresses
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in solving current technological and economic limitations by exploring different processes for clean hydrogen production, essential to future transition towards a
hydrogen economy. The alternatives in this project
feature prevention of CO2 as a hydrogen by-product by
using renewable energy sources to power its generation.
The research in this project considers hydrogen production (1) from decomposition of natural gas assisted by
heterogeneous catalysts; (2) by water photodissociation; (3) from water through solar-thermal processes based on thermochemical cycles.
Purpose: Evaluation and optimization of three different
processes for clean, carbon dioxide-free emission hydrogen production.
Achievements in 2009: In a previous work, we reported
a basic chemical and structural characterization and a
study of hydrogen production and cyclability of commercial ferrites. This study included commercially
available Ni-, Zn-, Cu-, Ni-Zn-, and Cu-Zn-ferrites
[4.29]. We postulated the need for reference standard
materials as a means of further comparison with the
research literature in this area.
During 2009, the activity of commercially available
ferrites with different compositions was compared with
ferrites that were synthesized in the laboratory using
various preparation methods. Among all the ferrites
evaluated, NiFe2O4 was selected as a reference, because
it was the most active material regarding both net hydrogen production and cyclability.
Table 4.1 shows the results of two water-splitting
cycles with NiFe2O4 for a ferrite synthesized by a coprecipitation method and a commercial ferrite. The
hydrogen production of the synthesized NiFe2O4 was
significantly lower than that of the commercial ferrite.
Table 4.1.

Results of two water-splitting cycles with Ni-ferrite

Synthetic
NiFe2O4
Commercial

Cycle
1
2
1
2

O2 (mmol/g) H2 (mmol/g)
0.11
0.014
0.15
0.004
0.51
0.73
0.55
0.70

H2/O2
0.13
0.03
1.43
1.27

Differences between predicted and measured hydrogen mass fractions for the synthesized ferrite are still
under investigation.
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Funding: Spanish Ministry of Science and Education
(CENIT): € 300,000
Duration: January 1, 2009 - December 31, 2011
Background: The CONSOLI+DA project is an ambitious initiative involving an industrial consortium of
twenty solar R&D institutions including reputed Spanish companies and the most prestigious technological
centers. The project aims at the enhancement of the
various high-concentration solar thermal technologies,
the advancement in the integration of installations and
the development of new applications.
Purpose: Under the "Solar Hydrogen" activity, the program of work aims to investigate the incorporation of
high-temperature thermochemical cycles for solar production of hydrogen into solar concentrating technologies. The work combines state-of-the-art technologies
and fundamental research for the development of cycles
with high technical and economic potential.
Achievements in 2009: Two-step water splitting processes, such as ferrite cycles, are considered very attractive candidates for solar hydrogen production, since
there is no phase transformation during the redox cycle.
The present study extends a research area at CIEMAT
that is focused on identifying critical factors for the
development of this technology. Research is directed at
improving solar chemical process kinetics and reducing
working temperatures. The ferrites under consideration
are usually synthesized in the laboratory by various
preparation methods and assayed for the thermochemical cycles under different reaction conditions. Some
examples of such materials previously studied by
CIEMAT are metal-doped ferrites with the chemical
formula M0.25Mn0.75Fe2O4 (M: Mn, Co, Ni, and Cu).

HRFSF – High Radiative Flux Solar Furnace
(National Laboratory of Solar Concentrating
Systems and Solar Chemistry)
Participants: CIE-UNAM (Mexico), CCADET-UNAM
(Mexico), INAOE (Mexico), UAM-I
(Mexico), CENER (E), IMDEA Energía
(E), CIEMAT (E)
Contact:

Claudio A. Estrada, cestrada@cie.unam.mx

Publications: [4.29]

Funding:

CONACYT and UNAM (Mexico):
$ 852,000 (HRFSF subproject)

CONSOLI+DA – Consortium of Solar Research and Development

Duration:

September 2007 - September 2010

Participants: Hynergreen Technologies S.A. (E),
IMDEA Energía (E), CIEMAT (E),
CIDAUT (E), University Rey Juan Carlos
I Madrid (E)
Contacts: V. Gallardo,
victora.gallardo@hynergreen.abengoa.com
Alberto Quejido, alberto.quejido@ciemat.es

Background: With the aim of supporting the development of concentrating solar technologies in Mexico, a
grant was awarded to CIE-UNAM by the National
Counsel for Science and Technology of Mexico
(CONACYT), for the creation of three research facilities: (1) high radiative flux solar furnace (HRFSF);
(2) solar photocatalytic water treatment plant
(SPWTP); and (3) heliostat test field (HTF). The first
two will be located at CIE-UNAM, in Temixco, More-
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los, Mexico, and the latter at UNISON, in Hermosillo,
Sonora, Mexico. These facilities are grouped as a National Laboratory of Solar Concentrating Systems and
Solar Chemistry and represent their first installations.
Their development is also partially funded by other
participant institutions like the National University of
Mexico (CIE-UNAM).
Purpose: Design and construction of a high radiative
flux solar furnace (HRFSF subproject).

[4.4]

[4.5]

[4.6]

[4.7]

[4.8]
Figure 4.13.

Building of the HRFSF during the installation
of the shutter.

Achievements in 2009: In 2008, the optical analysis of
the Solar Furnace was concluded (Ref. [4.30]). The
construction of the building for the HRFSF was completed. The design of the shutter was finalized, and the
shutter was installed and started up. It consists of a very
light design, with less than 2% blocking of the incoming solar radiation when fully opened. Fabrication of the
409 hexagonal glass mirrors for the concentrator continued, and two different reflective coatings have been
tested. The design of the heliostat was further advanced.
The development of the control scheme of the furnace is
in progress and components are being tested. The cooling circuit was designed. The development of modeling
tools for the design and the design of a photo-reactor for
the HRFSF was started. In particular, radiative transfer
in a cavity reactor has been modeled (Ref. [4.31]).

[4.9]

Publications: [4.30]-[4.31]

[4.13]
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5 Task III:
Solar Technology and Advanced Applications
Operating Agent: Peter Heller, DLR

5.1 Nature of Work & Objectives
The objectives of this task deal with the advancement
of technical and economic viability of emerging solar
thermal technologies and their validation with suitable
tools by proper theoretical analyses and simulation codes
as well as by experiments in special arrangements and
adapted facilities. For this purpose, procedures and techniques are defined for the design, evaluation and use of
the components and subsystems to optimize concentration, reception, transfer, storage and application of solar
thermal energy. In essence, the goals are to investigate
innovative multi-discipline advances needed for the further development of concentrating solar thermal systems.
Task III is an ongoing R&D-oriented effort with
clearly defined technical objectives, time schedule and
expected results. Activities are cost-shared, task-shared
(either through SolarPACES or among SolarPACES
participants), and/or information-shared. Cost-sharing and
task-sharing activities involve cooperative efforts of two
or more participants where either costs of activities or
responsibilities for activities, respectively, are mutually
agreed upon and shared by the Participants. Information
sharing is used for the exchange and discussion of results
of projects carried out independently by Participants, but
of interest to all.

5.2

Task III Objectives for 2011

In the context of growing commercial CSP project activities, further development and improvement of all CSP
plant components is an obvious Task III challenge. The
findings of studies like ECOSTAR on the impact of technology R&D on final CSP plant cost reduction should be
borne in mind and refined to efficiently allocate R&D
funds to the most promising topics.
As our industrial partners competitively pursue project
development and R&D on component development, the
following activities appear to be appropriate for supportive collaboration, moving the technology forward:
•

Guidelines for component performance measurement, which can help component suppliers and plant
operators qualify and validate their specifications.
Here, SolarPACES working groups consisting of
R&D organization together with industry partners are
sharing their knowledge on appropriate measurement
procedures and develop suited guidelines which are
shared with standardization organizations.

•

•

•

•

•

•

Prioritization of R&D activities with high impact
on cost reduction. The findings of studies like
Ecostar on the impact of technology R&D on reduction in the final cost of CSP plants will be further refined. In addition, SolarPACES Task III will work as
a catalyst in setting up international R&D projects by
leveraging funds to follow the roadmap laid out.
Reliability Evaluation of solar components and
systems. SolarPACES Task III will develop methods
and procedures for predicting the life-time performance of solar plant components and systems. This
also includes the development of methods for longterm stability testing (e.g., accelerated aging procedures).
Concentrator system quality assurance tools and
methods, to assure the optical quality of concentrators during installation and operation, including fast
measuring systems for internationally standardized
concentrator quality control and component performance characterization, including harmonization of
simulation tools to offer investors reliable product
and performance data.
Improvement of the quality and capacity of testing facilities. The aim is to ensure proper testing capabilities in all SolarPACES Member countries by
setting common quality standards and foster facility
improvements.
Comparison and evaluation of storage concepts
Define a methodology for comparing and assessing
storage concepts and collecting design and operation
data from systems under testing in different locations
Power plant optimization for arid regions. SolarPACES TaskIII will analyze options to operate solar
thermal power plants efficiently at sites with low water availability. This analysis will be based on experience in conventional power plant operation under dry
cooling conditions.

Reported Task III Activities in 2009 are summarized
in Table 5.1. The different ways of cost- and/or task sharing are marked in the last column:
1. Cost-shared activities created and coordinated
through SolarPACES (C in Table 5.1)
2. Task-shared activities created and coordinated
through SolarPACES (T in Table 5.1)
3. Task-shared activities created and coordinated by
SolarPACES member countries (eventually with
participation of non-member countries) which are
of interest to SolarPACES (M in Table 5.1)

5.2
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Summarized Task III reported activities organized by Sector

Concentrating Solar Technology and Applications

Contact

Components and Subsystems
Storage ITES – Storage System for Direct Steam Generation
Design Optimisation of small Parabolic Trough Collectors
Trough

Sharing
I

Reflector Shape Analysis

Doerte Laing

x

Anna Heimsath

x

M

T

C

Eckhard Luepfert

Solar hybrid power and cogeneration plants (SOLHYCO)

Peter Heller

Tower A Novel Pressurized Air Receiver for Concentrated Solar
Power via Combined Cycles

Illias Hischier

x

Anna Heimsath

x

SFERA: Solar Facilities for the European Research Area

Diego Martinez

x

QUARZ Test and Qualification Center for CSP Technologies

Björn Schiricke

x

Gabriel Morin

x

Qualification for Linear Fresnel Collector TechnologyFresnel Development and Modification of Optical and Thermal
Measurement Systems

x

Supporting Tools and Test Facilities

Design Optimisation of Solar-Thermal Power Plants
Development of a Spatially-Resolved-Reflectometer
SpaceRR

Florian Sutter

x

Aránzazu Fernández
García

x

Development of guidelines for standards for CSP
components

Peter Heller

x

Solar weighted direct reflectance measurement for solar
mirrors

Stephanie Meyen

x

x

Advanced Technologies and Applications
Durability of reflector materials

x

Standards for CSP components

4.

Activities of individual member countries, which
are of interest to SolarPACES (I in Table 5.1)

5.3 Summary of Achievements in
2009
5.3.1 Components and subsystems
5.3.1.1 STORAGE
ITES – Storage System for Direct Steam
Generation
Contact:

Doerte Laing, German Aerospace Center
(DLR) Doerte.Laing@dlr.de
Participants: German Aerospace Center (DLR), Ed.
Züblin AG, Siemens Energy Sector;

Funding:

Partly by the German Federal Ministry for
the Environment, Nature Conservation and
Nuclear Safety (BMU)

Cost effective storage systems demand the adaptation
of the storage technology to the heat source and the consumer. For direct steam generation, there is a significant
advantage, when specially adapted storage modules for
preheating, evaporation and superheating are being applied.
In the ITES-project a complete storage system for direct steam generation with specially adapted storage modules is developed. For preheating and superheating, the
concrete storage technology developed by Ed. Züblin AG
and DLR is applied, while for the evaporation section a
PCM-storage is developed by DLR. The adaptation of the
process control system to the specific requirements of
solar thermal power plants is developed by DLR and
Siemens Energy Sector.
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The concrete storage technology developed for trough
power plants with thermal oil as heat transfer fluid has
been successfully demonstrated since 2008 in a 100 kW
test loop in Stuttgart, Germany. In parallel the technology
was adapted to the requirements of the heat transfer fluid
water/steam and to a storage temperature of 500 °C. A
300 kWh superheating storage module was designed and
constructed for demonstration in Spain (see Figure 5.1).
For condensation and evaporation of the heat transfer
carrier a PCM-storage using sodium nitrate as phase
change material was developed. The PCM storage module
uses the specially developed sandwich design to reach the
required high heat transfer rates. The PCM has a melting
temperature of 306 °C; this leads to a steam pressure of
112 bars during charging and 78 bars during discharging.

