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Foreword

On behalf of SolarPACES, it is a pleasure to present the 2011 annual report.

We are living in challenging times, full of reasons for hope and despair. Never
before has humanity been more aware than now of the finiteness of our planet, the
negative impact of human activities, and the many advantages of solar and other
related renewable energy sources and their potential to satisfy the ever growing
energy demand of human societies. But, at this point in time, when, finally, it
seems that we all are starting to grasp the vital importance and the urgency to
evolve towards a much more sustainable and environmentally friendly world
energy system, based upon the extensive use of solar and other renewable energy
sources, we are confronted with a financial and economic crisis that is producing
devastating and long range consequences at an unprecedented scale.

In this environment, where the competition for financial resources worldwide
among competing energy options have never been so intensive and their
proponents have never been so aggressive, SolarPACES is more needed than ever
to ensure that the Concentrating Solar Thermal Power (CSTP) and Solar
Chemistry technologies fulfill their promise to contribute to the improvement of
the quality of life of billions of people. The rapid expansion that the CSTP
industry is experiencing since 2003 owes much to the unfaltering work of
SolarPACES, the international research community that started at the Small Solar
Power Systems (SSPS) demonstration project in the 80’s. One of the main assets
of our organization is its scientific authority: SolarPACES is a neutral,
independent organization, fully committed to facilitate, through international
cooperation, rational decision making and the success of CSTP and Solar
Chemistry technologies.

The annual report gives an overview of the achievements reached by the
SolarPACES research community during the year 2011. | wish you a fruitful
lecture!

Manuel J. Blanco, Ph.D., Dr. Ing.
Chair, SolarPACES Executive Committee
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1 Report of the SolarPACES Executive
Committee for 2011

Christoph Richter
IEA SolarPACES
Executive Secretary

Part 1 of this Report, which gives an overview of re-
sults and achievements of the SolarPACES Implement-
ing Agreement in 2011, is submitted to the IEA by the
SolarPACES Executive Committee.

Part 2 gives a brief overview on the SolarPACES
guiSmo project, aiming at the development of guide-
lines for CSP plant performance modeling.

The more detailed, technically substantial, non-
proprietary information on the progress of SolarPACES
projects and their results are given by the five Solar-
PACES Operating Agents in Parts 3, 4, 5, 6 and 7 of
this report. As a new line of activity started in 2011
against a background of growing SolarPACES resources
from increased membership, they contain information
on activities co-funded by the SolarPACES budget, in
Task | regarding Development of Guidelines for CSP
Performance Models, Task 3 Development of guidelines
for standards for CSP components, Task V Standardiz-
ing and Benchmarking of Satellite-Derived DNI-
Products and in Task VI for Assessment of CSP+D
potential in the MENA area. Detailed reports on these
activities are or will be available on the SolarPACES
website.

As in previous years, it is also the aim of the Annual
Report for the year 2011 to inform member country
institutions and partners inside and outside the IEA on
progress in developing Concentrating Solar Technolo-
gies (CST) for near and long-term competitive markets.

In this sense, this report exceeds the formal IEA report-
ing 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
overcome barriers to large-scale adoption of concentrat-
ing 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 ex-
pand its outreach and market development related ac-
tivities in recognition of the impact that increased utili-
zation 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.

IEA SolarPACES  Our vision is that concentrating solar technologies contribute significantly to the delivery of
VISION clean, sustainable energy worldwide

Our mission is to facilitate technology development, market deployment and energy partnerships
IIVIIEIAS Ssl%aNr PACES  for sustainable, reliable, efficient and cost-competitive concentrating solar technologies by pro-

viding leadership as the international network of independent experts

Our strategy is to:

e Coordinate and advance concentrating solar technology research by focusing on the next

generation of technologies;

e  Provide information and recommendations to policy makers;
e Organize international conferences, workshops, reports and task meetings in order to facili-
tate technology development and market deployment;

IEA SolarPACES

STRATEGY countries;

Provide opportunities for joint projects in order to encourage energy partnerships between

e Develop guidelines and support standards in order to increase the transparency of the mar-
ket and reduce risks associated with project development;
e Manage the undertaking of independent studies of strategic interest;

e Leverage our activities with other IEA implementing agreements and renewable energy

organizations.
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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 Almeria, 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 tech-
nologies.

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 concen-
trating 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
potential of concentrated solar power are key elements
of the SolarPACES program.

The scope of IEA SolarPACES is cooperative re-
search, 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 concentrat-
ing and conversion process.

IEA SolarPACES collaboration extends from con-
cept development in the different solar thermal disci-
plines, to laboratory research, prototype development,
pilot scale demonstrations and final product qualifica-
tion.

S
Resource

S
Concentration

Conversion

Solar

A few examples given here will illustrate the range
of the work of SolarPACES. Cooperative development
and testing of key solar components, including ad-
vanced concentrators and receivers, which has helped
reduce the costs and improve the reliability of concen-
trating 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. Simi-
larly, cooperation on system operation and maintenance
has led to reduced costs at the commercial Kramer Junc-
tion parabolic trough plants in the United States, and
will help ensure cost-competitiveness at future concen-
trating solar power plants. The SolarPACES "START"
(Solar Thermal Analysis, Review and Training) team
missions have assisted in the introduction of concentrat-
ing solar power in developing Sunbelt countries. By
sending an international team of experts, independent
technical advice has been made available to interested
countries including Egypt, Jordan, Brazil, Mexico and
Algeria. START missions to Algeria, Egypt, and Mex-
ico have already contributed to the first phase of plan-
ning concentrating solar power plants in these countries.
In solar chemistry research, where the commercializa-
tion goals are more long-term, SolarPACES has suc-
ceeded in building and promoting international interest,
defining research priorities, and facilitating cooperative
international research.
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Scope of CSP research, development and demonstration work
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1.2 Participation of Countries,
R&D Institutions, Utilities
and Industry

As of January 2012, 19 countries, or organizations
designated by their governments, and one Sponsor,
Mitsubishi, participate in IEA SolarPACES and its
different Tasks as shown in Table 1.1. Morocco joint
SolarPACES as a new member in 2011.

and utilities. Industry actively participates in Solar-
PACES Tasks and other activities as partners. Task I,
which focuses on CSP systems and is most closely re-
lated to market and near-term demonstration projects, is
the most prominent example. Industry is responsible for
over 50% of the information sharing projects. Apart
from task participation, some representatives in the
ExCo are from industry (see Table 1.1), and in 2010 the
first industrial Sponsor (Mitsubishi) also joined the
SolarPACES IA.

The nature of the CSP technologies, with their large

Table 1.1. SolarPACES Membership and Task participation
SolarPACES Membership as of January 2012
IA participation Type of Institution Task Participation

Country / Sponsor Represented by Govt.] R&D ] Ind. | Util. 1 11 11 \% Vi
Algeria NEAL X X X X
Australia ASI X X X
Austria BMVIT X X X
Brazil CEPEL X X
China IEE-CAS X X X X X
Egypt NREA X X X
European Union DG-Research, DG Energy X X X X
France CNRS X X X X
Germany DLR X X X X X X
Israel WIS X X X X X
Italy ENEA X X X X X X
Mexico IIE X X X X X
Mitsubishi (Sponsor) Mitsubishi Corporation X X X X X X
Morocco MASEN & IRESEN X X X X X X X
Republic of Korea KIER X X X
South Africa ESKOM X X X
Spain CIEMAT X X X X X X
Switzerland BfE X X X
United Arab Emirates MASDAR X X X X
United States of America DoE X X X X X

Cooperation with industry is a key element in the
SolarPACES activities. Those countries that have nomi-
nated industry or utilities as the contracting party are
represented in the ExCo by representative companies
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 participat-
ing in the Tasks and their technical meetings and semi-
nars, as reported in detail in the SolarPACES Annual
Reports. Since the announcement of renewable electric-
ity incentive programs in the European Union, industry
and utility participation in the task meetings has in-
creased sharply. At the last task meetings, over a dozen
private firms were represented. At the last Symposium,
about half of the 800 participants came from industry

concentrator fields, receivers and storage systems, im-
plies intensive collaboration with industry in all stages
of development, from initial conceptual engineering to
prototype development, and to large-scale demonstra-
tion. The CSP cost reduction strategy builds on progress
in R&D and mass manufacturing by industry. The po-
tential for this has grown exponentially during recent
years. In 2010, 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 Europe, 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
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prepare the way for the large-scale construction of CSP
plants in the great deserts of North Africa and the Mid-
dle East plus the necessary interconnection to the power
grids in these regions. This extension of Solar Electric-
ity 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.

1.3 The SolarPACES Work
Program

SolarPACES member (contracting party) activities
are carried out through cooperative research, techno-
logical 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 institu-
tions, industrial suppliers, electric utilities, and interna-
tional 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 V is a collaborative activitie with the
Solar Heating and Cooling (SHC) and the Photovoltaic
Power Systems (PVPS) Implementing Agreements.. 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 Re-
search, Development and Demonstration is now increas-
ingly also emphasizing large-scale worldwide deploy-
ment. The new Task VI on "Solar Energy and Water

Processes and Applications” will provide the solar en-
ergy industry, the water and electricity sectors, govern-
ments, renewable energy organizations and related insti-
tutions 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.

1.4 Coordination with Other
Bodies

SolarPACES is the only agreement and international
program working on Concentrating Solar Power tech-
nologies. The SolarPACES ExCo represents delegates
from national CST (concentrating solar technology)
programs with a composite budget of 100 million USD
per year and is the only international, multilateral um-
brella for CST cooperation.

In Europe and in the US, industry with an interest in
CST has associated in their respective industry associa-
tions—ESTELA (European Solar Thermal Electricity
Assaociation) and SEIA (Solar Energy Industry Associa-
tion of the USA). SolarPACES is cooperating closely
with these associations

Neighboring technologies are general solar utiliza-
tion and power generation technologies. In this field,
SolarPACES is cooperating closely with the Interna-
tional Solar Energy Society (ISES) and its national
associations by contributing regularly to their confer-
ences and journals. SolarPACES also contributes regu-
larly to the international power industry conferences
like PowerGen and others.

Special acknowledgement is due the European Un-
ion and its support of transnational CSP projects within
Europe, like SOLHYCO, SOLASYS, SOLREF,
SOLZINC, HYDROSOL, SFERA,. The information on
these projects has been shared with the non-European
SolarPACES partners.

SolarPACES Executive Committee
Dr.Tom Mancini, Chairman
Dr.Michael Epstein and Dr.Robert Pitz-Paal, Vice-Chairmen
Dr. Christoph Richter, Executive Secretary

Concentrating Solar Solar Chemistry Research

Electric Power Systems

OA: Mark Mehos OA: Dr. Anton Meier

Task| Task I Task Il
Concentrating Solar
Technology & Applications
OA: Dr. Peter Heller

Task V Task VI
Solar Resource Solar Energy, Water
Knowledge Management Processes & Applications
OA: David Renne, NREL, OA: Julian Blanco

NREL, United States PS|, Switzerland DLR, Germany USA e

< Solar Production Solar Standard qualification Concentrated Solar

CSP Project 3
—Deployment | of Energy | _Components and | for solar resource | _Power and MW-size
Carriers Subsystems products Desalination Plants
CSP Acceptance Solar Processing Supporting Tools Common structure h
e of Chemical and Test Py kW-size Solar
—Test Guidelines —c diti ~Faciliti for archiving and Thermal Desalination
omimocives actites |—accessing resource s
ystems
products
CSP System Solar Ad
T vanced :
Modelling Detoxification ; Improved techniques
Technologies o Solar teS BTt Solar Water

“—and Recycling of

Waste Materials Detoxification and

" and Applications ||
Disinfection Systems

‘—characterization and
forecasts

Figure 1.2. Organization of Work within the SolarPACES Task Structure
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Proactive cooperation with the IEA Renewable En-
ergy Division has continued and increased, together
with other renewable implementing agreements, devel-
oping the IEA RD&D priorities, participating in the
REWP seminars, dedicated Renewable Energy Work-
shops and contributing input to IEW publications like
the World Energy Outlook (WEO) and Energy Tech-
nology Perspectives (ETP). Input and reviewing effort
during 2009/2010 was given to the IEA CSP Roadmap,
launched in May 2010.

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 dis-
semination is the now annually International Sympo-
sium on Concentrating Solar Power and Chemical En-
ergy Systems, the international forum where scientists,
engineers, users and students learn about the latest ad-
vances in concentrating solar technology.

The 17" Symposium, held from September 20" —
23" 2012 in Granada, Spain, achieved a participation
record with more 1050 participants, including a growing
participants from industry in the technical sessions and
the exhibition,. The conference was honoured by the
Patronage of the Spanish Minister of Science Cristina
Garmendia who also spoke in the opening session of the
event.

C. Garmendia, then Spanish Minister of Science, in the
opening session of the 17th SolarPACES conference in
Granada, Spain, 20" September 2011.

SolarPACES publications on CST and sharing na-
tional CST publications through SolarPACES-wide
distribution lists have become another important means
of information sharing. The SolarPACES Annual Re-
port 2010 was published and distributed among the
SolarPACES members and the participants of the 17th
SolarPACES conference, totaling over 1000 interested
experts worldwide, giving detailed literature references
and contact addresses to encourage further cooperation.

SolarPACES participants contributed with input and
review to two CSP related IEA publications, the CSP
essentials and the CSspP roadmap (see
www.iea.org/roadmaps). All publications can be found
in the library area of the SolarPACES website
www.solarpaces.org

1.6 SolarPACES Awards

The 16™ SolarPACES conference also set the stage
for the SolarPACES Awards to honor the personal
engagement of individuals and institutions that signifi-
cantly contribute to the deployment of CSP technology.
Two types of Awards can be given:

Technological Innovation Award

The Technological Innovation Award for significant
innovations leading to more rapid deployment of CSP
technology through:

e Performance/cost ratio increase

e Improved manufacturing technology
e Better component lifetime

e Improved environmental profile

The innovation should be realized at least in techni-
cal prototype and its characteristics should have been
published according to scientific standards.

The 2011 Technology Innovation Award was given
to the team of Martin Selig, Gerhard Hautmann and
Max Mertins of NOVATEC SOLAR for the lead of
development of a solar boiler concept based on linear
Fresnel collector technology (NOVA-1).

Technology Innovation Award winners Martin Selig and Gerhard
Hautmann of the Novatec Team.

Lifetime Achievement Award

This award honors personal contributions to the suc-
cessful development and implementation of CSP sys-
tems by an individual throughout a major phase of
his/her life. Criteria are:

e Acknowledged leadership in research or manage-
ment in the field of CSP technology

e Long-term commitment to this field

e Promotion of international cooperation
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The 2011 Lifetime Award was given to Rainer Ar-
inghoff in recognition of his long contributions to the
implementation of CSP technology during his work

with Flabeg, Solar Millennium and Dii.

Lifetime Award Winner Rainer Aringhoff during his Award

keynote speech

1.7 Meetings and Presentations
in 2011

Presentations and Meeting participations in 2010 are
summarized below, including Task meetings

For specific task activities please refer to the respec-
tive chapters of this report.

February
16th

March
15th-16th

17th

April
5th-7th

16th

June
Tth

September
18th

19th

20th — 23rd

October
14th

November
29lh

Task 1/ Task 3 meetings, Granada
Congress Center

Participation IEA Spring Workshop
Renewable Energy
Participation 58th REWP Meeting

80™ SolarPACES ExCo meeting, Vi-
enna, Austria
Participation in 2" IEA communica-

tions workshop for Implementing
Agreements

Session preparation and CSP Overview
presentation Intersolar Munich

81st ExCo Meeting, Granada, Spain
Task Meetings

17th SolarPACES Conference, Granada,
Spain

CSP overview presentation Workshop
“Energy management in large research
infrastructures” Lund, Sweden

CSP R&D presentation CSP today con-
ference, Seville, Spain
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2. Guidelinesfor CSP performance modeling

In 2010, a SolarPACES project was initiated ainahghe definition of guidelines for CSP performapeediction. The

overall objective of the project can be summariasdollows:

The SolarPACES project will develop, document and publish guidelines for CSP energy yield analysis with inter-
national collaboration.

Contact: Markus Eck, German Aerospace Center (DLR)

Address of contact: Pfaffenwaldring 38-40, 70569
Stuttgart, Germany, markus.eck@dlr.de

Participants: DLR, NREL, Sandia, Cener, Suntrace,
Ciemat, Pdyry, Flagsol, Torresol Energy...

Meanwhile, more than 100 experts have agreed to
participate in this project. The project is struetl in
ten main work packages, as illustrated in tablg]1 [

Table 1.0verview on the work packages

Funding: Partly funded by SolarPACES WP 1: Coordination
WP 2: Definition of Structural Framework
WP 3: Physical Component Modelling
| = individual member country activities of interest to WP 4: Consideration of Transient Effects
’\Sﬁo'arPACES — WP 5: Consideration of Operation Strategies
= member country task-shared activities of interest to . H : e
SolarPACES WP 6: C.onS|d.erat|on of pncertalnt|es
T = SolarPACES task-shared activities X Wp 7: Financial E\_/aluatlon
C = SolarPACES cost-shared activities WP 8: Met.eor.ologlcal Input -
WP 9: Validation and Benchmarking

WP 10: Handbook Energy Yield Prediction

Due to the high capacity of solar thermal power
plants and large required investment, CSP projeuts
subject to an extensive project development process
Predicting the energy yield of a CSP plant is eciedu
task in this process. Mathematical models predictire
system’s energy yield are required to assess sibgke
projects (e.g. feasibility or due diligence stujlieom-
pare different plant options (e.g. technology,)siteti-
mize technology configuration (e.g. solar field esiz
storage capacity), investigate the influence of pom
nent characteristics (e.g. receiver characterjstared to
assess system performance during commissioning,
among other things.

The models used for these tasks differ in compjexit
and required accuracy, e.g. a model used for projec
assessment during commissioning has to be more- rigo
ous than a model used for a pre-feasibility stutythe
moment, numerous modeling approaches exist, and
project developers use their own internal systerdetso

Due to the complexity of the task it was decided to
set-up a task-force within the project aiming a& piep-
aration of a draft handbook focusing on parabebagh
power plants using synthetic oil as heat translieid f
and a two-tank molten-salt thermal energy storages
draft hand-book will already cover all relevant ests
and thus may serve as a template for the subsequent
preparation of handbooks for other trough options o
CSP technologies. The results presented in thisrrep
are not final represent the present status of tiywiog
discussion.

2.1. Current Status

As explained above, the preliminary results present
ed in this section represent the activities withire
guiSmo task-force focusing on state-of-the-art palia
trough systems. These suggestions have to be dextus

and assessment methodology. These models often lackWwithin the task-force before editing the hand-book.

validation, and no standard or benchmark for compar
son yet exists for electricity yield analysis of Zglants.

In addition, most current models of CSP systemqperf
mance do not treat uncertainties inherent in patense
and processes of the complex system. These camslitio
may fail to alleviate concerns about technology ead
hinder the acceptance of CSP technology by potentia
investors. To solve this problem, an internationafk-
ing group is being initiated within SolarPACES Task
to define guidelines for performance predictionGSP
plants.

Component Modeling

The mathematical modeling of the CSP system itself
is a major task within the yield analysis process.
achieve a reliable system model, covering all eV
components of the plant and all relevant physitfates.

So far, major components and effects for steadige sta
analysis have been identified (see e.g. [2] anyl [Die
current activities focus on the identification apre-
sentative model structures for the relevant effectd

the assessment and recommendation of prudent tefaul
parameter sets for the identified models. Withie th
project it was decided that the guidelines will define

one specific model structure with one default dsdga
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This would limit the flexibility required for futer de-
velopments. Instead of that, the task will be tdinde
reasonable areas of validity for model results elmal-
acteristics and develop according plausibility &sec

In [1] the relevant effects for steady-state madgli
of all relevant sub-systems have been identifiadthe
next step these effects have to be defined in great
detail, appropriate modeling approaches have to be
assessed, default parameters and areas of vaiialty
to be identified and plausibility checks have tode®el-
oped. This task is currently executed within a Mast
thesis.

Transient Effects

Simulation of concentrating solar thermal power
plants using transient models allows obtaining ltesu
which are more accurate than those obtained using
steady-state models especially during start up simd
down periods. However, the increase in accuracyts
without additional cost: transient models are bynfare
computationally demanding than steady-state models.
This is why it is very important to have a good end
standing of when it would be appropriate or neagssa
use transient models and when it would be sufficien
use steady-state models. To achieve such an uade¥st
ing, the influence of transient effects in the @ien of
the different subsystems of a solar power planttroas
analyzed. As a first step in this analysis the lissof
using three steady-state and four full-transienti@m®to
simulate the behavior of the solar field of a paiih
trough plant under diverse transient conditionsehav
been compared. The result for one partly cloudy iday
presented in Figure 1.

December 18

e Mo d e 11
e WD d 12
Mndelf3
Model#4
e Mol 2 1 HS

Model#6

Model#7

U |

——f
TR 5 B 7 A8 9 10 11 13{13 14 15 1

-15000

TIME (hour)
Figure 1: Power to collector fluid (December 18)

According to the benchmarking round conducted, it
seems that steady-state models are sufficient edigir
the yearly electricity yield as long as the stgrtand
shut-down process is considered correctly. A terisi
analysis is required if in-depth information on ttie-
tailed intra-day performance of the system is nexqlii

Uncertainties

Uncertainties in modeled parameters and processes
are honored using probabilistic methods [3], [4], [
[6]. Probabilistic methods have the advantage aintju
fying the impact of uncertainties on simulated perf
mance metrics by taking into account probabilitstidi
butions and correlations of inputs quantities. Témults
of repeated calculations for a large number of tinpu
combinations sampled from these distributions aye a
gregated to form a cumulative density distribution.
Therefore, the confidence and likelihood of theudats
ed metric (e.g., LCOE, net annual energy produltion
being above or below a particular value or within a
given range can be readily assessed and presdnted.
addition, sensitivity analyses can be used wittbabil-
istic analyses to rank and quantify the most ingart
components, parameters, features, and/or procHsses
impact the simulated performance. This informatan
then be used to guide and prioritize future researc
characterization activities.

The probabilistic  method, which includes
(1) sampling from uncertainty distributions,
(2) simulating multiple realizations, and (3) penfing
uncertainty and sensitivity analyses on the resusts
illustrated in Figure 2 and will be documented &tail
in the guidelines. In particular, this compriseteetive
sampling methods like Latin Hypercube Sampling and
quality criteria such as the validity of confidereealu-
ating the required sample size.

Within the guiSmo project typical uncertainty distr
butions for model parameters are being compiledHer
different CSP technologies (tower, trough, lineaes
nel, dish) to establish a library of baseline partars
for modelers. Preliminary values illustrating thag-
proach for solar power towers were published in [3]

2 109
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Figure 2: Probabilistic approach to performance model-
ing

The relevance of the probabilistic approach and the
additional information obtained has been demoredrat
for parabolic trough and solar power tower plads [
[4], [5], [6], [7], [8]- Furthermore, probabilistimodel-
ing is essential in the context of performance (ac-
ceptance) testing and parameter identificationlf6this
case, long-term plant performance is deduced from
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short-term testing during which performance paranset
are obtained from a series of measurements. Ther-inh
ent uncertainties associated with the short-ternasme
urements and parameter values are accounted fbein
probabilistic modeling.

Key Financial Criteria

There are two principle financing approaches for
large scale solar energy projects such as CSPnd®la
sheet finance and project finance. If a companydves
on its own risk and, together with own funds, pasbe
funds on to the project, it is considered as baasieet
finance. The risk for the lenders is the credithioress
of the company, not the project. The company assume
the entire project risk with the full amount of astment
cost. As a consequence, there is a natural limihé&
repeatability of balance sheet lending: volume iaumah-
ber of investments are limited to the debt capatitihe
borrowing company, which can be for example atutili
or a large construction firm. As the only financing
schemeavailable, this mechanism would severely con-
strain the overall sourcing capacity for CSP prigjec

Under a project finance scheme, equity and debt
providers fund the project itself. The projectés ap as
a separate as it is calle@pecial Purpose Vehicleor
SPV. Such SPV needs to be funded with equity aibd de
to be able to purchase the power generating asseis,
ally from a turn-key providerEngineering Procurement
Constructionfirm or EPC). Once in operation, the SPV,
which has turned into a real power plant now, phgs
debt service to bankd €nder$ and dividends to the
shareholders/investors. The lenders provide lomgm te
debt to the project against the security of theeshand
assets of the project and the equity investorslicaib
their risk to the equity portion (usually a 25-3G¥are
of overall investment cost). This structure is edton-
recourse because the lenders supposedly do not rely on
other security than the project itself. The eqpitgvid-
ers limit their exposure in liquidity and risk pcipally
to their equity injections. Hence, non-recoursejgub

Equity Ratio, DE Ratio), Debt Service Coverage ®ati
DCSR are being described and it is explained tahvhi
extend these are being used to structure and eégahm
financing structures of projects.

Building a financial model and assuming a typical
non-recourse financing structure for CSP plantswa|
to illustrate the mechanisms and interdependendaies,
particular in a number of scenarios to explainttiee-
offs. Of particular interest is the interaction lwthe key
output data of the solar energy yield models antrte-
logical assumptions, as the impact of the energydyi
models and technical cost assumptions and thegi-sen
tivity becomes transparent. These scenarios azadet
to clearly identify the most sensitive factors drehce
help set priorities in further iteration and optzation of
technical models and concepts.

