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Message from the Director

Message from the Director

In 2011, the U.S. Department of Energy (DOE) launched the SunShot Initiative to drive down the costs of solar pow-
er to $0.06 per kilowatt hour by 2020 so that solar can compete with traditional energy generation. To achieve these
goals SunShot continually challenges the solar community to develop innovative projects, new solutions, and pursue
aggressive research and development targets.

Since its inception, the SunShot Initiative has relied on the expertise of the leaders in industry, academia, and the
national laboratories. Before awards are made, the program enlists the help of experts to select projects through a
competitive merit review process and then after awards are made for a biannual peer review to assess each project’s
progress towards the SunShot goals. During both of these times, we rely on experts in the field to provide indepen-
dent feedback, which is critical to the success of the program.

To independently review the entire SunShot portfolio, the SunShot Initiative held a Peer Review on May 19-22, 2014
in Anaheim, California. The reviewers included leaders in the solar field, members of the National Academy of Sci-
ences, and National Academy of Engineering, as well as senior leaders from Fortune 500 Companies. The reviewers
independently reviewed each project to assess how the projects work together to achieve SunShot goals. To ensure
the highest level of integrity, the review was conducted independent of program influence, and a third party collected
the results for analysis.

I am pleased to share this report, which contains the review results. As you will see in this document, projects focus
on different areas of the SunShot mission, and each project plays an important role in achieving that mission. Each
project’s review scores are consolidated into a summary for each of the five focus areas that make up the SunShot
Initiative.

Finally, I would like to extend a very special thank you to each reviewer, awardee, and researcher who participated in
the 2014 SunShot Peer Review. This review would not have been possible without everyone’s participation.

Thank you,

Director

Solar Energy Technologies Office, SunShot Initiative
U.S. Department of Energy
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Executive Summary

EXECUT SUMMARY

DOE’s Solar Energy Technologies Office (SETO) works
to accelerate the market competitiveness of solar energy
by targeting cost reductions and supporting increased
solar deployment. In 2011, DOE announced the depart-
ment-wide SunShot Initiative—a collaborative national
effort that aggressively drives innovation to make solar
energy fully cost competitive (subsidy-free) with tra-
ditional energy sources before 2020. In support of this
crucial goal, the SETO pivoted its focus to fulfilling the
SunShot vision and began continuously evaluating op-
portunities to further support cost reductions. Through
SunShot, DOE supports efforts by private companies,
universities, and national laboratories to drive down the
cost of utility-scale solar electricity to about $0.06 per
kilowatt hour (kWh) and distribute solar electricity to at
or below retail rates.

In May 2014, the SunShot Initiative held a peer review
to receive unbiased expertise from industry, govern-
ment agencies, nonprofit organizations, utilities, and
consultants on how each program (Balance of System,
Concentrated Solar Power, Photovoltaics, Systems
Integration, and Technology to Market) is performing,
as well as the SunShot Initiative as a whole. Participating
reviewers analyzed, scored, and provided feedback on
251 projects within the SunShot portfolio. These review-
ers considered the following questions and directives
when evaluating a project:

Rate the project’s relevance to Program goals.

2. Rate this project’s impact to relevant Program
goals.

3. How appropriate is the project’s funding level com-
pared to the goals of the project?

4. Rate this project’s approach(es) to achieve project
goals.

5. What are the project’s main strengths and weak-
nesses?

After completing project evaluations, the reviewers

divided into groups by program to discuss how projects
within their assigned area were performing. A separate
group, referred to as the Steering Committee, evaluated
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the SunShot Initiative in totality. Specifically, both the
separate review groups and the Steering Committee
discussed the following questions:

1. How would you rate the quality and impact of the
portfolio as a whole for this review area? What are
the portfolio’s strongest and weakest aspects?

2. Is the portfolio funding properly proportioned
relative to the program goals? What areas are not
funded sufficiently (if any)? What areas have re-
ceived too much funding (if any)?

3. How should the portfolio direction or composition
shift in the next 2-5 years to continue to lead and
advance the field?

All comments from the reviewers and Steering Commit-
tee were compiled and then released without attribu-tion
in this report. These comments begin on page 14. Each
project was ranked on a 1-5 scale, with “5” being the
highest possible score for a category and “1” being the
lowest possible score. The overall average rating for Sun-
Shot’s reviewed projects was 3.70, which indicates that
the program as a whole is funding projects that wisely
use taxpayer dollars and are likely to be successful. The
Systems Integration program achieved the highest proj-
ect rating with a mean of 4.19. The reviewers commend-
ed the projects’ abilities to fulfill objectives. Conversely,
the Photovoltaics and Technology to Market programs
had the lowest project averages, with both programs
having an average score of 3.47. Both programs are
performing above average, but a few low-scoring proj-
ects are bringing down the entire average. The Balance
of System and Concentrated Solar Power programs had
project rating averages of 3.72 and 3.74, respectively. The
projects of these two programs are on track to meet their
goals and identify paths forward to make them more
impactful.

In general, the Steering Committee found that, on the
part of Primary Investigators and DOE staff, the motiva-
tion exists to achieve the $0.06 per kWh for utility-scale
photovoltaic power and distributed solar electricity to
be at or below retail rate goals. Funding is generally well
balanced; however, slightly more funding is required for
soft costs and public education activities.
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NREL Senior Scientist Kai Zhu, prepares
a dye-sensitized perovskite cell in his
lab, using a precursor solution that con-
verts from a liquid base to an absorber
in a device.
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PEER REVIEW PROCESS

DOE’s Office of Energy Efficiency and Renewable Ener-
gy (EERE) requires that all offices within EERE partici-
pate in program peer reviews approximately every two
years. According to EERE, a peer review is a “rigorous,
formal, and documented evaluation process using ob-
jective criteria and qualified and independent reviewers
to make a judgment of the technical/scientific/business
merit, the actual or anticipated results, and the produc-
tivity and management effectiveness of programs and/
or projects”’i Therefore, it is important that each office
within EERE participate in these biannual reviews, as
information from these reviews can be used to inform
management activities and future merit review pro-
cesses given the quality and robustness of the feedback
provided by a reviewer on an office and its programs.

2014 SunShot Peer Review

Conducting a formal peer review is an important
process because it informs government agencies of
how their programs are performing and whether or
not their programs are making effective use of taxpayer
money. A peer review also recommends how to make
each program more impactful. In May 2014, the Sun-
Shot Initiative held a peer review of its project portfo-
lio in Anaheim, California. This peer review was held
in conjunction with the SunShot Initiative’s SunShot

Peer Review Process

Grand Challenge Summit, which highlights successes
and sparks meaningful discussion on how to make solar
energy fully cost competitive with traditional forms of
energy (e.g., coal) by 2020.

The peer review provided an objective third party as-
sessment of SunShot-funded projects to determine their
efficacy and impact. Subject matter expert reviewers
analyzed, rated, and provided feedback on the 251 proj-
ects. This report provides an overview of each reviewed
project and contains feedback from the reviewers.

The following table (Table 1) contains a list of reviewers
who participated in the 2014 SunShot Peer Review. The
first part of the table provides the names and affiliations
of the three-person Steering Committee: Elsa Garmire,
Bob Schafrik, and Dick Swanson. The Steering Com-
mittee was critical to the peer review’s success because it
collectively provided an objective overview of the entire
SunShot Initiative. The second portion of the table
includes the reviewers who analyzed individual pro-
gram portfolios, such as Photovoltaics or Technology to
Market. These reviewers represented a variety of domes-
tic and international organizations, including academia
(23%) government agencies (10%), consultants (18%),
industry (34%), nonprofit organizations (10%), and
utilities (5%).

Table 1: 2014 SunShot Peer Reviewers and Institutional Affiliations

Reviewer Institution

Steering Committee

Elsa Garmire Dartmouth College

Robert Schafrik GE Aviation (Retired)

Richard Swanson

Portfolio Reviewers

SunPower Corporation (Retired)

Paul Basore

PV Specialist Services

Mariana Bertoni

Arizona State University

Jeff Cotter

Arizona State University

Peter Cousins

SunPower Corporation

Ravi Dixit

Dow Chemical Company

Anne Dougherty

llume Advising LLC

SunShot Initiative 2014 Peer Review Report 1
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Table 1: 2014 SunShot Peer Reviewers and Institutional Affiliations

Reviewer Institution
Chris Eberspacher Independent Consultant
Ed Feo Coronal Management, LLC

Stephen Forrest

University of Michigan

Charlie Gay Greenstar Solar Community Center

Markus Gloeckler First Solar

Ethan Good Sunkdison

William Gould SolarReserve, LLC

Allen Hefner National Institute of Standards and Technology
David Hill Vermont Energy Investment Corporation

Anne Hoskins

Maryland Public Service Commission

Rick Huibregtse

eSolar

Donald Jaworske

National Aeronautics and Space Administration

Terry Jester

Silicor Materials

Anand Kamannavar

Applied Materials

Danny Kennedy Sungevity
Matt Law University of California, Irvine
Leslie Libby Austin Energy

Robert Magnusson

University of Texas at Arlington

Jeff Marqusee

Noblis

Scott Murtishaw

California Public Utilities Commission

Thomas Ortmeyer

Clarkson University

Josh Posamentier

Prelude Ventures

Ryne Raffaelle

Rochester Institute of Technology

Veera Rajendran

Rolls-Royce

MJ Shiao

GTM Research

David Sun

Alstom

Rao Surampudi

Jet Propulsion Laboratory

Tom Tibbits Fraunhofer Institute for Solar Energy Systems
Hamid Toliyat Texas A&M University

Ray Viskanta Purdue University

Haiyan Wang National Science Foundation

Aliza Wasserman

National Governors Association

Claudia Wentworth

Quick Mount PV
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Review Questions and
Evaluation Criteria
Portfolio Reviewers

Each portfolio reviewer was assigned about 20 projects
to thoughtfully evaluate within his/her respective area
of expertise. The format of the review process was as
follows:

First, the reviewers received technical summaries and
posters for each project two weeks before the review.
These documents provided the reviewers with pertinent
project information, including project title, organization
of prime awardee, project description (background, ap-
proach, objectives, milestones, key findings, outcomes,
and next steps), and funding levels. The reviewers were
encouraged to read this information before the in-per-
son peer review.