5.3

A first 4-kW test module with approx. 140 kg of salt was
successfully tested in the DLR-laboratory in 2008. The
design was scaled up to about 14 tons of salt with a latent
heat capacity of approx. 700 kWh (see Figure 5.2).
The 1-MW demonstration storage system, build up of
the PCM-storage module and the concrete superheater
module will be tested in 2010 in a DSG-test facility specially erected at a conventional power plant of Endesa in
Carboneras (Spain). Commissioning of the testloop has
started in winter 2009/2010, start-up of the storage units
is scheduled for March 2009.
Publications: [5.1]-[5.5]

5.3.1.2 PARABOLIC TROUGH
Design Optimisation of small Parabolic
Trough Collectors
Contact:

Anna Heimsath,
anna.heimsath@ise.fraunhofer.de
Participants: Fraunhofer ISE
Figure 5.1 Concrete superheater demo-module in Carboneras

Figure 5.2

PCM-storage demo-module in Carboneras

Small parabolic trough collectors are particularly well
suited to generating process heat at temperatures between
180 °C and 300 °C. Fraunhofer ISE is supporting industrial partners in the development of their collectors by
systematically investigating the effects of reflector material, geometrical configuration and optical accuracy. We
apply ray-tracing for optical modelling, characterise relevant reflector materials in the laboratory and use the detailed results in our design studies.
Aim of collector development and optimization are
cost-optimized collector concepts, taking into consideration individual boundary conditions of materials, processes, system integration and future market. Many parameters and materials must be determined in the development of a new collector. The collector efficiency depends on a wide variety of parameters like geometrical
arrangement, material properties of components and solar
resource. Therefore we take real material properties and
site specific factors into consideration and integrate them
into the design process. We apply ray-tracing to model
the various design options. Geometrical dimensions,
component properties and imaging errors are integrated
into our models. The result of the optical simulation is the
optical efficiency as a function of incidence angle, which
can then be used to calculate annual yields for specific
locations and geometrical configurations of the collector
field. In order to predict the performance with the greatest
possible accuracy, collector components and materials
must first be characterized. Relevant specific optical
properties include the direct reflectance for different angles of incidence, the beam divergence caused by the
reflector surface and the exact shape of the reflector.
Knowledge of this data allows us to model the collector
properties as realistically as possible.

Absorbed Energy in W / m_trough_length
for direct irradiation of 1000W/m²
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Figure 5.4

Influence of aperture width, rim angle and optical
error of reflected rays (given in mrad half angle)
on absorbed power per meter trough (assuming a
direct irradiation of 1000 W/m² and normal
incidence), plotted against material usage (arc
length) of reflector sheet. Colored lines indicate
increasing aperture width, from blue to green.

Within the “dCSP” project, a systematic, theoretical
study was conducted on the influence of the collector
geometry and accuracy of the reflectors on the optical
yield of a small, parabolic-trough collector. The work
was commissioned by the Alcan Specialty Sheet and
Alcan Innovation Cells companies. Boundary conditions
were steam generation 250°C, DNI >1600 kWh/m2 p.a.,
latitudes <43°. A systematic, theoretical study was conducted, analyzing the influence of collector geometry and
accuracy of the reflectors on the optical yield for a small
parabolic-trough collector using specific components.
Regarding optical measurements the work included full
optical characterization of reflector sheet: Spectral reflectance over solar spectral range, reflectance as a function
of incidence angle, specular solar reflectance, beam
spread profile and scattering.

Figure 5.3
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(rim angles and aperture) and of material used (arc length
of reflector) could be derived from the results.

Reflector Shape Analysis
Contact:

Eckhard Lüpfert, Steffen Ulmer, Tobias
März, DLR, e.luepfert@dlr.de,
steffen.ulmer@dlr.de, tobias.maerz@dlr.de
Participants: DLR, Ciemat, industry partners
Funding:
BMU German Federal Ministry for the
Environment, and DLR
The performance of concentrating solar collectors depends to a significant amount on the shape accuracy of
the mirrors reflecting the sunlight onto the absorber. For
the case of parabolic trough mirrors and on the basis of
previous work on shape measurements and ray-tracing, a
quality parameter has been defined, that quantifies the
average deviation of the reflected beam from the design
focal line. It could be demonstrated that application of
standard distribution (Gauss distribution) is sufficiently
related to derive the performance relevant intercept factor
from it.
Based on measurement results and ray-tracing analyses it is proposed to specify mirror shape quality with the
transversal standard slope deviation parameters SDx and
SDy, and transversal standard focus deviation FDx and
FDy in transversal and longitudinal directions respectively. This specification can replace previously used
definitions related to laser-beam intercept factors on the
receiver size without the direct need of changing measurement procedures but with much higher significance as
quality parameter for a key element of CSP technology.
As objective for the glass reflector for high performance trough collectors a typical value for the standard
slope deviation SDx is 1.5-2.5 mrad, and for the standard
focus deviation FDx in transversal direction about 15% of
the absorber diameter.

Aluminium reflectors that are produced by a
rolling process have anisotropic scattering
characteristics perpendicular to the roll
transport direction (indicated on the left). If the
scattering profile is taken into account correctly
during the design process, more radiation can be
reflected onto the absorber.

Aim of optical simulations was to identify optimum
trough design by ray-tracing and annual simulations,
using innovative modeling of (anisotropic) component
properties, variation of geometry and annual calculations
for specific sites.
Exemplary results for systematic design variations
show e.g. the influence of optical error on absorbed energy. Also a clear picture of the influence of geometry

Figure 5.5

Example of a measurement of the spatial
distribution of the transverse focal deviation for the
surface analysis of a pair of mirrors, scale in mm
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tached to the turbine. The receiver cavity was mounted
and the front aperture and radiation shield finished. After
that the system was started in fossil operation heating up
the receiver step by step. During the first runs all problems could be solved. When finishing the fossil tests after
reaching the design temperature of the receiver the solar
operation will start. This is scheduled for 2010.
Figure 5.7 shows details of the turbine and receiver
package design.
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Figure 5.6

Sun intercept factor - ray-tracing results for
EuroTrough (RP3) mirror panels assuming a
typical sun-shape and including typical tolerances
for the rest of the collector components, for 0°
incidence angle

Minimum specification of RP3 mirror panels should
fulfill FDx of below 12 mm. Current state of the art for
the standard focus deviation in mirror production is below
10 mm, and relevant potential is 8 mm or even below,
with relevant impact on the solar field performance. A
surface area of at least 98.5% of the mirror aperture area
should be evaluated. The method has been successfully
transferred to industrial application by the mirror manufacturers.
Publications: [5.6]

5.3.1.3 TOWER
Solar hybrid power and cogeneration plants
(SOLHYCO)
Contact:

Peter Heller, DLR, peter.heller@dlr.de

Participants: DLR (D), Turbec (Sw), CEA (F), CIEMAT
(E), Solucar (E), Ormat (I), GEA (Pol),
NEAL (Alg), FUSP (Bra), Vitalux (Bra),
IIE (Mex)
Funding:

EC FP6 STREP: 3.4 M€ total cost,

Duration:

42 months

Purpose: The SOLHYCO project focuses on the development of a 100-kWe. prototype solar-hybrid microturbine conversion system for cogeneration. Project innovations are:
•
•
•

Development of a solar-hybrid microturbine prototype unit based on a commercial microturbine
Development of a new receiver based on a new
high- performance tube technology
Development of biofuel combustion system

During 2009 the focus of the project was in the manufacturing of the solar receiver, its instrumentation and
implementation in the CESA-1 solar tower facility. The
turbine was connected to the grid and the receiver at-

Figure 5.7

Test setup for TURBEC microturbine (100 kWe) for
cogen applications

Independent from the system tests the laboratory measurements at CEA, Grenoble, were continued to verify the
potential of profiled multi-layer (PML) tubes for such
receivers. PML tube samples with a wire-coil insert were
manufactured. It could be shown that PML tubes reduce
significantly the temperature difference over the tube
wall. But the laboratory tests also revealed problems with
delaminations between the different tube layers after the
cycling tests and such indicated that further development
work is needed.
Website: www.solhyco.com
Publications: [5.7]

A Novel Pressurized Air Receiver for Concentrated Solar Power via Combined Cycles
Contact:

Illias Hischier, hillias@ethz.ch,
Aldo Steinfeld, aldo.steinfeld@eth.ch

Participants: ALSTOM, ETH Zurich/PSI
CSP’s dish and tower technologies can achieve solar
concentration ratios exceeding 2000 suns, and therefore,
supply solar process heat at above 1000°C.directly to the
topping Brayton cycle of a combined cycle power generation. The key component of such a solar-driven combined
cycle (SCC) is the solar receiver, where concentrated
solar thermal energy is absorbed and transferred to the
pressurized air (or any other working fluid expanded in
the gas turbine). The receiver requirements for a SCC are
defined by the inlet conditions of the gas turbine, i.e.
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temperatures in the range 1000–1400°C and pressures in
the range 8–30 bars.
A novel design of an indirectly-irradiated solar receiver is shown schematically in Figure 5.8. It consists of
an annular reticulate porous ceramic foam (RPC)
bounded by two concentric cylinders. The inner cylinder
has a small aperture to let in concentrated solar energy.
Because of its cavity-type configuration, it can capture
efficiently incoming radiation that undergoes multiple
internal reflections. A 3D-CPC is incorporated at the
aperture to boost the solar concentration ratio and reduce
the aperture size and re-radiation losses. Absorbed radiant
heat is transferred by conduction, radiation, and convection to the pressurized air flowing across the RPC. The
outer cylinder is made of non-porous insulating material
and is surrounded by a metallic shell to maintain the inner
pressure of 10 bar.

Figure 5.8

Solar receiver concept featuring an annular
reticulate porous ceramic foam (RPC) bounded by
two concentric cylinders. Concentrated solar
radiation absorbed by the inner cylindrical cavity
is transferred by conduction, radiation, and
convection to the pressurized air flowing across
the RPC.

This solar receiver design offers several intriguing advantage: 1) high apparent absorptivity due to cavity-type
geometry; 2) high convective heat transfer from the RPC
to air; 3) homogeneous and monotonously increasing
temperature profile; 4) uniform compressive load on the
cavity; 5) reduced re-radiation losses at the cavity inlet
due to entering cold air; and 6) scalability as single or as
multi-receiver array. The disadvantages are those common to indirectly-irradiated receiver concepts, i.e. the
limitation associated to the thermal transport properties of
the materials of construction. Candidate materials for the
cylindrical cavity and RPC are ceramics (SiC, Al2O3) and
high-temperature metallic alloys.
A 2D steady-state energy conservation equation coupling the three modes of heat transfer is formulated and
solved by the finite volume technique and by applying the
Rosseland diffusion, P1, and Monte Carlo radiation methods. The model allows identification of critical material
properties and optimization of geometrical dimensions as
a function of desired air outlet temperature and mass flow
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rate. For a solar concentration ratio of 3000 suns, the
outlet air temperature reaches 1000°C at 10 bars, yielding
a thermal efficiency η thermal of 77%.
η thermal is plotted in Figure 5.9 as a function of air outlet temperature for various power inputs and mass flow
rates. For solar power input qsolar = 5 kW and mass flow
rate m& = 2.9 g s-1 an air outlet temperature of 1200°C and
a thermal efficiency of 76.9% are predicted. Increasing
the mass flow e.g. to m& = 3.7 g s-1 reduces the air outlet
temperature to 1000°C while increasing the thermal efficiency to 79.9%. The limiting factor is the pressure drop
across the RPC. Using Darcy’s law with RPC’s effective
permeability and Dupuit-Forchheimer coefficient, a pressure drop of ~20 Pa is obtained for m& = 3.7 g s-1.

Figure 5.9 Thermal efficiency as a function of air outlet
temperature in °C for constant power input in
kW (solid lines) and constant mass flow rates in
g s-1 (dotted lines). Reference case indicated by
asterisk.