Meteorological Input

Ho and Dobos [8] concluded DNI often is the great-
est source of uncertainty for calculating yieldsG8P.
On first sight the annual average or sum seemseto b
most important. Chhatbar and Meyer [9] showed that
also the frequency distribution of DNI has sigrafit
influence on energy yields. For CSP vyields and tplan
design it plays an important role whether low DMNI i
more often caused by short interruptions due toiddo
or higher turbidity, e.g. by dust. Thus, much camest
be taken for preparing realistic DNI input dataresp
senting well the typical weather patterns at sitebe
investigated.

In guiSmo the Work Package on meteorological in-
put defines the respective parameters, prepareplsam
time-series data and estimates their uncertair@eal is
also to define common formats for the input of CSP-
specific meteorological input data. The file format
should allow including proper documentation of reta
data, good traceability for due diligence, and efilsy
handling for comfortable 1/0O into performance siazul
tion models. For better considering transient éffebe
time resolution of the input files needs to inceeat

financing schemes have a number of advantages: theyleast to 15 min [10]. If possible likely even higtiene

allow investors to limit their liquidity requiremesn
share the risks with lenders and improve equityrrest
In the larger context, project finance allows tp targe
bank and debt capital markets. Last but not Igaeject
financing enables financial investors to enter Ited-
scape, such as infrastructure and pension funedddii
tion, project financing schemes can help develompr
domestic bank and capital markets in developingheou
tries and emerging markets.

The key financial figures and mechanisms for equity
and debt providers under project financing scheanes
being defined and described, focusing principafiytioe
guantitative criteria of the project financing malPrin-
cipal financial parameters like Capital Expenditure
(CAPEX), Operational Expenditure (OPEX), Invest-
ment Criteria such as Net Present Value (NPV) rivate
Rate of Return (IRR) Debt Ratios and figures (Debt

resolutions up to 1 min could be required to esiéma
yields of solar thermal power plants with high stwvity

to irradiance variation in broken cloud cases.hihdd

be evaluated whether variable time resolutions d@oul
make sense, e.g. high resolution during variabteogde
and lower resolution during periods with almoststant
DNI or during night-time. For practical reasons the
format should be capable of covering only shortetim
periods like single days for detailed analysis, &isb
multiple years for assessments of the inter-anvada-
bility of CSP vyields. Up to know most input formats
used for CSP performance simulation are based on
ASClI-text-files. For multi-year files in high timesolu-
tion such file-formats could be more than 100 MByte
big. To make it easier to handle it is recommentied
check the applicability of much smaller-packing hel
established binary file-formats such as netCDF BiFH
for this application.
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Building on earlier recommendations [11], [12] for
bankable solar resource assessments for CSP thks wor
also should clearer define what is recommendeduoh
expert opinions. Goal is to reach the high qualjypro-
priate to the sensible topic of DNI in view of thagh
expenditures for a CSP-plant to be built on a tegie.
According to Meyer et al. [11] on site meteorol@dic
measurements are necessary, which need to be well
calibrated. These should be well maintained andl nee
thorough quality checks before applications. Toi@gh
the required long-term time-series of at least gary
usually the measurements are combined with site-
specific satellite-derived DNI data. The longer twer-
lap the better is the quality of the adapted dtgedata,
but usually 1 year of measurements leads already to
relatively good results [13]. The more years areeced
by the full time-series the lower drops the remani
contribution to the overall uncertainty.

(2]

(3]

(4]

(5]

2.2. Conclusion and Outlook

This report gives an update on the present stdtus o [6]
the SolarPACES project guiSmo. Within the project i
was decided to set-up a task-force aiming at thpgma-
tion of a draft handbook focusing on parabolic tjiou
power plants using synthetic oil as heat transfigid f
and a two-tank molten-salt thermal energy storadeés
draft hand-book will already cover all relevant esis
and thus may serve as a template for the subsequent
preparation of handbooks for other trough options o
CSP technologies.

[7]

(8]

So far, first proposals for appropriate definiticofs
relevant effects and the according modeling apgresc
have been developed. Relevant operation stratégies
the considered CSP system have been identifiedaand
benchmarking of several transient and steady-state-
lation tools has been conducted to identify théuerice
of transient effects on the electricity yield. Thitidy
suggests that most transient effects may haverdfisig [10]
cant influence on the present status of the plahbhly
a minor effect on the yearly electricity yield. Nethe-
less, transient effects such as the start-up amiddgiwn
have to be considered in any case. Furthermorista f
methodology for the consideration of uncertainties
presented and visualized. Finally, an intensiveutis
sion has started on the definition of quality aiéefor
useful meteo-data and the recommendation and defini
tion of appropriate financial assessment criteria.

9]

(11]

The results presented in this report are not final [12]
meant as a basis for further discussion within the

guiSmo community.
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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 & Objectiv& dercutting the capital and energy price for CSResys.
The ability of CSP plants to provide high valuenfjr

Task | addresses the design, testing, demonstration gisnatchable power through the use of thermal geoca
evaluation, and application of concentrating splawer hybridization with fossil fuels has become incregsy

systems, also known as solar thermal electric BYste  jmnortant. Recent analyses published in the LhGi- i
This includes parabolic troughs, linear Fresnelecol cate that as the penetration of PV systems incsemser
tors, power towers and dish/engine systems. THIoug (ine the capacity value of this intermittent reseuwil

technology development and market barrier remdtaal, diminish considerably (essentially to zero) whiteet

focus of SolarPACES Task | is enabling the entry of | 1.6 of CSP systems with storage will remain ghhi
CSP systems into the commercial market place. The g els.

component development and research efforts of Tiask
(see Part 5 of this report) logically feed Taskslrew
components become parts of new systems. In rethen,
results of this Task | provide direction to Task dh
new component needs.

The predominant CSP system today isgheabolic
trough technology. A parabolic trough system consists
of long parallel rows of curved reflectors that dsc
sunlight onto a receiver pipe. A heat-transfer dfui
(HTF) circulated through the pipes collects theasbleat
and transfers it to a central power block wherehbat
3.2 Organization and structure is used to produce steam. The steam drives a cenven

The Task | Operating Agent is responsible for organ .tional s_team-Rankine turbi_ne genera}tor_. 14 troughtp
ization and reporting of Task | activities. Due the in Spain are now operating with indirect moltertsal

desire of CSP developers and other stakeholdepsoto ~ Storage. Annual and design point efficiencies foe t
mote and increase the financeability of CSP preject CUrent generation of parabolic trough plants ofiega

Task | has focused recently on two primary subtasks or under construction continue to increase andeare
the development and population of an internatiqmet pected to be greater than 15% and 23% respectively,

ject database for commercial CSP systems undemoper Pased on improved performance of mirrors and heat
tion, construction, or development and 2) the dewel collgctlon elements. Advgnced parabolic troughesyst
ment of acceptance test procedures and standards fod€Signed to operate at higher temperatures cooldde

CSP systems. A third subtask, the developmentesf b direct steam or molten salt as heat transfer flirgsace
practice guidelines for modeling CSP systems, vecki of today’s synthetic oils. If successfully implented in

funding from SolarPACES and initiated work on this pommercigl plants ata 'afge, scale this would tesuin
topic in 2010. Each of these three subtasks weiltlb- increase in operating efficiency and, for moltert sa

scribed more fully later in this chapter systems, a reduction in thermal energy storage cost
' Linear Fresnel systems have the potential for a low-

er capital cost than systems based on paraboliomsir

3.3 Status of the Technol ogy because they use flat rather than deeply curvermsijr
Between 1985 and 1991, some 354 MW of solar and the mirrors are located close to the groundngi
trough technology were deployed in the U.S. in ket them a lower wind profile. However, linear Fresnel

California. These plants are still in commerciaégtion systems have lower operating efficiencies thanhmia

today and have demonstrated the potential for teng- trough systems. It is still unclear whether the dow
viability of CSP. Worldwide, CSP has seen a resutge  upfront capital cost will outweigh the lower opévatl
of interest for markets in the USA, Spain, and Ithid- efficiency however the advent of construction ofesal
dle East and North Africa (MENA) region. In the t&d large systems will provide cost and performance dat
States, 514 MW of CSP were in operation at theafnd  support cost of energy calculations. To date, nmmest
2010 with an additional 1,350 MW under construction search on linear Fresnel systems has focused omsthe
and 4,000 MW under development. Spain has 1,582 of steam as the heat-transfer fluid although sofitete
MW of commercial CSP generation and an additional are underway to investigate molten salt as anraltae
774 MW under development (Status August 2012) to to steam.

come on-line during 2012 and 2013. In a power tower system (also called a central-
While CSP continues to gain market share world- receiver system) a field of two-axis-tracking miso

wide, reductions in the installed cost for utilitgale called heliostats, reflects solar energy onto &iver

photovoltaic systems have resulted in fierce coitipet that is mounted on top of a centrally located tower

between the two technology options with PV now un- Similar to parabolic troughs, an HTF heated in tae
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ceiver is used to generate steam, which, in termsed

in a conventional turbine generator to producetetgc

ty. Some power towers use water/steam directlyhas t
HTF. Other designs use molten nitrate salt becafiie
superior heat-transfer and energy-storage capabilit
Central-receiver systems typically operate at highe
temperatures than parabolic troughs, with supeedeat

3.4 Reported Task | activities

The focus of Task | efforts has continued on devel-
opment of the international project database folPCS
systems as well as facilitating discussions relabethe
development of procedures and test standards f& CS
systems. A third activity, the development of bestc-

steam temperatures of 550°C for proposed steam andfic® guidelines for modeling CSP systems has beet s

molten-salt systems. As with parabolic troughstregn
receiver systems can be integrated with thermaagéo
However, the amount of thermal storage depend$i@n t
HTF used in the receiver. Direct-steam receivefsrof
limited storage capacities, typically less than boer,
due to the high costs associated with storing high-

temperature steam. Systems based on molten-salt reParticipants:
ceivers integrated with thermal storage have been Contact:

demonstrated at a pilot-scale and 2011 markedube s
cessful operation of the first commercial moltert sa
plant, Gemasolar, a 20MW system with 15 hours of
thermal energy storage. Annual efficiencies of eolt
salt towers are projected to be somewhat highem tha
those projected for current oil-based paraboliacidio
systems.

A dish/enginesystem mounts an individual heat en-
gine at the focal point of a two-axis-tracking paotc
dish. Unlike the other CSP technologies, dish/emgin
system do not use steam generators, but rely ollesma
Stirling or Brayton engines as the power-conversion

ing during 2011. Each of these efforts is describeef-
ly below.

3.4.1 Performance Acceptance Test Guide-
lines for CSP Solar Fields

NREL (US), K&A (US)

Mark Mehos, mark.mehos@nrel.gov
USDOE ($100K FY11), cost share
Duration: April 2008 — December 2011

Background: 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 interesfim-

ing a program for developing procedures and testdst
ards for CSP systems with an initial emphasis atgr
dures for acceptance testing of parabolic troudharso
fields. In March 2009, a preparatory workshop was

Funding:

device. Dish/engine systems have demonstrated peakCintly hosted by NREL and DLR in Golden, Colorado
efficiencies greater than 30%. The projected annual In conjunction with Task Ill to further define tiaetivi-

conversion efficiency is 24%. At present, most effe
in developing a commercial product.

Thermal energy storageis an important attribute of
CSP. Low levels of storage - 30 minutes to 1 hdur o
full-load storage - can ease the impact of thertnaedsi-
ents such as clouds on the plant and of electhiaabi-
ents to the grid. However, the most significantiladte
of thermal storage is that it can significantlyriease the

ty. The objective of the preparatory workshop was t
organize and to gather expert opinions on the stiojfe
testing and standards in preparation for a folloawepen
workshop coincident with the 2009 SolarPACES Sym-
posium held in September 2009 in Berlin.

Subsequently NREL, through a contract with Dr.
David Kearney, supported an effort to develop preli
nary guidelines for acceptance testing of parabolic

energy and capacity value as compared to equivalentirough solar fields. An acceptance test protocatigaty

systems without storage, helping offset the valitgtin
other renewable generators and allowing the dispatc
solar power after sunset.

Committee, consisting of a panel of internationg e
perts, was formed to help guide the effort. The wim
tee consisted of representatives from Worley Pa;son

Considerable research is underway to investigate NextLight, Fluor Power, Acciona Solar Power, Abeago

Advanced Power Cyclesthat are applicable to future

high-temperature CSP systems. In general, thermody-

namic cycles with higher temperatures will perform
more efficiently. Of course, the solar collectotsatt
provide the higher-temperature thermal energy ® th
process must be able to perform efficiently at ¢hes
higher temperatures. Considerable developmenkiisga
place to optimize the linkage between solar cadlect

Solar, Solar Millennium, Flagsol, Arizona PublicrSe
vice, NV Energy, Black and Veatch, R.W. Beck, and
Fichtner Solar.

In parallel with this activity, a recently formed
American Society of Mechanical Engineers (ASME)
committee is working on "Performance Test
Concentrating Solar Power Plants” that should sumpl

and higher-temperature thermodynamic cycles. The this Guideline when completed within several years.

most commonly used power block to date is the sub-

critical steam Rankine cycle. Power towers and efish
are capable of reaching the upper limits of exgsfin-
ids (around 600°C for present molten salts) forentr
sub-critical steam-turbine cycles, and they cap pi®-
vide the temperatures needed for higher-efficieagy
cles such as gas turbines (e.g., gas Brayton, cufuel
steam, and supercritical CO2 cycles).

The first full draft of the guidelines was distrtbd
for review to Task | participants and a large graip
industry stakeholders in early September 2010, and
paper outlining the status of the project was @eéd at
SolarPACES 2010 in Perpignan, France in late Septem
ber [Ref. 3.1]

1 Often abbreviated as PTC.
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Objectives: specifically written for power towéisolar systems com-
prised of a heliostat (reflector) field directinigetsun’s
rays to a receiver (heat exchanger) on a high &kentr
tower. The working fluid in the tower can be moltait,
water-steam, or air, each with its own particultirila

The objective of this activity is to develop intari
guidelines for acceptance test procedures thatyicdd
results of a high level of accuracy consistent vgtod
engineering knowledge and practice. While theahget

- o ! . utes.

of guidelines were specifically written for paraicol
trough collector systems with a heat-transport esyst The fundamental differences between acceptance of
using a high temperature synthetic oil, the basiacp a solar power plant and a conventiofadsil-fired plant
ples are relevant to other CSP systems and extetsio are the transient nature of the energy source had t
power tower technology began in 2011. necessity to use a detailed performance projectiodel

in the acceptance process. These factors bringpiaty
Achievements in 2011: the need to establish methods to measure steay-sta

Based on the reviews of the draft Guidelines from Performance, comparison to performance model ®sult

2010 activities, the final version of the parabdfisugh and the reasons fo test, and model, multi-day perfo
Guidelines was distributed in May 2011 as an NREL mance within the scope of the acceptarecs pr_oc_edure.
report [Ref. 3.2]. This report has received braserest The power block and balance-of-plant agt within the
among stakeholders in the CSP community. A 2011 boundaries of this Guideline. The current Guidelise

SolarPACES paper [Ref. 3.3] summarized the final restricted to the solar thermal performance of powe
Guidelines. C tower systems, and has been critiqued by a brazgkra

of stakeholders in concentrating solar power dgwelo

With the trough work as a foundation, an activity Mentand technology.
was initiated to develop similar Guidelines for Row The solar system boundary is defined as shown in
Tower systems. To this end a Power Tower Advisory Fig. 1 wherein the inputs are the solar resouncket i
Committee was formed to gain active expert input du  working fluid, and internal plant parasitic powand the
ing the Guideline development. The primary purpoSe  sole output is the thermal energy contained invibek-
the Advisory Committee is to provide knowledgeable ing fluid. Configurations with water-steam and air
guidance, critique and continuity over the courb¢he working fluids are direct systems in which heaadsled
project, with membership oriented towards technical directly in the receiver to the working fluid ofetpower
input from the EPC, technology provider, and indepe  cycle. In a molten salt configuration heat is atlifeli-
ent engineer sectors. The committee membership isrectly to a molten-salt heat transfer fluid andsaduent-
comprised of expert representation from the U.Bai'® |y transferred to the power cycle working fluidptigh

and Israel, most of whom overlap with the powerdow  this heat exchange occurs outside of the test oynd

committee of the ASME PTC 52 activity. L ,
The scope of these Guidelines does not include a

Two Advisory Committee meetings were held (in thermal storage system.
August and November, 2011) to address the issues of  performance acceptance tests are to be conducted

test boundaries, thermal stability in the receivest  with accuracy defined in clearly stated procedures
conditions and methods, and the treatment of bath w  agreed upon between the parties involved. ThesdeGui
ter-steam and molten salt tower configurationsepBra-  |ines deal with issues specific to utility-scalewso

tion of the compete draft “Power Tower Guidelines f  tower solar systems. However, applicable perforraanc
Performance Acceptance Testing” for review by géar  test codes (PTCs) developed by ASME for other types

number of stakeholders will take place in the firalf of of energy systems have very useful information for
2012. A draft summary of the scope and early aencl  developing a detailed test plan, and are apprayiat
sions of that work is given below. cited in these Guidelines. For example, applic&I€s

o provide a general framework and information about
Summary of Power Tower Acceptance Test Guidelines: jnstrumentation, data acquisition, data reducttesting

Prior to commercial operation, large solar systéms  procedures, uncertainty levels, and test reports.
utility-size power plants need to pass a perforreanc
acceptance test conducted by the engineering, mocu
ment, and construction (EPC) contractor or ownbrs.
lieu of the present absence of ASME or other itern
tional test codes developed for this purpose, thtoNal
Renewable Energy Laboratory has undertaken the de-
velopment of interim guidelines to provide recommen
dations for test procedures that can yield resofta

high level of accuracy consistent with good engimeg
knowledge and practice. The Guidelines containeé he
follow the general approach of the earlier NRELomtp

on parabolic trough collector fields, but in thisse are

2 Also referred to as central receiver systems.
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e. For each test, the results are compared to
performance model projections for the ap-

propriate test conditions

! Test methods are provided in the report for both th
TestBoundary ! short-term thermal power test and multi-day energy
i | production test. Of special importance are theeie
Worfm Flid__ o . Wmo"ﬂ% g that must be satisfied b_y the short—term power tdste
it recorded data can be viewed as having two compsnent
- the actual test measurements and the uncertaitety
val associated with those measurements and otker te

]
]
]
i
i ASES conditions. Both are closely examined within these
]
]
]
]

Power Tower Test Boundary:

Solar Resource

and

I
i
I
i
! HELIOSTAT FIELD
I

I

Parasitic Loads

(W) S Conditions Guidelines, especially the magnitude of uncertainty

the results, and recommendations made on acceptable
limits.

For the short-term power test, the solar systemt mus
be in a stable thermal condition (thermal equilibr)
and stable test condition (thermal power measurmen
prior to testing. This requires stable charactiessin
the solar resource (Direct Normal Insolation) ariceo

Two primary types of test runs are to be conducted. conditions. Once thermal equilibrium and test ctiadi
The first — the Short-Duration Steady-State Thérma stability have been reached, the criteria for veiigrmal
Power Test — measures the thermal power output andpower and efficiency measurements (i.e., valid ness)

Figure 1. Schematic of solar system boundary and
performance model

thermal efficiency of the solar system under clElar-  are primarily based on the level of uncertaintyhie test
conditions over a short period during which thermal results calculated using standard practice. Syatiem
equilibrium and stable steady-state conditionstexrisd uncertainties are the dominant consideration.

compares the measured results to performance model
projections for those parameters. The purposehisf t
test is to determine with minimal uncertainty whesth
the solar field is producing thermal power at the e
pected level given the present irradiation and eambi
weather conditions. Important issues related toh bot
stabilized test conditions and thermal equilibrizmd
are discussed in the Guidelines. If required breeg
ment, a power test is run at full output to prolve abil-

ity to reach design capacity. Power Test duratianes
typically run in fractions of an hour.

However, and very importantly, it must be recog-
nized that the purpose of these Guidelines is twige
information so that the testing parties can settigoro-
ject-specific, agreed-upon criteria and other testies
important to the overall purpose of the tests. &oay
given project, the performance acceptance testsbwil
conducted in accordance with a Test Plan writtetihiey
testing parties that may or may not include theomec
mendations made in this document. The intent e§eh
Guidelines is to provide insights into the issund #est
methods that are critical to formulating a valicsTBlan,

The second — the Long-Duration Production (or Re- and to lay the groundwork for accurate test results
liability) Test — is a multi-day test that gathemntinu-
ous thermal energy output and compares the regults  pyplications (see References)
projections from a performance model. Both cldar-s
and partly cloudy conditions are acceptable. Addi- References

Iy_,ﬂ'[]he fungtltonallt)r/] (')tf the solzr _?ysttenj[ can beabed 3.1. Kearney, D., Mehos, M., (2010), Development of
\t,'vcl)n r:r?grshotdsgcnllg:gz a(ft'oil'}Il':s?rdu?étngr:gpmr?-t Performance Acceptance Test Guidelines for Large
on, utcown. uetl urati wpe: Commercial Scale Parabolic Trough Solar Fiel#e;

cally on the order of 10-30 days. larPACES 2010 SymposiurBep. 21-24, 2010, Perpi-
To recapitulate, the primary objectives of the sest gnan, France.

ries are the following: 3.2."Utility-Scale Parabolic Trough Solar Systems:

a. Power Test — a short-term test to measure performance Acceptance Test Guidelines”, NREL/SR-
solar thermal power output 5500-48895, May 2011

b. Efficiency Test — measurement of solar 33 Mehos, M., Wagner, M., Kearney, D., (2011),
thermal efficiency as part of the Power acceptance Performance Test Guideline for Utility
Test Scale Parabolic Trough and Other CSP Solar Thermal

c. Production Test — a long-term test to SystemsSolarPACES 2011 Symposiuggp. 20-23,
measure performance over an extended pe- 2011, Grenada, Spain.
riod

d. Capacity Test — a Power Test conducted to
verify design-point solar thermal power a

suitable test conditions
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3.4.2 guiSmo — Guidelines for CSP perfor-
mance modeling

I = individual member country activities of interest to
SolarPACES

M = member country task-shared activities of interest to
SolarPACS

T = SolarPACES task-shared activities

C = SolarPACES cost-shared activities

Contact: Markus Eck, German Aerospace Center (DLR)

Address of contact: Pfaffenwaldring 38-40, 70569
Stuttgart, Germany, markus.eck@dlr.de

Participants: DLR, NREL, Sandia, Cener, Suntrace,
Ciemat, Poyry, Flagsol, Torresol Energy...

Funding: Partly funded by SolarPACES

Due to the high capacity of solar thermal power
plants and large required investment, CSP projects
subject to an extensive project development process
Predicting the energy yield of a CSP plant is eciefu
task in this process. Mathematical models predictire
system’s energy yield are required to assess siDg§le
projects (e.g. feasibility or due diligence studlieom-
pare different plant options (e.g. technology,)siteti-
mize technology configuration (e.g. solar field esiz
storage capacity), investigate the influence of gpom
nent characteristics (e.g. receiver characterjstaosd to

Meanwhile, more than 100 international experts have
agreed to participate in this project. The projedtruc-
tured in ten main work packages.

Coordination

Definition of Structural Framework
Physical Component Modelling
Consideration of Transient Effects
Consideration of Operation Strategies
Consideration of Uncertainties

Key Financial Criteria

Meteorological Input

© ® N o g A~ w0 Ddh P

Validation and Benchmarking
10. Handbook Energy Yield Prediction

So far the structural framework for a common meth-
odology for CSP performance prediction has been de-
fined. This framework covers topics like the ddfon
of a general nomenclature or a methodology forcsitru
ing systems into sub-systems valid for all CSPesyst
[1]. Furthermore, the interfaces of the differentbs
systems have been defined in detail. Based onadletbt
benchmarking campaign for parabolic trough system
models, relevant effects to be considered for theeh

assess system performance during commissioning,ing of all relevant sub-systems have been ideunitif.

among other things.

The models used for these tasks differ in compfexit
and required accuracy, e.g. a model used for projec
assessment during commissioning has to be more rigo
ous than a model used for a pre-feasibility stustythe

In work package 10 a WiKi system was implemented
for sharing information and preparing a first drafta
latter hand-book [3].

Currently, a comprehensive methodology for para-
bolic trough plants with thermal storage systerarider

moment, numerous modeling approaches exist, anddevelopment. One focus of this activity is the ection,

project developers use their own internal systerdets

comparison and assessment of conceivable modeling

and assessment methodology. These models often lackapproaches for all relevant sub-systems. Anotheusfo

validation, and no standard or benchmark for compar
son yet exists for electricity yield analysis of Zglants.

In addition, most current models of CSP systemauerf
mance do not treat uncertainties inherent in paterse
and processes of the complex system. These comslitio
may fail to alleviate concerns about technologit ead
hinder the acceptance of CSP technology by potentia
investors. To solve this problem, an internatiomatk-
ing group is being initiated within SolarPACES Task
to define guidelines for performance predictionG8P
plants.

guiSmo — Guidelines for CSP performance modeling

In 2010, a SolarPACES project has been initiated
aiming at the definition of guidelines for CSP perf
mance prediction. The overall objective of the pobj
can be summarized as follows:

The SolarPACES project will develop, document and
publish guidelines for CSP energy yield analysih wi
international collaboration.

is on the definition of meaningful financial assessit
criteria and the unique description of the prineippera-
tion strategies. More information on the projech d¢se
found on the project homepage [4].