During the review, the Principle Investigator (PI) for
each project provided a 15-minute presentation on his/
her SunShot-funded activity. Each presentation allowed
reviewers to ask questions that originated during their
initial review of the technical summary and poster, as
well as those that arose during the presentation.

The reviewers then scored the projects and provided a
qualitative justification for their ratings. They responded
to the following questions and directives:

1. Please rate the project’s relevance to Program goals
(1-5 scale with 3 being average, 1 least and 5 most
relevant).

2. Please rate this project’s impact to relevant Program
goals (1-5 scale with 3 being average, 1 least impact,
and 5 greatest impact).

3. How appropriate is the project’s funding level
compared to project goals? (1-5 scale with 3 being
average, 1 least appropriate, and 5 most appropriate)

4. Please rate this project’s approach (es) to achieve the
goals of the project (1-5 scale with 3 being average,
1 least effective, and 5 most effective).

5. What are the main strengths and weaknesses of this
project? (qualitative)

Peer Review Process

Each of the first four questions and directives were
weighted evenly (25%). In this report, the author edited
reviewers’ inputs for grammar and context the com-
ments regarding Question 5 on project strengths and
weaknesses.

After meeting with the PIs for their assigned projects,
the portfolio reviewers met in their groups (Balance

of System, Concentrated Solar Power, Photovoltaics,
Systems Integration, or Technology to Market) to collec-
tively answer the following qualitative questions:

1. How would you rate the quality and impact of the
portfolio, as a whole, for this review area? What are
the strongest and weakest aspects of the portfolio?

2. Is the portfolio funding properly proportioned rela-
tive to the program goals? What areas are not fund-
ed sufficiently (if any)? What areas have received
too much funding (if any)?

3. How should the portfolio direction or composition
shift in the next 2-5 years to continue to lead and
advance the field?

The responses for these questions can be found in the
respective portfolio areas.

Steering Committee

In order for the Steering Committee to provide an
evaluation of the SunShot Program, each reviewer was
given access to all of the project summaries and posters.
Additionally, each reviewer was given the freedom to
speak with individual PIs and project partners during
the Technology Forum and Poster Session. The Steering
Committee was then asked to collectively answer the
same qualitative questions as above. The Steering Com-
mittee’s response is presented in the following Steering
Committee Report section.

SunShot Initiative 2014 Peer Review Report 3
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OVERVIEW OF THE SUNSHOT
INITIATIVE

Widespread solar energy deployment can strengthen
U.S. economic competitiveness in the global clean en-
ergy race, help cut carbon pollution to combat climate
change, and secure America’s energy future. The United
States has enormous potential to get its energy from
the sun; photovoltaic (PV) panels on just 0.6% of the
nation’s total land area could supply enough electricity
to power the entire United States.! PV can also be in-
stalled on rooftops with essentially no land-use impacts.
Seven southwestern states have the technical potential
and identified land area to site enough concentrating
solar power (CSP) to supply more than four times the
current U.S. annual demand.? Further, as a domestic
energy source, solar supports broader national priori-
ties, including national security, economic growth, and
job creation.

Energy captured from the sun is more affordable, acces-
sible, and prevalent in the United States than ever be-
fore. In 2012, rooftop solar PV panels cost about 1% of
what they did 35 years ago. Since the beginning of 2010,
the average cost of solar PV panels has dropped more
than 60%, and the cost of a solar electric system has
dropped by about 50%. Markets for solar energy are ma-
turing rapidly around the country, and solar electricity
is now economically competitive with traditional energy
sources in several states, including California, Hawalii,
and Minnesota. Moreover, the solar industry is a proven
incubator for job growth throughout the nation. Solar
jobs have increased by nearly 20% since the fall of 2012,
which is 10 times the national average job growth rate.
There are more than 142,000 solar workers in the United
States, and each day the solar industry creates 56 new
jobs across the country.?

In 2013, solar energy reached a significant milestone:
more than 1% (13 gigawatts) of the nation’s electricity
generating capacity is now powered from the sun. This
is a vast increase from 2008, when solar generation was
less than 0.1% of the nation’s electricity capacity.* Yet
significant work remains before solar achieves grid par-
ity and realizes its full potential throughout the coun-
try. Solar hardware costs have fallen dramatically, but
market barriers and grid integration challenges continue
to hinder greater deployment. Non-hardware solar “soft

Overview of the SunShot Initiative

costs”—such as permitting, financing, and customer ac-
quisition—are becoming an increasingly larger fraction
of the total cost of solar and now constitute up to 64% of
the cost of a residential system.® Technological advances
and innovative solutions are needed to increase module
and process efficiencies, drive down costs, and enable
utilities to rely on solar for baseload power.

The SunShot Initiative is designed to establish Amer-
ican technological and market leadership in solar
energy, diversify the nation’s electricity supply, reduce
the environmental impacts of electricity generation,
strengthen U.S. manufacturing competitiveness, train
the next generation of the solar workforce, and catalyze
domestic economic growth. The SunShot Vision Study,
a guiding document for the Initiative’s work, estimates
that meeting SunShot cost reduction goals would allow
solar to scale rapidly and potentially generate up to 14%
of the nation’s total electricity demand by 2030 and 27%
by 2050.¢

SunShot Mission and Goals

Through game-changing innovations, SunShot’s nearly
$900 million in investments over the last 3 years are
transforming how solar systems are conceived, de-
signed, manufactured, and installed in order to make it
faster, easier, and cheaper to deploy solar. SunShot has
funded hundreds of projects that are making solar more
affordable and accessible—from streamlining panel
manufacturing processes to reducing the red tape in-
volved with permitting a residential solar energy system.

Only 3 years into DOE’s decade-long SunShot Initiative,
the solar industry is already more than 60% of the way
to achieving SunShot’s cost target of $0.06 per kilo-
watt-hour (kWh) for utility-scale PV (based on 2010
baseline figures),” and more than halfway to CSP cost
targets.® Since SunShot’s inception, the average price per
kWh of a utility-scale PV project has dropped to $0.11
from about $0.21, the levelized cost of electricity for
CSP has decreased to $0.13 from about $0.21,° and solar
jobs have grown by 53%."

SunShot’s success is a shining example of how govern-
ment and industry can partner to move markets and
grow our economy. SunShot’s investments are paying
dividends for domestic clean energy, while helping to
prevent carbon emissions. Today, as a result of the U.S.

SunShot Initiative 2014 5
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Department of Energy’s (DOE’s) SunShot Initiative
investments and the industry’s accelerated pace to meet
SunShot goals, the cost of going solar continues to drop,
and more solar is being added to our nation’s energy
mix.

While the solar industry has made significant progress
only 3 years into the SunShot Initiative, grand challeng-
es remain. The final 40% cost reduction to achieve the
SunShot goal will require the most game-changing ideas
and cutting-edge technological developments—from
harnessing the power of big data, to developing innova-
tive financing mechanisms and more streamlined and
efficient manufacturing processes. As SunShot continues
to support innovative technical and market solutions to
reduce the costs of solar, the Initiative will help to enable
a world where homes, workplaces, and communities are
powered by clean, renewable energy; utilities can count
on solar to provide baseload power; and ubiquitous and
cost-effective solar energy helps cut carbon pollution
and fight climate change.

Budget

SunShot funding programs target technical and market
barriers for solar energy. To develop new funding pro-
grams, SunShot holds idea development sessions across
teams to ensure cross-pollination between program
focus areas and support the development of holistic
approaches to tackling major challenges. The most
promising topics are identified through internal debate
and rigorous review by all SunShot program manag-
ers. SunShot also gathers industry experts at technical
workshops to provide feedback on targeted barriers and
potential solution pathways; the Initiative also solicits
broad input from stakeholders. Based on stakeholder
feedback, some of the ideas discussed at workshops
may eventually be incorporated into funding programs,
while others may not. As part of the rigorous review for
new funding programs, SunShot staff debate and refine
potential topics and justify new programs with a set of
criteria issued by the Office of Energy Efficiency and
Renewable Energy (EERE).

Once a funding program is created, a solicitation or
funding opportunity announcement (FOA) is publicly
issued to the stakeholder community to solicit applica-
tions. Each application is subjected to a rigorous review
process, including evaluation by an external peer review

6 SunShot Initiative 2014

panel consisting of distinguished scientists, engineers,
and practitioners from academia, industry, and national
laboratories across the nation. Based on the rigorous
technical review process, the alignment of the applica-
tion to SunShot goals, and the availability of funding,
awards are made to the top few applications in any given
funding program.