In general, the dominating loss mechanism is reradiation through the cavity’s aperture, which to some
extent can be reduced by incorporating a CPC. With increasing air mass flow rates across the RPC, a beneficial
cooling effect at the cavity entrance is obtained, further
minimizing re-radiation losses. For solar concentration
ratios above 3500 suns, conduction through the cavity
becomes the limiting heat transfer mode. Minimization of
the cavity wall thickness will have to be performed in
accordance with its mechanical and thermal stability to
withstand the operating pressures and temperatures.
Publications: [5.8] and [5.9]
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5.3.1.4 FRESNEL
"Fresquali" Project
Qualification for Linear Fresnel Collector Technology- Development and Modification of Optical and
Thermal Measurement Systems
Contact:

Anna Heimsath, anna.heimsath@ise.fraunhofer.de

Participants: FhG-ISE
Approx. 390 k€, German Ministry for EnviFunding:
ronment, Nature Conservation and Nuclear
Safety (BMU) no. FKZ16UM0079
The Linear Fresnel Collector (LFC) is a new and challenging CSP collector technology. The main purpose of
the project was the development and adaptation of characterization techniques to the geometry and special LFC
features. The three main techniques developed were the
fringe reflection technique for measurement of mirror
shape accuracy and microstructure, a small mobile setup
for curved mirror spectrometric reflectance measurements
and a method for dynamic thermal collector performance
measurement. The methods developed were tested and
validated on demonstration collectors and are connected
to the optical and thermal collector simulation environment. Additionally, a study on mirror soiling and cleaning
was accomplished. Project results optimized collector
development cost and quality control of components thus
supporting the new technology.
LFC performance and cost are related to the materials
used, the geometric arrangement of components and their
optical accuracy. Therefore the aim of the project was the
development and adaptation of measurement techniques
for quality control during production, assembly and operation. Integration into annual performance calculation
and collector optimization was also part of the project.
Three measurement methods developed and the study
on mirror soiling and cleaning are briefly described below. The fringe reflection technique for mirror shape
accuracy and microstructure characterization was
adapted. Both flexible and fixed measurement systems
were set up for simultaneous component production
qualification and field measurements. The technique uses
sinusoidal pattern reflection distortion to calculate surface
gradients by image processing. The primary result of the
method is mirror surface slope measurement accurate to
0.1 mrad. Slope deviations, shape and microstructure can
be evaluated. Torsion and positioning in the solar field
are also results of interest. Results can be integrated directly into a ray-tracing model. Secondly, a prototype set
up for mobile spectrophotometric measurement of
specular reflectance was developed. The device combines the concept of an integrating sphere with a spectrophotometer for mobile spectral measurement of direct
reflectance on curved mirrors. It was used in the project
for measuring the reflectance of soiled mirrors made of
different materials like glass and aluminum.

Figure 5.11 Blue dots show the longitudinal incidence angle
modifier (IAM) determined by dynamic
measurements on a day in July. Grey curve
shows corresponding ray tracing results.

The third technique developed is a method for dynamic measurement of thermal performance. Contrary
to parabolic trough collectors, the optical efficiency cannot be measured directly at normal incidence because of
the LFC geometry, which is one reason why a dynamic
method was developed. Results are derived by comparing
measured data to collector model results and variation in
performance parameters. Application to demonstration
collectors showed that the optical efficiency for normal
incidence and the incidence angle modifier as well as
thermal losses could be determined accurately.
The influence of climate conditions on glass and aluminum mirror soiling rates could be affirmed by outdoor
exposure at a desert site, near the sea and in the city.
Cleaning cycles were studied with a techno-economic
approach and the literature on cleaning procedures for the
new collector technology was reviewed.

Figure 5.10 left: setup for measurement of mirror shape
accuracy right: device for spectral measurement
of reflectivity
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5.3.2 Supporting Tools and Test
Facilities
SFERA: Solar Facilities for the European Research Area
Contact: Diego Martínez, diego.martinez@psa.es
Participants: CIEMAT (E), DLR (D), CNRS (F), PSI
(CH), ETHZ (CH), WIS (IL), ENEA (I), and: DIN (D),
UPS Toulouse (F), AUNERGY (E), CEA (F), INESC-ID
(P)
Duration: 48 months as of July 1, 2009
Funding: European Commission, approx. 7.4 M€
To achieve a secure and sustainable energy supply,
and in view of growing climate change concerns, the EU
has taken on the role of Kyoto Protocol promoter and set
ambitious goals to achieve a large share of renewable
energy in the European market. In particular, March 2009
saw European leaders sign a binding EU-wide target to
source 20% of their energy needs from renewable sources
such as hydro, wind and solar power by 2020. Solar energy, as a primary source of renewable energy, is likely to
contribute a major share.
There is, however, a need for further investment in research, development and application of concentrating
solar systems in global business opportunities involving a
growing number of industries and utilities.
The purpose of SFERA is thus to integrate, coordinate
and further focus scientific collaboration among the leading European research institutions in solar concentrating
systems and offer European researchers and industry
access to the best-qualified research and test infrastructures.
Through coordinated integration of their complementary strengths, efforts and resources, the project is working to increase scientific and technological knowledge
base in the field of concentrating solar systems in both
depth and breadth, provide and improve the research tools
best-suited for the community of scientists and engineers
working in this field, and increase the general awareness
– especially of the scientific community – of the possible
applications of concentrated solar energy.
The overall goal of these efforts is to create a unified
virtual European Laboratory for Concentrating Solar
Systems, easily accessible to interested researchers, and
thus serving as the structural nucleus for growing demand
in this field. Such a European Solar Laboratory would
also contribute to a sustainable, secure European energy
supply and to a firm basis for global competitiveness of
European suppliers of technology in this field.
Five of the project partners – CIEMAT-PSA, DLR,
PROMES-CNRS, ETH and PSI –are already collaborating in the SolLAB virtual laboratory consortium, which
has initiated several networking activities since its creation in 2004. ENEA and WEIZMANN now join the con-
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sortium, thus looking to consolidate a partnership as the
reference European Solar Laboratory.
The project incorporates transnational access, networking and joint research activities. Researchers have
access to five state-of-the-art high-flux solar research
facilities, unique in Europe and in the world. Access to
these facilities will help strengthen the European Research Area by opening installations to European and
partner countries’ scientists, thereby enhancing cooperation. It will also improve scientific critical mass in domains where knowledge is now widely dispersed, and
generate strong Europe-wide R&D project consortia,
increasing the competitiveness of each member.
The joint research activities aim to improve the quality and service of the existing infrastructure, extend their
services and jointly achieve a common level of high scientific quality. All facilities currently use their own procedures to perform tests and experiments under concentrated sunlight and have developed their own devices to
measure flux and temperature as the most relevant and
complex signals in these installations. In addition, new
facilities that use artificial light sources to simulate the
concentrated sunlight have recently become available and
need to be qualified to assess their best fields of application.
To improve the quality of their installation test services, the partners will, for example, cooperate to establish common guidelines on how to perform testing and
develop and exchange best-practice approaches. They
have included the competences of the DIN, the German
standardization institution, in order to come up with a
systematic and professional approach in this field.
In addition, a set of five networking activities will be
undertaken. These include the organization of training
courses and schools to create a common training framework, providing regularized, unified training of young
researchers in the capabilities and operation of concentrating solar facilities. Communication activities will seek
to both strengthen relationships within the consortium,
creating a culture of cooperation, and to inform the general public, academia and especially industry, what
SFERA is and what services are offered. This will give
many potential users the opportunity to become aware of
the possibilities existing for making use of the SFERA
infrastructures.

Figure 5.12

SFERA project logo
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QUARZ Test and Qualification Center for
CSP Technologies

•

Contact: Björn Schiricke, bjoern.schiricke@dlr.de
Eckhard Lüpfert, e.luepfert@dlr.de,
Peter Heller, peter.heller@dlr.de
Participants: DLR, www.dlr.de/tt/quarz
Funding: BMU German Federal Ministry for the Environment, and DLR

•

Quality control in concentrating solar power (CSP)
plants is of utmost importance for their performance.
Optical properties, durability and geometric precision of
components and assembly strongly influence overall
energy efficiency and profitability. Specific components
such as mirrors, receivers, support structures and tracking
as well as their overall matching and performance in the
solar field merit special dedication.
At the current stage of concentrating technology development, test methods and procedures ensuring the
required performance of CSP components and systems
have recently been established or are in preparation.
The DLR Institute of Technical Thermodynamics Solar Research Division has made significant contributions
by developing quality criteria, test benches and test procedures based on decades of experience in this field of
technology at its test sites in Cologne, Stuttgart and Almería. These measurement and evaluation procedures are
recognized by international technological collaboration
and standardization projects. Their application promotes
successful market entry and cost reduction of CSP plants
by achieving significantly enhanced performance, competitiveness and risk mitigation. It includes qualification
of key components for solar collectors:
• Mirror shape and reflectivity
• Concentrator structure accuracy
• Receiver Absorptivity and thermal losses
• Durability assessment
• Thermal performance tests
• KONTAS rotating platform for trough collector
• Cost/benefit analysis of competitive products
• Annual performance estimates
At the DLR QUARZ Center, these test methods are
offered to developers, manufacturers, customers and
suppliers of solar thermal power plant technology. The
Center is an independent test facility for components of
CSP plants, developed and operated by experienced scientific staff of the DLR Institute of Technical Thermodynamics. The facilities are located at DLR in Cologne
(Germany) and at the PSA in Spain.
The scope includes:
• Measurement and evaluation of mirrors, receivers, collector structures, tracking, thermal performance
• Instruments, test benches and know-how specific
to quality control of CSP components

•
•
•
•
•

CSP specific evaluation and interpretation of
measurements, such as determining an intercept
factor
Standardized measurement procedures tailored to
suit industry needs
Assessment of cumulative effects of component
properties
Support in development of components and systems fulfilling the key criteria
Minimization of technical risks
Transparency, reliability and manufacturer independence
Confidential test reports

www.dlr.de/tt/quarz

Figure 5.13 Trough collector geometric evaluation for optical
performance measurement

Design Optimization of Solar-Thermal Power
Plants
Contact:

Gabriel Morin, gabriel.morin@ise.fraunhofer.de
Participants: Fraunhofer ISE

As with all technical systems, different parameters
have to be optimally adapted to each other during the
design phase of solar-thermal power plants. Fraunhofer
ISE has developed a novel approach, which integrates the
various technical and economic component models and a
powerful multi-parameter optimization process such that
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different design variables, from the solar field to the power plant process, can be optimized simultaneously.
Over the past years, Fraunhofer ISE has followed an
approach which aims to fully exploit the optimization
potential in designing concentrating solar collectors by
simultaneously taking all technical and economic factors
into account in an integrated program package. After we
had successfully applied this methodology to the product
development of concentrating solar collectors, we have
now extended the methodology to entire power plants,
specifically including the power block, for parabolic
trough and linear Fresnel collector power plants.
Usually, when a solar thermal power plant is designed
today, the solar field, power plant process and other components are dimensioned sequentially, and then the configuration is evaluated economically. With this sequential
approach, it is very time-consuming to optimise the dimensioning of a solar-thermal power plant according to
economic criteria.
We have thus linked the technical and economic simulation programs for the sub-systems via interfaces to an
efficient optimization procedure, so that parameters can
be optimized which are relevant to the specific case. The
new feature of the integrated OPTISIM simulation package is that the power block is also modeled in detail and
is simultaneously optimized during the dimensioning
process. To do so, we use the program Thermoflex, which
contains a cost estimation module in addition to the energy-relevant evaluation.
Following an approach similar to biological evolution, the optimization procedure – a so-called evolutionary algorithm – constantly creates new, improved parameter configurations, so-called individuals.
Starting from a power plant design based on the Spanish 50-MW Andasol I power plant with parabolic trough
concentrators, we optimized the following parameters
simultaneously with respect to the electricity production
costs as an application example: Solar field dimensions,

Figure 5.14 Graphical user interface for the Optisim tool,
different settings on the subsystems and the
optimiser have to be made before the optimisation
runs start.
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distance between parallel rows of collectors, capacity of
the thermal storage unit, operating temperature and the
process components including condenser, cooling tower,
pre-heating of fee-water and intermediate super-heating.
Based on the used assumptions, an improvement of 4% in
the levelized electricity cost could be realized compared
to the reference design.
The work is supported by the German Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU) in the frame of the project Optisim
under the number FKZ 0325045.

Development of a Spatially-ResolvedReflectometer SpaceRR
Contacts:

Florian Sutter, florian.sutter@dlr.de
Stephanie Meyen, stephanie.meyen@dlr.de
Peter Heller, peter.heller@dlr.de
Christoph Prahl, christoph.prahl@dlr.de
Participants: DLR
Funding:
DLR
The optical characterization methods for mirror materials that are currently available are best applicable on
new mirror samples and provide results that are averaged
over the sample measurement area. However, when the
effects of aging and degradation on a mirror surface are to
be analyzed, averaging measurement methods is insufficient because local information is lost. The influence of
degradation on reflectivity needs to be analyzed by spatially resolved measurements.
A Spatially Resolved Reflectometer (SpaceRR) was
developed for this purpose. Like the Devices & Services
15R reflectometer, this instrument can measure direct
reflectance at various acceptance angles, but also offers
additional advantages. As seen in Figure 5.15, the mirror
sample is lighted with a beam cone focused on the center
of the acceptance aperture, which ensures the same acceptance angle for all points on the sample measurement
area. A camera takes an image of the mirror surface. With
this design the direct reflectance of each point on the
mirror is measured by corresponding pixel on the camera
sensor and after evaluation a spatially resolved reflectance map of the mirror surface (see Figure 5.16) is pro-

Figure 5.15 SpaceRR design diagram
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Degraded mirror with reflectance map

Figure 5.17

Prototype setup

duced. It is intended to use a white light source and bandpass filters to enable measurements in different wavelength bands.
The instrument can be employed to evaluate mirror reflectivity at any point of the mirror surface and also to
monitor gradual changes, like the growth of degraded
areas. Also, it is possible to analyze the portion of degraded surface in relation to intact surface and to estimate
the overall reflectance loss of the mirror.
Overall, the instrument is expected to play a significant role in accelerated aging experiments by generating
information that are needed for modeling mirror aging
processes and estimating lifetimes.