References

[1] Hirsch T., Eck M., Blanco M. J., Wagner M., Feld-
hoff J. F.: Modelling, simulation, and assessment
of solar thermal power plants-A first step towards
definitions for best practice approaches, In: Pro-
ceedings of ASME 2010 4th International Confer-
ence on Energy Sustainability, ES2010 May 17-22,
2010, Phoenix, Arizona, USA

Eck M., Barrosso H., BlancdA. Burgaletald.-I.,
Dersch J., Hirschi., HoC., Feldhoffd. F., KolbG.,
Tenz D., Wagner M.: guiSmduidelines for CSP
Performance Modeling — Present Status of the So-
larPACES Task | Projectin: Proceedings of the
SolarPACES 2011 conference. 2011, 20-23 Sep
2011, Granada, Spain

https://modeling-guidelines-
wiki.solarpaces.org/home
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4. Task Il: Solar Chemistry Research

Operating Agent:

Anton Meier, PSI, Switzerland

National Coordinators:

¢ Robbie McNaughton, CSIRO, Australia

¢ Gilles Flamant, CNRS-PROMES, France
e Karl-Heinz Funken, DLR, Germany

¢ Michael Epstein, WIS, Israel

e Pietro Tarquini, ENEA, Italy

* Yong-Heack Kang, KIER, Korea

¢ Claudio Estrada, UNAM, Mexico

¢ Jan van Ravenswaay, NWU, South Africa
¢ Alfonso Vidal, CIEMAT, Spain

e Anton Meier, PSI, Switzerland

¢ Nathan Siegel, Bucknell University, USA

4.1 Natureof Work & Objectives

The primary objective of Task Il — Solar Chemistry
R&D — is to develop and optimize solar-driven therm
chemical processes and to demonstrate their teadhnic
and economic feasibility at an industrially scale:

¢ Production of energy carriersconversion of solar
energy into chemical fuels that can be stored long-
term and transported long-range. During this term,
special focus is on solar thermal production of hy-
drogen and syngas.

e Processing of chemical commoditiasse of solar
energy for processing energy-intensive, high-
temperature materials.

* Detoxification and recycling of waste materialse
of solar energy for detoxification and recycling of
hazardous waste and of secondary raw materials.

Organization and Structure: The Task Il Operating
Agent (OA), currently PSI, Switzerland, is respesi
for organization, operation, and reporting. Intéiorzl
solar chemical research, development and demoiostrat
efforts are coordinated in cost, task and/or infation-
sharing activities by National Coordinators (NClakn
ing use of an efficient network, for the rapid eawpe of
technical and scientific information. In 2011, welw
comed three new NCs: Robbie McNaughton from
CSIRO for Australia; Pietro Tarquini from ENEA for
Italy; and Nathan Siegel from Bucknell Universityr f
USA. We gratefully acknowledge the service provided
by the former NCs: Keith Lovegrove, Australia; Raol
Favuzza, Italy; and Alan Weimer, USA. The Task II
Annual Meeting provides a forum for presenting and
discussing major technological achievements.

The Task Il Program of Work offers an up-to-date
description of the national and international pct§e
When appropriate, Task Il conducts a status reviaw
novel technologies for assessing their technical an

economical feasibility. Task Il is continuouslyigiing
to stimulate public awareness of the potential omt
tion of solar chemistry to clean, sustainable eneey-
vices.

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, sustainehkrgy
services. In 2011, special focus was on the sbimntal
production of fuels (hydrogen and syngas) and chemi
cals for the power, transportation and chemicatossc
of the world energy economy.

In 2011, solar chemistry research was presented at
two major international conferences:

e 17" SolarPACES Conferenc&ranada, Spain, Sep-
tember 20-23, 2011: 16 papers were presented on so-
lar fuels and chemical commodities.

« ASME %' Int. Conf. on Energy Sustainabilityash-
ington DC, USA, August 7-102011: 14 technical
papers and additional 14 oral presentations were gi
en in five solar chemistry sessions.

Complementary activities have been pursued in the
frame of the International Energy Agency Hydrogen
Implementing Agreement (IEA-HIA) Task 25 on High
Temperature Processes for Hydrogen Production.[4.1]

The OA has served as a contributing author to the
IPCC Special Report on Renewable Energy Sources and
Climate Change Mitigation, describing solar fuaethte
nologies that convert solar energy into chemicalsu
such as hydrogen, synthetic gas and liquids [4.2].

In the following, the most important achievements i
2011 of Task Il related projects are summarizec wit
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updated information about project participationjecb
tives, status, and most relevant publications.

4.2.1 SOLAR PRODUCTION OF
ENERGY CARRIERS

Solar-Enhanced Fuels for Electricity and
Transport

Participant: CSIRO (AUS)
Contact: Glenn Harglenn.hart@csiro.au
Funding: Asia-Pacific Partnership on Clean Devel-

opment and Climate (APP);
CSIRO Energy Transformed Flagship:
$AU 9,855,503

Duration: March 2008 - June 2012

Background: CSIRO is demonstrating a concept for
integrating solar thermal energy and fossil fueds f
advanced power generation and other applicatians. |
has the potential to achieve high thermal efficiesand
greatly reduced carbon dioxide emissions. It usdsrs
energy to reform methane-containing gases withnstea
to generate a mixture of G@nd H (Figure 4.1). Car-

Figure 4.1. CSIRO’s 200 k\y¥ reforming reactor, showing
expected flux distribution at noon.

bon dioxide is recovered for disposal and hydrogen
used for power generation. A variation of the cqtce
involving only the reforming of ClHwith steam and/or
CO,, can produce a range of solar-enriched fuels and
synthesis gas (mainly -tand CO) that can be used as a
chemical feed stock or a metallurgical reducing gas

Purpose: The research objective is (1) to deségh,and
build a modular solar concentrating thermal system,
which will convert water and methane into hydrogexd
carbon monoxide, and (2) to demonstrate the teahnic

and economic feasibility of solar enhanced fossdl$
for electricity and transport.

Achievements in 2011: The focus of this year's work
has been on the development of a 600kifécoupled
natural gas steam reformer. The new process usgaml
thermal driven air receiver to provide the heaa tehell
and tube heat exchanger. Air is circulated to thiars
receiver where it is heated to 850°C before ergettie
shell side of the heat exchanger. The tube sidsdwmu
the reforming catalyst and is where the reactiol wi
occur. The syngas from the reactor is fed to arskco
shell and tube heat exchanger where it is cool#ul the
incoming water/steam for the syngas reaction.

The new reactor vessel and heat recovery systems
are currently being manufactured and on sun testfng
the process is expected in mid 2012.

This project has also seen the completion of a pro-
gram of steam reforming catalyst development. The
focus of this activity was to develop catalystst thee
more suited to cyclic operations, operate at loteen-
peratures and reduced steam to carbon ratios. IErtel
results have also been achieved in producing ctaly
with a higher reactivity than commercial catalyst.

MET..SOL — Methane/Hydrogen Mix Pro-

duced by Solar Thermochemical Cycles and

On-Board Storage

Participants: FIAT Research Centre (I), ENEA (I),
University of Rome “La Sapienza” (),

University of Turin (I), Societa Energetica
Lucana, FN (1), et al.

Contact: Pietro Tarquinpietro.tarquini@enea.it
Giampaolo Caputo,
giampaolo.caputo@enea.it

Funding: Ministry of Environment (l): € 1,200,000

Duration: February 2011 — February 2013

Background: The MET.I.SOL project is a nationatiini
ative involving ENEA, FIAT Research Centre, two
Italian Universities, an Energy Company of Bastiica
and other ltalian SMEs (Figure 4.2). The projecfi-is
nanced by the Italian Ministry of Environment fdret
promotion of energy efficiency and renewable energy
sources in urban areas.

Purpose: The first task is the development of & lo
temperature< 530°C) steam reformer of natural gas or
biogas to produce a mix of hydrogen and methane for
I.C. engines. The reformer will be fed with solagah
stored by means of molten salts. The second tafieis
development and testing of on board low weightesier
systems containing a mix of,land CH.
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Achievements in 2011: In the initial stage of theject,
activities for testing commercial catalysts opemgtat

low temperature have started at the ENEA laboragori
Research and development of new specific catalysts,
studies of the heat exchange with molten salts,taad
pre-design of a chemical reactor are in progresthet
Universities of Turin and Rome.

SYNPET - Hydrogen Production by Solar
Steam-Gasification of Petcoke

Participants: PDVSA (Venezuela), CIEMAT

ETHZ/PSI (CH)

(E).

Contact: Alfonso Vidalalfonso.vidal@ciemat.es
Juan C. de Jesigejesusjc@pdvsa.com
Aldo Steinfeld,aldo.steinfeld@ethz.ch

Funding: PDVSA-CIEMAT-ETHZ: $ 8,300,000

Duration:  January 1, 2003 — June 30, 2012

Background: PDVSA, CIEMAT and ETHZ are con-
ducting a joint project with the goal to developiaest

a 500 kW, solar reactor for the steam gasification of
petcoke — petroleum derivatives and residues —rde p

duce hydrogen and syngas using concentrated solar

radiation. The modeling and engineering designhef t
solar reactor as well as the results of prelimirexyer-

imental campaigns have been summarized in previous

SolarPACES reports. CIEMAT managed the construc-
tion and installation of the 500 k\Vsolar gasification
plant at the 40 m platform of the SSPS/CRS towéhet
Plataforma Solar de Almeria (PSA).

Purpose: The project aims at experimentally dennatst
ing the technology for gasifying heavy crude oilico
derivatives — such as petcoke — in a solar pilatte .

Achievements in 2011: The performance evaluation of
the 500 kW, solar gasification plant on the SSPS/CRS
tower was further advanced. Considerable prograss h
been made in identifying and solving key technpralb-
lems related to the front part of the solar reaatamely
the window, the cone, and the aperture.

The design and fabrication of transparent windows
for solar thermochemical reactors — applicableldoge
focal spots in central receiver systems — represent
technical challenge. Within this project, an inribva
design of a segmented quartz window with an inner
diameter of 1340 mm has been developed. It consists
two solid metal frames, which hold nine fused quart
pieces of various shapes (Figure 4.3). Both theriand
outer frames are equipped with water cooling chisnne
The window must sustain high pressures as weligs h
temperatures.

To detect the operational limits of this novel win-
dow, a comprehensive thermal evaluation was conduct
ed by introducing air to the solar receiver/reaciidre
experimental results confirmed good thermal perfor-
mance, although the window transparency was sjightl
reduced over time by deposition of dust on thediesin
particular ceramic fibers from insulation materialsd

metallic particles from air pipes. It is assumedt tinese
deposits were caused by improper operating comditio
During the tests, the receiver was opened twicedan
the window, since the contamination was favoring ab
sorption of solar radiation and thus increasingpteh-
ability of re-crystallization of the quartz glass.

Final solar testing is scheduled for a periodvad t
months in spring 2012. The goal throughout thig tes
campaign will be to demonstrate the feasibilitytioé
solar gasification process, to determine criticalcpss
parameters, and to identify possible problems dteoto
get a solid data base of the process. The expetanen
campaign will provide input to the pre-design ob@
MWy, commercial plant in Venezuela.

Figure 4.3. Components of the SYNPET-500 receiver/reactor
window.

SOLSYN — Solar Process for High Quality
Syngas from Low Grade Fossil Fuels and
from Carbonaceous Wastes

Participants: PSI (CH), ETHZ (CH), Holcim (CH)

Contact: Christian Wieckert,
christian.wieckert@psi.ch

Funding: Swiss federal funding agency (CTI) +
Holcim (CH): € 1,300,000 (¥ phase)

Duration:  Aug 1, 2009 — March 31, 2012{ghase)

Background: In the first project phase (2007-2009)
laboratory tests with a two-cavity batch solar teac
demonstrated the feasibility of solar steam geesifin

GMservices Logiche

=

I =] NS  FIAT
ENEA,FN ‘
natural gas ‘ Hysytech

Figure 4.2. Conceptual scheme of the MET.1.SOL project.
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for a wide range of carbonaceous feedstock [4.3{inM
process product is a synthesis gas (syngas, dogsist
mainly of H, and CO), which has a higher calorific val-
ue than the original feedstock material (“solar up-
grade”). The syngas is intended to be used diregly
fuel for firing cement kilns, as an alternative using
pulverized coal.

Purpose: The main project goal is to develop aret-op
ate an innovative pilot-scale solar reactor foraste
gasification of coal, coke, and carbonaceous waste-
rials.

Concentrated solar radiation

Quartz window B.
I

Upper cavity

Packed bed from
carbonaceous
feedstock

= gyngas

Separation
plate

Lower cavity
= reaction chamber

Figure 4.4. Scheme of solar steam gasification reactor for
production of syngas from carbonaceous wastes.

Achievements in 2011: The 200 kWpilot plant —
erected in 2010 at the Plataforma Solar de Almeria
(PSA) — was successfully operated with nine difiere
feedstocks including beech charcoal, low rank cira,
chips, fluff, dried sewage and industrial sludged a
bagasse (cane trash). They were characterizediigea
range of volatile, ash, fixed carbon and moistuse-c
tent, as well as elemental composition, particke sind
morphology [4.4]. The batch packed-bed solar reacto

Tire chips

Figure 4.5. View of the pilot solar gasification reactor show-
ing packed beds with different feedstocks prior to
solar tests. The geometry of the reaction chamber
floor is quadratic (1.1m x 1.1m).

technology (Figure 4.4) allows the direct use of amd
coarse materials — basically without any feedsfoep-
aration (Figure 4.5).

The quality of the solar upgraded syngas produced
from the various feedstocks was comparable. Thesitra
ent operation of the 200 kyVpilot-scale reactor for
gasifying industrial sludge was simulated for aasalay,
yielding a maximum solar-to-fuel energy conversion
efficiency of 89% [4.5]. The findings of the pilptant
performance are used for the conceptual desigargél
scale industrial solar steam gasification plants.

Publications: [4.3]-[4.5]

Solar Gasification of Biomass

Participant: UMN — University of Minnesota (USA)
Contact: Jane Davidsond@me.umn.edu
Funding: UMN (USA): $1,000,000

Duration:  July 2009- August 2012

Background: Prior work has successfully demonetrat
solar gasification, and this project builds on tiatk to
reach higher efficiency through enhanced heat fieans
reduced formation of tar, and improved thermal istab
ity.

Purpose: The primary objective is to develop arst e
5 kW, solar receiver/reactor for gasification of plant
biomass in a molten carbonate salt.

Achievements in 2011: Dramatic improvements have
been demonstrated in the rate and total usefulgdtel
duction of steam gasification of a variety of feedks

in a ternary eutectic blend of lithium, potassiuand
sodium carbonate salts [4.6]. A prototype reactas h
been designed and will be tested in the UMN higtx-fl
solar simulator in 2012.

Publication: [4.6]

STCH - Solar Thermochemical Hydrogen

Participants: SNL — Sandia National Labs (USA),
CU - University of Colorado (USA),
ANL — Argonne National Lab (USA),
SAIC — Science Applications International
Corporation (USA)

Contact: Nathan Siegeips004@bucknell.edu
Funding: DOE - Department of Energy (USA)
Duration:  Ongoing since 2004

Background: STCH began in 2004 with the goal of
demonstrating commercially viable solar thermochemi
cal hydrogen production cycles. Early efforts famlisn
cycle discovery and experimental validation foll@ney
system level design and modeling. Reactor concepts,
along with an appropriate solar interface, weratified

for several classes of thermochemical cycles inotud
metal oxide (volatile at CU and non-volatile at SNL
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copper chloride (ANL), hybrid sulfur (SNL) and sudf
ammonia (SAIC). Economic analysis of several system
concepts has been performed using the H2A program.

Purpose: The purpose of the STCH project is to demo
strate one or more commercially viable solar thermo
chemical hydrogen production systems. The projast h
technical as well as economic targets that include,
among others, thermochemical cycle efficiency gneat
than 35% (solar input to the reactor to hydrogeid Vi
and a cost of hydrogen production of less than 3
USD/gge by 2017.

Achievements in 2011: SNL continued the development
of a particle based reactor suitable for non-vigatietal
oxide materials such as cerium oxide [4.7]. A gyste
analysis of a dish-based version of this reactawsh
that it can achieve an annual average solar toolgyair
production efficiency greater than 20% (Figure 4.6)

Trg= 1500°C, Toy = 1000°C
Pr=100 Pa

ﬂSunIight

[ Resource eff.=(Resource>300 DNI)/Resource= 95% for Daggett]

Operational ~ 94%
Equip. Availability = 97%, B&S = 98%, Wind Outage = 99%

[ Optical ~ 79% ]

Reflectivity = 93%(two reflections), Dirt = 95%, Window = 95%,
Tracking = 99%, Intercept = 95%

‘ Receiver ~ 82% ]

Radiation = 82%
Conduction/Convection = 0 %

Solar to Available Heat = 58%

Hydrogen
Design Point: 21%
Range: 20%-24%

Reactor/Thermochemical ~ 37%
Pumping ~ 96% (100 Pa)

| I

An energy walkthrough for SNL's particle
reactor concept operating on a parabolic dish
platform.

] Annual Average Solar to

Figure 4.6.

In addition, CU collaborated with SNL on the char-
acterization of cerium oxide-based thermochemical
cycles and led the development of a new cycle based
hercynite produced via atomic layer deposition (ALD
[4.8]. CU also continued the development of a dyavi
flow reactor suitable for metal oxide cycles usiragtic-
ulate reactants [4.9]. ANL continued to develop the
hybrid copper chloride cycle with an emphasis oa th
electrolyzer component. They succeeded in experimen
tally demonstrating Cuglelectrolysis with hydrogen
production using several different solid polymernme
branes [4.10]. SAIC’s work on the sulfur ammorga\f
cycle involved several components including theryod
namic cycle analysis, experimental validation ofy ke
reactions, system level modeling, and economicsasse
ment with H2A [4.11].

Publications: [4.7]-[4.11]

S2P — Sunshine to Petrol

Participant: SNL — Sandia National Labs (USA)
Contact: James E. Milleemille@sandia.gov

Funding: SNL (USA): Laboratory Directed Re-
search and Development
Duration:  2008-2011

Background: The S2P project was the culmination of
several years of solar thermochemical R&D at Sandia
National Laboratories (SNL). While early efforts-fo
cused on hydrogen as an end product, the S2P projec
emphasized the thermochemical production of both
carbon monoxide and hydrogen as a precursor to syn-
thetic liquid transportation fuels. The S2P projact
cluded the following technical thrusts: reactor iges
and demonstration, materials development, and aimul
tion and system level analysis [4.12].

Purpose: The goal of the S2P project was to estahli
credible pathway to the large scale, commercidtple
production of liquid transportation fuels from sola
energy. This was done through a combination ofyanal
sis and technology development and demonstration
embodied in the CR5 prototype thermochemical reacto

Achievements in 2011: Significant progress was made
each of the three technical thrusts in 2011. Watipect

to materials, experiments were undertaken thaidgdtic

ed and convincingly demonstrated the mechanism by
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Figure 4.7. On-sun test data from the CR5 using twelve

counter-rotating rings to produce CO from
CGO, in August of 2011.

which iron oxide is rendered cyclable by zirconigp-s
ports and the factors limiting the performance 33.1n
addition, kinetic parameters for reduction and aiwh
of ferrite and ceria materials were measured fer ins
reactor modeling. In the case of system level agly
the primary economic drivers behind solar thermaghe
ical fuel cost were identified as was a pathwayaiav
ultimate viability for thermochemical fuel produmti
technologies [4.14].

Finally, significant progress was made in the akta
reactor development, culminating with the succédssfu
on-sun test of the CR5 with a measured efficienty o
1.7% as shown in Figure 4.7.

Publications: [4.12]-[4.14]
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Solar Fuels via Metal Oxide Redox Cycles

Participants: UMN — University of Minnesota (USA),
CALTECH (USA), UCLA (UsSA),
ABENGOA SOLAR INC. (USA)

Contact: Jane Davidsofnd@me.umn.edu;
Woijciech Lipinski, lipinski@umn.edu

Funding: US NSF, US DOE ARPAE, UMN (USA):
$7,000,000

Duration:  July 2016- June 31, 2014

Background: The UMN and its collaborating partners
are developing materials and reactor technologies f
rapid and efficient production of synthesis ga®otigh
utilization of ceria and zinc metal redox cyclesheT
focus is the ceria partial redox cycle.

Purpose: The primary objective is to reach a swlar-

fuel efficiency of 10% through advances in material
and highly effective heat recovery. Demonstratioha

3 kW, prototype ceria-based reactor in the UMN high
flux simulator and on-sun at Abengoa’s facility are
planned for 2013/2014.

Achievements in 2011: UMN synthesized thin-walled,
macroporous ceria structures, which have low taityp
high porosity, and high surface area. The strudture
ceria augments the rate of production of CO by Igear
300% [4.14]. Radiation characterization of ceriaswa
completed for a range of porosities. Material cosipo
tions with improved stability are pursued at eledat
temperature. A simplified approach has been deeelop
for continuous solid phase heat recuperation this
on radiative transfer of the porous reactive mate¢a a
counter rotating inert solid [4.16]. For the Zn/Zo@le,
data show heterogeneous oxidation of Zn and ragesr
of oxidation for both HO- and C@-splitting of 1x10°
mol cm? s* [4.17].

Publications: [4.14]-[4.17]

Solar Thermochemical HO/CO,-Splitting
via Volatile ZnO/zZn and SnO,/SnO Cycles

Participant: CNRS-PROMES (F)
Contacts: S. Abanadeshanades@promes.cnrs.fr
Funding: CNRS (F), ANR (F)

Background: The production of solar fuels fromCH
and CQ via solar-driven two-step thermochemical cy-
cles is investigated. The process involves a tegtper-
ature Q-releasing dissociation reaction using concen-
trated solar energy followed by the exotherm}OHC O,
splitting step. The research is focused on the ZnO/
and Sn@'SnO thermochemical cycles. Each step of the
cycles requires the detailed investigation of thenaical
reaction systems. The implementation of such cycles
requires the development of reliable solar reachpes-
ating at high temperatures exceeding 1600°C.

Purpose: The goals of this study are: (1) deterrtiiee
characteristics of the chemical steps and propossik
rate laws; (2) design and operate solar reactotopro
types and evaluate their performance for effectimg
reduction reactions in a continuous mode; (3) Sateul
the reactor operation and evaluate the global gnerg
efficiencies of the solar chemical processes.

Achievements in 2011: The exothermic oxidation of Z
and SnO with CQto generate CO was investigated.
Reactive Zn-rich and SnO-rich nanopowders weré firs
synthesized in a high-temperature solar chemicat-re
tor. This reactor was operated in controlled atrhesp

at reduced pressure and reaction temperature aftabo
1600°C. The objective was to use realistic samgyes
thesized in a high-temperature solar reactor usomy
centrated solar power. Their reactivity was there#ti-
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Figure 4.8. Influence of temperature during isothermal Zn

powder oxidation in fixed bed for an inlet €O
mole fraction of 50%.

gated to demonstrate that the produced nanoparticle
efficiently react with C@, which generates CO and the
initial metal oxide that can be recycled [4.18].

Thermodynamics predicts the formation of carbon at
low temperatures and a narrow temperature range, in
which CO formation is favored. However, experiménta
studies performed both in a thermogravimeter and in
fixed bed reactor demonstrate that the »Gflitting
reaction is able to produce CO with high chemiaai-c
version rates [4.19]. The results highlight thag 8yn-
thesized powders are more reactive with ,Cban
standard commercial powders. The Zn can be oxidized
by CO, with both high reaction rates and final chemical
conversion over 90% above 360°C (Figure 4.8).

In contrast, the SnO oxidation requires both highe
temperatures (around 800°C) and longer reactioa-dur
tion to reach almost complete conversion. The r@act
rates increased with the inlet €@ole fraction, which
is consistent with the power rate law. Experimemns
CO,-splitting were also performed in a fixed bed react
that appeared suitable for efficient conversionthuf
solar-produced Zn metallic powders [4.20].

Publications: [4.18]-[4.20]
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Solar Syngas Production from HO/CO; via
Two-Step Zn/ZnO Thermochemical Cycle

Participant: ETHZ (CH)

Contacts: Aldo Steinfel@ldo.steinfeld@ethz.ch

Funding: SFOE - Swiss Federal Office of Energy;
SNSF — Swiss National Science Found.

Duration:  January 1, 2010 — December 31, 2012

Background: Solar syngas production from ,Cénd
H,0 is considered in a two-step thermochemical cycle
via Zn/ZnO redox reactions, encompassing: (1) thé Z
thermolysis to Zn and Qusing concentrated solar radia-
tion as the source of process heat, and (2) Zrtingac
with mixtures of HO and CQ yielding high-quality

T,
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Figure 4.9. The model flow diagram of a two-step solar

thermochemical cycle for splitting mixtures of
CO, and HO simultaneously via Zn/ZnO re-
dox reaction to produce syngas [4.21].

syngas (mainly lland CO) and ZnO; the ZnO is recy-
cled to the first, solar step, resulting in netctem
BCO, + (1B)HO — BCO + (1P)H,. Syngas is further
processed to liquid fuels via Fischer-Tropsch dreot
catalytic reforming processes.