Once awards are made, SunShot team members actively
manage projects through the length of the award agree-
ment to ensure awardees meet agreed-upon project
objectives, deliver on milestones, and yield valuable
results. Post-award workshops and other SunShot
events, including the biennial SunShot Grand Challenge
Summit and Peer Review, connect awardees and other
leaders doing innovative work in solar energy—further-
ing the spread of ideas and the spread of ideas and best
practices within the SunShot community.

Programs and Projects

Modeled after President John F. Kennedy’s Moonshot
goal to place a man on the moon in the space of a
decade, SunShot is an aggressive, goal-driven national
initiative. SunShot targets call for solar cost reductions
of 75% relative to 2010 baseline levels. As such, the
Sun-Shot approach targets significant technological
and mar—ket advancements that are needed to achieve
grid parity by 2020. SunShot promotes market compet-
itiveness with cost-based metrics, aiding the spread of
technology and process innovations and enabling rapid
growth in solar energy deployment.

Within SunShot, dedicated teams work on each of the
Initiative’s five focus areas: PV, CSP, systems integration,
technology to market, and soft costs.

« PV and CSP: SunShot funding supports trans—-
formative PV and CSP technology research and
development (R&D) with the potential to yield sig-
nificant cost reductions, efficiency improve-ments,
and improved reliability standards. SunShot also
supports the development of next-genera-tion PV
technologies to carry innovation in solar ener-
gy beyond 2020, as well as CSP thermal energy
storage technologies that can provide dispatchable
power generation and enable greater deployment
of other renewable energy sources.



 Systems Integration: Systems integration fund-
ing supports strategies to dramatically increase
solar penetration in the nation’s electrical grid and
enable safe, reliable, cost-effective, and widespread
solar deployment.

Technology to Market: Technology to market
funding supports commercialization, market readi-
ness, and domestic manufacturing supply chains.
Small solar businesses selected to participate in
SunShot’s competitive Incubator program have
earned more than $18 in follow-on funding for
every $1 in government investment. The success of
this program has spurred similar efforts through-
out EERE.

Soft Costs: While recent technological advances
have drastically reduced the cost of solar hardware,
making soft costs a greater share of the overall

cost of solar, SunShot soft costs funding supports
market transparency, workforce training, local
solutions, and process improvements to make solar
deployment faster, easier, and cheaper.

Since 1978, DOE has supported the research, devel-
opment, and deployment of a diverse array of energy
technologies. These efforts have reduced the cost of
these technologies and helped to improve the safety and
reliability of the electrical grid. Within the Department,
SunShot’s work supports applied projects that target
cost effective solutions to technological and market
barriers, filling an important niche. SunShot coordinates
its activities with the DOE Office of Science and the Ad-
vanced Research Projects Agency-Energy (ARPA-E) to

Overview of the SunShot Initiative

prevent duplication of efforts while maximizing depart-
ment-wide impact on solar energy. SunShot supports
the Department’s broader Clean Energy Manufacturing
Initiative to increase the efficiency of the U.S. manufac-
turing sector and ensure that clean energy technologies
continue to be made in America. SunShot also supports
foundational research that is crucial to the advancement
of solar energy technologies at the national laboratories
and at user facilities that provide critical capabilities to
the American solar industry.

The scores from all 251 projects reviewed during the
2014 SunShot Peer Review were tabulated and analyzed

to provide the following information on the overall
SunShot Portfolio. Projects were ranked on a 1-5 scale,
with “1” being the lowest possible score for a category
and “5” being the highest score. For the entire SunShot
portfolio, the overall average rating was 3.70. Of the 251
projects, 136 were performing above the mean, while
115 achieved scores that were lower than the 3.70 aver-
age. The range of overall scores was 3.00, with a median
of 3.75, mode of 4.00, and standard deviation of 0.51.
This information is presented in Table 2 and Figure 1.
Overall, the data have a skewness of -.57 and are skewed
to the left, as the mean is smaller than the median, and
the median is smaller than the mode.

Table 2: SunShot Portfolio Review Average, Range, and Standard Deviation

Average Range Standard Deviation
Relevance 4.06 2.00 5.00 0.65
Impact 3.53 1.33 5.00 0.66
Funding 3.54 1.67 4.67 0.59
Approach 3.67 1.67 5.00 0.66
Overall 3.70 1.84 4.84 0.51

SunShot Initiative 2014 7



Overview of the SunShot Initiative

Figure 1: Frequency of project rating for SunShot portfolio
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Steering Committee Report

The following section contains the evaluation of the
overall SunShot portfolio, as analyzed by the Steering
Committee. To preserve the integrity of the Committee’s
response, the analysis is provided almost verbatim, with
minor edits for grammar.

How would you rate the quality and impact of the
portfolio as a whole for this review area? What are the
strongest and weakest aspects of the portfolio?

First, we would like to say that the energy level, enthusi-
asm of the DOE team, and focus of nearly all the projects
on the twin goals of initial cost at $0.06 per kWh and
30-year life are really impressive. The management seems
to be highly involved in program development and mon-
itoring. From our perspective, it is very impressive how
the program has pivoted beyond just PV modules to in-
clude soft costs, tech-to-market issues, and CSP. These are
hugely important to the industry. What makes this all the
more impressive is that it initially may not have been ob-
vious or clear how DOE could contribute in these areas.
The new programs have responded by being wonderfully
innovative and dynamic (a really impressive shift).

8 SunShot Initiative 2014

The legacy of poor PV support since 1984 means that
university programs have an uphill climb to reach full
productivity. The recently renewed support for university
programs will pay dividends over time as groups get more
experience with industry needs. Continuity of research
support is important, both to enable Ph.D. students to
finish their research and for the impacts of research re-
sults to be fully recognized.

We would reduce (not eliminate) the emphasis, however,
on funding start-up companies and increase support for
the existing market players. This is because of the long,
difficult road ahead in commercializing energy infra-
structure. In this regard, the new SolarMat program is
welcome.

Is the portfolio funding properly proportioned relative
to the program goals? What areas are not funded suf-
ficiently (if any)? What areas have received too much
funding (if any)?

We find the portfolio well balanced among CSP, PV, Soft
Costs, and Market Development. It is also well balanced
within PV between crystalline silicon, thin films, and



emerging materials. If any correction is warranted, it
would be to increase the soft cost and public education
activities. In addition, more attention should be given to
the architectural attractiveness of PV systems (specifical-
ly residential), varieties in materials and processes that
affect material durability, and having a strategy to work
with the science base to support engineering reliability
assessments and development of meaningful component
acceptance tests. The crucial importance of battery devel-
opment is understood; while it may not be in the SunShot
program, continuing close contact with research in this
area is required and can be facilitated by joint funding of
some programs.

How should the portfolio direction or composition
shift in the next 2-5 years to continue to lead and
advance the field?

We believe that DOE needs to wrestle with the following
topics and issues:

o  What should be the relative emphasis in the port-
folio on breakthroughs and fundamentals versus
incremental improvements? This must take cog-
nizance of the fact that energy technologies are
inherently capital and infrastructure intensive and
hence change slowly. Thus, most breakthroughs take
long to have a market impact. This is particularly
true since, at present, no PV material stands out as
clearly the optimum choice. Somehow the program
needs to find the right balance, somewhere between
incremental improvements that may best be left to
industry and blue sky innovation that will not have
impact for decades, which is better left to the science
funding agencies. The U.S. government laborato-
ries will be most valuable where they have unique
capabilities to offer that do not reside in universities
or industry. Collaborations between all three sectors
are likely to have the largest impact.

« For manufacturing, the issues in bringing it to the
United States are largely societal and industrial
policy driven, such as taxes, capital availability,
trained workforce, local market size, and the like.
Not many of these levers are available to DOE.
While it is clear that DOE must represent the U.S.
taxpayers, too much emphasis on U.S. manufactur-
ing at the expense of developing a local PV market
with its inherently local non-module job creation,
will be counterproductive. It doesn’t resonate well
with global companies in our current market envi-

Overview of the SunShot Initiative

ronment. There will likely be a substantial role for
U.S-designed integrated PV power systems, where
a considerable amount of work continues to be
required to solve the multitude of unresolved issues
as PV continues to penetrate power systems.

o The issue of reducing CapEx is very important to the
future of the PV industry, as it limits manufactur-
ing growth. We are not sure how SunShot can best
address that, but some emphasis on innovation in
manufacturing equipment would be welcome. This
aspect also plays into improved prospects for U.S.
manufacturing if the tool knowhow is located in the
United States.

« Since the major technical issues in PV relate to
reducing cost, we suggest better integration of the
NREL cost analyses into the proposal announce-
ments and submission requirements so that prin-
cipal investigators are induced to wrestle with the
cost-reduction potential of their proposed research.

» We suggest better linking of results from the
high-penetration studies to provide input and direc-
tion for program design.

« While the $1/W goal is intuitive and catchy, we sug-
gest having additional sub-goals, including levelized
cost of energy (LCOE) and renewable penetration
(which is after all the overall desire).

+ Along those lines, it may be time to create a renew-
able roadmap that includes cost and penetration
goals.

« SunShot should consider sponsoring a workshop on
reliability. The workshop would focus on pre-com-
petitive issues that affect durability and reliability
over the projected 30-year lifespan of CSP and PV
systems. A key goal would be development of stan-
dards based on science as opposed to screening tests
that may or may not be related to key underlying
degradation modes but exist for historical reasons.
A workshop under joint DOE and National Institute
of Standards and Technology sponsorship would be
ideal.

Beyond these programmatic issues, we see a need for
broad education of general public on the existential threat
to our way of life in order to create broad public support
for renewables, as was done with the original Moonshot.
This could include more on how to evaluate locally the
monetary value of investing in PV over the long term, to
encourage further market penetration.