Durability of solar mirrors
Contact:

Aránzazu Fernández García,
arantxa.fernandez@psa.es;

Participants: CIEMAT and DLR;
Funding:

Approx. 400 k€.

This project is motivated by the need to study reflector materials as one of the main components of concentrating solar systems.
The purpose is to characterize and analyze the durability of reflector materials used in solar concentrating sys-
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tems. Within this general purpose are the following specific goals.
Study of degradation of materials by environmental
variables and their effect on the performance of concentrating solar systems.
• Develop experiment-related physical equations to
model the degradation of certain reflector materials of
relevant importance that enable their mid-to-long-term
behavior to be predicted.
• Determine possible correlations between accelerated
tests and exposure of materials under real weather
conditions
• Set standards and protocols for standardization of tests
related to concentrating solar system reflectors.
• Carry out tests for companies who so request when it
is advisable for the development of the concentrating
solar systems
During the first months of 2009, the first steps in the
project, in which participants, goals and tasks were defined were carried out. The first task undertaken consisted
of defining the equipment required to reach the goals
above and design the reflector materials testing laboratory
in which the equipment is to be housed. Afterwards, most
of the equipment proposed was acquired through the
Spanish Government’s “Special State Fund for Dynamizing Economy and Employment” (Plan E).

Figure 5.18 PerkinElmer Lambda 1050 Spectrophotometer
in the solar reflector test laboratory

Testing and measurement in the laboratory enables
complete characterization of the reflector materials, determination of their main parameters and any deterioration. There are several portable specular reflectometers, a
3D microscope and a spectrophotometer with an integrating sphere (See Figure 5.18) available for this. Furthermore, the laboratory is equipped for accelerated aging of
these materials by applying controlled environmental
variables alone or in combination that cause reflectors to
deteriorate when the are exposed to weather. The equipment for this is made up of a weather chamber for temperature, humidity, solar radiation and rainfall (see Figure
5.19), salt-spray chamber, ultraviolet chamber, furnaces
with and without special atmospheres and devices for
thermal cycling.
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flectance and mirror panel and module characterization.
The next step would be round robin tests to verify that the
procedures proposed for a) and b) are suitable for wide
acceptance. This is scheduled for 2010.
The existing methods for receiver performance and
durability testing were critically discussed and will be
further developed.

Solar weighted reflectance measurement for
solar mirrors
Contact:

Figure 5.19 ATLAS SC340 weathering chamber in the solar
reflector test laboratory

Also in 2009, a series of preliminary tests were undertaken with several different reflector materials, applying
different accelerated aging conditions. With these tests,
many conclusions have been arrived at on the durability
of these materials and an advance has been made in establishing test protocols for this application.
Publications: [5.10]

5.3.3 Standards for CSP components
Development of guidelines for standards for
CSP components
Contact:
Peter Heller, DLR, peter.heller@dlr.de
Participants: SolarPaces members
Funding:
in-kind
This activity started in 2008 with two SolarPaces
TASK III workshops to define objectives and a roadmap
for the development of standards for CSP components.
The main goal is to evaluate known procedures and methods for component qualification and analyze the needs for
new methods. Based on this, guidelines should be developed for CSP component standards.
The following four Guideline Working Groups were
set up:
a)
b)
c)
d)

Reflectance characterization
Mirror panel and modules characterization
Receiver performance measurements
Durability testing

In 2009 a workshop with more than 40 participants
was held in Berlin in conjunction with the SolarPaces
Symposium. The intensive discussion between industry
members and research institutions showed wide agreement in the developed methods in a) and b), i.e. for re-

Stephanie Meyen, stephanie.meyen@dlr.de
Johannes Pernpeintner,
Johannes.pernpeintner@dlr.de
Eckhard Lüpfert, e.luepfert@dlr.de
Participants: DLR
Funding:
BMU German Federal Ministry for the
Environment, and DLR
The following criteria are relevant for characterizating
reflector materials for application in concentrating solar
collectors:
1. Reflectance of the solar spectrum
2. Direct or specular reflectance of the solar spectrum
3. Beam spread
4. Durability
The optical characterization method was developed on
different kinds of materials and has been internationally
distributed through SolarPACES. It is proposed as a standardized procedure for component testing for concentrating solar mirrors.
The measurement setup for hemispherical reflectance
ρhem consists of a PerkinElmer high-performance
UV/Vis/NIR spectrophotometer with integrating sphere.
The data are evaluated with a calibrated reference mirror
standard. Each sample is measured in three positions,
rotated 45° on the sample support for each measurement.
For homogeneous samples the average of the three measurements and its standard deviation is used for the evaluation. The wavelength resolution of the measurement and
the calibration standard is 5 nm. The measured reflectance spectra are weighted according to the ISO 9050
formula. For concentrating collectors the most appropriate results are those computed with a direct solar spectrum, the current US standard ASTM G173. The result is
the solar-weighted hemispherical reflectance ρSWH in the
spectral range from 250-2500 nm.
The direct reflectance ρdirect is defined as the amount
of directly reflected light within a certain cone angle (25
mrad) including the specular reflectance and any scattered
light within this area. It is measured at 25 mrad aperture
diameter and at a wavelength of 660 nm and 15° incident
angle with a Devices & Services R15 reflectometer. The
direct reflectance is the most relevant value for concentrating solar power technology and a 25 mrad acceptance
diameter is considered appropriate for most collector
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designs. Each sample is measured in five positions and
the average value is taken into further evaluation. To
characterize the specularity of the mirror, the ratio of the
direct reflectance at 660 nm to the hemispherical reflectance at 660 nm is given as gloss, which is considered
approximately constant across the spectral range.
The solar weighted direct reflectance ρSWD valid for
25 mrad is computed with the formula:

ρ SWD , 25mrad =

ρ direct ,660 nm, 25 mrad
⋅ ρ SWH
ρ hem,660 nm

The beam spread can be analyzed in detail by different
available methods, but for the samples analyzed in the
past, it has always been of little relevance compared to
the requirements of solar concentrators and the diffuse
haze effect of materials.
For the evaluation of mechanical durability, an abrasion test using linear movement of abrasive rubber on the
optical surface has been defined. The test parameters
were based on the DIN ISO 9211-4 and systematically
optimized. The test can be applied to reveal differences in
mechanical durability of different mirror materials and
allows an estimation about which material is bound to
have a longer lifetime under abrasive conditions.
Publications: [5.11]

Figure 5.20 Hemispherical mirror spectrum and ASTM G173
direct solar spectrum

5.4 Meetings, Publications
5.4.1 Meetings
Task meetings in 2009 were held at the 15th SolarPaces
Symposium in Berlin, Germany on September 14, 2009.
The task meeting focused on the above Solar Paces activity on the development of guidelines for standards for
CSP components. A number of 40 participants were discussing the results of the four working groups described
above. The follow-on workshop was agreed to be held at
the 16th SolarPACES Workshop in September 2010.
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Publications:
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Michael und Bahl, Carsten (2009) Test Results of
Concrete Thermal Energy Storage for Parabolic
Trough Power Plants. Journal of Solar Energy
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ASME.
DOI:
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[5.2] Steinmann, Wolf-Dieter und Laing, Doerte und
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6 Task V:
Solar Resource Knowledge Management
Task Representative:
Richard Meyer, Suntrace GmbH
Task Participants:
Austria: BlueSkyWetteranalysen, ASIC
Canada: Environment Canada, CANMET
European Union / Italy: Joint Research Center (JRC)
France: EdM/Armines, ENTPE
Germany: DLR, Hochschule Magdeburg (H2M), Univ. of Oldenburg (EHF),
Suntrace GmbH
Slovakia: GeoModel s.r.o.
Spain: CIEMAT, CENER, Univ. of Navarro, Univ. of Jaén
Switzerland: Meteotest, UNIGE
USA: NREL (Operating Agent), NASA, SUNY

6.1 Nature of Work and
Objectives
“Solar Resource Knowledge Management” is an IEA
Task under the Solar Heating and Cooling (SHC) Programme Implementing Agreement. The Task is also
guided by the IEA SolarPACES ExCo, where it is called
Task V. It further maintains collaboration with the IEA
PVPS (Photovoltaic Power Systems) Implementing
Agreement.
In July 2005, it became an official IEA Task with
five years of duration. In November the SHC ExCo allowed extension for another year to 2011.
The scope of work addresses all solar resource issues.
It covers satellite-derived solar resource products,
ground-based solar measurements (mainly for validation
purposes) as well as solar forecasting and data dissemination methodologies. The Task equally supports solar
thermal heating and cooling, photovoltaics and concentrating solar applications. However, for best serving SolarPACES goals this report concentrates mainly on direct
solar radiation, which can be focused.
The three main goals to be achieved in this Task are:
•

•
•

Standardization and benchmarking of solar radiation data sets to ensure worldwide intercomparability and acceptance of data products, e.g.
for financing,
Improved data availability and accessibility in formats that address user needs,
Development of methods that improve the quality
and the spatiotemporal coverage of solar resource
products, including reliable solar radiation forecasts, which form the basis for definition of three
subtasks.

6.2 Scope of the Task
Subtask A: Standard Qualification for Solar Resource
Products (Led by Prof. Hans Georg Beyer,
Hochschule Magdeburg-Stendal (H2 Magdeburg), Germany)
Subtask B: Common Structure for Archiving and Accessing Data Products (Led by Prof. Lucien Wald, EdM/Armines, France)
Subtask C: Improved Techniques for Solar Resource
Characterization and Forecasting (Led by
Dr. Detlev Heinemann, Oldenburg University, Germany)
This task focuses on the development, validation, and
access to solar resource information derived from data
collected by satellite-based platforms, surface-based
measurement stations and numerical weather models. It
defines standards for intercomparison of irradiance products with respect to energy applications. Various quality
control procedures for solar irradiance time series are reviewed and improved. Benchmarking of solar resource
products against reference measurements will help the
user to identify uncertainties better and select products
which are sufficiently reliable. The Task examines the
means by which the data can be made easily available to
users through various web-based hosting schemes and
distributed networks. Furthermore, options for forecasting solar radiation in time scales from hours to several
days will be developed. Past and future climate variability of the solar resource will be studied to estimate the
uncertainty of solar yields.
The structure of this report follows the sequence of
the Subtasks as explained above. Mainly results achieved
during 2009 are described.

6.2
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6.3 Activities During 2009
A Task Experts Meeting was held in March 2009 in
Baeza, Spain and in September in conjunction with the
SolarPACES Symposium in Berlin, Germany. The MESoR-Project, which is an EU-project completed in 2009
and closely related with the Tasks’ objectives held a
large public workshop to train all kind of solar energy
professionals during the 2009 Intersolar trade fair in Munich in June. Numerous scientific papers on solar resource topics were published in 2009 by Task participants. Those somehow related to beam radiation and
forecasting are listed in the reference section