Purpose: The primary objective is to refine thesisce

and develop the technologies to realize the seceact

tion step. A step-by-step methodology is being em-
ployed to evaluate the reaction potential with cicain
thermodynamics, determine reaction mechanisms, and
develop laboratory-scale reactor technologies.

Achievements in 2011: The potential of the two-step
Zn/ZnO thermochemical cycle (Figure 4.9) was exam-
ined by second-law thermodynamic analysis [4.21]. A
1960°C and 1 bar, wher&G = 0, and for a desired
syngas with a molar ratioHCO equal to 2 — optimal for

Fischer-Tropsch and methanol syntheses — the cycle
efficiency reaches 31.5% when heat recuperatiomtis n
employed. At 1750°C, cycle efficiencies of up taB82
are attainable with a molar ratio 0§:80 of 2 by recu-
perating the sensible and latent heat of the hodymts
exiting the solar reactor and the heat rejectedhay
reaction of Zn with HO/CQO,. Higher cycle efficiencies
are also possible with higher fractions of £i@ the
reactant gases. At below 1960°C, Ar dilution isuiezd

for complete ZnO-to-Zn conversion at 1 bar, which
results in an energy penalty for the additionabsen-
ergy required for heating Ar without heat recuperat
and additional work for separating/@r at the outlet of
the quench unit.

A series of experimental runs of the second step w
carried out in a packed-bed reactor where ZnO glesti
provided an effective inert support for preventsimgter-
ing and enabling simple and complete recyclinght® t
first, solar step [4.21]. Experimentation was perfed
for Zn mass fractions in the range of 33-67 wt% Zn-
ZnO and inlet gas concentrations in the range 0-75%
H,0-CO,, yielding molar Zn-to-ZnO conversions up to
91%. A 25 wt% Zn-ZnO sample mixture produced from
the solar thermolysis of ZnO was tested in the same
reactor setup and exhibited high reactivity andveon
sions up to 96%.

Publications: [4.21]-[4.22]

Zn-Based Thermochemical Cycle for Split-
ting H,O and CO,

Participants: PSI (CH), ETHZ (CH)

Contacts: Anton Meiegnton.meier@psi.ch

Aldo Steinfeld,aldo.steinfeld@ethz.ch
Funding: SFOE - Swiss Federal Office of Energy
Duration:  January 1, 2003 — February 28, 2013

Background: A two-step solar thermochemical cyote
producing syngas from 4@ and CQ via Zn/ZnO redox
reactions is considered [4.23]. The first, endattier
step is the thermolysis of ZnO to Zn and @ing con-
centrated solar radiation as the source of probeas
The second, non-solar, exothermic step is the icraof
Zn with mixtures of HO and CQ yielding high-quality
syngas (mainly Hland CO) and ZnO; the latter is recy-
cled to the first solar step, resulting in net teas CQ

= CO+0.5Q and HO= H, +0.5Q.

Purpose: The main objective of the current reseiarti
scale up the optimized solar reactor technologytlier
thermal dissociation of ZnO from laboratory scalelgr
power input of 10 k\) to pilot scale (solar power input
of 100 kW,). Experimental campaigns are scheduled at
the 1 MW Solar Furnace (MWSF) in Odeillo, France.
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Achievements in 2011: A 100 kW solar pilot plant fo
the thermal dissociation of ZnO to Zn and l@as been

played an important role on the materials cyclgbilin
contrast to pure ceria, Zr-doped ceria showed plgssi

modeled, designed, and fabricated (Figure 4.10). To deactivation when cycling at 1400°C and the infeeen

drive the dissociation reaction at about 1700°Qcea-
trated solar radiation is used as the energy soofce

of the synthesis route on the thermal stability wai
denced. The thermally resistant powders with porous

high-temperature process heat. A first experimental morphology ensured stable reactivity during cycling
campaign was conducted in 2011 at the 1 MW Solar The Zr-doped ceria synthesized via Pechini process

Furnace (MWSF) in Odeillo, France [4.24]. More than

60 hours of on-sun testing in the MWSF were recdyrde

each experiment lasting between three and severs.hou

All systems of the solar pilot plant were tested goal-

produced the largest amounts of CQAMHiring succes-
sive cycles. Typical results for water splittinge @hown
in Figure 4.11.

Publication: [4.25]

ified. Valuable operational experience was gatheredi

subsequently, helped to further improve the reactor .
design for the second experimental campaign planned SOLAR-JET - Solar Chemical Reactor

for summer 2012. Demonstration and Optimization for Long-
Publication: [4.23]-[4.24] term Availability of Renewable Jet Fuel
Participants: Bauhaus Luftfahrt e.VV. (D), ETHZ (CH

DLR (D), ARTTIC (F), SHELL GLOBAL
SOLUTIONS INT. B.V. (NL)

Solar Thermochemical HO/CO,-Splitting
via Non-Volatile Ceria-Based Cycles

Participant: CNRS-PROMES (F) Contact: Aldo Steinfeldaldo.steinfeld@ethz.ch
Contacts:  S. Abanadeshandes@promes.cnrs.fr Funding:  EC total contribution: € 2,173,548
Funding: CNRS (F) Duration: June 1, 2011 - May 31, 2015

Background: The aim of the SOLAR-JET project is to
demonstrate a carbon-neutral path for producing-avi
tion fuel, compatible with current infrastructure, an
economically viable way. The SOLAR-JET project will
demonstrate on a laboratory-scale a process thmat co
bines concentrated sunlight with ¢@nd HO to pro-
duce kerosene by coupling a two-step solar thermo-
chemical cycle based on non-stoichiometric ceréhoxe
reactions with the Fischer-Tropsch process [4.26],
[4.27].

Purpose: The objective is to develop and optimiee t
solar reactor technology shown in Figure 4.12 far-p
ducing syngas by splitting @ and CQ via ceria-based
redox cycles, and to further process the syng&eto-

Background: The solar thermochemical splitting €,C
and HO with ceria and Zr-doped ceria for CO ang H
production is considered. Zr-doped ceria is usepr#s
vent sintering observed with pure ceria.

Purpose: Zy,Ce 70, was synthesized using different
soft chemical synthesis routes to evaluate thei@nite
of the powder morphology on the reactivity duritg t
reduction and the oxidation steps. The reductietdybf
ceria was significantly improved by doping with ds
well as the CO/H production vyields, but the kinetic
rates of the oxidation step for doped ceria wemeelo
than for pure ceria.

Achievements in 2011: CO and, froduction of 241
umol/g and 432umol/g, respectively, has been meas-
ured. A kinetic analysis of the G@plitting step al-
lowed estimating the activation energy that rangeed
tween 83 and 103 kJ/mol depending on the synthesis
route of Zg.:Ce 70, [4.25]. The powder morphology
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sene. Experimental validation of a reactor model fo
heat/mass transfer and fluid flow will be used #or
scaled-up and optimized design.

Achievements in 2011: The work described here is co
ducted at ETHZ. Solar syngas production frop®rand
CO, was experimentally investigated using a two-step
thermochemical cycle based on cerium oxide redox
reactions in the solar reactor shown in Figure 4.12
[4.28]. The solar cavity-receiver, containing paou
ceria felt, was directly exposed to concentratesirtial
radiation at a mean solar concentration ratio 08528
suns. In the first, endothermic step at 1530°Caceas
thermally reduced to an oxygen deficient statethim
second, exothermic step at 830°C, syngas was pedduc
by re-oxidizing ceria with a gas mixture of,® and
CO,. The syngas composition was experimentally de-
termined as a function of the molar co-feedingorati
H,0:CG; in the range of 0.8 to 7.7, yielding syngas with
H,:CO molar ratios from 0.25 to 2.34. Figure 4.13
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Figure 4.13. Temperature of the ceria felt, gas production
rates, total amount of evolved gases, and
H,:CO molar ratios during ten consecutive
splitting cycles. The reduction and oxidation
steps were performed at constant time intervals
of 30 and 15 minutes, respectively [4.28].

shows ten consecutive ,8/CO,-splitting cycles per-
formed over an 8 hour solar experimental campaign.

Publications: [4.26]-[4.28]

Solar Thermochemical CQ Capture

Participant: UMN — University of Minnesota (USA)
Contact: Wojciech Lipiski, lipinski@umn.edu
Funding: UMN (USA): $150,000

Duration:  July 201% August, 2014

Background: This project seeks a major advancewfent
the solar thermochemical GQ@apture technology via
carbonation/calcination reaction pair. It providemiss-
ing link between the development of sustainabldesyc
for renewable hydrocarbon fuel production fromaCOH
and CQ, and anthropogenic G@missions.

Purpose: The objective is to develop a 3 k\8blar
reactor prototype and demonstrate ,Gfapture in the
UMN high-flux solar simulator.

Achievements in 2011: Cycle thermodynamics have
been extensively investigated and the potentiainin
creasing the reactor efficiency due to solid and ga
phase heat recovery has been identified. The neacto
concept has been selected.

Publication: [4.29]

HYDROSOL-3D — Scale Up of Thermochem-
ical H, Production in a Solar Monolithic Re-
actor: A 3" Generation Design Study
Participants: CERTH/CPERI (GR), DLR (D), CIEMAT

(E), Total Gas & Power SA (F), HyGear
BV (NL)

Contacts: Martin Roelmartin.roeb@dlr.de

Christian Sattlerchristian.sattler@dlr.de
Funding: Hydrogen and Fuel Cell Joint Undertaking
Duration:  January 1, 2010 — December 31, 2012

Background: HYDROSOL-3D aims at demonstrating
CO,-free H, production and related technology based on
a solar-heated two-step water-splitting thermoclkami
process operating at moderate temperatures. lidasl

a support structure capable of achieving high tempe
tures when heated by concentrated solar radiatom;
bined with a redox system capable of water dissiocia
and at the same time suitable for regenerationigit h
temperatures. The process has been developed within
the EU-FP5 project HYDROSOL and the EU-FP6 pro-
ject HYDROSOL-2. After testing and validation of
components and systems at prototype and pilot scale
the current focus is on the preparation of a 1 MMars
demonstration plant, which is the next step towards
commercialization.

Purpose: The principal objective of HYDROSOL-3D is
to (1) prepare an in-detail design of a 1 MW dertrans
tion plant for thermochemical production of, rom
H,0 using solar tower technology; (2) design and Heve
op solar receiver/reactors with enhanced transport,
thermal and heat recovery properties; (3) validhte
operational reliability of plant design, controlssgym,
and components through laboratory and pilot plast-t
ing; (4) decrease the temperature level of thenege
tion step considerably below 1200°C; (5) design the
solar field control system with commercial soluson
available from the market.

Achievements in 2011: The design of the next genera
tion reactor needs to be improved to significantiguce
thermal losses and to achieve a homogeneous tempera
ture distribution within the honeycomb structurdyiles
maintaining the modularity of the construction. fhis
end, a hemispherical absorber incorporating a skrgn
concentrator has been designed with optimized shape
geometry and dimensions (Figure 4.14). Furtheiipuar
hydrogen purification options have been analyzed.

Experimental investigations with selected mixed
iron oxide and rare-earth-based redox materiafsoin-
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der form helped quantifying the effects of variopera-
tional parameters — such as water splitting/therraal
duction temperatures and steam mole fractions then
hydrogen and oxygen yields [4.30]. Based on thesexp
imental results, reaction rate models were fornedlat
and kinetic parameters of water-splitting and therm
decomposition reactions were extracted. Incongigsn

Figure 4.14. Scheme of the modular receiver/reactor set-up
intended to be mounted on the solar tower
platform.

in the reaction mechanism entail further refinemeit
the kinetic models to fully describe the two reaws
throughout their duration.

In addition, honeycomb samples coated with active
redox material have been tested in a solar reaator
DLR’s high-flux solar simulator and — for comparise
in a laboratory set-up with an electrically heatabe
furnace as the central element.

Parallel work involved the implementation of comtro
strategies and algorithms for the pre-design ofptiee
cess control system. The operational strategy wes f
tuned, in particular concerning the timing of thegess
steps involved. Experimental series have beenethrri
out with the 100 kW pilot plant at the SSPS tower of
the Plataforma Solar de Almeria (PSA) to optimize t
half-cycle duration, as well as the mass flows &nel
composition of feed streams. Recommendations ®r th
operational strategy have been elaborated.

Publication: [4.30]

HycycleS — Solar Production of Hydrogen

by the Sulfur-lodine and Westinghouse

Thermochemical Cycles

Participants: DLR (D), CEA (F), University of Shef
field (UK), CERTH/CPERI (GR), JRC
(NL), ENEA (1), ETHZ (CH), Empresari-
0s Agrupados (E), BOOSTEC (F)

Contact: Martin Roelmartin.roeb@dlr.de
Funding: EC (FP7), DLR (D)
Duration: January 1, 2008 - March 31, 2011

Background: Solar thermochemical processes offer t
potential of highly efficient massive hydrogen puod
tion at competitive costs. Worldwide, high priority
currently given to sulfur-based cycles, i.e. théfusu

iodine (SI) and the hybrid sulfur (HyS) cycle, besa
they can be operated at temperatures making pessibl
the use of concentrated solar radiation as thecsoof
process heat. However, high temperatures and ¢egros
environments in their key steps present major ehgH

es. The severe operating conditions require adwhnce
materials as well as special design and fabricatieth-
ods. The key components common to both cycles in-
clude the oxygen separator, thgS@, evaporator and
the SQ decomposer. The latter has to withstand the
highest temperature in the cycles exceeding 850RC a
is one of the main foci of the EC-funded projectcify
clesS.

Purpose: Develop and improve materials and key com-
ponents for sulfuric acid decomposition: (1) reccench
suitable materials and catalyst/support systemslatee
for key components of $$0, decomposition; (2) con-
struct and test a solar receiver/reactor fg&®, evapo-
ration/decomposition ready for scale-up; (3) reaknd
verify the feasibility of a compact SiC plate heat
changer as FB0O, decomposer; (4) acquire detailed
understanding of transport properties and reaqtien
formance of porous ceramic structures as reaction c
tainment for the solar decomposition of,3@y; (5)
develop stable and reliable membranes for usesepa-
ration step to significantly increase the conversad
SG; to SQ.

Achievements in 2011: Candidate catalyst matefals
the high temperature reduction of $S®ave been
screened and analyzed — mainly focusing on oxides o
transition metals. Their catalytic activity, durityi and
stability was experimentally investigated and qifieat.
Based on these systematic studies and on the wex-sit
post-characterization activities, a Cr-Fe mixed dexi
was found to be among the most promising catalytic
materials examined.

Using suitable construction and catalyst materials,
several prototype SQOdecomposers have been devel-
oped and experimentally investigated. A large-shake
exchanger/reactor prototype composed of SiC plzdes
been fabricated and successfully tested, showingpr

Figure 4.15. Modular arrangement of the receiver/reactor
for sulfuric acid decomposition and piping on

top of a solar tower.
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ise with respect to its use for,$00, decomposition in
both the SI and HyS cycles — either solar or nuclea
[4.31].

A specific solar decomposer prototype has been de-
veloped, modeled, realized and tested on sun wilaa s
furnace at DLR Cologne. The two-chamber reactor
consists of volumetric absorbers that directly deup
concentrated solar radiation into the processwatig to
perform both evaporation of liquid ,HO, and subse-
guent catalytic decomposition of SO

A specific demonstration scenario has been depicted
and analyzed,; it foresees a multiple of individuedeiv-
er modules in an area-wide arrangement and thgraxte
tion of all necessary components of a HyS chemical
hydrogen production plant in a dedicated solar towe
system (Figure 4.15) [4.32].

Publications: [4.31]-[4.32]

CENIT-CONSOLI+DA - Industrial Con-
sortium of Solar Research and Development

Participants: Hynergreen Technologies S.A. (E),
IMDEA Energia (E), CIEMAT (E),
CIDAUT (E), Universidad Rey Juan Car-
los (E)

Contacts: Victoria Gallardo,
victoria.gallardo@hynergreen.abengoa.com
Alberto Quejidoalberto.quejido@ciemat.es

Funding: Spanish Ministry of Science and Educa-
tion (CENIT): € 300,000
Duration:  January 1, 2009 - December 31, 2011

Background: The CONSOLI+DA project is an ambi-
tious initiative that involves an industrial congoam of
twenty solar R&D institutions including reputed S
companies and most prestigious technological center
Within the activity "Solar Hydrogen", the prograni o
work aims to investigate the incorporation of high-
temperature thermochemical cycles for the prodoatio
H, into solar concentrating technologies. The work
combines state-of-the-art technologies and fundéathen
research for the development of cycles with higthte
nical and economic potential.

Purpose: Two-step water splitting processes, suich a
ferrite cycles, are considered attractive candsldite
solar hydrogen production, since there is no plrases-
formation during the redox cycle. The objectivetas
evaluate commercial and synthetic ferrites sulistitu
with various metals for producing,Hrom H,O through
two-step thermochemical cycles.

Achievements in 2011: An experimental study hasibee
performed in order to evaluate the activity of coanm
cial and synthetic ferrites substituted with diffet met-
als (Ni, Cu, Zn, Co, and Mn) and to assess thaibility

for H, production from HO through two-step thermo-
chemical cycles. Among all the samples studied; syn
thetic CoFgO, and commercial NiR®, appear as the

most promising materials for Hproduction, being able
to generate up to 42.7 N-%g and 31.0 N-cffg, re-
spectively, after two thermochemical cycles (Figure
4.16). CoFg0, produces a larger amount of, kber
cycle than NiFgD,, but the H production rate slightly
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Figure 4.16. Activation and hydrolysis profiles (molar flow
vs. time), and reaction temperatures of the first
thermochemical cycle with the synthetic cobalt
ferrite (CoFeQ,).

drops with increasing number of cycles. In contrémst
both commercial and synthetic Ni ferrites thepgioduc-
tion rate increases with the number of cycles.

INNPACTO-SolH2 — Innovative Technolo-
gies for Hydrogen Production

Participants: Hynergreen Technologies S.A. (E),
IMDEA Energia (E), CIEMAT (E), Uni-
versidad de Sevilla (E)

Contacts: Victoria Gallardo,
victoria.gallardo@hynergreen.abengoa.com
Alfonso Vidal, alfonso.vidal@ciemat.es

Funding: Spanish Ministry of Science and Educa-
tion (CENIT): € 2,000,000
Duration:  June 1, 2011 - June 31, 2014

Background: Thermochemical cycles are expected to
produce large amounts of,hkh a cost and energy effi-
cient way. Attractive candidates are two-step water
splitting processes — e.g., based on ferrites eedinere

is no phase transformation during the redox cyele-
vious work performed within the CENIT-
CONSOLI+DA project has been focusing on the evalua-
tion of commercially available ferrites of diffettecom-
positions. Among the samples studied, N@£ ap-
peared as the most active materials regarding beth
H, production and cyclability; at this stage, it wees
lected as the first candidate for solar experiments

Purpose: The INNPACTO project aims at designing,
constructing, and testing an innovative 100 yk8blar
reactor prototype to be mounted on a solar tower an
operated at temperatures between 1100-1300°C.
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Achievements in 2011: In the first phase of thejgu
the engineering design of the scaled-up reactor was
advanced and further insight was gained in the heat
transfer processes affecting the reactor’s perfooma
CIEMAT is preparing the solar flux maps from nu-
merical simulations based on the direct normaldirra
ance (DNI) and the actual heliostat field configima
IMDEA and Universidad de Seville are defining the
boundary conditions for the computational fluid dgm
ics (CFD) simulations of the reactor in order tdede
mine the temperature distribution and the maximesat h
fluxes.
In 2012, construction of the 100 kWeactor and its
operation on the SSPS-tower at the Plataforma Sielar
Almeria (PSA) is foreseen.

HYDROGEN-E PLAN - Research Infra-
structure Support for Improving CRS-SSPS

- . e,
Facilities for Solar Thermochemical Hydro- GO &
gen Production Activities
Participant: CIEMAT (E) Figure 4.17. Side view of the CRS-SSPS plant at PSA,
Spain, showing the two existing experimental
Contact: Alfonso Vidalalfonso.vidal@ciemat.es platforms at 32 m and 43 m height, respective-
. . . . ly.
Funding: Spanish Program for International Scien- y

tific Cooperation (FCCI): € 550,000 . . .

Further investments have been provided for newpequi

Duration: ~ January 1, 2010 — March 31, 2013 ment such as crane, heat exchanger, cooling tavrer,
trogen and air supply, optical fibers for commutima,

Background: The current economic situation in Bpai ote

has led the Government to launch a series of axirao

nary measures to give impetus to economic actauiiy . .
employment. One is the Special Fund for the Rezéal Ammonia Thermochemical Storage

tion of the Economy and Employment (E Plan). This participant: ANU — Australian National University

plan is directed to carry out actions in the contefx (AUS)

strategic productive areas, such as the hydrogerfiuzh

cell sector. As a major R&D installation in the eme Contacts: ~ Greg Burgessreg.Burgess@anu.edu.au
sector, the Plataforma Solar de Almeria (PSA) hesnb Rebecca Dunn,

included in this initiative to boost the share efiewable Rebecca.Dunn@anu.edu.au

energies. Background: Thermochemical energy storage based on

Purpose: The project budget is addressed to acighmpl ammonia is one of a number of storage options dor c
major technology investments at the CRS-SSPS solar céntrating solar power, including molten-salt sgera

tower test facility, with the intention to offer igue which is already operating (_:ommercially. The amraoni
research services to users from various countiggi(e storage development has involved prototype solar re
4.17). ceiver/reactors operated in conjunction with a Z0-m

dish concentrator, as well as closed-loop storageoch-
Achievements in 2011: The CRS-SSPS solar plant con- strations. The ammonia Storage System could emp'oy
sists of a heliostat field of 91 Martin-Mariettaitsrand a industry_standard ammonia Synthesis converters for
43 m high tower. At present, the solar tower accomm  syperheated steam production. A standard 1500 t/day
dates two important projects for solar thermocheiic  ammonia synthesis reactor would suffice for a 10-MW
H. and syngas production: (1) the 100 kWeceiv- base load plant with 330 large 488-dishes. At this

er/reactor of the HYDROSOL-Il project on the first stage, an updated economic assessment of the system
platform (32 m high); (2) the 500 k\\Weceiver/reactor would be valuable [4.33].

of the SYNPET project on the second platform atttipe

(43 m high). PurQ_ose: The _aim of_ c_urre_nt regearph is to impeove

The refurbishment of the SSPS-CRS tower includes Monia conversion efficiencies with dish concentrsitny
the reinforcement of the metallic tower structune she optimizing the receiver geometry based on a frustém
installation of a third platform to extend the chitity to reactor tubes (Figure 4.18).

accommodate more solar experiments at the same time
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Reactor

Figure 4.18. The prototype solar ammonia receiver/reactor

for the 9 M dish with a 17.% half cone angle
(insulation removed).

Achievements in 2011: Achievements include an exper
imental program with a 9 frdish which demonstrated a
7% increase in solar-to-chemical conversion efficie
with different receiver cone angles [4.34].

Publications: [4.33]-[4.34]

4.2.2 SOLAR PROCESSING OF
CHEMICAL COMMODITIES

ENEXAL — Novel Technologies for Energy
and Exergy Efficiency in Primary Alumi-
num Production Industry

Participants: ALUMINIUM S.A. (GR), NTUA (GR),
RWTH (D), ETHZ (CH), WIS (IL), TMF
Belgrade (Serbia), SIRMIUM Steel (Ser-
bia), D’Appolonia S.p.A. (I), Pegaso Sys-
tems s.r.l. (I), Lindbergh Trading (Pty)
Ltd. (RSA)

Contacts: loannis Paspalianmspali@metal.ntua.gr
Aldo Steinfeld,aldo.steinfeld@ethz.ch
Funding: EC funded project, cost shared:
€ 4,950,000
Duration:  June 1, 2010 - May 31, 2014

Background: Primary aluminum production industsy i
the world’s largest industrial consumer of energy a
ranked among the most Gitensive industries. It also
generates enormous quantities of wastes that furthe
decrease the exergy efficiency of its productioocpss.
However, this industry is one of the most vitaltees
from the economics and social points of view, nalyo

for the EU but also for the entire world. In orderre-
main viable and competitive, a primary aluminumusd

try has to operate in a smarter way, be more energy

efficient and meet environmental requirements of ou
times. This can be achieved only through radicav ne
technologies and novel business strategies, whitth w
enable the industry to maintain its competitiveness
fasten its viability in the world’s markets and &g
new business opportunities.

Purpose: The main goal of this project is to previd
primary aluminum industry with “green” innovative
technological and economical solutions, focusing(bn
significant improvement of energy and exergy e#fici
cies of the production process; (2) substantialicgdn
of GHG emissions; and (3) complete elimination f# t
solid wastes (“red mud”).

Achievements in 2011: In order to achieve these®bj
tives, novel technologies for the reduction of aharto
aluminum and complete utilization of the red mudl wi
be demonstrated and validated on pilot scale. These
technologies are energy-efficient and environméntal
acceptable, ensuring the competitiveness of thasingl

The technologies under development are: 1) high tem
perature carboreduction of alumina in an electric a
furnace (EAF) and 2) carboreduction of alumina in a
vacuum solar reactor, 3) full utilization of thedrenud

in a novel electric arc furnace suitable for preoes
dusty materials without pre-treatment [4.35]. Under
reductive smelting process, where carbon is used as
reducing agent, red mud is totally converted iratus-

ble pig iron for steel production and glassy fibérs
mineral wool production.