SunShot Initiative 2014 9



Overview of the SunShot Initiative

REC Solar employees Brian Webster,
left and Mario Richard, right, install PV
modules on a Englewood, Colorado

home participating in the Solar Benefits

Colorado program.

Photo credit: Dennis Schroeder / NREL
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CONCENTRATING
SOLAR POWER

The solar field comprises up to 40% of the
total system costs for CSP technologies.
The SunShot CSP program seeks to
dramatically reduce the cost of the solar
field while improving optical accuracy and
ensuring durability. In order to accomplish
these goals, SunShot supports R&D

efforts to develop high optical accuracy
reflectors; reduce collector structure weight
and material; develop lean and rapid
methods for manufacturing, assembly,

and installation; develop highly efficient
tracking and control methods, as well

as accurate metrology tools; and reduce
collector soiling and the water required for
operations and maintenance.

SunShot technical targets for the solar field:

e Cost <$75/m?

e Optical error <3 mrad

e Sustain wind speed >85 mph
o Lifetime >30 years

CSP technologies use mirrors to focus and concentrate
sunlight onto a receiver, from which a heat transfer fluid
carries the intense thermal energy to a power block to
generate electricity. A distinguishing feature of CSP is its
ability to incorporate simple, efficient, and cost-effective
thermal energy storage by virtue of converting sunlight
to heat as an intermediate step to generating electricity.
In addition to providing dispatchable power generation,

Concentrating Solar Power

The Red Oak Park a neighborhood in Boulder, Colorado
features renewable energy design.

Photo credit: Dennis Schroeder / NREL

CSP with thermal energy storage can also enable greater
incorporation of other variable generation sources, such
as PV and wind on the grid. Furthermore, CSP systems
can synergistically integrate with fossil-fueled power
plants to offset fuel use and reduce carbon footprints.
CSP, therefore, presents unique opportunities for the
renewable energy space and is a key enabling technology
in the nation’s all-of-the-above energy strategy.

SunShot Initiative 2014 Peer Review Report 1



Concentrating Solar Power

Figure 2: SunShot Initiative 2020 goal for concentrating solar power and the cost reductions achieved from 2010-2013

The Falling Cost of Concentrating Solar Power
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CSP Overview

CSP technologies are deployed primarily in four system
configurations: parabolic trough, linear Fresnel, dish
engine, and power tower. Parabolic trough and linear
Fresnel systems focus sunlight onto a linear receiver,
whereas dish engine and power towers focus sunlight

12 SunShot Initiative 2014 Peer Review Report

2013

2020

onto a single central receiver. These system configura-
tions include collectors (solar field), receivers, power
block (power plant), and thermal energy storage subsys-
tems. The SunShot Initiative goal for CSP translates to
achieving a subsidy-free LCOE of $0.06/kWh or less by
the end of the decade.



Concentrating Solar Power

Figure 3: Technical metrics and cost targets for CSP subsystems to achieve an LCOE of $.06/kWh, and the subsystems

addressed by the funding opportunity announcements released

Deconstructing 6¢/kWh
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Toward this objective, Figure 2 shows the cost reduc-
tions that are targeted in the various subsystems rela-
tive to their costs at the beginning of the decade. It is
evident that these reductions represent an aggressive
challenge that calls for significant technical advance-
ments in performance and efficiency. The LCOE target
of $0.06/kWh may be mapped using a technoeconomic
analysis to the performance and cost targets for each of
the subsystems, as depicted in Figure 3. In general, the
targets require higher temperature operation at higher

CSP: ELEMENTS (2014)
SolaT 2 (2014)
CSP-HIBRED (2013)
PREDICTS (2013)
SolarMat (2013)
SunShot MURI (2012)
National Lab R&D (2012)
BRIDGE (2012)

SunShot CSP R&D (2011)
Incubator (Recurring)
CSP Baseload (2010)
ARRA (2009)

Thermal Storage (2008)

efficiency, longer lifetime, and lower cost. These target
metrics are the basis for the competitive funding oppor-
tunity announcements of the SunShot CSP program.
The program provides funding—all through competitive
awards—to industry, national laboratories, and univer-
sities (Figure 4) to develop component technologies and
systems solutions to achieve the technoeconomic goals
of the SunShot Initiative. Since the launch of the Initia-
tive in 2011, about $145 million has been committed for
developing CSP technologies to meet SunShot goals.

SunShot Initiative 2014 Peer Review Report 13
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Figure 4: CSP R&D portfolio funding distribution among industry, national laboratories, and universities in fiscal year 2013

CSP R&D portfolio funding distribution

Other 1%

National
Laboratories
41%

Awarded projects are selected through a rigorous peer
review process and are actively managed with defined
quantitative and measurable milestones, deliverables,
and periodic stage gates with go/no-go criteria. Much
emphasis is placed on understanding the fundamentals
to drive innovation and technological advances at the
component and system levels, with a steadfast focus on
driving down costs.

The current portfolio of projects includes investments
with near-term to long-term horizons that span all of
the various CSP technologies. Ongoing R&D efforts
aim to deliver transformative technologies within the
next three to five years. These include highly efficient
reflector materials integrated with low-cost collector
structures, lean solar field manufacturing and assem-
bly approaches, self-aligning and tracking controls,
self-cleaning mirrors, novel receiver designs, solar
selective coatings for enhanced collection efficiency,
corrosion-resistant materials and coatings, viable heat
transfer fluids to carry the heat from the receivers for

14 SunShot Initiative 2014 Peer Review Report

Universities

23%

Industry
35%

high-temperature operation, and cost-effective thermal
energy and thermochemical energy storage technolo-
gies. High-temperature, higher-efficiency power cycles
such as the supercritical carbon dioxide Brayton cycle
demonstrated at the 1-10 MW scales, as well as the so-
lar integrated air Brayton cycle, will also be very signif-
icant. These next-generation power cycle technologies
have broader relevance beyond the solar industry to the
nuclear, fossil, and geothermal industries, among others.
In addition, an award as part of the CSP-HIBRED (Heat
Integration for Baseload Renewable Energy Develop-
ment) funding opportunity seeks to catalyze near-term
demonstration of hybrid power systems that integrate
CSP with fossil-powered plants.

Just two years into the SunShot Initiative, DOE’s invest-
ments at the national laboratories, industry, and univer-
sities are beginning to pay off. Based on 2013 figures,
the LCOE for CSP is $0.08/kWh less than what it was
in 2010 (Figure 2)—that is over the halfway mark in the
reductions needed toward the SunShot target. While the



initial reduction is impressive, much remains to be done
as we continue to work toward the goal of subsidy-free
cost parity of CSP-generated electricity on the grid.

Dr. Ranga Pitchumani

Chief Scientist and
Concentrating Solar Power
Program Manager

Solar Energy

Technologies Office

U.S. Department of Energy

Team Members

Christine Bing, Technical Project Officer
Edward Hoegg, SunShot Fellow

Levi Irwin, SETA

Mark Lausten, SETA

Candace Pfefferkorn, AAAS Fellow

Andru Prescod, SETA

Tommy Rueckert, Technical Project Officer
Avi Shultz, SunShot Fellow

Concentrating Solar Power

CSP Portfolio Review Average,
Range, and Standard Deviation

Of the 251 projects in the SunShot Portfolio, 44 proj-
ects were reviewed as part of the CSP portfolio review.
Each reviewed project is listed on Table 4. Projects were
ranked on a 1-5 scale, with “1” being the lowest possi-
ble score for a category and “5” being the highest score.
Reviewers provided overall ratings on each project’s
relevance to the SunShot and CSP portfolio mission and
goals, overall impact, level of funding, and approach
taken.

For the CSP portfolio, the overall average rating for a
project was 3.74. Of the 44 projects, 25 were performing
above the mean, while 19 achieved scores that were low-
er than the 3.74 average. The range of overall scores was
1.25, with a median of 3.83, mode of 4.09, and standard
deviation of 0.35. This information is presented in

Table 3 and Figure 5. The reviewers’ comments on

the program as a whole are provided in the following
sections. Overall, the data have a skewness of -.57 and
are skewed to the left, as the mean is smaller than the
median and the median is smaller than the mode.

Table 3: CSP Portfolio Review Average, Range, and Standard Deviation

Average Range Standard Deviation
Relevance 4.25 3.00 5.00 0.64
Impact 3.43 2.00 4.00 0.46
Funding 3.70 2.67 433 0.49
Approach 3.57 2.67 4.33 0.43
Overall 3.74 3.00 4.25 0.35

SunShot Initiative 2014 Peer Review Report 15
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Figure 5: Frequency of overall project rating for CSP portfolio
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CSP Portfolio Reviewer Report

The following section contains the evaluation of the
Concentrating Solar Power portfolio, as analyzed by the
reviewers assigned to the CSP portfolio. To preserve the
integrity of the reviewer’s responses, the analysis is pro-
vided almost verbatim, with minor edits for grammar.

Quality and Impact of the Portfolio

The overall quality of the technical work in the CSP
portfolio is very strong, though the potential for impacts
in the near-term perspective (identified as the 2014-
2020 timeframe) is inadequate to achieve the goals of
the SunShot Initiative and CSP portfolio. The long-term
impact of the activities in the CSP portfolio (identified
as the 2024 timeframe and beyond), however, are very
strong; this can be attributed to several longer-term
projects that focus on R&D activities.