6.3.1 Benchmarking and
Standardization
Subtask A defines procedures for benchmarking and
applies them to the available solar radiation datasets. A
key activity in benchmark exercises is setting up qualified reference datasets, which are based on high-quality
ground-based radiation measurements. Benchmarking is
an essential prerequisite for standardizing solar radiation
products and their further application.
In Activity A1 on selection and qualification of
ground data sets high quality solar measurement are
identified. Data used in specific projects were subjected
to common formatting and Quality Control (QC) procedures. These format and QC procedures are defined by
DLR and CIEMAT. A first set of formats and QC have
been defined as deliverable MESoR D1.1.2.
Existing ground data are included in the database of
the European MESoR Project (Hoyer-Klick et al., 2009).
Within MESoR, a number of data sets e.g. from the
Baseline Surface Radiation Network (BSRN), the International Daylighting Measurement Program (IDMP) and
the Global Atmosphere Watch (GAW) have been gathered. Meanwhile they have undergone the MESoR QC
tests and are stored in a common format within the MESoR Wiki. For benchmarking purposes access has been
granted to the IEA Task participants.
NASA Langley Research Center (LaRC) also refines
its quality control procedures applied to BSRN measurements. Data from all BSRN sites from 1992 to
present were considered at the hourly average temporal
interval (over 4 million hourly values). QC flags are provided for the global, direct normal, diffuse and total (direct horizontal + diffuse) measurements and provide a
rudimentary assessment of the measurements. Changes
dealt with identifying and removing solar tracking and
other measurements errors found but not properly identified in the BSRN record for solar irradiance values
> 50 W/m², using primarily the procedures of Long and
Shi (2008). However, it was found that refinements to
the QC flags are still insufficient to determine data quality at low sun conditions (i.e., large solar zenith angles) in
the hours after and/or before sunrise/sunset. After testing
several methods, it was concluded that an additional
threshold test is most useful for these conditions. Thus,
for solar irradiance measurements < 50 W/m², it is de-
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cided to accept values when G1 (BSRN total direct + diffuse) and G2 (unshaded pyranometer measurements)
agree within +/- 15 % of 50 W/m² (+/- 7.5 W/m². A report of these findings will be submitted to Task 36 for
evaluation and assessment of other high quality measurements. It is also of note that the determination of the
monthly averaged fluxes contains a number of additional
difficulties due to gaps in the measurements. These uncertainties and those for other averages such as hourly
and daily are summarized. The result of these updated
recommended procedures will be a survey of known QC
procedures and the processing of all BSRN and similar
high quality data sets with similar assumptions for the
production of reliable surface validation data set. Similar
approaches have also been developed for the Global
Energy Balance Archive (GEBA) data sets containing
monthly averaged solar irradiance measurements for sites
distributed worldwide.
Application of these new rules on BSRN data shows
that these improved QC leads to a better reference data
set. The well cleaned surface measurements are leading
to a better understanding of the uncertainties of the satellite derived data such as the NASA-SRB/SSE fluxes at a
variety of time scales. These studies will be finalized
once the new QC procedures described above are completed and a report of these results will be submitted.
The Activity A3 aims to develop a methodology for
coherent benchmarking of solar radiation products. Espinar et al. (2008) defined new parameters beyond the
‘classical’ measures such as Mean Bias (MB), Root
Mean Square Deviation (RMSD) or the Standard Deviation (SD) of the differences between two time-series. The
main shortcoming is that RMSD or SD does not indicate
how well the frequency distribution coincides. However,
for realistic performance simulation of expected yields
from solar systems, the match of the frequency distribution can be more important than a low bias or low deviations from hour to hour. Based on earlier work by Kolmogorov and Smirnov, new quality measures like the
KSE or RIO are introduced by the Task and shall be used
in the future to characterize the quality of modeled solar
radiation data sets.
A report on benchmarking of solar radiation products
has been prepared in the MESoR project as Deliverable
D1.1.1 “Handbook on Benchmarking.” It describes benchmarking rules for time series products (1st and 2nd order), angular distributions, maps, and solar forecasts.
Activity A4 finally applies the benchmarking procedures to solar resource products. Under the MESoR
Project, a number of benchmarking exercises based on
the data collected in A.1, the measures and methodology
in A2. and A.3 have been defined and performed. Each
set consisted of at least 10 high-quality reference data
sets and data from different time periods and satellites
(Meteosat First and Second Generation). The results
showed some dependency on the selection of the reference data sets, indicating that the reference data sample
is too small to derive stable results. This shows the urgent need for more high-quality reference data.

A map-based cross-comparison of spatial products
has now also been applied to various sources of Direct
Normal Irradiance (DNI). Suri, et al. (2009) have compared DNI from HelioClim, SOLEMI, NASA SSE,
PVGIS, Satel-light, Meteonorm, and EnmetSol for Europe (Figure 6.1). This analysis is based on the averaging
of long-term averages. The uncertainty is estimated from
calculating the standard deviation across the various data
sets. However, the unsolved issue here is that a proper
reference map is missing, which impedes showing the
true bias of the various data sets.
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significant differences (Hammer et al.., 2009).

yields calculated from satellite-derived DNI data would
be higher than those from ground measurements.
Another preliminary result from the SESK project is
a list of recommendations for CSP yield assessments presented by Meyer et al. (2009). Proper validation of the
satellite data applied is essential to the goal of quantifying the major sources of error. Consistent benchmarking
of the various satellite-derived DNI data sets available
today would be required to apply the proposed methodology and derive the overall uncertainty.

6.3.2

Figure 6.1.

Yearly sum of Direct Normal Irradiation; Top:
average of five databases Meteonorm, PVGIS,
NASA SSE, Satel-Light, and SOLEMI in units
of kWh/m²/a. Bottom: standard deviation
across these five databases (Suri, et al., 2009).

A preliminary benchmarking exercise for DNI timeseries data is also being performed under the German
BMU-funded SESK Project. This project aims to boost
standardization of CSP energy yield assessments. As the
available DNI is the single greatest source of uncertainty
for CSP yield predictions, this issue is being given major
emphasis. First results reveal that although the bias of
satellite-derived data, in the best case, is negligible, the
frequency distribution of data may still show noticeable
discrepancies. Figure 6.2 shows the distribution functions of measured and satellite-derived data. This plot
shows that newer satellite algorithms such as Heliosat-3
applied to the new MSG data show progress over earlier
algorithms and satellite generations. However, there is
still a significant difference in the two distributions.
Assuming annual DNI data derived from satellite and
measurements were the same, in this case, the electricity

Archiving and Accessing

The main goal of Subtask B is to set up a useroriented data portal for accessing solar resource data. A
unified access to such a portal was developed in the
course of the EU project, “Management and Exploitation
of Solar Resource Knowledge” (MESoR, Hoyer-Klick et
al., 2009). A prototype has been set up, and can be accessed at http://project.mesor.net. An example of the
Web interface for accessing solar resource data for a location in Europe is shown in Figure 6.3. Using a Google
Earth interface, users can click on a specific location of
interest and a file containing the various sources of data
available for that location will appear.
A new website, SolarGIS, will be opened in March
2010 (http://solargis.info). This web site was developed
by GeoModel and will offer commercial access to a new

Figure 6.3.

Prtotype web interface for accessing solar
resource data for a location in Europe
(Source: Armines)
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solar radiation database (covering 2004-2010) that includes Direct Normal Irradiance. Air temperature is also
included in the database for the period 1991-2008. Two
applications provide access to Direct Normal Irradiance:
(1) iMaps are high-resolution interactive maps providing immediate access to yearly DNI for any selected
location in Europe, and Turkey. North African regions
and the Middle East will be added to the database in
2010.
(2) climData offers direct access to DNI and other
climate data products in 15-minute, hourly, daily and
monthly time resolutions (steps).

Figure 6.4.

SolarGIS iMaps application
(© 2010 GeoModel)

In Activity B1 of this Subtask, the legal aspects of
accessing solar resource products are also evaluated. A
document was issued in July 2009: “Report on activities
B1, B3 and B4 Addressing the Intellectual Property
Rights, Commercialization of Data. Description of the
Collaborative Information System.” It reports on the IPR
as expected; it also describes the information system and
addresses possible data commercialization. The diagram
below (Figure 6.5) describes a possible schema of the
exploitation of the outcomes of Subtask B.

Figure 6.5.

Pototype data portal set up in the Task.

The current information system prototype is a rightsfree, COT-based (commercial-off-the-shelf) technology
demonstrator of the Subtask B innovation, which consists of the assemblage for the specific case of energy.
This prototype (Figure 6.5, left) will be maintained by
Armines till 2015. It will provide free access to several
services, and demonstration access to other commercial
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services. A few companies are expected to adopt the
these technologies for building operational information
systems (Figure 6.5, right) to access free or commercial
Web services developed by the various providers. Such a
company is the French Transvalor, which currently manages the SoDa Service, and intends to base the new generation of SoDa Service on the Subtask B technology
and demonstrator.
As previously reported, a prototype of the proposed
broker portal has been set up under the MESoR project,
and can be accessed at http://project.mesor.net. Although
the MESoR Project was completed in 2009, the prototype continues to evolve. The most recent versions of the
underlying technologies were installed in late 2009.
The data supplied by the providers are actually stored
at the provider’s premises, and can be placed in any format, as data formats are not critical to the functionality of
the web portal. Data providers thereby maintain all control over the Web services. The prototype has been deployed on a Web Services compliant platform, such as a
Community Portal.
Task participants are also working closely with the
Group on Earth Observations (GEO) Global Earth Observation System of Systems (GEOSS), specifically as
the co-chair of the User Interface Committee (UIC), and
by working on the Energy Community of Practice and
the Architecture Implementation Pilot-Phase 2 (AIP-2).
This collaboration with GEOSS on web portal design
and issues dealing with Intellectual Property benefits the
Task. Participant involvement includes evaluating how
the web portal services can be used to address specific
renewable energy scenarios.
The prototype has been set up and has been running
continuously since November 2008. It follows the recommendations of the ISO, EC-INSPIRE (Infrastructure
for Spatial Information in the European Community) directive and GEOSS-ADC (Architecture and Data Committee).
The goal of Activity B5 is a provider content network. The planned outcome is a network of resources
enabling the service for users. Current accomplishments:
A tutorial for developing Web services by providers has
been written;
A website (http://webservice-energy.org) has been developed by Armines which could be used to host
Web services for providers (e.g., DLR);
Given a new Web Service (WS), Armines agrees to develop the “client”, i.e., the piece of software calling
the WS in the information system;
9 web services from the following providers are already
active:
− Meteotest, Switzerland, 2 WS,
− Meteocontrol, Germany, 1 WS,
− NCEP, USA, 1 WS,
− Armines, France, 3 WS,
− DLR, Germany, 1 WS,
− JRC, EC, 1 WS.
The Web services are fully compliant with GEOSS
standards and are therefore invocable by the three
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GEOSS candidate-portals: ESA (European Space Agency), ESRI (Environmental Systems Research Institute,
USA) and Compusult (Canada). This increases diffusion
of solar resource knowledge.
In addition, the interoperability capability of the information system, developed with GEOSS, allows also
Web services already proposed by other communities,
e.g., geography, to be exploited. For example, Armines
developed a client for plant scenario siting by calling the
WS for irradiance, shadowing effects, terrain elevation,
hydrography, and land use. This client is part of the information system.
The following issues still need to be clarified:
• Discussion is pending between Armines and BOM
(Australia), CanMet (Canada), NREL (USA), and
CENER (Spain) for WS provision;
• NASA should take steps to contact other potential
providers, but is presently experiencing technical
Internet problems.
Solutions in connection with GEOSS are ongoing and
now new equipment and capabilities have been added,
such as support of JBoss (open source application server)
and other service tools.
Activity B7 defines automatic access by commercial
applications. So far the following accomplishments have
been achieved:
• Outputs of any WS are automatically formatted by
the information system, to offer “standard” outputs:
XLS, Text file, PDF, or HTML
• The information system can handle the GeoTIFF
format, which can be ingested into a GIS (Geographic Information System)
• The output of one WS is an archive (.zip) containing several GeoTIFF files
• Automated access from computers has been tested
in the SoDa Service for more than 2 years, and the
“wget” tool for 1 year. This could be included in
the present information system, if access to data is
for free.
Activity B8 also remains active to provide sample
applications for ‘solar micro siting’. So far the effects of
small-scale changes in terrain on the irradiance have
been modeled using the capabilities of geo information
systems (GIS). This is more important in mountainous
regions, while it likely to be obsolete in flat regions. This
requires tools for disaggregation (up sampling) of satellite-derived data to be developed, and tools for automatic
inclusion of these effects in irradiance maps to be creation to produce high-resolution maps. A paper describing
a disaggregation procedure has been accepted for publication in Solar Energy Journal. GeoModel implemented
this procedure for calculation of interactive and poster
size maps.