In 2011, conversion of the red mud was demonstrat-
ed on a 400 KVA scale at NTUA, Greece. A larger 1
MVA pilot furnace is wunder construction at
ALUMINUM Greece.

The basic laboratory studies for the reduction of
alumina under vacuum, which include thermodynamics
and kinetics analyses, back reactions and possite
products (carbides and oxy-carbides) have been con-
ducted using induction furnaces both at ETHZ an&WI
[4.36], [4.37]. Based on the results of these erpants,

a 30 kW, solar reactor was designed.

Publications: [4.35]-[4.35]
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5. Task lll:
Solar Technology and Advanced Applications

Operating Agent: Peter Heller, DLR

5.1 Nature of Work & Objectives achieve a further significant cost reduction forwne
The objectives of this task deal with the advance- plants and to guarantee a high performance ovefehe

: oo . time of the plant. Cost reduction may be reached
ment of technical and economic V'ab'"ty (_)f emein through simplifications, mass production or evalntin
so!ar thermal technologies an_d their valldanonhwn manufacturing processes but additionally throughv ne
s_unable tools by proper theorepcal anglyses "f""“'a' developments of advanced materials, processes and
tion codes as well as by_ @(penments_ln speciange- concepts. A further increase of operation tempeeatu
ments and adapted facilities. For this purposecesro

X ) : will have major impact on cost reductions. The rsfyo
d_ures and techniques are defined for the demgﬂugv emphasis on the following topics is therefore pkhn
tion and use of the components and subsystemstito op for the next period:
mize concentration, reception, transfer, storage an
application of solar thermal energy. In essencegthals
are to investigate innovative multi-discipline adeas
needed for the further development of concentrating
solar thermal systems.

1. Prioritization of R&D activities with high impaon
cost reduction
«  Components for direct steam generation
« Novel concepts for tower systems at increased
temperatures
Advanced materials for high-temperature ab-
sorbers and reactors
Fluids for increased temperatures (salt mix-
tures, synthetic oils, liquid metals, gases, etc.)
+ Heliostat control and field maintenance to
achieve high concentration ratios in large scale
« Development of new coatings for improved
performance at higher temperatures

Task Il is an ongoing R&D-oriented effort with
clearly defined technical objectives, time schedahe
expected results. Activities are cost-shared, ssited
(either through SolarPACES or among SolarPACES
participants), and/or information-shared. Cost-sitar
and task-sharing activities involve cooperativerff of
two or more participants where either costs ofvitats
or responsibilities for activities, respectivelye anutu-
ally agreed upon and shared by the Participanter-In
mation sharing is used for the exchange and digmuss
of results of projects carried out independentlyHayr-
ticipants, but of interest to all.

2. Reliability Evaluation of solar components andg-s
tems

« Methods to evaluate components reliability on
Lo . laboratory scale and in the field
5.2 Reported Task Il activities in - Development of instruments for characteriza-

2011 tion

Reported Task Il Activities in 2011 are summarized 3. Methods for durability and life time predictions .
in Table 5.1. The different ways of cost- and/oskta * Improved instruments to measure degradation
sharing are marked in the last column: - Expansion of laboratory test equipment for

1. Cost-shared activities created and coordinated broad materials classification ‘,"md .comparis.on
through SolarPACES (C in Table 5.1) « Development of models for life time predic-

2. Task-shared activities created and coordinated tion for diffgrent materials )
through SolarPACES (T in Table 5.1) - Round robin tests for comparison of _results.

3. Task-shared activities created and coordinayed b : Propqsal .for standa_r ds on durability testing
SolarPACES member countries (eventually with partic and life time preqmlon C§) can produce_ a
pation of non-member countries) which are of irgete range of solar-enriched fuels and synthesis gas
SolarPACES (M in Table 5.1) (mainly H, and CO) that can be used as a

4. Activities of individual member countries, which chemical feed stock or a metallurgical reduc-

are of interest to SolarPACES (I in Table 5.1). ing gas.
. 4. Tools and methods for quality assurance of cuinae
5.3 Task |11 Objectives 2012-2016 (o1 systems R
o o . - Development of commercial tools for quality
The main important objectives for the Task Il aeti assurance of different concentrator types

ities in the upcoming period of the IEA SolarPACES
Strategic Plan reaching from 2012 to 2016 will be t
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Provision of calibration standards for instru-
ments

Concepts for improved methods and imple-
mentation in advanced instruments

5. Guidelines for component performance measureament

Development of guidelines for measurement
of shape, receiver performance, accelerated
ageing methods, etc.

New instruments capable to measure accord-
ing new standards

Calibration standards and round robin tests for
verification of precision

6. Component performance in desert environment- (soi
ing, extinction, cleaning)

Analysis of typology of different desert envi-

ronments concerning soiling and weather
characteristics

Measurement of extinction in different desert
zones and implementation in models for tower
plants simulations.

New instruments to monitor soiling and ex-
tinction

Development of cleaning procedures with low
water consumption



~ SOLARPACES Task Il

Table 5.1. Summarized Task Il reported activitieganized by sector

Concentrating Solar Technology and Applications Contact Sharing
Components and Subsystems I [M|T|C
An air based Cavity Receiver for Solar Trough Concentrators Aldo Steinfeld X
De.velopment. of a large aperture cost-optimized parabolic trough Alison Mason .
using mirror film
Trough

Field testing of high reflectance, outdoor mirror film and addition .

Alison Mason X

of abrasion resistant coating

Torresol (Oihana

GEMASOLAR, VALLE 1 & VALLE 2 PLANTS .
Casas Marin)

Sener (Oihana Casas

GEMASOLAR TECHNOLOGY .
Marin)
Tower
A Pressurized Air Receiver for Solar-driven Gas Turbines Aldo Steinfeld X
Dish Development and installation of the HelioFocus large Thomas Keck y

Dish/Booster prototype

High Temperature Thermal Storage using a Packed Bed of

Rocks Aldo Steinfeld X

Storage

Storage [Optimization of thermal storage components and equipment Esther Rojas X

Supporting Tools and Test Facilities

OPAC Optical Aging Characterization Laboratory Stephanie Meyen | x

SFERA: Solar Facilities for the European Research Area Diego Martinez X | x

Standards for CSP components

Development of guidelines for standards for CSP components Peter Heller X X | X

Guideline for standard for reflector shape analysis Eckhard Luepfert | x X | X
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5.4 Summary of Achivementsin 2011

An Air-Based Cavity-Receiver for Solar Trough
Concentrators

I = individual member country activities of interest to | X
SolarPACES

M = member country task-shared activities of interest to
SolarPACES

T = SolarPACES task-shared activities
C = SolarPACES cost-shared activities

Contact: Roman Bader, Aldo Steinfeld
aldo.steinfeld@ethz.ch
Participants: ETH Zurich, Airlight Energy SA, SUPSI

Website:
http://www.pre.ethz.ch/research/projects/?id=alntlig

Funding: Swiss Federal Office of Energy

We have built and tested a novel tubular cavity-
receiver concept for solar trough concentratorsiclvh
employs air as the heat transfer fluid (HTF) [LheT
advantages are four-fold: 1) operating temperatore
straints due to chemical instability of the HTF are
avoided; 2) operating pressure can be close toambi
eliminating the need for sophisticated sealing; a3)
packed-bed thermal storage can be heated diregtly b
air, eliminating the need for a heat exchanger eetw
HTF and thermal storage medium; and 4) costs fer th
HTF are removed. The disadvantages of air-receivers
are associated with the larger volume flow rate and
surface area needed due to the lower volumetri¢ hea
capacity and convective heat transfer of air aspayed
to liquid HTFs (e.g. thermo-oils, molten salts, isoa).

A 42m-long full-scale solar receiver prototype was
tested on a 43.5m-long 9m-aperture full-scale pai@ab
trough concentrator, consisting of pneumatically
spanned multilayer polymer mirror membranes insthll
on a l-axis tracking concrete frame. [2]. A crossti®n
of the solar receiver prototype is shownFig. 1, the
test facility is showrFig. 2. A heat transfer model was
developed and experimentally validated in terms of
simulated and measured HTF and receiver tempegature
and HTF pressure drops. The efficiency of the pypi®
receiver, predicted with the validated heat transfed-
el, is shown irFig. 3 for constant receiver inlet tempera-
ture of 120°C and varying outlet temperature.

References:

[1] Bader R., Pedretti A., Steinfeld A'Experimental and Numeri-
cal Heat Transfer Analysis of an Air-Based CavigeRiver for Solar
Trough ConcentratorsASME Journal of Solar Energy Engineering,
Vol. 134, pp. 021002-1/8, 2012.

[2] Bader R., Pedretti A., Steinfeld A., “A 9m-Apertuselar Para-
bolic Trough Concentrator Based on a MultilayeryRar Membrane
Mounted on a Concrete Structur&&SME Journal of Solar Energy
Engineering, Vol. 133, 031016-1/12, 2011.
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Fig. 1: Cross-section of the cavity receiver protgpe.

Fig. 2: Receiver test facility in Biasca, Switzerlad.
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Fig. 3: Numerically calculated efficiency of the 42n-long
prototype receiver, as a function of the outlet teqerature;
inlet temperature: 120°C; date: summer solstice, 810, 12
a.m. solar time.
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Development of a large aperture cost-optimized par-
abolic trough using mirror film

I = individual member country activities of interest to
SolarPACES

M = member country task-shared activities of interest to
SolarPACES

T = SolarPACES task-shared activities
C = SolarPACES cost-shared activities

Contact: Alison Mason, Alison.mason@skyfuel.com
Address of contact: 18300 West Highway 72, Arvada,
CO 80007, USA

Participants: SkyFuel
Funding: appr. $4.3M from US Department of Energy

High-reflectance mirror film has been proposed as a
pathway to significant reduction in the Levelizeds€of
Energy (LCOE) of parabolic trough solar concentrato
Use of mirror film in place of glass mirror facettbows
for larger, continuous trough apertures and moriac
rate optics, which in turn permit higher concendrat
ratio, higher temperature operation, and lower afst
components per unit aperture.

This project was funded by the United States De-
partment of Energy to develop a parabolic trougltece
tor that enables solar electricity generation ie 2020
market place for a 216MWe nameplate baseload power
plant with an LCOE of 9¢/kWhe, a capacity factor of
75%, a limit of 15% fossil fuel fraction, a fosgilel cost
of $6.75/MMBtu, $25.00/kWht thermal storage, and a
USA installation corresponding to Daggett, CA.

SkyFuel examined the design of almost every para-
bolic trough component from a perspective of load a
performance at aperture areas from 500 to 2800ie
combined aperture dependent design with fixed quota
tions for like parts from our baseline SkyFuel prod

Our major optimization effort was devoted to in-
creasing aperture to reduce cost, accounting fer th
impact of aperture on performance, and selecting an
optimum based on LCOE. We used the NREL System
Advisor Model to combine the disparate cost and per
formance terms, and estimate the LCOE. For inghats
affect LCOE but were outside the scope of our waik,
used the standard DOE template values.

The result of our optimization was a trough desifin
larger aperture and operating temperature tharbées
fielded in large, utility scale parabolic troughpéipa-
tions, specifically 8m width x 150m SCA length
(1176nf aperture), with four 80mm diameter x 4.7m
receivers per mirror module and an operating teayper
ture of 500°C.

Field testing of high reflectance, outdoor mirror flm
and addition of abrasion resistant coating

| = individual member country activities of intete So-
larPACES

M = member country task-shared activities of irder® So-
larPACES

T = SolarPACES task-shared activities
C = SolarPACES cost-shared activities

Contact: Alison Mason, Alison.mason@skyfuel.com

Address of contact: 18200 West Highway 72, Arvada,
CO 80007, USA

Participants: ReflecTech, Inc.

Funding: US Department of Energy, Technology Com-
mercialization Deployment Fund

Durable highly reflective polymer film is a design
innovation that makes possible significant redutiin
lifecycle costs of solar concentrators by providiagger
and lighter alternatives to typical curved glassrons.
The development and commercialization of ReflecTech
mirror film has been documented in DiGrazia etG02
(ASME), DiGrazia et al 2010 (ASES), and DiGrazia et
al 2011 (ASME).

In SkyFuel's parabolic trough (SkyTrough), Re-
flecTech mirror film is laminated to an aluminumesh
substrate to form a monolithic mirror panel. Tlagls
slide into place, span the entire aperture widitlt, are
used in place of traditional glass mirror technglog\ 1
MWth loop of SkyTrough collectors was installedan
operating solar power plant (SEGSII) in December,
2009 and individual panels are visible in Figure 1.

The mirror panel reflectance has a direct impact on
trough performance; consequently, it is measurdld avi
repeatable sampling method on a regular basiseat th
SEGSII facility. These reflectance measuremenés ar
taken with a Devices and Services specular refieeto
ter at a single wavelength (660 nm), with a 25iraidli-
an instrument aperture. All measurements are taken
the same four points of each mirror module: 600mm
from the east and west rim and 600mm from the north
and south edge of exterior panels. A data sétdes
72 measurements which are averaged to providegkesin
indication of reflectance. The standard deviatiéthe
measurement set is typically ranges from 0.3 to 0.5
reflectance points. Measurements are always taken
the collector immediately following a high pressure
wash of the collectors, executed on a regular patig
the power plant operators.

The clean reflectance of the SkyTrough is shown in
Figure 2. The average reflectance is 93.4%. €fea-
tance of SkyTrough mirror panels at the SEGSII com-
mercial plant has been maintained, without losshiwi
the uncertainty of the measurement data sets.
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The development and testing of an abrasion resistan Approximated method for modeling hemispherical

coating (ARC) for ReflecTech mirror film was docu-

reflectance and evaluating near-specular reflectarec

mented by Jorgensen et al in 2010 (SolarPACES). 52 of CSP mirrors

ReflecTech mirror panels with the ARC were insthlle
in the SEGSII loop in March, 2012 to begin longier
field demonstration of the commercially available-R
flecTechPLUS.

Fig. 1: SkyTrough SCAs in operation at SEGSII in
Daggett, California.
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Fig. 2: Specular reflectance of ReflecTech mirror pa-
els at SEGSII.
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References:

M. DiGrazia, R. Gee, and G. Jorgensen, “ReflecTetti®or Film
Attributes and Durability for CSP Applications”, ME Conference,
Proceedings of Energy Sustainability 2009, July239-2009, San
Francisco, California.

M. DiGrazia and G. Jorgensen, “ReflecTech® MirrdimE Design
Flexibility and Durability in Reflecting Solar Apightions”, ASES
National Solar Conference 2010, American Solar gneBociety,
May 17-22, 2010, Phoenix, AZ.

M. DiGrazia, G. Jorgensen, R. Gee, C. Bingham, @ntoux, “Re-
flecTechl Polymer Mirror Film Advancements in Technology and
Durability Testing”, ASME Conference, Proceeding$ Bnergy
Sustainability 2011, August 7-10, 2011, Washingd@,

G. Jorgensen, R. Gee, and M. DiGrazia, “Developraadt Testing of
Abrasion Resistant Hard Coats for Polymer Film &sfirs”, So-
larPACES 2010, September 21-24, 2010, Perpignamcer

| = individual member country activities of interest to |
SolarPACES

M = member country task-shared activities of interest to
SolarPACES

T = SolarPACES task-shared activities B

C = SolarPACES cost-shared activities

Contact: Marco Montecchi, marco.montecchi@enea.it

Address of contact: ENEA-Casaccia, Via Anguillarese
301, 00123 Roma (ltaly).

Participants: ENEA,;

Several commercial solutions alternative to conven-
tional glass solar mirrors have been proposed; #iey
characterized by using a substrate other than,gtess
being a “first surface mirror”. Such new thin sotair-
rors are offered as optical coatings or thin faodsbe,
respectively, deposited on or laminated to a rigid-
strate which gives the desired shape to the fdamt.
economic reasons, the surface of that substrates(gke
ly aluminum) cannot be polished to ensure highaapti
quality; therefore surface roughness causes lichittey-
ing phenomenon, large enough to appreciably spiread
reflected solar beam when compared with those ob-
tained by conventional glass solar mirrors.

On the other hand, in concentrating solar power
(CSP) mirrors are just used to concentrate soldia+a
tion on the receiver, and not for imaging the Salhthe
radiation reflected in the solid angle of receivEwing
is useful. This makes a new mirror-evaluation médtho
ology, which takes into account not only specular
also near-specular reflectance, mandatory.

Unfortunately, light scattering depends on wave-
length and incidence angle, and its exhaustivectire
measurement is totally unpractical because it rigedi
consuming, experimentally complex, and costly.

At the Task Il meeting held in Granada in Septem-
ber 2011, an approximated method to evaluate fee-ef
tiveness of these innovative solar mirrors was psepl.
The method is based on two tools developed several
years ago: the experimental set-up used for ITER mi
rors characterization [1], and the equivalent madgb-
rithm for the prediction of architectural-glazinggular-
properties [2].

In brief, according to the method proposed here, th
hemispherical reflectangg, is measured at near-normal
incidence with a commercial spectrophotometer
equipped with an integrating sphere; the achieyets
trum is fitted with a proper equivalent model, aling
off-normal-incidence reflectance prediction foandp
polarization. The near-specular reflectapgeis meas-
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ured at three different wavelengths (red, greeume)oior
a set of values of the apex angleovering the range of
interest for the specific CSP application. Assunting
Total Integrated Scatter (TIS) relationship, thqufea-
lent) roughness associated to the investigated apgbe
¢ is given by,

7 ph(lo,O,h))

0 an s(%,0.9)

The agreement among the results achieved at tke thr
different wavelengths indicates the correctnesghef
TIS assumption. Finally, the near-specular reflecéaat
off-normal-incidence is given by,

o COSH
ps(4,0,0)=p,(4,0,h) exp “j

The effectiveness of the solar mirror must be numer
ically evaluated by ray tracing for the specificRC8p-
plication, properly including the divergence of thalar
radiation.

The method is currently under test. A public calw
launched over the Task Ill email list, opening tiod-
laboration with institutions, manufacturer and indu-
als.

References:

[1] G. Maddaluno, M. Di Fino, F. Orsitto, A. Rufelp M. Mon-
tecchi, E. Nichelatti, E. Serra, A. Litinovsky, Gergienko, G. De
Temmerman, L. MarotTests of rhodium-coated molybdenum first
mirrors for ITER diagnostics, 34" European Physical Society —
Conference on Plasma mirrors -, Warsaw (Polang)2Zhl, 2007.

[2] M. Montecchi, E. Nichelatti, and P. Polatdybrid equivalent
model algorithm for the prediction of glazing angular properties,
Solar Energy and Solar Cells 71 (2002) 327-342.

A Pressurized Air Receiver for Solar-driven Gas
Turbines

| = individual member country activities of intetgsX
to SolarPACES

M = member country task-shared activities |of
interest to SolarPACES

T = SolarPACES task-shared activities

C = SolarPACES cost-shared activities

Contact: Peter PoZivilpozivilp@ethz.ch Aldo Stein-
feld, aldo.steinfeld@ethz.ch

Participants: ETH Zlrich, ALSTOM
Website:
http://www.pre.ethz.ch/research/projects/?id=salangr
bine
Funding: ALSTOM, EU-FP7 project SFERA.

In previous publications [1,2] we reported on aelov

design of an air-based pressurized solar receioer f
power generation via solar-driven gas turbinescles

matic of the solar receiver configuration is shawfrig.

1. The main component of the indirectly-irradiated r
ceiver concept is a cylindrical silicon carbide Gpi
cavity, surrounded by a concentric annular retteula
porous ceramic (RPC) foam. Absorbed heat is trans-
ferred by combined conduction, radiation, and conve
tion to the pressurized gas flowing across the RFG.
kW prototype was tested with air and He as working
fluids at outlet temperatures up to 1335 K andesgure

of 5 bar [2]. The critical component is the ceraawi-

ty, which is exposed to concentrated solar radiafihe
cavity-type geometry enables efficient capture rafi-i
dent solar radiation through multiple internal eefions,
approaching the behavior of a blackbody absorbbr. A
sorbed radiation is transferred by conduction acths
ceramic cavity walls, while withstanding high temmpe
tures and pressures. Thus, the design constrams ar
mainly given by the limitations imposed by the miils

of construction such as the maximum operating teaipe
ture, thermal conductivity, resistance to thernadcks,
and inertness to oxidation by air. Promising cetami
materials are reaction-bonded silicon infiltratedC S
(SiSIC) or pressureless sintered alpha SiC (SSittich
allow maximum operating temperatures of about 1873
at thermal conductivities in the range 30 - 125 W
while offering stability against thermal shock, dafion,
and mechanical loads.

A set of four silicon carbide (SiC) cavity-receiser
attached to a 3D compound parabolic concentratoe we
tested on a solar tower at stagnation conditions3fo
kW solar radiative power input under mean solar-con
centration ratios exceeding 2000 suns and nomamad t
peratures up to 1600 K. The experimental setup is
schematically depicted iRig. 2. A heat transfer model
coupling radiation, conduction, and convection was
formulated by Monte Carlo ray-tracing, finite volam
and finite element techniques, and validated imseof
experimentally measured temperatures. The model is
applied to elucidate the effect of material projestt
geometry and reflective coatings on the cavity&rinal
and structural performances. A pressurized airuttirc
was not integrated at this stage of the projegbutn
powers ranging from 32.5 to 37.4 kW were realized
during the field campaign. A peak temperature @55
K was obtained and measured by means of infrafed (|
pyrometry for an incident solar flux of 2112 kWt
stagnation conditions [3]. Factors of safety foes$ and
temperature of the tested SiC materials were imahge
of 2.0 - 4.2 and 1.0 - 1.5 respectively. 89% of itie-
dent solar radiation can be conducted across thigyca
wall and available as useful power, while re-radiais
the dominant source of heat loss.
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Fig. 1. Schematic of the solar receiver configuratin con-
sisting of a inner cylindrical cavity and a concenic annu-
lar RPC foam in a sealed pressurized vessel. Incong
concentrated solar radiation is efficiently absorbd by the
cavity and transferred by conduction, radiation, ard con-
vection to the pressurized air flowing across the RC [2].

SiC cavity (CAV)

IR camerasc——>2

Type-K
thermocouples

water-cooled Cu/Al box (BOX)

water-cooled secondary
concentrator (SC)

ambience (AMB)

Fig. 2 — Schematic of experimental setup for testinceram-
ic cavity-receivers. It consists of cylindrical SiC cavity
attached to a water-cooled secondary concentratoriar an
insulating ring and surrounded by a water-cooled ba [3].
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Analyses of a Pressurized Air Receiver for Solavedr Gas Turbines.
ASME Journal of Solar Energy Engineering, May., 2012, Vol. 134,
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Development and installation of the HelioFocus larg
Dish/Booster prototype

I = individual member country activities of intete® | X
SolarPACES

M = member country task-shared activities of indere
SolarPACES

T = SolarPACES task-shared activities
C = SolarPACES cost-shared activities

Contact: Thomas Keck, t.keck@sbp.de
Address of contact: Schwabstr. 43, D-70197 Stuftgar
Participants: sbp sonne gmbh (D), HelioFocus Litd. (

Funding: none

Background: HelioFocus of Ness Ziona, Israel, idtem
market modular Dish/Booster systems. These shall pr
vide high temperature steam to combined cycle at co
power plants. sbp was commissioned to developgelar
scale parabolic dish for this application. The @ptoal
design study had been carried out in 2008, thelddta
design of the prototype started at the beginning0df0.

Purpose: Demonstrate the technology, both the novel
dish design and the receiver/heat transmissioreisyst
Provide a carrier for component testing and furither
velopment of the system.

Achievements in 2011: The detailed design was com-
pleted in early 2011. Manufacturing and site prapar
tions were accomplished, site assembly commenced in
September. By the end of 2011, the drive and cbntro
system commissioning was completed and the heat
transfer system installation was underway.

The concentrator applies an unconventional design,
based on a Fresnel arrangement of the 219 fackis. T
allowed to design a flat concentrator structure)scst-
ing of a rigid torque box with 7 cantilever armsyda
with dimensions of 26.5 x 25 m. The total refleetarea
is 493 m2. The concentrator is carried by a tubleta
made up of box sections and a counterweight. & am
a circular crane rail with 18.5 m diameter. Largdrau-
lic cylinders are used for the elevation axis andrao-
vative hydraulic pilgrim step drive was applied the
azimuth rotation.

HelioFocus have developed and tested a volumetric
air receiver in several precursory projects, whiem
reach air temperatures up to 1000°C. An isolatetian
lus piping solution with pivotable joints has bede-
signed as well as the complete circuit for heatsfer
and steam generation. This will be tested in 2¢Hedi-
oFocus intend to apply the technology for supplying
stable steam under Supercritical conditions, artdréu
products such as integration of hybrid Brayton Micr
turbine, CHP and full Solar Combined Cycle.
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Fig. 1: HelioFocus large Dish/Booster prototype.