It is important to note that some of the project teams
in the CSP portfolio may not have sufficient technical
expertise to accomplish their project goals. DOE needs
to be sensitive to this issue and ensure that all project
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teams have sufficient technical expertise as necessary
and expected.

Appropriateness of Funding Relative
to Program Goals

General comments and opinions on the appropriateness
of funding relative to the CSP portfolio goals were not
documented, but noted that the following project areas
are not funded sufficiently in the current project portfo-
lio:

« Electrical power and networking

« Land preparation and civil work for CSP in-field
hardware

« In-field cleaning of solar equipment (the actual
cleaning process as opposed to films or reduction)

o Component and subcomponent design (e.g., heat
exchangers or compressors)

o Systems integration for CSP plant hybridization
(e.g., fossil, biomass, or thermoelectric storage)

« Part and sub-system standardization.



Conversely, two areas were identified as likely receiving
too much funding: (1) the development of manufactur-
ing equipment for specific reflector designs and (2) ther-
mochemical storage and recovery. In terms of thermo-
electric storage, concerns on overfunding were partially
mitigated given sensitivity on the behalf of the reviewers
to the importance of thermal energy storage for achiev-
ing CSP program goals.

Future Direction and Composition of
Portfolio

The portfolio will be better balanced with the inclusion
of additional or more substantial work by building on
to the areas previously identified as being underfunded.
This includes the development of improved electrical
power and networking infrastructure, expertise in land

Concentrating Solar Power

preparation, civil engineering work in CSP, in-field
hardware assembly and maintenance, cleaning pro-
cesses to support in-field cleaning of solar equipment,
standardization of parts and sub-systems, improved and
innovative design of component and subcomponent
technologies, the development of systems integration
methods, the demonstration of results beyond models
by scalable prototypes and pilot systems, and expertise
for CSP plant hybridization.

Finally, separate groups that are working on common
technologies, subsystems, and systems could benefit
from more robust coordination (e.g., falling particle
receivers, supercritical CO, power cycle, heat trans-
fer fluids and corrosion, and thermochemical reactor
designs).

Table 4: Projects Reviewed under Concentrating Solar Power Program

Award : . o

i Project Name Project Organization

772 SMUD CSP HIBRED Project Sacramento Municipal Utility District

1533 Engineering a Novel High-Temperature Metal Hydride Thermochemical Storage Pacific Northwest National Laboratory
High-Performance Reduction/Oxidation Metal Oxides for Thermochemical Energy . . .

1541 Storage (PROMOTES) Sandia National Laboratories
Predictive Physico-Chemical Modeling of Intrinsic Degradation Mechanisms for .

1554 Advanced Reflector Materials National Renewable Energy Laboratory

1558 High-Temperature Falling Particle Receiver Sandia National Laboratories

1536 Near-Blackbody, Enclosed Particle Receiver Integrated with Fluidized-Bed Heat National Renewable Energy Laboratory
Exchanger

1612 Low-Cost, Lightweight Solar Concentrators Jet Propulsion Laboratory

1664 Integratgq Solar Thermochemical Reaction System for the High Efficiency Production pacific Northwest National Laboratory
of Electricity

1681 Nx-TEC: Next-Generation Thermionic Solar Energy Conversion SLAC National Accelerator Laboratory

3588 Sulfur-Based Thermochemlcal Heat Storage for Based Load Concentrated Solar General Atomics
Power Generation

3596 Advanced Nitrate Salt Central Receiver Power Plant Abengoa Solar

4008 Computational Analysis of Nanoparticles-Molten Salt Thermal Energy Storage for University of Texas at El Paso
Concentrated Solar Power Systems

5792 Flexible Assembly Solar Technology BrightSource

5794 Self-Cleaning CSP Collectors Boston University

5796 Advanced Manufacture of Reflectors University of Arizona

5798 Scattering Solar Thermal Concentrators Pennsylvania State University

SunShot Initiative 2014 Peer Review Report 17
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Table 4: Projects Reviewed under Concentrating Solar Power Program

Award - . o

Number Project Name Project Organization

5799 High-Efficiency Receivers for Supercritical Carbon Dioxide Cycles Brayton Energy

5800 A Small Particle Solar Receiver for High-Temperature Brayton Power Cycles San Diego State University

5801 High Flux Microchannel Receiver Development with Adaptive Flow Control Oregon State University

5802 Low-Cost, High-Performance Nanostructured Spectrally Selective Coating University of California

5304 Development of a I-.I|g‘h-Eff|C|ency Hot Qgs Turbo-ExpanQer and Low-Cost Heat Southwest Research Institute
Exchangers for Optimized CSP Supercritical CO, Operation

5805 Optimizing the CSP Tower Air Brayton Cycle System to Meet the SunShot Objectives ~ Southwest Research Institute

5806 Concentrated Solar Thermoelectric Power Massachusetts Institute of Technology

5941 H|gh-Operatmg-Temperature Heat Transfer Fluids for Solar Thermal Power University of California
Generation

5942 Halide and Oxy-Hallde Eutectic Systems for High-Performance, High-Temperature University of Arizona
Heat Transfer Fluids

5954 Using Solid Particles as Heat Transfer Fluid for Use in CSP Plants University of Colorado

6345 Physics-Based Reliability Models for Supercritical-CO, Turbomachinery Components  GE Global Research

6357 Improved Large Aperture Collector Manufacturing Abengoa

6534 Carbon Dioxide Shuttling Thermochemical Storage Using Strontium Carbonate University of Florida

6535 Regenerative Carbonate- and Silicate-Based Thermochemical Energy Storage Southern Research Institute
System for CSP

6536 Thermochem@al Storage vyrzh Anhydroqs Ammon|a: Optimizing the Synthesis University of California, Los Angeles
Reactor for Direct Production of Supercritical Steam

6537 High-Temperature Thermochemical Storage with Redox-Stable Perovskites for CSP Colorado School of Mines

25682 High-Efficiency Thermal Energy Storage System for CSP Argonne National Laboratory

75683 Fundamgntal Corrosion Studies in High-Temperature Molten Salt Systems for Next- Savannah River National Laboratory
Generation Concentrated Solar Power Systems

25745 Low-Cost, Self-Cleaning Reflector Coatings for CSP Collectors Oak Ridge National Laboratory

75878 H|gh-Temperature Thermal Array for Next-Generation Solar Thermal Power Los Alamos National Laboratory
Production

75829 Degradann Mecha.msms and Development of Protective Coatings for TES and HTF National Renewable Energy Laboratory
Containment Materials

25830 Low-Cost Heliostat for Modular Systems National Renewable Energy Laboratory

25831 SAM Enhancements for CSP National Renewable Energy Laboratory

25832 Direct S-CO, Receiver Development National Renewable Energy Laboratory

25834 Dish Stirling High-Performance Thermal Storage Sandia National Laboratories

25835 Low-Cost Metal Hydride Thermal Energy Storage System for CSP Systems Savannah River National Laboratory

25837 The DOE National Solar Thermal Test Facility Sandia National Laboratories

75838 High-Temperature Solar Selective Coating Development for Power Tower Sandia National Laboratories

Receivers

18 SunShot Initiative 2014 Peer Review Report



PROJECT: 772 SACRAMENTO
MUNICIPAL UTILITY DISTRICT

SMUD CSP HIBRED Project

Concentrating Solar Power

FUNDING INFORMATION $10.0M | Heat Integration for Baseload Renewable Energy Development | 10/2012-12/2014

Project Description

The Sacramento Municipal Utility District (SMUD) will
design, develop, and demonstrate through commercial
operation an advanced hybrid concentrating solar power
(CSP) technology that will be integrated at an existing natural
gas-fueled combined cycle power plant at SMUD. The CSP
system will provide 45 megawatts thermal (MWt) peak solar
collection and 32 MWt extended on-peak delivery to the
power plant using stored energy for a net minimum reliable
capacity increase of greater than 10 megawatts electrical solar
generating capacity. The thermal energy input temperature

to the thermal-to-electric conversion system’s working fluid
will be at or above 500°C. The CSP system will include high
temperature thermal energy storage that will optimize reliable
hybrid plant production during the summer afternoon peak
and super peak dispatch hours.

Individual Reviewer Comments

o The HiBRED project aims to demonstrate the economic
feasibility of combining solar energy with a conven-
tional (existing) combined cycle gas turbine electricity
generating plant by adding solar heat (stored energy)
to a heat recovery steam generator. This is probably
the most effective way to demonstrate feasibility of
the hybrid approach to pave the way for adoption of
CSP/solar energy in combination with existing energy
infrastructure.

o The project is a valid demonstration of technical
capability on a plant scale and may require additional
funding. There is potentially a large expenditure versus
the shared value to industry, but this is a very good inte-
gration project. More projects like this one are needed.

o The path forward is not well-defined. The project may
also get jammed up on DOE versus regulatory and
permitting timeline complications, but that is okay.

Though all aspects for an optimal hybrid system (gas turbine
combined cycle with solar heat addition) seem to be ad-
dressed, environmental and technological issues of integrat-
ing with an existing power plant need to be addressed. It is
assumed these challenges can be overcome.