TASK V

6.3.3

6.5

Improved Techniques for Solar
Resource Characterization and
Forecasting

The purpose of Subtask C is R&D to improve existing products and generate new ones. Spatial and temporal coverage of current satellite-based solar resource
products are improved leading to higher absolute and
relative accuracy. Long-term variability of solar resources in connection to climate change are monitored
and assessed. Techniques for forecasting solar radiation
are a new key activity of this Subtask.
Activity C1 covers improvement of satellite retrieval
methods for solar radiation products, such as the introduction of new aerosol products from the European
GEMS and MACC (Monitoring Atmospheric Composition and Climate) projects by Schroeder-Homscheidt
(2009). DLR is creating a 1984 to 2009 global aerosol
data set (MATCH chemical transport model) with hourly
resolution on a 1.9° grid as an input layer for improved
clear sky models in satellite-based irradiance databases
(e.g. SOLEMI, Helioclim-4).
Under the German SESK Project, Oldenburg University is revising their satellite retrieval with focus on optimized DNI derivation. Hammer et al. published the first
results in the 2009 SolarPACES proceedings. DLR is also improving their algorithms in SESK to produce higher-quality beam irradiance data. In both cases, the main
improvement expected is from applying higher-quality
aerosol data. A second focus of Oldenburg University
will be further development and validation of their procedure for deriving spectrally resolved irradiance.
DLR is further extending its cloud physical parameter
database from Meteosat Second Generation satellites
from 2004 to 2009. A 5-year statistical procedure optimized for solar energy users is under development.
DLR and Armines started to establish solar irradiance
databases as part of the European GMES (Global Monitoring of Environment and Security) under the EC
MACC Project, in which a new solar radiation model
was developed by GeoModel with support by SUNY and
consulting by UNIGE. Solar radiation is calculated from
Meteosat MSG satellite data covering a period from
2004 to 2010. The primary parameters are calculated at
full satellite resolution (~5 km) and include 15-minute
calculated global horizontal (GHI) and direct normal irradiance (DNI). The new model is based on the principles of the Helioclim-2 calculation method and operating model by Perez et al. (2002). Model advancements
improved results in mountains, coastal and arid zones,
and for periods with snow coverage. GHI and DNI were
validated using data from 50 and 30 validation sites in
Europe and Africa. The relative mean bias (rMB) for
GHI is -1.4%, and root mean square difference (rRMSD)
is 20.0%, 10.7% and 4.7% for hourly, daily and monthly
data, respectively. For DNI rMB is -2.5%, and rRMSD is
38.2%, 24.4% and 10.7%, respectively. The database is
accessible online through SolarGIS web site.
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Activity C2 conducts climatological analyses of solar
resources to find reliable long-term averages and their
accuracy first, then interannual variability, and if possible, detection of changes in solar resources in the range
of decades.
In this context NASA is continuing its participation
in the GEWEX Radiative Flux assessment project that
specifically considers long-term solar data sets for a climate analysis context. Uncertainties identified in this
project will be used to better quantify uncertainties of the
current resource products. In addition, NASA will be
analyzing its latest long-term dataset to quantify the variability at various time scales. A first report pertinent to
the solar industry in the United States and then on a
global basis will be produced. NASA will coordinate the
section in the Best Practices guidelines summarizing the
results of long-term studies from task participants.
Meyer et al (2009) proposed a method for estimating
the uncertainty of the long-term average depending on
the number of years available at a specific site along with
the quality of the underlying datasets.
For performance modeling, high-resolution timeseries should match the long-term average DNI, and also
represent the distribution of the long-term means of
monthly DNI. The classic method is to derive a Typical
Meteorological Year (TMY). According to NREL’s
TMY3 procedure, this requires at least 15 years of measurements, which are available at hardly any CSP sites.
Therefore, Hoyer-Klick et al. (2009) have introduced a
new method for site-specific characteristic meteorological years. The method allows use of undistorted hightime resolution ground-based measurements, which well
match the long-term monthly average solar irradiation
derived from combination with satellites.
CENER has developed a methodology to estimate the
most probable monthly and annual radiation at a concrete
site. This method includes information from all free databases and information about the location or near it.
(Gastón et al., 2009).
Activity 3 develops methods for forecasting solar
radiation on various time scales. A major emphasis in
Subtask C3 during 2009 was testing and benchmarking
of various solar irradiance forecasting approaches. Joint
benchmarking of eight different global radiation forecasting algorithms for several regions in Europe for the
one-year period from July 2007 to June 2008 has been
completed by the European partners. Results are presented in Lorenz et al. (2009b).
In addition to the benchmarking exercises, all Task
participants involved in forecasting are constantly working on further development of their global irradiance forecasting algorithms. Research in DNI forecasting was
performed at DLR, University of Jaen, and University of
Oldenburg.
At Oldenburg University a first study on DNI forecasts based on global irradiance forecasts of the European Centre for Medium-Range Weather Forecasts
(ECMWF) has been carried out in the framework of a
diploma thesis. The proposed approach combines a post
processing procedure for the global irradiance forecasts
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(Lorenz et al., 2009a) with the parametric direct -diffuse
model presented in Kemper et al. (2008). An evaluation
was performed using six Spanish stations for the year
2005 and three Southern Spanish stations for the year
2007. Results for the GHI and DNI forecasts for 2007
are given in Figure 6.6. For the stations located in regions suitable for CSP applications (southern and central
Spain), the relative RMS of hourly DNI forecasts lies between 40% to 49% for both 2005 and 2007. For stations
at the Northern Spanish Coast, the relative RMS of DNI
forecasting reaches up to 70 % or more, however these
locations with comparatively low average DNI values are
not recommendable for CSP applications.

Figure 6.6.

6.3.4

Current quality of solar radiation forecasts
derived by Lorenz et al., (2009a): Mean
ground measurements (blue), root mean
square (red), and mean bias (turquoise) for 3
Spanish stations. (All measurementss are
related to daylight hours only; for Granada
the reference DNI is calculated from global
and diffuse measurements).

Conclusion and next steps

Since starting in 2005, the IEA “Solar Resource
Knowledge Management” Task has led to several successful national and international research, development
and demonstration projects, which significantly pushed
forward the state of the art in this field. New satellite methods were developed and existing algorithms improved.
Especially, beam irradiance quality was significantly improved. Rules for benchmarking of solar radiation datasets were developed. However, congruent validation of
DNI data is still missing. Several methodologies for solar
radiation forecasting are under development. Most pro-
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vide global radiation data, but some prototypes also now
offer beam irradiance data, which in the future will be
highly important for operation of CSP plants.
In June 2010, the first 5 years of the Task will have
been completed with a “Manual on Solar Resources”.
This handbook will review the state of the art and summarize the main results of the individual activities conducted in this IEA Task. A one-year extension will allow
additional benchmarking studies and the transition of the
MESoR web portal to a portal linked to this IEA Task.
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7 Task VI:
Solar Energy and Water Processes and Applications
Operating Agent: Julián Blanco Plataforma Solar de Almería. CIEMAT
Contributions:
• Christian Sattler (DLR, Germany)
• Claudio Estrada (CIE-UNAM, Mexico)

7.1 Nature of Work & Objectives
Water and energy issues and problems of their mutual
interaction are clearly becoming an issue of increasing
concern in many regions. Global climate change and
prospects for population growth add additional uncertainty, creating a very complex problem to cope with.
One of the areas this problem is of deepest concern is in
the MENA (Middle East and North African) region where
forecasts (Figure 7.1) are pessimistic.

• Brackish and seawater desalination: Any technical
procedure or methodology for removing or reducing
the salt content from water.
• CSP+D: solar power and water cogeneration plants
• Water detoxification: Removal of organic compounds,
heavy metals and/or hazardous substances in general
from water.
• Water disinfection: Control and/or elimination of
pathogenic populations from water for human or animal consumption or irrigation.
The purpose of the Task is to improve the conditions
for introducing solar water treatment on the market and
solve water problems, while reducing fossil-fuel consumption. The main specific focus of the activities and
initiatives addressed is to demonstrate the potential of
solar energy for such water applications.

7.2 Task VI Organization and
Structure
Figure 7.1
Population size and renewable freshwater
availability in MENA countries (1995 data and 2025
estimations). Water Status at MENA Countries. Arab
Water Council. 5th World Water Forum. Istanbul,
2009

As all conventional water desalination or treatment
technologies are typically very energy-intensive, it is
difficult to imagine any sustainable solution that does not
involve solar energy, by far the most abundant renewable
energy resource.
These were some of the arguments for the creation in
2007 of Task VI, which formally started its activities on
January 1, 2008 to encourage the development of solar
technologies simultaneously addressing energy and water
issues. In this sense, the Scope of Work covers any solar
radiation technology supplying either thermal or photon
primary energy for water treatment, which includes:

Task VI is organized into the following three domains
or subtasks:
• Subtask VI.1. CONCENTRATING SOLAR POWER
AND DESALINATION PLANTS.
The goals of this Subtask are to:
i) Collect existing knowledge and experience on
hybrid power and desalination plants for application to MW-size plants;
ii) Analyze and determine the main technological
characteristics of hybrid solar power and desalination plants;
iii) Promote cooperative initiatives in assessment of
the specific technical and economic feasibility
of hybrid solar power and desalination plants,
and also identify potential follow-up demonstration case studies.
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Summarized Task VI reported activities organized by Sector

Sectors and Activities

Contact

Sector 1. Concentrating solar power & Desalination Plants
CSPD-COMISJO
CONSOLI+DA
CSP+D TEST BED (SOLARNOVA)

M. Schmitz
J. Blanco
J. Blanco

Sector 2. Solar Thermal Desalination Systems
MEDIODIA
MEDESOL
POWERSOL
PRODES

J. Blanco
J. Blanco
J. Blanco
M. Papapetrou

Sector 3. Solar water detoxification and disinfection
INNOWATECH
SOWARLA
SODISWATER
TRAGUA
DETOX-H2S

A. López
C. Jung
P. Fernández
B. Sánchez
B. Sánchez

• Subtask VI.2. INDEPENDENT SOLAR THERMAL
DESALINATION SYSTEMS (kW-SIZE).
The goals of this Subtask are to:
i)

Provide a comprehensive description of the
state-of-the-art and potential applications of solar thermal desalination systems. This includes
evaluating completed research programs and
projects and ongoing developments in this
field, as well as their economics;
ii) Publicize the knowledge among main stakeholders: solar manufacturers, process engineers, related associated industry, installers and
potential customers and users;
iii) Promote collaborative initiatives for assessment of the specific technical and economic
feasibility of the most appropriate and promising technologies
• Subtask VI.3. SOLAR WATER DETOXIFICATION
AND DISINFECTION SYSTEMS. The goals of this
Subtask are to:
i)

SOLARPACES

Provide a comprehensive description of the
state-of-the-art and potential applications of solar water detoxification and disinfection systems. This includes evaluating completed research programs and projects and ongoing developments in this field, as well as their economics;

Sharing
M T
I

C

x
x
x
x
x
x
x
x
x
x
x
x

ii)

To publicize the knowledge among main stakeholders: solar manufacturers, process engineers, related associated industry, installers and
potential customers and users;
iii) To promote collaborative initiatives for assessment of technical and economic feasibility
of specific water detoxification and disinfection problems, also identifying potential follow-up demonstration case studies.

7.3 Participation and National
Contributions in 2009
Task VI is open to all IEA/SolarPACES members,
who wish to actively participate in any activity described
within the scope of the Task. Current Task VI participants
are Germany, Mexico and Spain.
Ongoing Task VI activities are presented in Table 8.1,
following the previous structure. In the sharing column,
“I” refers to information sharing; “M” to task sharing by
member countries, “T” to task sharing trough SolarPACES; and “C” to cost sharing. Main SolarPACES
contact person is indicated.
The most important achievements in 2009 with up-todate information about project participation, objectives,
status, and relevant publications, are summarized below.
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7.4 Summary of achievements
7.4.1 Concentrating solar power and
Desalination Plants
CSPD-COMISJO – Concentrating Solar Power
and Desalination for Communities in Israel and
Jordan
Contact:

Ralf Olwig, DLR, ralf.olwig@dlr.de

Participants: Deutsches Zentrum für Luft- und Raumfahrt e.V. (DLR) (D), Ben Gurion Univ. of
the Negev (BGU) (IL), National Energy
Research Center (NERC) (JOR), Univ. Bremen (UB) (D);
Funding:

German Federal Ministry for the Environment, Nature Conservation and Nuclear
Safety: 429k€, May 1, 2007-April 31, 2010

Description: CSPD-COMISJO is studying the major solar
desalination systems, concentrating solar power technology, thermal desalination technology and reverse osmosis
desalination technology. Concentrating solar power driven reverse osmosis/thermal desalination systems are
compared to PV-powered reverse osmosis systems and
non-concentrating solar collector driven thermal desalination systems. In addition to the technology analysis,
weather, irradiation and water conditions at three possible
future pilot plants sites in Israel and Jordan are under
study using precise ground measurements and long-term
satellite data.
Objectives: (i) Evaluate different solar technologies for
small to midsized desalination plants (< 30 000 m³/d) for
sustainable fresh water production; (ii) Make a technological and economic comparison of three different solar
technologies for desalination under site-specific conditions in Israel and Jordan; (iii) Analyze potential combi-

Figure 7.2

Average annual direct normal irradiance from the
year 2001 to 2005 in kWh/m²/y
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nations of solar energy conversion technologies; (iv) Find
a feasible, durable, cost-effective and sustainable solar
desalination technology; (v) Pre-study for a future demonstration plant.
Achievements in 2009: Installation of meteorological
stations and ground measurements, satellite irradiation
data study, collection of site specific input data for system
modeling, feed water analysis
Publications: [7.1]-[7.3]

CONSOLI+DA – Consortium of Solar Research
and Development (M)
Contact:

Julián Blanco Gálvez, PSA-CIEMAT
julian.blanco@psa.es

Participants: 20 Spanish Companies and 18 subcontracted Spanish Research Institutions;
Funding:

24 M€ from the Spanish Ministry of Industry, Commerce and Tourism (INGENIO
program CENIT project)

The purpose of the project is to lay an R&D infrastructure that consolidates the leading role of Spain in
concentrating solar power technologies. The Department
of Environmental Applications of Solar Energy of PSACIEMAT participates in the branch of the project concerning desalination, for the general purpose of achieving
effective integration of seawater desalination in concentrating solar power plants. The specific goals of the activity are: (i) to evaluate and select the most feasible solar
collection and desalination technology options, (ii) perform technical and economic analysis of the combined
options, and (iii) analyze those options in depth through
conceptual pre-designs of plants.
The state of the art of solar thermal energy generation
and desalination technologies was reviewed and three
different concepts were selected for combining solar
thermal energy generation: (i) reverse osmosis desalination (RO); (ii) multi-effect distillation (MED); and (iii)
membrane distillation (MD). Within each of these three
schemes, different alternatives are also considered, for
example, MED with and without thermal steam compression.
The PSA-CIEMAT is also in charge of the analysis
and definition of the theoretical framework and physical
equations needed to model MED and MD desalination
processes and solar thermal collectors.
A first selection of the technologies has been made for
each of the three concepts in order to begin the designing
of plants using the models generated.
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CSP+D TEST BED (SOLARNOVA) – MultiEffect thermal desalination integration into solar
power plants
Contact:

Julián Blanco, julian.blanco@psa.es

Participants: CIEMAT
Funding:

1.3 M€ Spanish Government Plan E

Description: An experimental test bed is to be developed
to study the suitability of combining CSP and Desalination plants (CSP+D) using heat released by the steam
turbine condenser to provide the primary thermal energy
required for MED desalination. The test bed will make it
possible to simulate any commercial turbine and Rankine
cycle in the range of 500 kW and different ways of connecting them to the 14-effect MED plant and double effect absorption heat pump at the PSA,.
Conventional Rankine Cycle

Steam 1.5 – 13 bar
C
T = 110-225 ººC
P = 250 kW

Vapor at 100 bar/520 ºC
Vapor at 17 bar/225 ºC

MED Plant

Steam turbine

G

Vapor at 72ºC

Steam 70 mbar
T = 40 ºC
P = t.b.d.