High-Temperature Thermal Storage using a Packed
Bed of Rocks

| = individual member country activities of intete® So-| X
larPACES

M = member country task-shared activities of irgeréo
SolarPACES

T = SolarPACES task-shared activities

C = SolarPACES cost-shared activities

Contact: Giw Zanganelgiwz@student.ethz.ch Aldo
Steinfeld,aldo.steinfeld@ethz.ch

Participants: ETH Zurich, Airlight Energy,

Website:
http://www.pre.ethz.ch/research/projects/?id=atlicpt
or

Funding: Swiss Federal Office of Energy

A simple yet effective storage system utilizing a
packed bed of rocks was designed, built, tested, an
modeled for storing thermal energy of an air-basadr
receiver. Its main advantages are: 1) abundantaod
nomical storing material; 2) applicability in a widem-
perature range, with limiting temperatures giventhosy
rock’'s melting point; 3) direct heat transfer betwe
working fluid and storage material; 4) no degraotatr
chemical instability; 5) no safety concerns, anel@ji-
nation of chemicals and corrosive materials.

Figure 1 shows the prototype design and the experi-
mental setup. It has the outline of a truncateceawith
a dodecagon cross section. The walls are mademsf co
crete and the whole storage is immersed in thergiou
for higher mechanical stability. The prototype hastal
height of 4 m and the diameter of the circle irsag
the dodecagon varies from 4 m at the top to 2.5 thea
bottom. The storage is filled with rocks with a mea
diameter of approximately 3 cm. During charging mod
hot air from the solar field enters from the topl flows
downwards, ensuring temperature stratification he t
storage. During discharging mode, air at ambient-te
perature enters at the bottom and flows upwardgirgi

2 shows a scheme of the geometry and a photo of the
prototype.

Metal Grid ~ Qutlet Pipe

Fig. 1: Concrete tank of the packed bed thermal emgy
storage prototype

Fig. 2: The storage geometry and prototype

A dynamic numerical heat transfer model was formu-
lated for separate fluid and solid phases and blria
thermo-physical properties, and validated with expe
mental results. The validated model was furthediagp
to design and simulate an array of two industrialle
thermal storage units, each of 6.6 G\\apacity, for a
35 MW, concentrated solar power plant during multiple
charging/discharging cycles, yielding 95% overh#rt
mal efficiency.

Reference:

Haenchen M., Briickner S., Steinfeld A., “High-Temgiare Thermal
Storage using a Packed Bed of Rocks - Heat Tradsfalysis and
Experimental Validation"Applied Thermal Engineering, Vol. 31, pp.
1798-1806, 2011.

Optimization of thermal storage components and
equipment

I = individual member country activities of intete® So-| X
larPACES

M = member country task-shared activities of irdger® So-
larPACES

T = SolarPACES task-shared activities
C = SolarPACES cost-shared activities

Contact: Esther Rojas, Plataforma Solar de Almeria,
(CIEMAT), esther.rojas@ciemat.es

Address of contact: Avd. Complutense, 40; 28040 Ma-
drid, Spain

Participants: Ciemat, Spanish and European comganie
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Aligned with the objectives of the European Com-
mission Technology Roadmap 2010-2020, Ciemat, by
its Concentrating Solar Systems Unit, is has beerkw
ing on developing and optimizing thermal energy-sto
age systems for several years. Today there arenizio
R&D lines related to thermal storage development:

(a)Components design and optimization:

A new design concept, outlined in 2010, fatent
heat storage with phase change materials with low
thermal conductivity has been developed and paténte
2011. Offering an alternative to the actual findute-
sign and steam drums, this new design assuresfian ef
cient heat transfer between the two-phase HTF fod/
PCM due to its high heat exchange area, acts also a
steam separator in discharge and implies a lowrstea
HTF pressure drop in charge. Additional mechaniefns
for improving thermal conductivity of the PCM, like
introducing metal foams, are allowed which would re
duce the required size for a given capacity.

(b)Experimental evaluation of components, equip-
ment and procedures:

The test facility with molten salts as heat tranfife

id erected at the Plataforma Solar de Almeria (Piss#s)
been improved during 2011. This facility is commbsé
two installations: one small device where vahaasxil-
iary heating trace and piping can be tested (Figufg
and a bigger one where also vertical pumps andaont
strategies can be studied and tested (Figure T-&5t-
ing procedures for valves have been outlined andraé
companies have already shown interest in testimg- co
ponents in these loops., Ciemat is currently collab
ing with a total of 12 companies, through theirpexs
tive Structural Material Division, to study the cpati-
bility of different structural materials due to oosion
with molten salts.

(A)

(B)

Fig. 1: Multipurpose molten salt test facility: (A) device
with no circulation; (B) molten salt loop installation.

Ciemat has been actively involved in the internatio
al activities for defining standard testing procesuto
characterize thermal storages, both at prototypel le
(under the 7FP-EU project SFERA) and at commercial
level (by the Spanish certification body AENOR and
ASME PTC52).

Other Ciemat’s activities during 2011 worth men-
tioning were its collaborations with the Europeaitia-
tives EERA (European Research Alliance) and KIC
(Knowledge and Innovation Communities).

References:

Rodriguez-Garcia et aDesign and construction of an experimental
molten salts test loop. 17th SolarPACES International Symposium.
Granada, Spain, 20-23 September 2011

Rivas, E., Rojas, E.; Bayon, Rnovating storage with PCM: con-
ceptual design of a new prototype, 17th SolarPACES International
Symposium. Granada, Spain, 20-23 September 2011

Rojas, E., Bayon, R., Adinberg, R., Fabrizi, Futtdr, C., Laing, D.,
Py, X., Towards standardization of testing storage prototypes, 17th
SolarPACES International Symposium. Granada, Sp0R23 Sep-
tember 2011

ITES — Storage System for Direct Steam Generation

I = individual member country activities of intere® | X
SolarPACES

M = member country task-shared activities of inger®
SolarPACES

T = SolarPACES task-shared activities
C = SolarPACES cost-shared activities

Contact:
(DLR)

Address of contact: Pfaffenwaldring 38-40, 70563
Stuttgart, Germany, Doerte.Laing@dIr.de

Participants: German Aerospace Center (DLR), Ed.
Zublin AG, Siemens Energy Sector;

Doerte Laing, German Aerospace Center
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Funding: Partly funded by the German Federal Mipist
for the Environment, Nature Conservation and Nuclea
Safety (BMU)

the test results are reproducible, showing cyctitadpil-

ity of the system. Operation can be conducted iifoua
modes. The best practice needs to be determinegtidor

specific applications. Hydraulic balancing of thecala-

Cost effective storage systems demand the adapta- tion system is an issue for further investigatitm,in-

tion of the storage technology to the heat sountkthe
consumer. For direct steam generation, there igrefis
cant advantage, when specially adapted storage lesodu
for preheating, evaporation and superheating aitegbe
applied. In the ITES-project a complete storagdesys
for direct steam generation with specially adayst-

crease the operation range.

The next generation DSG-storage system will in-

volve PCM-storage in connection with a three-tank

molten salt storage system for preheating and bepéer
ing. This is currently under development in coofiera

age modules was developed. For preheating and-super With industrial partners, including, as the nextpsta

heating, the concrete storage technology develdyyed
Ed. Zublin AG and DLR is applied, while for the gea
ration section a PCM-storage is developed by DLR. A
demonstration system with a total capacity of 1 MWh
was tested in a DSG-testloop at Endesa’s powett plan
Litoral in Carboneras, Spain.

The concrete storage technology, successfully de-
veloped for trough power plants with thermal oilhesat
transfer fluid, has been successfully adapted anaod-
strated for water/steam as heat transfer fluid. éleaw
the economic analysis showed that in contrast & th
application with thermal oil, in DSG concrete stggds
too expnsive due to the low usable temperatureemiff
ence and the high system pressure.

The PCM-storage used for evaporation/condensation
of the water/steam fluid, uses sodium nitrate aasph
change material. The PCM storage module applies a
specially developed finned tube design with aluminu
fins, to reach the required high heat transfersratde
PCM has a melting temperature of 305 °C; this lgads
a steam pressure of 107 bars during charging and
80 bars during discharging. The PCM-storage demo-
module uses 14 tons of salt with a latent heataigpaf
approx. 700 kWh (see Fig. 1).

The 1 MW-demonstration storage system, build up
of the PCM-storage module and the concrete superhea
er module was successfully tested in coupled ojperat
as well as in single module operation. The focus fo
testing was on the 700 kwh PCM-storage.

The operation of this PCM storage module for evap-
orating water in constant and sliding pressure meae
successfully demonstrated. Three different opematio
modes regarding flow for discharging the PCM sterag
have been tested successfully, showing potential fo
future cost reductions for the complete storageesys
Here, either only the recirculation pump or ever th
complete circulation cycle including the steam drum
could be eliminated. Good system operability of the
systems was achieved.

It can be concluded, that PCM storage operatian in
water steam loop with power plant operation paranset
is feasible. Very high discharge rates have beengmr,

scale up to pre-commercial scale of 10-20 MWh ciapac
ty.

i

<=

Fig. 1: PCM-storage demo-module in Carboneras
References:

D. Laing, C. Bahl, M. Eickhoff, M. Fi3, M. HempeM. Meyer-

Grinefeldt, (2011). Test Results of a Combined égferSystem for
Parabolic Trough Power Plants with Direct Steamegation, ASME
5th International Conference on Energy Sustairtgbilivashington
D.C., USA.

Laing, Doerte und Bahl, Carsten und Fi3, Michaetl utempel,
Matthias und Meyer-Grinefeldt, Mirko und Eickhoffjartin und
Stuckle, Andreas (2011) TEST AND EVALUATION OF A
THERMAL ENERGY STORAGE SYSTEM FOR DIRECT STEAM
GENERATION. SolarPACES 2011, 21. -24. Sept. 201ian@da,
Spanien.
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OPAC Optical Aging Characterization Laboratory

| = individual member country activities of intere® So-
larPACES

M = member country task-shared activities of irgereo
SolarPACES

T = SolarPACES task-shared activities
C = SolarPACES cost-shared activities

Contact: Stephanie Meyen
Address of contact: Stephanie.Meyen@dIr.de
Participants: DLR (Germany), CIEMAT (Spain)

The commercialization of concentrating solar power
technologies lead to the many worldwide industrial
projects and CSP power plants feeding electrigitgp i
national power networks. The technical challengés o
the real working conditions, financing and keepihg
power efficiency goals puts a lot of pressure omuma
facturers and plant operating companies. The need f
quality and lifetime guarantees of the components i

creases more and more. Those guarantees can only be

given with appropriate standardized testing methblgs

to now, standards regarding the components for CSP
technology specifically do not yet exist, whichvify
currently standards from similar application fieldse
being adopted. But these standards are not alwdss a
quate for this application. Work on improving tkitua-

tion is being carried out by the SolarPACES Task
groups, where various research institutions wogeto-

er with the industry.

At the Plataforma Solar de Almeria (PSA) in Spain
the OPAC (Optical Aging Characterization Laborajory
is a collaborative project between CIEMAT and DLR,
which is dedicated to defining appropriate quadifion
and test methods with focus on one of the main CSP
components, the reflector and the mirror-matet&sf.

The aims of this project are:

- To establish the most suitable instruments and
methods for optical characterization and aging
tests of CSP reflectors.

- To establish adequate procedures, standards
and guidelines for optical characterization and
aging tests of CSP reflectors.

- To do research on degradation processes of ma-
terials used in CSP under accelerated conditions
and outdoor exposure with the goal of establish-
ing lifetime prediction models.

- To offer technical support and services to the

industry.

To do this, the laboratory is equipped with a det o
common instruments and in-house prototypes ofi-artif
cial aging chambers, outdoor exposure test stands a
optical analysis equipment. Great advancement ées b
achieved in finding artificial aging tests that iate to

degradation processes in outdoor exposure of I@t-co
aluminum mirrors and derive a lifetime predictionan

el. Also, various studies regarding anti-soilingaibogs
on glass mirrors are being performed as well adiesu
about the effects of different aggressive exposites
with outdoor test stands in coastal, industrial dadert
regions, in Europe and North Africa (Fig. 1).

While also developing improved optical measure-
ment systems, another main achievement of 2011 (in
collaboration with NREL) has been the publicatidao
interim guideline on the topic of reflectance measu
ment methods using commercially available instrusien
It is a summary of current knowledge and experience
that can serve as a basis for further advanceneent t
wards standardization. The document is currentlgiaw
ing revision in order to proceed to the next stageere
contributions from other institutions and induswiyl be
implemented once technical discussions have redolve
current opinion dicrepancies. It can be downloaded
the  SolarPACES homepage of Task
(http://www.solarpaces.org/Tasks/Task3/reflectanaaadine.htn).

Fig. 1: Outdoor test stand at PSA in Tabernas, Spain

SFERA: Solar Facilities for the European Research
Area

| = individual member country activities of intere®
SolarPACES

M = member country task-shared activities of irger®
SolarPACES

T = SolarPACES task-shared activities
C = SolarPACES cost-shared activities

Contact: Diego Martinez

Address of contact: diego.martinez@psa.es
Participants: CIEMAT (ES), DLR (DE), CNRS (FR),
PSI (CH), ETHZ (CH), WIS (IS), ENEA (IT), and:

DIN (DE), UPS Toulouse (FR), AUNERGY (ES), CEA
(FR), INESC-ID (PT)

Start : 1 July, 2009

Duration: 48 months
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Funding: European Commission, approx. 7.4 M€ search Area by opening installations to Europeash an
partner countries’ scientists, thereby enhancirapeca-

and in view of growing climate change concerns,Ehe mains where knowledge is now widely dispersed, and
has taken on the role of Kyoto Protocol promotet set generate strong Europe-wide R&D project consortia,
ambitious goals to achieve a large share of renlewab increasing the competitiveness of each member.

energy in the European market. In particular, March o o ) _

2009 saw European leaders sign a binding EU-wide The joint research activities aim to improve thalgu
target to source 20% of their energy needs frorewen ity and service of the existing infrastructure ez their

ble sources such as hydro, wind and solar power by services and jointly achieve a common level of high

2020. Solar energy, as a primary source of renawabl Scientific quality. All facilities currently use éir own
energy, will likely contribute a major share. procedures to perform tests and experiments urater ¢

centrated sunlight and have developed their owtcdev
There is, however, a need for further investment in 0 measure flux and temperature as the most relevan

and utilities in global business opportunities. the concentrated sunlight have recently becomdaavai

ble and need to be qualified to assess their dsfof
The purpose of SFERA is thus to integrate, coordi- application.
nate and further focus scientific collaboration ag¢he

leading European research institutions in solarcenn ~ To improve the quality of their installation tesrs
trating systems and offer European researchers and Vices, the partners will, for example, cooperatedtab-
industry access to the best-qualified research tastl lish common guidelines on how to perform testing an
infrastructures. develop and exchange best-practice approaches. They

have included the competences of the DIN, the Germa
Through coordinated integration of their comple- Standardization institution, in order to come ughva
mentary strengths, efforts and resources, the girige systematic and professional approach in this field.
working to increase the scientific and technololica

knowledge base in the field of concentrating seigs- In addition, a set _of five networking_act?vitiesll\{he_
tems in both depth and breadth, provide and imptose undertaken. These include the organization _o_f itngin
research tools best-suited for the community adrsists courses and schools to create a common trainimgefra
and engineers working in this field, and increase t  Work, providing regularized, unified training of yog
general awareness — especially of the scientifioroo- researchers in the capabilities and operation oten-
nity — of the possible applications of concentrasethr trating solar facilities. Communication _ac_:t|V|t|e/s|II
energy. seek to both strengthen relationships within thesoo-
tium, creating a culture of cooperation, and toinf the
The overall goal of these efforts is to create iiach general public, academia and especially the ingustr
virtual European Laboratory for Concentrating Solar about what SFERA is and what services are offered.
Systems, easily accessible to interested researciuen This will give many potential users the opporturtity
thus serving as the structural nucleus for growdeg become aware of the existing possibilities for mgki

mand in this field. Such a European Solar Laboyator Use of the SFERA infrastructures.

would also contribute to a sustainable, secure [iean o

energy supply and to a firm basis for global corapet Development of guidelines for standards for CSP
tiveness of European suppliers of technology irs thi components

field.

| = individual member country activities of intete® So-| X

Five of the project partners — CIEMAT-PSA, DLR, larPACES
PROMES-CNRS, ETH and PSI —are already collaborat- | M = member country task-shared activities of irger® So-

ing in the SolLAB virtual laboratory consortium, igh larPACES
has initiated several networking activities sintsecrea- T = SolarPACES task-shared activities X
tion in 2004. ENEA and WEIZMANN now join the C = SolarPACES cost-shared activities X

consortium, thus looking to consolidate a partriersis

the reference European Solar Laboratory. Contact: Peter Heller
The project incorporates transnational access, net- Address of contact: DLR, peter.heller@dir.de

working and joint research activities. Researcimenge Participants: SolarPACES members

access to five state-of-the-art high-flux solaresgsh Funding: in-kind

facilities, unique in Europe and in the world. Assdo

these facilities will help strengthen the Europd?er
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This activity started in 2008 with two SolarPACES
TASK Il workshops to define objectives and a roagm
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, guidelineslidh
be developed for standards for CSP components.

The following four working groups were established:

a) Guidelines for reflectance characterisation

b) Guidelines for mirror panel and modules charac-
terisation

c) Guidelines for receiver performance measure-
ments

d) Guidelines for durability testing

In 2011 two SolarPACES workshops were orga-
nized, both in Granada, Spain. The first was held o
February 21st with 50 participants and the secomd o
September 19 in conjunction with the SolarPACES
Symposium, with 56 participants. The intensive dssc
sion between industry members and research ingtigit
showed a wide agreement in the developed methods.
Since 2010, this activity is also financially supged by
SolarPACES in a 3year project.

In group a) a round robin test has been conducted t
pre-define guidelines for reflectance measureméiits.
results showed the validity of the currently progbs
method but also revealed the areas where an improve
ment of the state of the art is still needed. Aectmam
prepared a proposal for the most promising proeasdur
which then was published as a first interim dradt S
larPACES Guideline document in spring 2011. Com-
ments were provided over the course of the year and
discussed in the second workshop. Because somts poin
of discussion were still to be agreed on, a tedinic
meeting and a second round robin test were plafored
2012 with the mission to finalize the guidelineiriter-
national consensus and transform it into a propfisal
standardization at IEC by the end of 2012.

Group b) showed significant advances and will final
ize the draft guideline on mirror module shape meas
urements by autumn 2012.

Group c) will also apply for a SolarPACES fund
with the objective to finalize a guideline in autum
2013.

The next workshop was announced for autumn 2012
in combination with the SolarPACES Symposium in
Marrakech, Morocco.

Guideline for Standard for Reflector Shape Analysis

I = individual member country activities of intete® So- | X

larPACES

M = member country task-shared activities of irderto

SolarPACES

T = SolarPACES task-shared activities X

C = SolarPACES cost-shared activities X
Contact: Eckhard Lupfert, Steffen Ulmer, Bjorn

Schiricke, Chris Prahl
Address of contact: DLR

e.luepfert@dlr.de, steffen.ulmer@dir.de,
bjoern.schiricke @dIr.dechristoph.prahl@dlr.de

Participants: DLR, Ciemat, NREL, SANDIA, ENEA,
FhgISE, industry partners

Funding: different sources, BMU, SolarPACES, indus-
try

The shape and relative orientation of the mirr@dus
for concentrating the sunlight onto the receivetede
mines how much of the specularly reflected beanarad
tion hits the receiver. This fraction is usuallyndeninat-
ed the “intercept factor” (IC). The intercept factbe-
pends on the reflector geometry as well as on #® g
metric parameters of the receiver (size, positanm on
the sun position and tracking system.

In view of the supply chain and system designs it i
relevant to characterize the mirror shape quaktguch,
independently of the configuration of the rest wiu-
ence parameters on the intercept factor. In praviou
work performed at the majority of the institutioastive
in CSP development, the surface slope has been meas
ured with various strategies and technologies. Comm
techniques are

1. deflectometric techniques,
2. laser beam reflection methods, and
3. 3D point measurements.

It is useful to evaluate the mirror surface slop&®
deviation from the design geometry. For this reaon
has proven most practical to use the first two wesh
for detecting the orientation of the reflex on tharor
itself. Successful examples are the QDec, AIMFAST,
TOP and VShot methods of DLR, NREL and SANDIA
respectively, as well as further laser reflex measu
ments applied by ENEA, Flabeg, Siemens and others.

The methods are applicable to trough mirrors as$ wel
as any other concentrator geometry variant (helisst
linear-Fresnel, dish). The wider and standardizdb
duction of mirror shape quality measurements based
the new guideline will contribute to:

e increase and maintain mirror quality and power
plant output of CSP plants, and
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* enhance the development of new competitive 1000

8 10 12 14 16 18 20
Focus Deviation FDx in mm

materials, products and suppliers. o0

96% | |

The required accuracy of slope measurements for 0% [
CSP mirrors is 0.2-1 mrad. For successful measure- e L
ments, not only the appropriate methods are reduire % oo : :
but also the instructions for their applicationglirding £ oo Lo
sample preparation, preferred configurations, aradue 8% L J
ation strategies. The effect of the measuremeritipos 84% 1 ! !
(e.g. vertical/horizontal), support frame, and monm 82% ; ; ;
forces must be considered for reproducible measemem 80% ‘ 1 1
results in different boundary conditions to achieeen- oz e

parable evaluations.
Figure 2: Sun intercept factor - ray-tracing resuls for

Based on the measurement results and the ray- EuroTrough (RP3) mirror panels assuming a typical sun

tracing analyses, it has been proposed to spedifpm shape and including typical tolerances for the resof the

shape quality with the standard slope deviatiommar collector components, for 0° incidence angle

ters SDx and SDy, and standard focus deviation FDx

and FDy in transversal and longitudinal directiors

spectively. For dish systems polar coordinatescare-

mon. These values are the root mean square (rms) of

thousands of individual measurements of slope tienia

from the design shape on the reflector surfaces Thi

specification replaces previously used definitioriated

to laser-beam intercept factors on the receiver sith-

out the direct need of changing measurement praesdu

but with much higher significance as the qualitygmae-

ter for a key element of CSP technology.

Minimum specification of RP3 mirror panels should
fulfill FDx of below 12 mm. Current state of thet &or
the standard focus deviation in RP3 mirror products
below 10 mm, often already below 8 mm, and relevant
potential is even below, with relevant impact om th
solar field performance. A surface area of at 188s5%
of the mirror aperture area should be evaluatece Th
deflectometric method has been successfully tramesfe
to industrial application by the mirror manufactseas
well as for solar field assembly quality control.

P ; The draft guideline on mirror shape for CSP systems
As objective for the glass reflector for high peffo ) . )
mance tr(])uglr:/collectorsga typical value for tlr?mesﬂd will be available from SolarPACES for wider comment
slope deviation SDx is 1.5-2.5 mrad, and for trengt ing and development during the year 2012.
ard focus deviation FDx in transversal directioroatb
15% of the absorber diameter.

References

E. Lupfert, S. Ulmer: Solar Trough Mirror Shape Sfieations,
SolarPACES Conference, Berlin, September 2009
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Fig. 1: Example of a QDec measurement result of thepa-
tial distribution of the transversal focal deviation (FDx) for
the surface analysis of a pair of mirrors (RP3 inneand
outer), scale in mm
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6. Task V.
Solar Resour ce Assessment and Forecasting

Task Representative:
Richard Meyer, Suntrace GmbH

Task Participants:
e Australia: BOM
e Austria: BlueSky Wetteranalysen, ASIC
e Canada: Environment Canada, CANMET
« European Union / Italy: Joint Research Center (JRC)
* France: EAM/Armines, LASH-ENTPE
e Germany: DLR, Suntrace GmbH, University of Appl@ciences Ulm, University
of Oldenburg (EHF)
« Norway: University of Agder
» Slovakia: GeoModel s.r.o.
e Spain: CIEMAT, CENER, University of Jaén, Univeysitf Navarra
e Switzerland: Meteotest, University of Genéve (UN)GE
* USA: NREL (Operating Agent), NASA, SUNY

6.1 Nature Of WOI'k and Obj ectives The four objectives of this Task are:

“Solar Resource Assessment and Forecasting” is an Evaluate solar resource variability that impacts
IEA Task under the Solar Heating and Cooling (SHC) large penetrations of solar technologies;
Programme Implementing Agreement with Dr. David -~ Develop standardized and integrating proce-
Renné from NREL as Operating Agent. There the Task dures for data bankability;
counted as Task-46. The IEA SolarPACES ExCo also -~ Mprove procedures for short-term solar re-
guides the Task, where it is called Task V andejwe- source forecasting, and .
sented by Dr. Richard Meyer of Suntrace GmbH. it fu - Advance solar resource modeling procedures
ther maintains collaboration with the IEA Implemient based on physical principles.