SunShot Initiative 2014 Peer Review Report 19



Concentrating Solar Power

PROJECT: 1533 PACIFIC NORTHWEST
NATIONAL LABORATORY

Engineering a Novel

High-Temperature Metal Hydride
Thermochemical Storage

FUNDING INFORMATION $3.5M | Efficiently Leveraging Equilibrium Mechanisms for Engineering New Thermochemical Storage | 05/2014-04/2017

Project Description

The project team will develop a concept for high energy
density thermochemical energy storage for concentrating
solar power (CSP), which is projected to meet SunShot energy
and exergy efficiency targets. The full system will be designed,
fabricated, and evaluated to culminate in on-sun testing with
a solar dish to validate the projected efficiencies and full-scale
performance. The technical concept is based on a system

that consists of a high-temperature metal hydride bed for
heat storage operating at greater than or equal to 650°C and
2.4 bar pressure connected to a second metal hydride bed
operating at low temperature, which is used to store hydrogen
near ambient temperature.

Individual Reviewer Comments

 The overall plan is logical and has a high probability of
meeting its objectives. The project uses hydrides, which
have higher energy density, an appropriate temperature
range, and high exergetic efficiency.

o This is a novel concept for a metal hydride thermo-
chemical energy storage system for CSP. It is a near-
term development (design, fabrication, and evaluation)
project intended to meet the SunShot energy efficiency
targets for 2020. Both the engine and the storage system
will be tested with a solar dish to validate the projected
efficiencies. The research and testing plan appears to be
reasonable. In addition, the bench test demonstration
was a plus; though, it was unclear whether the bench
test is a cycle demo involving both low- and high-tem-
perature reactors.
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Design of the high-temperature metal hydride reactor
vessel will be important in maximizing heat transfer
to the metal hydride bed. However, scale-up of the
high-temperature metal hydride bed may require
expertise from another discipline, such as chemical
engineering.

The process schematic shows liquid sodium as heat
transfer fluid. This may have to be replaced by another
heat transfer fluid, or it can be leveraged from another
project.

Because the project approach used hydrides, a need to
take care of the hydrogen loop arises. In addition, a loop
for a separate heat transfer fluid is used, transferring

in and out of the metal hydride reactors. This mode
increases the number of fluid loops, which increases

the complexity of the system. For each one of the loops,
components need to be designed and maintained (e.g.,
material interactions, corrosion, or reactivity).



PROJECT: 1541 SANDIA
NATIONAL LABORATORIES

High-Performance Reduction/

Oxidation Metal Oxides for
Thermochemical Energy Storage
(PROMOTES)

Concentrating Solar Power

FUNDING INFORMATION $3.0M | Efficiently Leveraging Equilibrium Mechanisms for Engineering New Thermochemical Storage | 05/2014-04/2017

Project Description

Sandia will systematically design, develop, characterize, and
demonstrate a robust and innovative storage cycle based on
novel metal oxides with mixed ionic-electronic conductivity
(MIEC). Thermal energy is stored as chemical potential in
these materials through a reversible reduction-oxidation
reaction; thermal energy from concentrated sunlight drives

a highly endothermic reduction reaction that liberates lattice
oxygen from the oxide to form O, gas, leaving an energy-rich,
oxygen-depleted solid. When desired, the heat is recovered

as the MIEC is re-oxidized in an exothermic reaction upon
exposure to air. The system is highly integrated with an air
Brayton power cycle. The compressor of the Brayton engine
delivers the heated, compressed air to the re-oxidizer reactor,
which then drives the turbine of the Brayton engine; expan-
sion of the air turns the turbine and generator, thus efficiently
producing electric power.

Individual Reviewer Comments

« 'This proposal leverages the experience and knowledge
of novel metal oxides with MIEC at Sandia National
Laboratories. Metal oxides show promise as air can
be used as the working fluid, eliminating the need for
other fluids (such as carbon dioxide) released from the
chemical reaction. The innovative design of the reactor
is noted.

o 'There is significant experience at Sandia on solar
particle receiver design and operation. Direct solar
irradiation leads to more efficient energy transfer to the
particles.

The research team will study an innovative and
technologically challenging thermochemical energy
storage (TCES) system. This includes the falling particle
receiver.

The overall system considered by the team (including
collaborating partners) is highly innovative; however, at
the same time, the project appears to be extremely risky.
Owing to the large number of technological challenges
that need to be overcome, the TCES is not likely to
advance the SunShot CSP goals by 2020.

It is unclear if the team is familiar with the work done
by Japanese researchers (in the 1960-1980 time frame)
on attempting to design and develop the high-tem-
perature gas-particle nuclear reactor. Those researchers
encountered a number of practical technological diffi-
culties associated with the concept, and they eventually
had to give up on developing the reactor. This past work
by the Japanese may be relevant to the team, and they
should become familiar with it.

Repeated thermal cycling of particles may lead to
particle attrition and creation of fines. Fine particles
may have to be continuously removed from the system
to avoid build up. Repeated cycling may also lead to
material degradation.

The re-oxidation reactor, as shown in the schematic,
is likely to encounter operational problems. Common
problems, such as repeatability of chemical reactions
over numerous cycles and reaction speed, need to be
studied further.
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For systems that use thermochemical means of endo-
thermic absorption and exothermic release, these are
still significant issues/challenges. If the O, generated
in the “evaporator” portion (reduction reaction) is not

SunShot Initiative 2014 Peer Review Report

stored, then more airflow is needed in the regeneration
cycle (generate heat) during the “recombining” reaction.
It is unclear why O, is stored and reused, but appears to
be released into the atmosphere. It is also unclear what
the “cost” of not utilizing O, studied would be.



PROJECT: 1554 NATIONAL
RENEWABLE ENERGY LABORATORY

Predictive Physico-Chemical

Modeling of Intrinsic Degradation
Mechanisms for Advanced
Reflector Materials

Concentrating Solar Power

FUNDING INFORMATION $2.1M | Physics of Reliability: Evaluating Design Innovations for Component Technologies in Solar | 01/2014-12/2016

Project Description

The National Renewable Energy Laboratory (NREL) seeks to
develop the capability to predict measurable characteristics
from models of fundamental physico-chemical processes
driving intrinsic degradation and failure mechanisms of
advanced materials and coatings targeted for use in con-
centrating solar power (CSP) systems. The team will use
novel physics- and chemistry-based modeling techniques to
predict the time evolution of reflector properties under both
controlled and real-world conditions. This prediction will be
possible through the creation and application of validated,
predictive models that use the measured behavior of individ-
ual materials to provide predictions for lifetimes of complete
multilayer reflectors.

Individual Reviewer Comments

o Degradation mechanisms are important in CSP plant
lifetime predictions. An attempt to model these is
proposed.

o Strengths of this project include addressing the import-
ant feature of the 30-year lifetime via predictive tools
and the use of modeling that relates to fundamentals,
such as Fick’s Law and Maxwell’s equations.

o The impact of this project may be significant, given the
need to predict lifetimes. The basis of the modeling
seems sound. Relevance is directly related to the predic-
tion of 30-year lifetimes. Optical error, wind loading,
and cost are not specifically highlighted. Funding is
adequate.

The project appears to be utilizing best practices for

the modeling work, and it seems to be incorporating
experimental results as well. There are many uncertain
boundary conditions and processes in play. It will be a
challenge for the model to beat accelerated aging tests in
reliability estimation for real systems.

The modeling looks very strong in the theoretical
materials science area, but the practical aging (heat, UV,
mechanical stresses, and cleaning abrasion) might be
significant factors, and the models need to be heavily
compared empirically.

This is an interesting project, but it might be a lower
direct SunShot impact as the approach/topic evolves.

The project approach is good. However, the impact
cost-wise seems to be loosely defined in terms of how
this particular modeling tool might affect the SunShot
Pareto chart for costs. In addition, it is unclear that

this approach has been contemplated adequately to be
adopted, but might shed light on the science behind the
problem.
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PROJECT: 1558 SANDIA NATIONAL
LABORATORIES

High-Temperature Falling

Particle Receiver

FUNDING INFORMATION $4.5M | SunShot Concentrated Solar Power Research and Development | 10/2012-09/2015

Project Description

The objective of this project is to make revolutionary ad-
vancements in falling particle receivers for concentrating
solar power applications that will enable higher temperatures
and greater efficiencies at lower cost. Technical innovations
will be pursued through a combination of modeling, systems
analysis, design, testing, and optimization. These include: (1)
advances in receiver design with consideration of particle
recirculation, air recirculation, and interconnected porous
structures; (2) advances in particle materials to increase solar
absorptivity, energy storage, and durability; and (3) advances
in other areas, such as thermal storage, heat exchange, and
particle conveyance.

Individual Reviewer Comments

o This project has an innovative method to increase the
operating temperature of solar plants and lower energy
storage costs. The method has the potential to raise the
temperature of heat transfer fluids to 1,000°C. Good
progress has been made thus far. This is a potential
complementary technology that must be evaluated.

o Strengths of this project include a plan that addresses all
four goals of the receivers and heat transfer fluids area;
a sound approach that incorporates design, particles,
and balance of plant; and the build of a prototype
demonstration system. The use of particle stock that is
already round is noted. A best approach appears to be
utilized, first studying tower design, then particles for
use, and finally balance of plant. The design and build
of a demonstration tower is a significant step toward
demonstrating the technology.
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The effort appears attractive for all 4 technical targets,
amply exceeding 650°C and on track for efficiency
above 90%. Given the use of solid materials and an Olds
elevator, a lifetime of 30 years may be very reasonable,
and cost should be attractive.

Project funding is adequate. An increase to study
particle durability/longevity might be in order. The
impact toward CSP goals is in high-temperature particle
storage, heat exchange, and particle conveying. The
durability of the optical properties of the particles over
time is a concern, as erosion may cause particle frag-
mentation and rounding.