Vapor at 70 mbar/40 ºC
Water at 31ºC

Boiler

50 mbar
35ºC

Water at 36ºC

Condenser
Brine

Degasifier

Figure 7.3

Destilled

Seawater

Conceptual scheme of CSP+D test bed in the MED
configuration without the double effect absorption
heat pump

The system will be powered by thermal energy from the
2672 m2 Acurex 3001 parabolic trough collector field,
using Therminol 55 thermal oil (maximum working temperature of 280-290ºC). An auxiliary electrical system
will supply the necessary power to reach 550ºC and simulate conventional power plants. The facility could also,
eventually, be used as test bed for small steam turbines

Figure 7.4

(up to 500 kW).
Purpose: The main purpose is to analyze the possibility of
using part of the exhaust steam condensed in the turbine
to supply process heat to the MED plant without modifying outlet steam conditions (i.e., penalising the power
production) and reducing the cooling requirements of the
steam cycle (i.e. transfer part of the energy lost in the
cooling to the water desalination process).
Achievements in 2009: Needed engineering developments completing facility definition for the invitations to
tender construction.

7.4.2

Solar Thermal Desalination
Systems

MEDIODIA – Multiplication of Efforts for the
Development, Innovation, Optimization and Design of Advanced Greenhouses (M)
Contact:

0,3 bar
70ºC
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Julián Blanco, PSA-CIEMAT,
julian.blanco@psa.es

Participants: Repsol YPF (E); Acciona Solar (E) (CIEMAT-PSA as subcontracted); Ulma
Agríco-la (E); Ulma Packaging (E); Acciona Agua (E); Ulma Handling Systems
(E); Funda-ción Cajamar (E); Agrobio (E);
Biomiva (E); Grupo AN (E); Ingeteam (E);
Funding:

25 M€ from the Spanish Ministry of Industry, Commerce and Tourism (INGENIO
program CENIT project)

Description: The purpose of the project is to develop a
new concept for an advanced, highly automated greenhouse, with efficient water and energy consumption,
which allows diversified, profitable growing under all
climate conditions in Spain all year round. The contribution of PSA-CIEMAT is the incorporation of solar energy
for both cogeneration and water disinfection. In this con-

NEP-Solar Polytrough 1200 collector field at the Plataforma Solar de Almería
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text, a search for a small cost-cost parabolic trough solar
collector has been made, which can be used for midtemperature applications. The NEP-Solar Polytrough
1200 was selected due to its rated thermal efficiency of
about 55% in the 120-220ºC range for 1000 W/m2 direct
normal radiation. A field of 8 collectors (240 m2 aperture
area with a nominal thermal production of 15.8 kW per
module at an average 200ºC) has been designed and installed at the experimental site at the Plataforma Solar de
Almeria for its evaluation. The goal is to supply about
125 kW of thermal energy at 200ºC for multi-effect distillation and polygeneration applications. The heat transfer
fluid to be used is Therminol 55 thermal oil.

7.5

with thermal solar energy. The prototype was tested during summer months and satisfactory results were obtained
(iv) the collaboration was considered as highly positive
and new concept (involving multi-stage concept and a
new prototype) was agreed to be tested at PSA during
2010.

Achievements in 2009: Erection of the solar collector
field at the PSA, including hydraulic and control systems.

MEDESOL – Seawater Desalination by Innovative Solar-Powered Membrane-Distillation System
Participants: CIEMAT-PSA (E); Univ. La Laguna (E);
Acciona Infraestructuras (E); ACUAMED
(E); AO SOL (P); Univ. Stuttgart (DE); Tinep (MEX); National Autonomous Univ.
Mexico (MEX); Royal Institute of Technology (S); Scarab AB (S); Iberinsa (E).
Contact:

Julián Blanco, PSA-CIEMAT,
julian.blanco@psa.es

Funding:

EC-funded project, cost-shared: 1,385 k€

Duration:

October 1, 2006 - March 31, 2010

Background:
There is a consistent lack of effective,
robust small-to-medium-scale desalination processes.
Such technologies are needed mostly in remote areas,
typically located in arid or semi-arid zones, and therefore,
development of renewable energy desalination processes
must be considered highly desirable. Solar thermal membrane distillation seems to be a promising option for filling this gap.
Purpose: (i) Study membrane distillation to improve its
efficiency, (ii) develop effective heat recovery concepts;
(iii) develop system components, i.e., a solar collector
optimized for the target working temperatures (80-100ºC)
and non-fouling coating for heat transfer surface, (iv)
develop complete medium (a few m3/day) and smallcapacity systems (several hundred L/day).
Achievements in 2009: (i) The characterization and
evaluation of the MD system as a whole was done (ii)
during this year PSA collaborated to design the new demo
plant to be built in Carboneras (Spain) and to be tested
under real industrial conditions (iii) a new collaboration
agreement was signed with Keppel-Seghers (From Memstill® consortium) to test their MD prototype coupled

Figure 7.5

Medesol MD plant and Keppel-Seghers MD
modules tested at PSA-CIEMAT facility
(Almeria, Spain)

POWERSOL – Mechanical Power Generation
Based on Solar Thermodynamic Engines
Participantes: CIEMAT-PSA (Coord., ES), Univ. de La
Laguna (E), IDMEC (PT), AOSOL (P),
ETH (S), ECOSYSTEM (E), INETI (P),
ENIT (TUN), PHOCHEM (EGY), LOTUS
(EGY), AES (TUN), LENREZA (ALG),
Univ. de Sevilla (Coord., E)
Contact:

Dr. J. Blanco, julian.blanco@psa.es
Dra. L. García, lourdesg@esi.us.es

Financing:

1.050 k€; FP6-2004-INCO-MPC-3. Topic:
B.1.5 – Cost-effective renewable energies
for Mediterranean specific needs.

Duration:

January 2007 – December 2009
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Motivation: The absence of mains and/or the shortage of
potable water are limiting factors in the socioeconomic
development of many regions of the Mediterranean area
where the solar resources are abundant. Therefore, the use
of the solar technologies offers an opportunity for the
provision of the basic needs promoting at the same time
the development of the mentioned communities. Solar
thermal generation has been developed with the aim of
producing electricity in the MW range. Nevertheless,
many applications in remote areas, such as the pumping
for irrigation, air conditioning, rural electrification, etc.,
only require power in the kW range for their development. In addition, in these areas simple and robust systems, easy to control and to operate without skill manpower are required.

tures between 150 and 300ºC. Concerning ORC system, it
has been agreed with the Swiss company Eneftech, the
development of a 5 kW power plant counting among its
main innovations the selection of the organic fluid
(Solkatherm SES36) and the development of a new turbine specifically designed for its use in this type of applications. Also during 2009 the manufacturing of this 5 kW
pilot plant and the implementation of the associated test
loop at PSA was carried out. This test loop is connected
to the ACUREX parabolic trough solar collector field,
allowing having thermal oil in a temperature range between 140 and 300ºC. This variable range will allow the
characterization of the ORC system in nominal and other
conditions.

Purpose: The main objective of Project POWERSOL is
the development of a technology of mechanical power
generation based on solar thermodynamic heat engines
that, at the same time fulfils the principles of low cost and
respect to the environment, and that is optimized for the
provision of the basic needs of rural communities or little
population. The project address the assessment of different organic Rankine cycles for three maximum levels of
temperature: 80-90ºC (cycle 1); 150ºC (cycle 2) and 250300ºC (cycle 3). For each one of three cycles a selection
of working substances will be made as well as the determination of the boundary conditions. To power cycle 1
the design of an advanced flat plate collector will be designed and constructed; for cycle 2 a static collector CPC
was chosen and for cycle 3 the design of a linear Fresnel
collector was decided.

PRODES – Promotion of Renewable Energy for
Water Production through Desalination (M)
Contact:

Michael Papapetrou, WIP,
michael@papape.com

Participants: WIP (D); Centre for Renewable Energy
Sources (CRES) (GR); Univ. Palermo (I);
INETI (P); Ao Sol (P); Fraunhofer Gesellschaft ISE (D); Befesa (E); AquaMarine
Power (UK); Hellas Energy (GR); European Desalination Society (EDS) (I); CIEMAT-PSA (E); Tinox (D); Instituto Tecnológico de Canarias (ITC) (E); Capital
Connect (GR).;
Funding:

1,023k€ from the EC (Program: Intelligent
Energy Europe)

Objectives: The project supports the use of renewable
energy to power desalination, either in stand-alone or grid
connected systems, with the aim of providing better load
control and consequently wider use of renewable energies, especially in Southern Europe. The specific objectives of the project are: (i) to bring together the actors of
desalination and renewable energies and coordinate their
activities; (ii) to lay the foundation for training specialists
in desalination with renewable energy; (iii) to help the
technology providers to reach their niche markets; (iv) to
facilitate the flow of capital for product and project development; (v) to improve regulatory framework conditions; and (vi) to raise awareness of the technology.
Figure 7.6

5-kW experimental Organic Rankine Cycle facility
using SES36 installed at PSA

Achievements in 2009: During that year it was started the
design and detailed engineering of the test platform of
ORC cycles in the Plataforma Solar de Almeria. Although
at the beginning it was conceived as an installation able to
test the three cycles previously mentioned, in the end, for
technical reasons, it was decided to implement a system
for the evaluation of ORC cycles with maximum tempera-

Achievements in 2009: In the context of the project, a
road-map is being developed to serve as a basis for consultation to the main actors of the technologies. A first
draft was presented in a specific session during a conference of desalination organized by the European Desalination Society in Baden Baden (May 2009), and the consultation process is undergoing.
The PSA-CIEMAT also organized two courses, one
for students and one for professionals. The first one was
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Participants: CNR - Istituto di Ricerca Sulle Acque (I),
Aachen Univ. Technol. (D), Tech. Univ,
Delft (NL), Swedish Env. Res. Inst. Ltd
(S), Cranfield Univ. (UK), Swiss Fed. Inst,
Tech. (CH), CIEMAT-PSA (E), Norw. Inst,
Wat. Res. (N), SolSep BV (NL), Bayer
MaterialScience AG (D), ITT Wedeco (D),
Austep S.r.l. (It), Albaida S.A. (E), AnoxKaldnes (S), Water Innovate Ltd (UK),
DHV (NL), Adv. Wastewater Manag. Centre (AUS).
Funding:

Figure 7.7

Participants in the international Renewable-Energy
Powered Desalination course organized by the
PSA-CIEMAT in Almeria (October 19-21, 2009)
during a lesson in the PSA MED plant

given to the students of the third Master’s Degree in Solar
Energy organized by CIEMAT jointly with the University
of Almeria. The second was an international course organized by PSA-CIEMAT from the 19th to 21st of October
in Almeria. The course was attended by 25 professionals
from 9 different countries, coming both from the industry
and the research world of renewable energy and desalination.