Agreement PVPS (Photovoltaic Power Systems). . L
Achieving these objectives would reduce the cost of

The Task is a follow up of the earlier SHC-Task-36 Planning and deploying solar energy systems, improv

named “Solar Resource Knowledge Management”. TheEfficiency of solar energy systems through moreueate
title change reflects the changing priorities. Tamk now ~ and compléte solar resource information, and irserea
focuses primarily on the two most important topicshe € value of the solar energy produced by solameio-
field of solar radiation for solar energy applicats: For ~ 9'€S:

financing the bigger and bigger projects soundrsa ) _

source assessments are more and more important. And | "€ Task is now structured in four subtasks:

for operation of the many MW installed power forgtea

ing of solar radiation is receiving high attentifnom * Subtask A: Solar Resource Applications for

plant and grid operators. In SolarPACES it remaiss High Penetrations of Solar Technologies

Task V, but with a new title. * Subtask B: Standardization and Integration
The scope of work of the task addresses severa mor Procedures for Data Bankability

solar resource topics even beyond solar forecastiny * Subtask C: Solar Irradiance Forecasting

resource assessment. But many are related to the ma * Subtask D: Advanced Resource Modeling

topics. It covers satellite-derived solar resoyraducts, .. .
ground-based solar measurements also coveringstopicﬁ.z Activities Durlng 2011

not picked up in Task 36 like measuring circumsoéar A Task Experts Meeting was held on March 1-2 at

diation. DLR in Stuttgart, Germany. This was the final megti

_ of SHC Task-36 and in parallel the planning meeforg
The Task equally supports solar thermal heating andsyc Task-46.

cooling, photovoltaies and concentrating solar poag

plications. However, for best serving the objectiva Another full Task Meeting was held on SeptemtB¥ér 2
SolarPACES this report focuses on direct solaratamh, following the ISES Solar World Congress in Kassel,

which can be concentrated. Germany. This was the initial Meeting of SHC Tak-4
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and helped to further shape the new Task work plang 3 2 Activity A2: Integration of solar

which was approved by the SHC ExCo in November.

After the SolarPACES Symposium 2011 in Granada
a one-day workshop of Activity B.1 for new and ad-

vanced solar measurements took place hosted byddLR
PSA.

The T International Conference on Energy Meteor-

ology in Queensland, Australia, was co-chaired éses
al Task participants.

with other RE technologies

This activity is led by CENER (Spain). It dealsttwi
hybrid power generation involving solar and other r
newable technologies (e.g., wind, biomass). Hybed-
eration has pertinence to various scales from relyot
operating hybrid installations, to autonomous ande
terconnected micrgrids and larger scales. The focus of
this activity will be placed on weather data anddiance
data requirements to address such questions. liyitia
smaller scale issues — autonomous hybrid systeenthar

A number of Task-related papers were presented bynain point of interest.

task participants at the SolarPACES Conferencerm G
nada, and the Solar World Congress in Kassel. ddsbé
reviewing and summarizing the most important warks
Task participants of last year, this year’s ref®ifiocus-
ing on the description of the new work plan.

6.3 Subtask A: Solar Resource
Applications for High Penetration

of Solar Technologies

This Subtask is led by Richard Perez of University
Albany (SUNY, USA). It aims to develop data sets-ne
essary to allow better understanding short-termues
variability characteristics, in particular up anadwh
ramp rates. This should help to better manage laege-
trations of solar technologies in the grid systefhis
work is focused toward PV systems, which react atmo
instantaneously to cloud passages over individaak|s
and thus lead to highly variable plant output. Tisisa
burden for the stability of the grid. But the inficaition
about variability may also be useful for solar that and
CSP systems. Their intermittency due to variablarso
resources has less impact due to their higheri@nert
Nevertheless it has some effects especially ort jglam-
trol and could require higher co-firing rates toanéhe
demands.

Subtask A is structured into three main activitigise
first concentrates on solar resource aspects,itbelfsec-
ond cares about combination of solar with otheevear
bles to match demand especially in island systends a
the third cares about the integration of intermgtisolar
and wind production into the grid. In detail théldaving
is planned:

6.3.1 Activity Al: Short-Term
Variability

Al is led by Hans Georg Bayer of Universi-
ty Agder (Norway). This activity is concerned

6.3.3 Activity A3: Spatial and
Temporal Balancing Studies of the

Solar and Wind Ener gy Resour ce

A3 is under the lead of David Pozo of Universidad d
Jaén (Spain). This Activity is concerned with tinalgsis
and modeling of solar and renewable resource dadal-t
dress: (1) the spatial balancing of the solar neso(both
GHI and DNI driven resources) across various distan
scales; (2) the spatial and temporal balancingotii the
solar and wind resources across various distargessc
and (3) the determination of the requirements fdars
radiation forecasting to allow better balancinghaf grid.

6.4 Subtask B: Standardization
and Integration Procedures for
Data Bankability

This subtask is coordinated by Carsten Hoyer-Klick
of DLR (Germany). It addresses data quality andkhan
bility issues related to measurement practices aad
the use of modeled data, which covers satellitérder
and purely model-derived solar radiation products.

The topics of Subtask A are structured in five\acti
ties. The first deals only with measurements. Téwosd
activity should improve and standardize quality athe
procedures, gap-filling, flagging of errors andad&br-
matting. Activity B3 cares about the fusion of ars
solar resource data sets, while B4 integrates iauxil
meteorological products, which are needed for prope
performance simulation of solar energy systemsivigt
B5 defines and analgs the uncertainty of solar radiation
data at various temporal and spatial scales.

6.4.1 Activity B1: Measurement best
practices
This Activity is led by Stefan Wilbert of DLR (Ger-

with the spatial and temporal characterizatiormany) working at its lab in Almeria, Spain. The mai
of high frequency intermittency at time-scalesgoal is to agree best practices for obtaining dealliso-

of 15 minutes or less. It looks at ramp rates o
solar radiation, and how this variability may

far measurements. A handbook should describe, shat

needed to provide bankable data for large solgept®
It includes also better characterization of commarded

impact the operation of solar technologies anghstruments like the Rotating Shadowband Irradiemset

their deployment on local power grids.

(RSIs) and other not as yet standardized typelai s
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radiation sensors. The Activity supports standatibn the various radiation products. Having realisticgderm
of such instruments and their use in connectiow/MO time series available also allows to make use akerso-
and the respective standardization bodies. phisticated approaches in modeling potential céshsf
from solar energy projects. Instead of simply apgya

Beyond this also newer solar radiation measurandsingle typical meteorological year (TMY) many réuid-
not yet widely used in solar energy, but relevantriore  toric years can feed performance simulation modéiss
detailed analysis of some systems should be defited would be an alternative to using just a P70 or p&éar
example is the circumsolar ratio, which is of relese  derived from inter-annual variability for risk agais.
for systems with high concentration factors.

Sub-activities in B3 involve:

For all kinds of measurements covered in this égtiv
the analysis of uncertainty plays an important.rdlee . acquiring ground-measured data and satellite da-
goal is to follow the guide on General Uncertainfiy ta covering parallel period of records,
Measurements (GUM) to learn more about absolute ac- <  the review of existing methods for integration of
curacy of the various instruments. It needs toilferdn- data sources,
tiated at which sun elevation, with which sort @ of - the definition of statistical parameters for uise
calibration and under which instrument cleanlineso-  characterizing the combination of ground-based satd
lar radiation measurement was taken, to estimaeith  ellite-derived data,

certainty of individual values. Due to the randosmef e the criteria for selection of useable data falada
some errors the uncertainty of mean values paxtty-a  fusion,
ages out, but it needs to be known for qualifiethda e  the validation of the procedure and

further improvement.
6.4.2 Activity B2: Gap-Filling, QC, o _ _

This Activity lead by Carsten Hoyer-Klick of DLR M eteor ol Oglcal Products

(Germany) should improve quality check (QC) proce- B4 led by GeoModel s.r.o. (Slovakia) is aiming to
dures and documents best practices of their apioiica  build on B3 and adds auxiliary meteorological pagam
QC is an essential exercise before any furtheryaisabf  ters, which are of use for simulating the perforosanf
measured data, but could also be applied to modelsolar energy systems. Such parameters are air tampe
derived time-series data. ture, humidity, wind speed, gusts and wind directieor
some solar plants also air pressure plays a rale,fer
B2 covers also the related topic of filling datgpgia the cooling process.
for reaching complete time-series. This is ofteedssl
for performance simulation, which reqsreontinuous In this activity the historical use of TMY data Wie
input data. evaluated in the context of better practices forusating
solar system design and output. Recommendations for
Related to QC is also the flagging of data values,alternative approaches to TMY data will be madeegi
which are classified as erroneous. In professiat@h  that TMY data sets do not allow for evaluation af e
sets for each value the quality should be indicaleal treme events. Also higher time resolutions shoud b
allow easier understanding, international collabora  considered. Sub-activities are:
and exchange of data various existing conventibosld

be standardized. e reviewing the use of TMY in industry and fi-
nancing,
Also it would be very helpful for good collaboratio « based on the results of the review create TMYs
of data providers and performance simulation eregge and improvement of the same,

to have common formats for solar radiation and rothe « standardize formats of TMY datasets and
meteorological data. Therefore, this activity alsares

for definition of common data formats in this field *  the possibility of developing multi-year data sets

for improved risk analysis.

6.4.3 Activity B3: Integration of data 6.4.5 Activity B5: Data uncertainty

SOurces for various temporal and spatial
This Activity is led by CIEMAT (Spain). It should ;
AN resolutions

explore procedures of combining different data,ssish o .

as short-term ground measurements with long-tetel-sa ~ Activity B5 lead by Richard Meyer of Suntrace
lite derived data. This should bring over the gyatif ~ (Germany) has the objective to analyze mainly theet
potentially better ground-measured data sets torthg-  tainty of modeled solar resource data, which is ttpos
eled data sets, which bring in the long-term climat satellite-derived, but could be also purely modsiiced

view. The combined long-term data set then typjcaie ~ data products. It should also deal with ground-
used to derive the long-term climatological averajle —Measurement adapted modeled data sets, such &s thos
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_derived from integrated data with procedures depedo G 5 1 Activity C1: Short-term
n B3 forecasting up to 7 days ahead

Due to the fact that many sources of uncertainty in  This activity is co-led by Elke Lorenz of Univengit
modeled data are of somehow random nature by Bitegr of Oldenburg (Germany) and by Richard Perez of SUNY
ing over longer time-periods deviations between the(Albany/USA). Development and improvement of meth-
modeled and the reference measurements are awgraginds currently used to forecast GHI and DNI are majo
out. E.g., the random error of partly cloudy pixels tasks in C1. Different forecast horizons, rangimgnf
model boxes averages out, when not just the irmtant minutes up to several days ahead are addresseg usin
ous values are inter-compared, but both measursmenspecific methodology and data. The focus on theifipe
and satellites are averaged over 1 to 3 hoursh©pé&r-  needs of the Activity is further structured in fiGub-
allax error due to misplaced cloud shadows in k&tel Activities which cover different forecasting appcbas.
data averages out well when only daily values am@-c  Procedures can be separated by the data sources, co
pared. sponding methods and time scales used. A sixth Sub-

Activity covers the comparison of these approaches.

A similar statistical effect can be seen in spadi&dr-  verdict should be reached on which sort of methed i
aging. Often results of hourly values are muchepett most accurate for which forecasting horizon. Suehm
when the satellite-derived values are averaged awer od should also allow to compare which solar radrati
area of 10 km by 10 km instead of taking the 1 kyn b parameter is best forecasted in which way.

1 km satellite resolution.
Thus, the benchmarking of model-derived data prod-6'5'2 ACtI_VIty Cz Ir_]tegratlon of solar
ucts always must clearly indicate which type oftgpa 1O €CastsSinto operations

and temporal averaging it refers to. Systematidstes  This activity is led by IrSoLAV (Spain). It examisie

should be done to show various effects. This dgtafso  the important issue of how solar forecasts are deed

should contribute to the improvement of best pcasti  different applications, including utility operati&nman-

for risk analysis of large scale solar projects. agement of PV or CSP power plants, and thermal man-
agement of buildings. A critical aspect of thisktas to

6.5 RGSU"[S Of Subtask C: Solar seek input from users, e.g. utility operators anghecif-

; ] ic types of irradiance or power output forecasesy/theed
Irradiance Forecastlng in order to improve system operations and reduee th

The Subtask C on solar irradiance forecasting is co®Verall cost of energy and maximize the use of wene
ordinated by Elke Lorenz of University Oldenburg €Nerdy within the system.
(Germany). Solar radiation forecasting provideslihse i i ) )
for management and operations strategies for malay s To link the Subtask with the needs of industriadrss

energy applications. With high grid penetrationtsas It IS planned to hold a designated workshop, ourfoat
the current trend in Germany, solar power forengsti solar energy conferences. Addressed industry reptas

gets essential for operating the grid and of comise  UVeS include CSP and PV system operators, eneagly t
has significant effect on market prizes. ers, utility companies and the building sector.sTéub-

activity is also connected to IEA/PVPS Task 14 and

Depending on the application and its correspondingt®mmon task workshop has been planned.
time scalesdifferent forecasting approaches are appro- ) . .
priate. In this subtask forecasting methods cogetime- _ The use of solar irradiances forecasts for diffeegn
scale from several minutes up to seven days ahdad w Plications will be investigated in this sub-actviOut of
be developed, tested and compared in benchmarkingq's’ showcases for various applications of saafation
studies. The use of solar irradiance forecastiggagch-  [orecasting can be given. The studies should alsesti-
es in different fields will be investigated, inclng PV~ 9at€ the influence of forecast uncertainty on thergy
and CSP power forecasting for plant operators itityu yields. The following actions are planned to be ad-
companies, as well dgadiance forecasting for heating dressed:
and cooling of buildings or districts.

e PV power forecasting,

The Subtask is basically grouped in two Activities. * CSP forecasting,

The first one involves the meteorological methauisld « CPV forecasting,

short-term forecasts up to 7 days. The second ifctiv + management of building’s heating systems,
aims for integration of these forecasting resuits iop- * management of solar district heating,
erations. « solar power forecasting for electric utilities,

e solar/wind balancing study (in cooperation with
sub activity A3.6).

In addition, a benchmarking study for different PV
power forecasting approaches is planned.
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6.6 Results of Subtask D: special focuson CSP and solar heating

Advanced Resource Modeling technologies
This activity is led by Carsten Hoyer-Klick of DLR

ermany). It examines approaches for determining
worldwide renewable energy potentials, in particula
global potentials, for use in renewable energy aden
modeling. The Activity also looks at the impact ug-
scaling fine-resolution data into courser globatgrto
see if the removal of sub grid variability introdscbias-

es to the answers.

The Subtask on advanced resource modeling is led bE/G
Philippe Blanc of Mines Paris-Tech (France). Altbbu
most of the work in Task 36 involved the testingdan
evaluation of existing solar resource methodolqgies
some specific new methodologies have been idedtifie
that could be developed within a new task. Thesthme
odologies are driven by specific information redses
from energy project developers and planners.

The Subtask is divided into three activities. D1 6.6.3 Activity D3: Long-term analysis
should further improve methods to better deriveohis and scenarios of solar resource trends
solar radiation data from satellites and modelse $&c- e e
ond Activity aims to analyze the worldwide distrilmun and Va“ab”'ty
of solar resources aiming at an integrated assegsohe This activity co-led by Paul Stackhouse of NASA-
global and regional renewable energy scenarios. ThgaRC (USA) and Jan Remund of Meteotest (Switzer-
third activity will study the impact of climate chge on  land) should study long-term solar data sets, Huith
solar resources, from a historical perspective e @  served and satellite-derived and also climate chaog-
the estimate of future impact. narios for their effects on solar radiation paramet

6.6.1 Activity D1: Improving existing It will reassess episodes of “global dimming” and

A . “global brightening”. These are important for eatlag
solar radiation retrievals potential long-term cash flow implications from @oén-

Led by Tomas Cebecauer of GeoModel s.r.o. (Slo-ergy projects. The uncertainties of the variapibitre
vakia) the objective of this activity is to improstate-of-  characterized from large continental to regionallex
the-art solar radiation modeling and develop nevdeho  Efforts will be undertaken to link the results ¢&#QC
ing approaches. It should look for alternative sesrfor  climate change scenarios to predictions of futwiars
the input of parameters to improve the accuracyand resource variations.
increase the spatial, spectral and angular resokitof

solar resource data sets derived from satellite oXer- The following Sub-Activities are planned:
view of the different advanced solar radiation kkde
will be given as well the corresponding requirerseoit e Evaluation of the influence of leading atmos-
their input parameters. This task will also evautie pheric patterns such as the North Atlantic Oscil-
latest products coming out of the U.S. National &ie lation (NAO) and the El Nino Southern Oscilla-
and Atmospheric Administration (NOAA), such as the tion (ENSO) on the inter-annual variability of
GOES Surface Irradiance Product, which offers arpro GHI and DNI. Examine the magnitude of this
ising solution for providing near real-time irradée val- variability relative to the uncertainties assodaiate
ues throughout the western hemisphere at 4-kmuesol with measurements or satellite-derived data
tion. Sub-Activities are: products. Also, include an evaluation of the long-
term variability of the data sets as a function of

- direct/diffuse transposition model (radiative scale in relation to measurement uncertainties.
transfer code for direct/diffuse and angular dis- Evaluate accuracies required to detect long-term
tribution of irradiance), changes. Reassess as new improved data sets be-

e circumsolar (sushape) analysis, come available. Assess and provide statistical

« spectrally resolved irradiance, variability information to improve “bankability”.

* enhanced atmospheric parameters for radiative e Evaluation of the global general circulation mod-
transfer code based modeling: aerosol optical el (GCM) baseline runs undertaken for the Inter-
depth, enhanced cloud parameters, including 3-D governmental Panel of Climate Change (IPCC)
cloud characterization, and in respect to the variability of surface and satel-

- other model upgrades: pixel disaggregation lite derived observations of solar radiation. Then
(down-scaling solar irradiation data) for high assess future climate changes in solar irradiances
spatial resolution solar map, etc. over a number of models and standard scenarios

relative to the baseline runs at various horizontal
6.6.2 Activity D2: Global solar scales. Assess climate model changes relative to
. the uncertainties found in baseline runs. Is the
resource data sets for mtegr ated likelyhood assignation possible? What statistical
assessment of worldwide and regional distribution would be relevant to bankability?

renewable energy scenarios, with a
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7. Task VI:
Solar Energy and Water Processes and Applications

Operating Agent:

Julian Blanco
Plataforma Solar de Almeria. CIEMAT

Contributions:

Christian Sattler (DLR, Germany)
Reda Abdel Azim Younes (NREA, Egypt)

7.1 Nature of Work & Objectives

Water and energy issues and their mutual intenactio
problems are clearly becoming an issue of increasin
worry in many world regions. This fact, combinedhwi
the habitual coincidence of water problems and high
levels of solar radiation at many Sun Belt locagiowas
the main argument to the recent creation of Taskith
the primary objective of encouraging the developnoén
solar technologies simultaneously addressing enangy
water issues.

Defined Scope of Work of this Task covers any solar
radiation technology supplying either thermal ootaim
primary energy for water treatment, which includes:

* Brackish and seawater desalination:
development of technical procedures and
methodologies for removing or reducing the salt
content from water using solar energy as
primary energy source.

» Solar power and water cogeneration plants:
effective integration of desalination
technologies into solar power plants.

e 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.

Therefore, the purpose of the Task is to improwe th
conditions for solar water treatment market intrctén
and solve water problems, while contributing touest
fossil-fuel consumption. The main specific focustioé
activities and initiatives addressed is to demanstthe
potential of solar energy for such water appligadio

7.2 Task VI Organization and Structure

Task VI is organized into the following three donsi
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;

i) 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.

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;

i) 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
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feasibility of the most
promising technologies

Subtask VI.3. SOLAR WATER DETOXIFICATION
AND DISINFECTION SYSTEMS.

appropriate and

The goals of this Subtask are to:

i) 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.

i) 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 Task VI meetings and participation
In major events

Task VI is open to all IEA/SolarPACES members,
who wish to actively participate in any activitysteibed
within the scope of the Task. Current Task VI atiég
involve active participation of institutions fromgizpt,
Germany, Mexico, South Africa, Spain and United
States.

The 5th Annual Task VI Meeting was held in
Granada (Spain) on Septembef’Z®11, just before the
International SolarPACES Symposium on the same
location. The meeting was attended by a total of 15
persons, representing 6 SolarPACES countries (Egypt
Germany, Mexico, South Africa, Spain and United
States), plus Cyprus as a guest country. At thetintgge
in addition to the usual administrative and orgatiznal
issues, ongoing and other possible collaborative
initiatives were discussed, as well as some suiggssto
increase the content and activities of the Task.

In addition, Task VI related research and actisitie
was also presented at the following major inteoweti
conferences:

« ARWADEX 2011. Water Desalination Conference
in the Arab Countries. Riyadh (Saudi Arabia), 17-
20 April 2011

« POLYGENERATION 2011. % European
Conference on Polygeneration: technologies and
perspectives. Tarragona (Spain), MarcH-2@ril
1%, 2011.

e Third Meeting of ASIA SOLAR ENERGY
FORUM. Bangkok (Thailand), 30-31 May 2011

« 17" SOLARPACES Conference.
(Spain), 20 — 23 September 2011.

« 8th IWA Int. Conf. on Water Reclamation &
Reuse. Barcelona, 26-29 Sept 2011.

Granada

e International Workshop on Advances in
Disinfection Technologies, National
Environmental Engineering Research Institute,
Nagpur, India, February 9th 2011.

The most important achievements in 2011 are
summarized in the following section, with up-to-@lat
information about project participation, objectives
status, and relevant publications.

7.4 Summary of activitiesin 2011

7.4.1 Concentrating solar power and
Desalination Plants
Assessment of CSP+D potential in the

MENA area (T)

T = Task-shared activities by SolarPACES member
countries

Contacts: Julian Blanco Galvez, PSA-CIEMAT
(julian.blanco@psa.gs Christian Sattler, DLR
(Christian.Sattler@dIr.de Reda Abdel Azim Younes
(reda@nrea.eg.com

Duration: April 2010 — March 2011
Participants: CIEMAT, DLR, NREA
Funding: 25 k€ from SolarPACES

Background: Tapping Solar Energy for electricity
generation & water desalination is considered anes
with growing interest, in view of the limited water
supplies in all MENA area. In the specific casdegipt,
securing water needs for both sustainable developme
as well as satisfaction of the domestic needs is
considered a crucial issue in view of the fact ttedt
water share/capita is around 70C/year, being this
figure one of the highest in the whole region. Hiere,
and considering the large existing potential forPCS
project development in the area, the use of solargy

to the combined production of power and freshwater
became highly attractive.

Objective: The objective of this project is theliztion
of a technical assessment of possible configuratimn
Concentrating Solar Power plants with Desalination
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facilities (CSP+D) to optimize the production of tesa
and electricity within the MENA (Middle East and itlo
African) region, considering the specific coastaNID
potential and water and energy needs.

Achievements in 2011: The potential of differentFG®
configurations has been analyzed, considering the
specific potential (solar resource and water needs)
Egyptian coast. The selected location has been Port
Safaga (about 50 km South of Hurghada in the Red Se
coast of Egypt), with a DNI of 2496 kWh7nat about

2.5 km from the sea.

The following CSP+D configurations were analyzed
from the thermodynamic point of view:

-LT-MED (low temperature multi-effect distillation)
unit integrated into a parabolic trough solar power
plant (PT-CSP).

-LT-MED-TVC (low temperature multi-effect
distillation with thermal vapour compression) unit
integrated into a PT-CSP plant, considering steam
extractions from the high and low pressure turbine.

-TVC-MED (multi-effect distillation with thermal
vapour compression) unit integrated into a PT-CSP
plant, considering the extraction from the low
pressure turbine.

-RO (reverse osmosis) unit connected to a PT-CSP
plant.

3
= 26:50:14.258
T = 33:54:19.236

+  North safaga

26:49:08.836 5. 9:0851“‘!‘!
S3EEGRIN - A sion.sqat water station

" South safaga N R
: 26:39:38.26€ \ 2
5 4 133:55:05.581 e
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Fig. 8.1. Selected location to carry out the studpf
combined power and desalination plant in Port
Safaga (Egypt)

The same conditions as the power cycle of the
commercial plant Andasol 1 have been set. In atlist
cases the freshwater and electricity production
considered is the same (35,000%day, 50 MW,
respectively). The results obtained are valid foid a
regions, taking a condensing temperature of 58 R{¢hv
is suitable for dry cooling as a system of refragiem in
the power cycle.

13 hours molten salts thermal storage system was
considered and another hypothesis was that the
desalination unit works fully associated with th&RC
plant (if this last one is stopped the first ongoal

D L Net output therma| Overall

esalination ; L Aperture

system capacity requeste| efficiency area (1f)
(MW4p) (%)

LT-MED 161 31.1 733,570

LT-MED-

TVC-LP (1.17 180 27.7 824,040

bar)

LT-MED-

TVC-HP 199 25.2 906,880

(18.5 bar)

RO 175 28.6 756.460

TVC-MED-

LP (117 bar) 173 28.9 748,830

Table 2. Net output thermal capacity requested, ovall
CSP+D efficiency and aperture area resulting from &ch
desalination configuration proposed at Port-Safagdocation
(Egypt), considering 50 MW, and 35,000 myday of,
respectively, power and water net production

The results showed slightly better combined efficie

of CSP-LT-MED against CSP-RO and lower needed
solar field (Table 2). However, when the levelizagrgy
and water costs are estimated (Table 3), the diffeas
are very small.

Copenera] T et [ e [ owe
Y (ME) plant (M€)

PT-CSP/1 40676 29.83 0.178 | 0.649
RO

PT-CSP/

TmeD | 38038 36.84 0.169 | 0.706
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Table 3. Comparative levelized costs of power (50 W, net
production) and water (35,000 n¥day net production)
cogeneration with PT-CSP/RO and PT-CSP/LT-MED
configuration at Port-Safaga (Egypt)

References:

P. Palenzuela, D.C. Alarcén-Padilla, G. ZaragozaGéillén, M.
Ibarra, J. Blanco. Thermodynamic characterizatidn combined
parabolic-trough solar power and desalination glant Port Safaga
(Egypt). In: SolarPACES 2011. Concentrating Solaysw& and
Chemical Energy Systems. 20-23 September 2011 a@aaiSpain.