Relevant area and wide-ranging approach across this
subsystem. The cost impact of the development on
receiver and storage elements is needed, as well as the
integration aspect, so the impact is scored lower. The
technical direction on materials and heat capacity is
good, but again, it is hard to translate this into the cost
and life aspects of related system impact.

Management and transport of particles within systems
seems rather awkward.




PROJECT: 1586 NATIONAL
RENEWABLE ENERGY LABORATORY

Near-Blackbody, Enclosed

Particle Receiver Integrated with
Fluidized-Bed Heat Exchanger

Concentrating Solar Power

FUNDING INFORMATION $3.7M | SunShot Concentrated Solar Power Research and Development | 10/2012-08/2015

Project Description

The National Renewable Energy Laboratory (NREL) will de-
sign, develop, and test a prototype high-temperature particle
receiver and heat exchanger system. Many existing receiver
designs are limited by an upper operating temperature of
650°C due to the use of nitrate salt as the heat transfer fluid
and the limitation of available high-temperature coatings for
high-receiver efficiency. To overcome these limitations, NREL
will develop an innovative receiver design with near-black-
body absorptive performance and select materials that can
withstand temperatures of greater than 1,000°C. The concept
uses low-cost stable materials, a ceramic solar receiver, and
storage containers with refractory liners. These liners can
accommodate temperatures much higher than oil/salt and
ordinary metals or metal alloys at a fraction of the cost, there-
by resulting in a low-cost, high-performance concentrating
solar power system with thermal energy storage capability for
baseload solar power.

Individual Reviewer Comments

o An interesting alternative technology is being devel-
oped/tested as part of this project.

o Strengths of this project include a sound approach
based on modeling, characterization, and prototype
development. A pathway to cost and lifetime targets is
noteworthy.

o 'This is a very good system impact and approach, con-
sidering all first-order aspects. Relevance includes high
operating temperatures, adequate thermal efficiency,
and a receiver that aims at a 30-year service life. The cost
objectives are attractive and funding is appropriate.

Best approaches include utilizing ray-tracing, FLUENT
modeling, and building of a particle-flow/heat transfer
test setup to characterize the process. The prototype
will be verified in on-sun testing for validating design
methodology.

The project might be thin on the cost awareness of the
particle handling, thermochemical energy storage, and
related equipment. Additional development detail on
the blackbody receiver is needed to better evaluate the
project.

Silica sand is used as absorbing particles, called “ade-
quate”” It is unclear if there are more effective particle
systems in view or under study.
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PROJECT: 1612 JET PROPULSION
LABORATORY

Low-Cost, Lightweight

Solar Concentrators

FUNDING INFORMATION $2.3M | SunShot Concentrated Solar Power Research and Development | 10/2012—-09/2015

Project Description

The Jet Propulsion Laboratory is designing an optimized solar
thermal collector structure using a lightweight collector ca-
pable of lowering structural costs and simplifying installation
to reach mass manufacture. The specific project objectives are
to design and develop a mirror module using an inexpensive
reflective film bonded onto a lightweight structural rigid
foam support; design and develop a low-cost, non-traditional
mirror-module support structure; select low-cost drive
components and associated control system; design, integrate,
and test a low-cost concentrator; and analyze the system’s cost
to demonstrate achievement of the $75/square meter (m?*)
collector system target.

Individual Reviewer Comments

o Strengths of this project include a comprehensive
approach that includes all parts of the concentrator
cost, an optical error budget that seems reasonable for
an initial concentrator, use of a film applique that has
optimal optical properties, and coupon testing that was
a reasonable first start.

o Good progress has been made on prototypes that per-
form well. The lightweight aspect is important for many
reasons, as explained. Best practices include costs being
estimated utilizing vendor-based estimates, surface
quality (static) is reasonable, mechanical structures
successfully analyzed, and facet dimensions successfully
optimized. The funding level seems appropriate for the
project. Use of a phased approach implies additional
funding will be required in the future.
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The team is taking an “all elements of the concentrator”
approach to the design optimization, suggesting a
successful approach to achieving the solar field technical
targets. The project has had impact by demonstrating

a lightweight, low-cost rigid foam sandwich structure
equipped with a reflective film. Initial costs are estimat-
ed at $95-$115/m> Optical error is reasonable (for the
static case); lifetime is only suggested by coupon testing.
The wind speed determination is partial, up to 27 miles
per hour.

This proposal lacks structure in terms of spend and
expected results. Costs are the key in the collector sub-
system, including materials, reflector frame assembly,
and field impact over life. In addition, the poster would
have benefited from connecting the coupon testing
results to a years-long durability value in order to gather
a metric on the 30-year lifetime.

Some questions remain in terms of wind versus per-
formance (pointing), along with manufacturing of the
array to control canting and wind loads.

The wind loading is a significant factor at the unit

and system level that may be underrepresented here.
Integration at the assembled level for durability is a con-
cern. The canting aspect is not adequate and is a major
player in the root mean square pointing error. Film-
based reflectors are of interest, but need all these factors
considered to be more valuable. The cost aspects need to
include labor, equipment, and related install costs.

The cost target is still not met and does not seem to
be reachable with the methods applied. More effort is
needed to achieve this.



1664 PACIFIC NORTHWEST
NATIONAL LABORATORY

Integrated Solar Thermochemical

Reaction System for the
High Efficiency Production
of Electricity

Concentrating Solar Power

FUNDING INFORMATION $3.5M | SunShot Concentrated Solar Power Research and Development | 10/2012-09/2015

Project Description

Pacific Northwest National Laboratory (PNNL) seeks to
advance the technology of solar thermochemical reaction
systems from Technology Readiness Level (TRL) 3 to TRL
6. To accomplish this, PNNL will improve the performance
of the system and establish the design and manufacturing
methods that enable solar power generation at a levelized
cost of energy of no more than $0.06/kilowatt hour by 2020.
Specific project goals include improving the performance of
the solar thermochemical reaction system, improving the
solar-to-chemical energy conversion efficiency from 63% to
about 75%, increasing the solar thermochemical augment
from about 20% to as much as 28%, reducing the manufac-
turing costs, and establishing a validated baseline for capital
costs of solar thermochemical systems.

Individual Reviewer Comments

« 'This is an innovative project. It builds on previous work
and is probably one of the few PNNL projects that may
have some impact on achieving the SunShot concen-
trating solar power (CSP) electric power generation
goals for 2020. This is one of the best projects in the
entire SunShot CSP portfolio! Research and demon-
stration of integrated systems, integrating “solar boost”
to a convention power system such as a gas turbine
system are important to incremental adoption of solar
energy. Incorporation of micro- and meso-channel heat
exchangers will also be very helpful.

The use of micro- and meso-channel process technology
is a novel feature and makes scale-up relatively easy.
Micro- and meso-channel reactors will enhance heat
and mass transfer.

The catalyst is not expected to deactivate. This avoids all
problems associated with catalyst regeneration and/or
loading and unloading of a catalyst.

The project is not without some risks. The micro- and
meso-chemical process technology represents a novel
feature, but the scale-up—while challenging—may be
manageable. The path forward needs some clarification.

It is unclear if methane reforming requires water, as the
equation shows H,O. As in solar environments, water is
a pricey commodity.

Though micro- and meso-channel hydrogen halides
were mentioned, no progress report was presented.
Details of the on-sun tests showing 69% solar-to-chem-
ical conversion efficiency need to provide more details.
The system needs to address the common issue faced by
chemical energy systems: reversible chemical reaction
systems (fast reactions, repeatability of chemical
reactions over numerous cycles).
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PROJECT: 1681 SLAC NATIONAL
ACCELERATOR LABORATORY

Nx-TEC: Next-Generation

Thermionic Solar Energy
Conversion

FUNDING INFORMATION $0.8M | SunShot Concentrated Solar Power Research and Development | 10/2012-12/2014

Project Description

This research will create a new solid-state energy conversion
technology based on microfabricated and photon-enhanced
thermionic energy converters (PTECs), which—when used as
a topping cycle in concentrating solar power (CSP) systems—
will enable system efficiencies in excess of 50%. Using device
and system modeling, the team will design thermally iso-
lated, thermionic arrays and microelectromechanical-based
wafer-stack technologies for their fabrication, culminating

in the demonstration of devices with greater than 5% power
conversion efficiency. In parallel, the team will fabricate
heterostructure semiconductor cathodes based on active
layer absorbers, such as GaAs and similar materials, with the
addition of band engineered passivating layers, such as GaN,
to demonstrate high quantum efficiency Photon-Enhanced
Thermionic Emitters (PETE). The resulting Nx-TEC device
will achieve a stand-alone laboratory efficiency of more than
15%; a significant intermediate step toward a stand-alone goal
of more than 30%, which is needed to achieve the more than
50% system efficiency target.

Individual Reviewer Comments

« The project has put forth a new idea to enhance thermi-
onic emission by photons and top with a CSP plant via
residual leftover heat. The project is well-published, and
reasonable progress has been made. Best approaches
appear to be utilized, including use of GaInP and similar
materials.Overall, this is an interesting alternative
deserving research for sure.
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PETE is difficult to evaluate against the technology
targets, but the comprehensive explanation of the PETE
devices is a strength.

The idea of harvesting electrons and utilizing the waste
heat in a bottoming cycle is fair. Funding is also fair.

There are many integration issues to apply to solar
thermal to assess the system cost impact. That said, the
project has merit and is great fundamental research.

The team has taken a key research-level approach.
However, there is no indication of cost feasibility or
project outlined at this point. It will probably go to
non-CSP markets first. It might be early to think about
scale-up cost, but the team could at least make a model
of what can be allowed in cost increase versus value of
efficiency. Project impact and relevance are unclear.