7.4.3

Solar water detoxification and
disinfection systems

INNOWATECH – Innovative and Integrated
Technologies for the Treatment of Industrial
Wastewater
Contact:

Antonio López,
antonio.lopez@ba.irsa.cnr.it
Sixto Malato, sixto.malato@psa.es

Figure 7.8

2,750 k€. EC funded project, cost-shared
(FP6, subpriority 6.6.3 Global Change &
Ecosystems):

Background: New concepts and processes in industrial
wastewater treatment harbor great potential benefits for
the stable quality of effluents, saving energy and operating costs and for environmental protection, which is the
goal of the EU Environmental Technologies Action Plan.
Purpose: Development of aerobic granulation bioreactors,
combine Advanced Biotreatment and Advanced Oxidation Processes, new membrane processes, and make Life
Cycle Assessments and Life Cycle Costs. CIEMAT is
focusing on further development of solar photo-Fenton
treatment for combining with aerobic biological treatment.
Achievements in 2009: Work evaluated the technical
feasibility of large-scale combined solar photo Fenton/aerobic biological treatment, targeting the treatment
of real industrial wastewater polluted with commercial
pesticides. Photo-Fenton experiments were carried out
under sunlight in a CPC plant (150 m2 of solar collectors,
total photoreactor volume 1060 L). The biological reactor
was an IBR (Immobilized Biomass Reactor, 2 x 1230 L)
filled with Pall®Ring supports colonized by activated
sludge from a municipal wastewater treatment plant. First
studies focused on decontamination of wastewater containing a selected mixture of five commercial pesticides
(Vydate®, Metomur®, Couraze®, Ditimur-40® and
Scala®) at 500 mg/L of initial dissolved organic carbon
(DOC). Real

Industrial solar photo-Fenton plant in operation.
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wastewater containing pesticides was tested at two different initial DOCs (200 and 500 mg/L). The composition of
the real wastewater was determined by liquid chromatography electrospray time-of-flight mass spectrometry (LCTOFMS).
It has been demonstrated that photo-Fenton is able to
enhance biodegradability of real wastewater containing
biorecalcitrant compounds at concentrations up to
500 mg/L but it has been also pointed out that the process
should be optimized by selection of best treatment time
and H2O2 dose. This combined technology can be applied
in industrial plants with difficult access to the municipal
sanitation and sewage system, making direct discharge or
reuse in industrial facilities possible. On the other hand,
the proper operation of solar photo-Fenton systems could
very often permit disposal of pretreated wastewater into
conventional sewage systems.
Publications: [7.4]-[7.15]

Figure 7.9

The 250 m2 SOWARLA demonstration plant

SOWARLA - Solar Water Treatment for the DLR
Site Lampoldshausen
Contact:

Dr.
Christian
Jung,
DLR,
christian.jung@dlr.de German Aerospace
Center, Institute of Technical Thermodynamics, Solar Research, Linder Hoehe,
51147 Köln

Participants: Deutsches Zentrum für Luft- und
Raumfahrt e.V. (DLR); KACO New
Energy GmbH; Hirschmann Laborgeräte
GmbH, (D)
Funding:

779 k€; Deutsche Bundesstiftung Umwelt
(DBU)

Duration:

April 1, 2005 – January 31, 2010

Background: The DLR rocket engine test facilities at
Lampoldshausen produces waste water contaminated
mainly with hydrazine. At present, this waste water is
treated very ineffectively. A solar water treatment plant
has been installed to enhance the Lampoldshausen treatment capacity and to demonstrate solar photocatalytic
wastewater treatment technology. Two German companies, Kaco New Energy GmbH and Hirschmann Laborgeräte GmbH, along with DLR have formed a consortium
to develop a new market-ready, non-concentrating tubular
solar reactor called the RayWOx. The potential of the
new reactor design was shown in comparative tests with
state of the art solar receivers. Small-scale (1 m²) and
pilot-scale (7 m² and 32 m²) Reactor designs were tested
in the first two phases of the project.
In the third phase of the SOWARLA project, started in
late 2008, the demonstration plant, with a 250-m² aperture
solar reactor, was erected at the DLR Lampoldshausen
site. Operation started in September 2009.

Figure 7.10

Inauguration of the SOWARLA
demonstration plant

Purpose: (i) Installation of a demonstration plant with
250-m² reactor aperture at the DLR Lampoldshausen site.
(ii) Plant automation. (iii) Commissioning.
Achievements in 2009: The 250-m2 demonstration plant
was erected and experimental results achieved in 2008
were evaluated.

Solar Disinfection of Drinking Water for Use in
Developing Countries or in Emergency Situations
-SODISWATER
Contact:

Kevin G. McGuigan, kmcguigan@rcsi.ie
Pilar Fernández, pilar.fernandez@psa.es

Duration:

September, 2006 – January, 2010

Participants: Royal College of Surgeons in Ireland (IE),
Univ. Ulster (UK), Council for Scientific
and Industrial Res. (ZA), Swiss Federal
Inst. of Aquatic Sci. and Tech. (CH), Inst.
of Water and Sanitation Dev. (ZWE),
CIEMAT-PSA (E), Univ. Leicester (UK),
Int. Community for the Relief of Suffering
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and Starvation (KEN), Univ. Santiago de
Compostela (ES).
Funding:

1,900 k€; EC-funded project, cost-shared
(FP6-2004-INCO-DEV-3)

Background: Solar disinfection (SODIS) through the
combined biocidal effect of temperature and UV irradiation has been shown to inactivate a broad range of important waterborne pathogens. This inactivation process has
been shown to be effective for contaminated water contained in transparent containers (≤ 2-L plastic bottles)
exposed to sunlight for 6 hours. However, there remains a
need for a larger volume of water to be disinfected at a
time and for ensuring adequate inactivation of bacteria
under low-sunlight and ambient temperature conditions.
Purpose: The main objective of this project is to develop
an implementation strategy adopting solar disinfection of
drinking water as an appropriate, effective and acceptable
intervention against waterborne disease for vulnerable
communities in developing countries without reliable
access to safe water, or in the immediate aftermath of
natural or manmade disasters.

Figure 7.11

Photo of a SODIS batch reactor at the PSA
containing water contaminated with Escherichia
coli at 0 NTU (left) and 100 NTU (right)

Achievements in 2009: CIEMAT completed several cooperative tasks with the Royal College of Surgeons in
Ireland, University of Ulster and the University of Santiago de Compostela. We tested several batch solar disinfection reactors (of 2.5 and 25 liters total volume) using
Escherichia coli and Cryptosporidium parvum as model
water pathogens under natural sunlight and water conditions. This study is the first time that the thermal contribution to the inactivation of C. parvum during SODIS,
regardless of UV radiation, has been evaluated. Its significant contribution to the inactivation of C. parvum
oocysts under natural sunlight was shown. The feasibility
of a sequential batch solar photoreactor based on the
effect of solar radiation was also studied. The new system
('sequential batch system') treats contaminated water
continuously using an automatic valve which empties the
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system when the water has been decontaminated. Therefore, more contaminated water can be treated than with
the classical SODIS bottles, since the system refills the
irradiated CPC+tube modules automatically as soon as
the water inside is free of pathogens.
Publications: [7.16]-[7.21]

TRAGUA– Treatment and Reuse of Waste Waters for Sustainable Management
Contact:

Sixto Malato Rodríguez,
sixto.malato@psa.es
Benigno Sánchez,
benigno.sanchez@ciemat.es

Participants: 24 Spanish Public Institutions and Companies.
Funding:

Spanish Ministry of Education and Science
(National R&D Programme): 4,900 k€.

Duration:

September 2006 – September 2011

Background: Spain is the European country with the
highest water deficit and only 5% of the waste water is
reused. The reasons for the small water reuse are diverse,
the most important among them being the lack of treatment protocols for treated waters coming from Municipal
Wastewater Treatment Plants (MWTP) and the lack of
clear criteria for choosing technologies.
Purpose: A five years project (2006-2011) for enhancing
wastewater reuse in Spain. When finished, the Program
will provide with an inventory of waste waters for potential reuse, treatment protocols according to their characteristics and the available economically improved technologies, standard methods of chemical, microbiological
and toxicological analysis, information about the water
impact on the environment and the respective socioeconomic analysis.
Achievements in 2009: One achievement in 2009 has
been the developing of photoactive layer of TiO2 deposited on glass spheres using the Sol-gel dip-coating technique. Different cycles of photocatalysis were studied for
photocatalyst durability and activity. It was demonstrated
that after five cycles, although photoactivity of the catalyst slowly decreases, it continues degrading contaminants. The experiments showed that emerging contaminants at low concentrations can be successfully degraded
to a few µg L-1 with immobilized TiO2 under solar irradiation.
Another achievement was the degradation of 15
emerging contaminants at low concentrations in simulated
and real effluent of municipal wastewater treatment plant
with photo-Fenton at unchanged pH and Fe = 5 mg L-1 in
a pilot-scale solar reactor. The degradation of those 15
compounds (Acetaminophen, Antipyrine, Atrazine, Caf-
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Purpose: In order to overcome these limitations, the project proposed the following goals: (i) Development of a
photocatalytic reactor activated by sunlight and/or UVA
lamps for continuous operation; (ii) Development of an
adsorption treatment system that retains pollutants in the
gas streams under normal processing conditions; (iii)
Based on the results of both systems, design and assemble
a new combined photocatalysis-adsorption device that
exploits their synergies.

feine, Carbamazepine, Diclofenac, Flumequine, Hydroxybiphenyl, Ibuprofen, Isoproturon, Ketorolac, Ofloxacin, Progesterone, Sulfamethoxazole and Triclosan),
each with an initial concentration of 100 μg L-1, was
found to depend on the presence of hydroxyl radicals
scavengers and on the type of water (simulated water,
simulated effluent wastewater and real effluent wastewater), but is relatively independent of pH, the type of acid
used for release of hydroxyl radicals scavengers and the
initial H2O2 concentration used. Toxicity tests with Vibrio
fisheri showed that degradation of the compounds in real
effluent wastewater led to toxicity increase at the beginning of the treatment.
Publications: [7.22]-[7.29]

DETOX-H2S Development of a new system for
the elimination of airborne toxic and corrosive
compounds generated in sewage treatment plants
Contact:

Benigno Sánchez,
benigno.sanchez@ciemat.es

Participants: CIEMAT-PSA (E), ICP-CSIC (E), UNED
(E), UENF (BRA), USACH (RCH), University of Wisconsin (USA).
Funding:

Comunidad de Madrid: 700 K€

Duration:

January, 2006 – December, 2009

Background: Unpleasant odors released from sewage
plants hinder the social acceptance of wastewater treatment facilities. These emissions contain, among other
fetid chemicals, H2S, mercaptans and amines, and the
possible nuisance to the population is not the only problem associated with them. In fact, at the concentration
usually found in treatment stations, these substances are
toxic for workers and can produce corrosion in equipment
and building materials. Several treatments for the removal
of these pollutants are commercially available but either
they are not very efficient, or they are expensive.
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Figure 7.12

Achievements in 2009: In the last year of the project, a
new hybrid annular photoreactor employing both solar
and artificial irradiation has been designed, installed and
operated. The reactor allows uninterrupted operation, as
shown in Figure 7.13 at lower environmental and economical cost.
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Figure 7.13

H2S conversion over time in the hybrid
photoreactor with 14 TiO2-coated PET
monoliths. During the night, the photoreactor
operates with the internal UVA-lamp.

During photocatalytic H2S oxidation, TiO2-based
photocatalysts deactivate over time due to sulfate accumulation. Activity regeneration by washing with water
has been proven effective and can even be enhanced by
use of basic solutions. Regeneration can be performed
inside the photoreactor.
A new shaped catalyst distribution system for this
photoreactor has been patented. Star-shaped structures
help build monoliths of different kinds of photocatalysts
that can be irradiated efficiently, even if they are opaque.
This invention opens the use of the photoreactor to hybrid
materials that combine photocatalytic and adsorptive
properties, usually difficult to irradiate with an adequate
flow regime. Increased adsorption may solve the problem
of SO2 release as an undesired by-product and prolong
catalyst lifetime. Therefore, hybrid materials constitute a
promising alternative for H2S elimination and interesting
alternatives for avoiding auxiliary adsorption units.
TiO2-SiMgOX composites in the form of incorporated
and/or wash-coated materials have been investigated. The
adsorptive capabilities of the clay material make it possible to fixate the gaseous sulfur compounds on the composite. The photocatalytic formation of ionic compounds
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(sulfites/sulfates) makes these hybrid materials much
easier to regenerate than usual adsorbents, where elemental sulfur is generally formed, and may recover their activity by washing with water.
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Figure 7.14 Evolution of H2S conversion, SO2 selectivity and
temperature for TiO2/SiMgOx coated hybrid
material.

Materials with high SO2 selectivity have been synthesized by sol-gel and could be a good alternative to avoid
photocatalyst deactivation. In this case, the use of an
adsorbent is required in order to avoid the release of SO2
into the atmosphere.
Publications: [7.30]-[7.32]
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7.6 Meetings
A Task Meeting was held in Berlin, on September
14th, 2008, just before the 15th International SolarPACES
Symposium on the same location. The meting was attended by a total of 13 people, representing 5 SolarPACES countries (Germany, Mexico, South Africa, Spain
and United States). Task VI organizational structure was
discussed and the following persons were nominated to
lead the defined Subtasks:
- Sub-Task A (Concentrating Solar Power and Desalination Plants): Julian Blanco (CIEMAT, Spain)
- Sub-Task B (Medium to small Solar Thermal Desalination Systems: Hendrik Muller Holst (MAGE, Germany)
- Sub-Task C (Solar Water Detoxification and Disinfection Systems): Christian Sattler (DLR, Germany).
.
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Chairman
Tom Mancini
Sandia National Laboratories
Solar Thermal Technology Dept.
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P.O. Box 5800
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Mark Mehos
Operating Agent Task I
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Task Representative Task V
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ExCo Representative
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