J. Blanco, P. Palenzuela, D. Alarcén, G. Zarag&zaGuillén, M.
Ibarra. Assessment of suitable configurations fombined Solar
Power and Desalination plants. 2nd European Caméereon
Polygeneration. Technologies and Perspectivesagana (Spain), 30
Marzo-1 Abril 2011.

CONSOLI+DA - Consortium of Solar
Research and Development (M)

M = individual member country task-shared actitif
interest to SolarPACES

Contact: Julidn Blanco Galvez, PSA-CIEMAT
(julian.blanco@psa.gs Vicente J. Subiela, Instituto

Tecnol {ulian.blanco@psa.gs Vicente J. Subiela,

Instituto Tecnologico Canarias - ITC

(vsubiela@itccanarias.org

Participants: 20 Spanish companies leaded by
ABENGOA and 18 Spanish Research Institutions.

CIEMAT was subcontracted by ITC.

Funding: 24 M€ from Spanish Ministry of Industry,
Commerce and Tourism (INGENIO Program; CENIT
Project).

Duration: 2008 — 2011

Background: The general purpose of the projeat isy

an R&D infrastructure that consolidates the leadivig

of Spain in concentrating solar power technologhks.
CSP can effectively contribute to the achievememt o
defined targets in energy policies (at EU levaligtsthe
20% carbon dioxide emission reduction by 2020, the
important growing of project development is reasdya
expected to occur not only in Spain but also inepth
countries. Main objective of this project is, there, to
consolidate the leading position of Spanish conmgmm
the field of concentrating solar power.

Objectives: The Department of Environmental
Applications of Solar Energy of PSA-CIEMAT
participates in a particular leg of the project ebhi
concerns desalination, with the general objectife o
achieving the effective integration of seawater
desalination in concentrated solar power plantse Th
specific goals of the activity are: (i) to evaluaed
select the most feasible options amongst the difiter
technologies both of solar collection and desalmat
(ii) to perform technical and economic analysistloé
different combined options; and (iii) to analyzedepth

those options by carrying out conceptual pre-desigh
particular plants.

Achievements in 2011: During the last year of the
project, the Department of Environmental Applicato
of Solar Energy has collaborated during the Phasé 2
the CONSOLI+DA Project. This phase involved the
basic engineering of three different solar thermal
desalination plants to be installed in three lansi of
the Canary Islands (Spain).

The first plant is a 50 M\Wparabolic trough solar
power plant coupled to a seawater multi-effect (MED
distillation plant with a capacity of 40.00Cday (2 x
20.000 n¥/day units). The outlet steam from the turbine
(70 °C) is condensed within the first effect of th&D
units driving the thermal desalination process.

The second plant is a 50 MWarabolic trough solar
power plant coupled to a modular seawater reverse
osmosis (RO) plant with a capacity of 30.008day (6

x 5.000 m3/day). Third plant is a 106/day seawater
desalination plant based on membrane distillation
technology. Due to the current thermal performaate
this technology, its use is mainly focused to srfraith
water production capacities in isolated areas. The
thermal energy required for the process (at 85i%C)
supplied by an evacuated tube solar collector field

Fig. 8.2. Scheme of Low Temperature Multi-Effect
Distillation system coupled to a parabolic trough
collector field

References:

P. Palenzuela, D. Alarcén, J. Blanco, E. Guillén, Ikarra, G.
Zaragoza. Modeling of the heat transfer of a saotaulti-effect
distillation plant at the Plataforma Solar de AlfaeDesalination and
Water Treatment, 31, 257-268, 2011.

Palenzuela, P., G. Zaragoza, D. Alarcon and J.d8laBimulation
and evaluation of the coupling of desalination sttt parabolic-trough
solar power plants in the Mediterranean region albeation, 281, 379-
387, 2011.

P. Palenzuela, G. Zaragoza, D. Alarcén, E. GuilMn lbarra, J.
Blanco. Assessment of different configurationsdombined parabolic-
trough (PT) solar power and desalination plantarid regions. Energy
36 (2011), pp.: 4950-4958.

TEcoAgua — Sustainable Technologies for
the Integral Water Cycle (M)

M = individual member country task-shared actiwtaf
interest to SolarPACES



&527 S0larPACES

Task VI 7.5

Contact: Arturo Buenaventura, Abengoa Water
(abuenaventura@water.abengoa.;omJulian  Blanco
Galvez, PSA - CIEMATjglian.blanco@psa.gs
Participants: Leader Abengoa Water. 10 Spanish

Companies and 21 subcon-tracted Spanish Research

Institutions; CIEMAT was subcontracted by Abengoa
Water.

Total Project Budget: 18 M€

Funding: Spanish Ministry of Science and Innovation
(INGENIO program CENIT project)

Duration: 2009 — 2012

Background: The general purpose of the projechés t
development of sustainable technologies for the
generation of alternative water resources. In orer
achieve this goal, advanced technologies in rediama
of contaminated natural resources, wastewatembesat
new desalination processes, etc., must be invéstiga

Objectives of Abengoa Water — CIEMAT collaboration:
The Department of Environmental Applications of &ol
Energy of PSA-CIEMAT participates in a particulagl
of the project which concerns desalination, witle th
general objective of achieving the effective intggm of

a solar powered double-effect (LiBr®) absorption
heat pump (DEAHP) with a multi-effect distillation
(MED) unit in order to increase the thermal perfance

of this seawater desalination process. The spegifals

of the activity are: (i) Design and implementatioha
solar powered DEAHP-MED system; (ii) to perform the
experimental assessment of the solar DEAHP-MED
plant; (iii) Modeling, and (iv) Preliminary desigf pre-
commercial systems.

Fig. 8.3. Double-effect (LiBr-H0O) absorption heat
pump coupled to a multi-effect distillation (MED)
unit at PSA facilities (Spain)

Achievements in 2011: During this year a 230-m
parabolic trough solar field (NEP Polytrough 120@)s

been coupled to the PSA DEAHP unit. The solar field
works with synthetic oil that is heated up to 220 This

oil drives a steam generator that generates theasat
steam (180 °C, 10 bar abs) required by the high
temperature generator of the heat pump.

Additional instrumentation has been specified and
acquired in order to improve the performance of the
simulation models for both the MED and DEAHP units.

7.4.2 Solar Thermal Desalination Systems

MEDIRAS — Membrane Distillation In
Remote Areas (M)

T = Task-shared activities by SolarPACES member
countries
Contacts:

1) Joachim Koschikowski, (Fraunhofer Institute

for Solar Energy, ISE).
2) Vicente J. Subiela (Instituto Tecnologico de
Canarias, SA, ITC)

Addresses of contact:

1) joachim.koschikowski@ise.fhg.de

2) vsubiela@itccanarias.org
Participants: 9 UE institutions (universities, R&Bnters
and private companies) and one Tunisian company
Funding: 3,4 M€ from the European Commission, Call
ENERGY.2007.4.1.3: Small distributed systems for
seawater desalination
Site: www.mediras.eu
Duration: 2008 — 2011
Background:In many places worldwide, drinkable water
is already a scarce good and its lack will rise
dramatically in the near future. Industrial-scale
desalination plants provide big cities with fresater but
small villages in rural remote areas do not profim
these installations. The high technical complegitythe
large plants and the lack or limited access to the
electricity grid, complicates the use of standard
desalination techniques in these places. In thegens
the lack of drinkable water often corresponds \aithigh
solar insulation. This speaks for the use of selzrgy
as the driving force for water treatment systems.
Membrane distillation is a desalination technoldbgt
can easily be connected to a solar thermal collecto
field, with or without heat storage, and can beeamialso
by waste heat. The previously operated units (2005
2008) have demonstrated the high energy efficiBee
Fig 8.4).

Objectives: Main objective is to initialize a marke
penetration of small solar thermally driven memieran
distillation systems, according to the followingatgm 1)
Reduction of water production costs; 2) Expansién o
field for applications leading to an expanding nedr&nd
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decreasing production costs by serial production; 3
Water quality management leading to a sustainable
insurance of the required product water qualityoading

to the application, even under harsh operating itiong;

4) Financing concept for market introduction of MD-

systems in regions with low purchasing power
(developing countries and emerging nations).

N/
= JSolarlnadiaion

4AkWh  Heatloss
module
4kwh
Fig. 8.4. Heat flows and losses on a sunny day in
February 2010 (117 | distillate output in 8.2 h
operation time)

Fig. 8.5. 3D design of the system and installed pia
on Gran Canaria island (Spain) (Source: Fraunhofer
Institute for Solar Energy Systems, ISE).

Achievements in 2011: Commissioning and operation o
five solar MD units: a compact two loop system (300
L/day) in Tenerife Island (Spain), two compact syss

in Tunisia (150 L/day) and two multi-module two oo
systems: Gran Canaria Island, Spain (3.000 L/deg, s
Fig 2) and Pantelleria, Italy (5.000 L/day). Deymient

of a post-treatment unit for the distilled water.

References:

Gemma Raluy, Rebecca Schwantes, Vicente J. SulBeltgasar
Pefiate, Gustavo Melian, Juana Rosa Betancort. “bpeal
experience of a solar membrane distillation denratish plant in
Pozo Izquierdo-Gran Canaria Island (Spain)”. Desdibn Vol 210 pp
1-13 (2012).

7.4.3 Solar water detoxification and

disinfection systems

Development of glass tube coatings for solar
photocatalytic water treatment applications
— SolPur (M)

M = individual member country task-shared actiataf
interest to SolarPACES

Contact: Christian Junghristian.jung@dlr.de

Duration: January 2009- June 2011

Participants: Hirschmann Laborgerate GmbH & Co. KG
(D), Deutsches Zentrum fur Luft- und Raumfahrt e.V.
(D); KACO new energy GmbH (D)

Funding:513 k€; German Ministry for Education and
Research (D)

Background: Titanium dioxide has been utilized in
numerous examples to degrade hazardous compounds
with solar radiation. Despite the large potentiakr f
environmentally benign water treatment, only a few
applications and pilot plants have been establisloefr.
One of the drawbacks of titanium dioxide as a
photocatalyst for water treatment is its difficult
separation from purified water. As residual catalys
concentrations usually cannot be accepted, energy
demanding advanced filtration techniques would have
be applied to remove it below acceptable limits.
Photocatalytically active coatings offer an intéires
alternative to suspensions as they eliminate therggn
demanding catalyst separation process. Moreover
durable coatings would allow for less pump enemg a
very simple fluid installations for solar photodsti
water treatment.
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Fig. 8.6. Solar prototype plant for photocatalytic
activity tests of coated glass tubes (receiver irhe
background) and photocatalyst suspensions (receiver
in the front) in individual loops

Objectives: In this project, commercially available
formulations were applied to build up TiQoatings
inside glass tubes as receiver elements for phexdttes.
After screening of available products, application
conditions were optimized and promising coatingsewe
checked with respect to activity and long term
performance. Solar reactors with photocatalytictioga
were evaluated.

Achievements in 2011: A prototype plant was eredted
parallel tests with photocatalytically active cahtebes

and photocatalyst suspensions under comparable
conditions in individual loops. The photocatalytic
activity of TiO, coated glass tubes was compared with
suspended AEROXIDE® TiOP25 (100 mg/L). The
activity was checked via the degradation of
sulfamethoxazole (1 mg/L) below the detection limit
(<10 pg/L, HPLC-DAD) with 150 L in each loop.

The degradation of sulfamethoxazole below the dietec
limit was achieved with both loops. A lumped ficgter
kinetics evaluation (against the collected globalas
energy on the aperture per batch volume) indicalbesit

10 times faster degradation with the suspended
photocatalyst.
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Fig. 8.7. Degradation of sulfamethoxazole under sa
insulation with suspended and coated Ti@Q)

The results indicate that solar water treatmenh Wi,
coatings on glass tubes is possible at a protosgade.
While the separation of the photocatalyst from the
purified water was avoided, the specific activitytbe
coated receiver reactor has to be enhanced byefurth
measures in order to achieve attractive treatmestess

in the future based on Ti@oatings.

Treatment and Reuse of Waste Waters for
Sustainable Management — TRAGUA (M)

M = individual member country task-shared actiwtaf
interest to SolarPACES

Contact: Sixto Malato Rodriguegixto.malato@psa.es
Amadeo R. Ferndndez-Albamadeo@ual.es

Duration: September 2006 — June 2012

Participants: Up to 24 Spanish Public Instituticared
Companies.

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

Background: Spain is the European country with the
highest water deficit and only 5% ofaste water is
reused. The reasons for the small water reuseiagesd,

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 technolagie

Purpose: A five-year project (2006-2011) extendmdaf
further 9 months (until June 2012) for enhancing
wastewater reuse in Spain. When finished, the Rrogr
will provide with an inventory of waste waters for
potential reuse, treatment protocols according himirt
characteristics and the available economically owpd
technologies, standard methods of chemical,
microbiological and toxicological analysis, infortioem
about the water impact on the environment and the
respective socio-economic analysis.
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Achievements in 2011: As normal municipal wastewate
treatment plants (MWTP) are not able to entirelgrdde
xenobiotic substances (XS), the study has focused o
modified solar photo-Fenton treatment (5 mg Ee,
initial pH 7) of a municipal wastewater treatmetdan
(MWTP) effluent. However, effluents do not contain
compounds which could form photoactive *Fe
complexes. The use of ferrioxalate, humic substance
(HA) and mixing the MWTP effluent with small amosnt
of influent could be justified to form photoactivee®
complexes. All experiments were done in MWTP
effluent spiked (5 or 100 pg/L) with 15 emerging
contaminants (ECs) using a pilot compound parabolic
collector (CPC) solar plant designed for solar
photocatalytic applications.

The 15 compounds selected were: Acetaminophen,
Antipyrine,  Atrazine, Caffeine, Carbamazepine,
Diclofenac, Flumequine, Hydroxybiphenyl, Ibuprofen,
Isoproturon, Ketorolac, Ofloxacin, Progesterone,
Sulfamethoxazole and Triclosan. This study focuses
modified solar photo-Fenton treatment (pH7) of an
MWTP effluent in which the pH is far from the optim
of 2.8 for photo-Fenton treatment. At this pH, thés
still no precipitation and the dominant iron spscia
solution is [Fe(OH){", the most photoactive ferric iron-
water complex. A pH far from 2.8 is detrimentalthe
process, as the concentration of [Fe(GH)is low,
thereby justifying the use of oxalic acid, humiddacr a
mixture of secondary MWTP effluents with influent
wastewater, which could compensate for the
disadvantage of the lack of [Fe(OF)by forming ferric
iron complexes. The oxalate-enhanced process pdvid
satisfactory degradation results, which were cotaple
within a reasonable time. The only drawback of this
process is the low residual pH of the treated waitbich
must be raised again to at least 6.5 for reuse. XS
degradation with the HA-enhanced process was fat a
nearly complete.
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Fig. 8.8. XS (5pgL™? of each) degradation in real waste
water at pH = 6.5, 5 mg [! Fe and HO, peroxide
consumption with 10 mg L* HA (H) and without HA (@®).
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Ignacio Maldonado, Miren Lopez de Alda, Damia Barc@hotolytic
and photocatalytic transformation of methadone queous solutions
under solar irradiation: Kinetics, characterizationof major
intermediate products and toxicity evaluatioiat. Res., 45, 4815-
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Integration of solar photocatalytic and
biological treatment processes for the
removal of emergent contaminants from
wastewaters — EDARSOL (M)

M = individual member country task-shared actiataf
interest to SolarPACES

Contact: Sixto Malato Rodriguegixto.malato@psa.es
Duration: January 2010 — December 2012
Participants: Plataforma Solar de Almeria. Group of

Advanced Oxidation Processes, Univ, Polytech.
Valencia, Dept. of Chemical Engineering, Univ.
Extremadura.

Funding: Spanish Ministry of Education and Science
(National R&D Programme): 0,8 k€.

Background: Although there is available information
about the possibility to treat contaminants by eddht
technologies, it is also well-known that non-
biodegradable  substances, such as pesticides,
pharmaceuticals, hormones, synthetic fragranced, an
others escape conventional wastewater treatment.
Consequently, the application of more exhaustive
wastewater treatment protocols, including the dseeav

and improved technologies, is a necessary task.
Moreover, it is also necessary to develop the
combination of different advanced chemical and

biological techniques for permitting the eliminatiof
recalcitrant compounds.

Purpose: The overall objective will be to designbtild

up and to evaluate treatment systems (pilot plants)
integrating biological reactors coupled with solar
photocatalysis for wastewater treatment containing
recalcitrant contaminants, permitting water reuse f
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irrigation, industry or leisure purposes (accordittg
Spanish Directive RD 1620/2007).

Achievements in 2011: Nowadays the potential oftpho
Fenton process for decontamination of biologically
persistent wastewater is widely recognized. In this
process, hydrogen peroxide consumption could be
considered as one of the factors that consideraffiygts
costs. This highlights that an automatically hydnog
peroxide dosing system to keep the concentration
optimized throughout the process would be a vakiabl
tool for industrial wastewater remediation plants.
Automatic HO, dosing during photo-Fenton would
require a precise online measuring device. Todaeral
expensive, unreliable and overly-complicated waatew
hydrogen peroxide probes are commercially available
This study focuses on considering dissolved oxygen
concentration (DO) as a reaction stage indicattaiterd

to H,O, concentration and consumption during photo-
Fenton wastewater treatment.
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Fig. 8.9. Percentage of DOC mineralized, KO, and DO
concentrations during photo-Fenton (DO set points tal-3
mg/L, dashed red line).

The results obtained demonstrated the potential for
making use of the DO profile for monitoring photo-
Fenton, automatically dosing,8, and determining the
end point of the treatment. Results confirmed the
inherent relationship between,® and DO during
photo-Fenton treatment. Therefore, the potential fo
making use of the DO profile for monitoring photo-
Fenton, automatically dosing,8, and determining the
end point of the treatment was demonstrated.

Another part of the work has been to use LC-TOF-
MS techniques to increase the knowledge of the
behaviour of contaminants and its main TPs duraigrs
photo-Fenton treatment and the possibility of
combination with biological treatment for the
regeneration of effluents. It has been demonstrdiat
the composition of the water does not substantéfigct
the type of compounds identified, but it does dftbeir
relative abundance during the process. Furthermore,
experiments in saline water containing high

concentrations of chloride ions revealed the pdessib
formation of chlorinated by-products during treatmnef
water that disappeared at the end. Thus, analytical
assessment of wastewater treatments, including
identification and monitoring of the TPs generated
becomes fundamental in order to better understaad t
mechanisms governing degradation, for viable
optimization of treatments and to guarantee thditguat

the treated water.
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Fig.8.10.Proposed photo-Fenton Nalidixic acid degradation
pathway in wastewater containing NaCl.
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leached/readsorbed specieSppl. Catal. B: Environ., 108-109, 168-
176, 2011.

S. Malato, I. Oller, P. Fernandez-lbafiez, M. Fuekba
Technologies for advanced wastewater treatmerfiénMediterranean
Region. En: Waste water tratment and reuse in tteditdrranean
Region.D. Barcelé and M. Petrovic (Eds.). Springer-Verl&grlin
Heidelberg, Germany. pp. 1-28. 2011.

Development of new treatment schemes
based on solar photocatalysis for wastewater
reclamation — FOTOREG (M)

M = individual member country task-shared actiwtif
interest to SolarPACES

Contact: M. |. Maldonadanignacio.maldonado@psa.es
Duration: January 2011 — December 2013.

Participants: Plataforma Solar de Almeria (PSA)ivJn
Almeria.

Funding: Spanish Ministry of Education and Science
(National R&D Programme): 0,6 k€.

Background: The reuse of wastewater requires palysic
and chemical treatments that provide water the mini
quality required for its intended use. There angently
technologies that achieve these goals, with diffecests
and that result problematic in terms ef its their
implementation,. This highlights the need to expand
the available technologies with the view to minimg
energy costs and environmental risks. Additionally
sophisticated analytical techniques are neededdierdo
ensure the assessment quality of the reclaimedrwate
treatments. These techniques include the studghef
potential risk of the use of treated water.

Purpose: The objective of the project is to exploesv
sustainable strategies based on the use of sodagyen
for the regeneration of wastewater in order to ecfas
agricultural, industrial or recreational purposés.this
sense, attention should be given both to the distidn

of the treated water from secondary processes

(biological, activated sludge), and to the elimioatof
recalcitrant pollutants that remain in the cyclewater
reuse and accumulate in the environment.

Fig. 8.11. Experimental installations at PSA used to the
development of experimental activities of FOTOREG
project

Achievements in 2011: The objective has been to
evaluate the durability and photocatalytic activiby
supported TiQ on glass spheres using as a test reaction
the decomposition of dichloroacetic acid and
acetaminophen. The Tihotocatalyst was prepared by
sol-gel technique the glass spheres were covertbdsai

by dip-coating and dried. Experiments have been
performed using two different reactors. The firseavas
conducted in a beaker, in order to evaluate theeh

of Dichloracetic acid under treatment with spher&3,.

The second reactor was a glass tube, similar t@ties
used in a solar CPC pilot plant. The same amount of
catalyst was used for all of the experiments. Tingt f
experiments showed photocatalytic activity usin@,Ti
supported on glass spheres, and confirm the ewdenc
that the degradation can be performed under sgkar |
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Fig. 8.12. Dichloracetic acid degradation and evolution of
chlorides during photocatalytic treatment with TiO,
supported on glass spheres in a rector tube of CPC.
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I'Ambiente) c.r. Casaccia

Via Anguillarese 301

00123 Roma

massimo.falchetta@enea.it

ExCo Alternate

Vittorio Brignoli

ERSE - ENEA

Ricerca sul Sistema Elettrico S.p.A
Dipartimento Sviluppo dei Sistemi Elettrici
Via Rubattino, 54

20134 Milano
vittorio.brignoli@rse-web.it

MEXICO

ExCo Representative

Jorge M. Huacuz

Gerente Unidad de Energias No Convencionales
Instituto de Investigaciones Eléctricas

Av. Reforma 113. Col Palmira

Cuernavaca, MOR, 62490

jhuacuz@iie.org.mx

ExCo Alternate

Carlos Ramos

Instituto de Investigationes Eléctricas
Av. Reforma no. 113

Apartado Postal 1-475

62490 Colonia Palmira, Termixco/Morelos Cuernavaca

cramos@iie.org.mx

MITSUBISHI (Sponsor)

Masao lkeya, General Manager, EMEA Business Unit

Masao.lkeya@mitsubishicorp.com

Keiji Okamoto, Head of CSP team, EMEA Business Unit

6-1,Marunouchi 2,Chiyoda-ku,
Tokyo 100-8086,
Japan

MOROCCO

ExCo Representative

Nabil Saimi

MASEN (Moroccan Agency for Solar Energy)
saimi@masen.ma

ExCo Representative
Badr Ikken
IRESEN

ikken@iresen.org

REPUBLIC OF KOREA

ExCo Representative

Bo Kyoung KIM

KEMCO (Korea Energy Management Corp.)
ghrud07@kemco.or.kr

ExCo Alternate

Yong-Heack Kang

KIER Korea Institut of Energy Research
New & Renewable Energy Division
71-2 Jang-Dong Yusong-gu

Daejeon 305-343

yhkang@kier.re.kr

SOUTH AFRICA

ExCo Representative

Steve Lennon

ESKOM Holdings Limited
Private Bag 40175

Cleveland 2022 Johannesburg
Steve.lennon@eskom.co.za
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ExCo Representative

Vikesh Rajpaul

ESKOM Holdings Limited
Private Bag 40175

Cleveland 2022 Johannesburg
Vikesh.rajpaul@eskom.co.za

SPAIN

ExCo Representative
Eduardo Zarza Moya

PSA - CIEMAT

Plataforma Solar de Almeria
Apartado 22

04200 Tabernas
Eduardo.zarza@psa.es

ExCo Alternate

Julian Blanco Galvez

PSA - CIEMAT

Plataforma Solar de Almeria
Apartado 22

04200 Tabernas
Julian.blanco@psa.es

SWITZERLAND

ExCo Representative

Stefan Oberholzer

Swiss Federal Office of Energy
Mihlestrasse 4, 3063 Ittigen
CH-3003 Bern
stefan.oberholzer@bfe.admin.ch

ExCo Alternate, Vice-Chairman
Pierre Renaud

Planair

Crét 108a

2314 La Sagne
pierre.renaud@planair.ch

UAE

ExCo Representative

Abdul Aziz Al Obaidli

MASDAR Abu Dhabi Future Energy Co.
PO Box 54115

Abu Dhabi

aalobaidli@masdar.ac.ae

ExCo Alternate

Peter Armstrong

MASDAR Abu Dhabi Future Energy Company
PO Box 54115

Abu Dhabi

parmstrong@masdar.ae

USA

ExCo Representative

Ranga Pitchumani

Office of Solar Energy Technologies EE-11
1000 Independence Ave. SW

Washington, DC 20585
Ranga.Pitchumani@ee.doe.gov

ExCo Alternate

Thomas Rueckert

Office of Solar Energy Technologies EE-11
U.S. Dept. of Energy

1000 Independence Ave. SW

Washington, DC 20585
thomas.rueckert@ee.doe.gov
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