The heterostructure architecture required to improve
conversion efficiency may not be practical in the field. It
is not addressed in the report.
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PROJECT: 3588
GENERAL ATOMICS

Sulfur-Based Thermochemical

Heat Storage for Based Load
Concentrated Solar Power
Generation

FUNDING INFORMATION $2.0M | Baseload | 09/2010-11/2014

Project Descri ption o The sulfur acid decomposition and sulfur dioxide dis-
proportionation reactions appear to be well in hand, and

The goal of the project is to demonstrate the engineering
feasibility of using a sulfur-based thermochemical cycle
(TC) to store heat from a concentrating solar power (CSP)

the sulfur combustion study is ongoing. The project has a
sound experimental plan to study the disproportionation
reaction. In addition, sulfuric acid manufacturing has

plant and support baseload power generation. The team will
study the sulfur-generating disproportionation reaction and
develop it into a practical engineering process step. The team

been around for many decades and there is wealth of
information in the literature. Topics such as handling,
storage, and environmental issues have been solved and

will also carry out preliminary process components design
and experimental validation. The engineering data will be

used for process integration between the CSP plant, the sulfur

processing and storage plant, and the electricity generation
unit. Through this project, the team will demonstrate the
economics and safety of a CSP plant integrated with sulfur
storage.

Individual Reviewer Comments

The goal of this project is to demonstrate the engineering
feasibility of using sulfur-based TC to store heat from a
CSP plant and to support baseload power generation. The
TC based on sulfur does not produce any waste effluent
and does not emit any greenhouse gases.

could be leveraged in this study.

Reported research on using a heterogeneous catalyst for
disproportionation, if available, would greatly simplify
the reactor deign and avoid the problems with separating
and recycling homogeneous catalyst.

The TC uses very corrosive chemicals, and hence,
selection of appropriate material of construction for the
disproportionation reactors on commercial scale will be
critical.

The material of construction will negatively impact the
economics. In addition, the process to recover dissolved
iodine catalyst is complex, and low recovery will nega-
tively affect economics. Plus, dissolved iodine will make
the system more corrosive.

o According to the project summary, no technical barriers o The proposed system involves a three-step process
remain, and the next step is to design, build, and then test with catalyst involved, making it a fairly complex
a 300-kilowatt (kW) demonstration testing system. In system. There are significant issues around storing
addition, the technology seems to be at a higher readiness sulfur and sulfuric acid. Sulfur, as the working fluid,
level. It is encouraging to note a 300-kW system demo in is not very attractive with many attendant issues,
progress with a subsystem tested Onsun. including: identification of which byproducts are
created in a sulfur combustor, how the byproducts
relate to emission regulations, and the potential fluid
handling issues for these corrosive chemicals (valves,
pumps, seals, etc.).

o Though it is unclear from the documentation provided
what part of the work is being done by which partner,
it appears that the team has made satisfactory progress
during the last three years in meeting the overall project
objectives. o The system involves generally environmentally unfriend-
ly and corrosive materials. The proposed system for
baseload application seems to be a stretch.
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PROJECT: 3596
ABENGOA SOLAR

Advanced Nitrate Salt Central

Receiver Power Plant

FUNDING INFORMATION $4.5M | Concentrated Solar Power Baseload | 09/2010-06/2014

Project Description

Abengoa will demonstrate a 100-megawatt central receiver
plant using nitrate salt as the receiver coolant, thermal storage
medium, and heat transport fluid in the steam generator. The
plan is to operate the plant at full load for 6,400 hours each
year using only solar energy. Key components include a new
high-temperature molten salt receiver based on a fossil boiler
and heat exchanger design that will be more robust and more
manufacturable; a cermet, high-temperature, low-emissivity
selective coating for central receivers that is stable when
exposed to air; an optimized surround heliostat field; and an
optimized thermal storage, steam generator, and power cycle
configuration based on dry cooling.

Individual Reviewer Comments

« The project has a clever use of the yield curve after a
short number of thermal cycles. The effort offers the
weakness of utilizing temperature-limiting molten salt.
Good test work on salt breakdown temperatures. The
project has made much progress in meeting the goals of
the original proposal.

o The project’s relevance, impact, and best approaches are
fair. The project is relevant because it is not exceeding
the technical target of 650°C; although, suggesting lon-
gevity of operations even though there are insufficient
data available to really assess the impact projected on
cost. Impact is fair given thorough studies completed on
optimum baseload operations having a thermal storage
capacity of six hours as ideal. The best approaches also
appear fair, including a detailed cost analysis and plant
design.
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Funding levels were mixed by reviewers, as one reported
it as “fair” and another noted that the specific efforts
outlined seem incremental in nature as opposed to the
outlined cost. which resulted in a lower funding score.

The key weakness is that this project focuses on im-
provements on existing technology rather than new
concepts.
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PROJECT: 4008 UNIVERSITY
OF TEXAS AT EL PASO

Computational Analysis of

Nanoparticles-Molten Salt Thermal
Energy Storage for Concentrated
Solar Power Systems

FUNDING INFORMATION $0.27M | Minority University Research Associates | 09/2010-09/2014

Project Description o The presence of nanoparticles in molten salts does not
appear to provide sufficiently significant advantage

in thermophysical properties to justify their serious
consideration in single tank TES. The project is not
sufficiently innovative, and the computational modeling
effort is relatively routine.

The research goal of this project is to perform computational
analysis for designing an efficient and cost-effective thermal
energy storage (TES) system for CSP using nano-fluidized
molten salt as the storage medium. An efficient TES system
contributes to reaching the SunShot goal of making solar

electricity cost competitive with conventional sources. o The weakness of the effort is in investing in molten salts
The educational efforts include an interdisciplinary course with limited upper temperature capability. There have
designed specifically for students with different backgrounds been minimal improvements achieved by doping the
who share a common interest in renewable energy, a targeted molten salt with nanoparticles at approximately 5%.

solar energy workshop at the University of Texas at El Paso,
and student and faculty visits and summer research at the
National Renewable Energy Laboratory and Sandia National
Laboratories.

o Even if the proposed project is satisfactorily completed,
the potential payoft is not expected to advance the
SunShot CSP technology goals.

Individual Reviewer Comments

o Development of human capital to partake in the future
is important to the workforce in solar energy. It is
inexpensive given that there are many trainees. The
development of human capital and efforts in science,
technology, engineering, and math (i.e., STEM) educa-
tion are the major strengths of the project.

o The funding requested is relatively modest, and the
proposed visits to the National Renewable Energy
Laboratory and Sandia National Laboratories should
provide the principal investigator and the student an
opportunity to interact with the researchers at those
laboratories.
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PROJECT: 5792
BRIGHTSOURCE

Flexible Assembly

Solar Technology

FUNDING INFORMATION $4.8M | SunShot Concentrated Solar Power Research and Development | 08/2012-04/2014

Project Description

BrightSource Energy is designing and deploying an au-
tomated collector assembly platform and a more efficient
installation process that has the potential to drastically reduce
construction time and cost for utility-scale concentrating so-
lar power facilities. This Flexible Assembly Solar Technology
(FAST) system accelerates the heliostat assembly and field
installation processes by combining elements of both on a
single platform with direct access to the solar collector field.
The system incorporates preliminary, partial assembly of the
mirror units at a centralized offsite facility capable of supply-
ing multiple CSP projects; an automated, transportable FAST
platform for assembly completion; and delivery of the fully
completed assemblies into the solar field for final installation.

Individual Reviewer Comments

o The project offers a common-sense approach to solar
plant construction at a centralized facility. The impact
is in the merit of having a centralized facility capable of
supplying multiple CSP projects, onsite assembly, and
service to multiple installation locations. The transpor-
tation cost is a plus.

« Relevance is in the area of achieving one technical target
for the solar field: cost. The mobile platform can achieve
assembly to design specifications.

« One of the project’s strengths is the 50% reduction in
labor costs, which indicates that the approach is fair.
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Multiple heliostat sizes are a plus. The heliostat assembly
cost problem is a real challenge for industry. That said,
with this fairly large project funding, additional details
beyond 50% reduction of cost should be outlined.

The project is derived from operational lessons learned
in the logistics and assembly deployment as opposed
to the research and development category. It is a good
direction of cost reduction, but seems like incremental
change in nature.

A weakness is a poor discussion of all costs now and all
costs with the 50% reduction in labor in order to indi-
cate that the $75/square meter goal could be achieved.

This is an expensive project, and the level of innovation
is rather low. Minimal detail was provided on what the
project accomplished and, as a whole, this was a some-
what sketchy, repetitive report with a missing section.



PROJECT: 5794
BOSTON UNIVERSITY

Self-Cleaning CSP Collectors

Concentrating Solar Power

FUNDING INFORMATION $0.7M | SunShot Concentrated Solar Power Research and Development | 08/2012-01/2015

Project Description

Boston University is developing a new method to keep solar
collectors dirt- and dust-free to help maintain high optical
efficiency. This project aims to develop large-scale prototypes
and cost-effective manufacturing processes, and to com-
mercialize the technology in large-scale concentrating solar
power (CSP) devices for applications in semi-arid and desert
climates. Specific objectives include establishing proof-of-
concept of the application of the electrodynamic screen
(EDS) for self-cleaning solar concentrators; producing and
evaluating laboratory-scale prototypes of self-cleaning solar
collectors, including flat mirrors and curved mirrors; and
testing the EDS-incorporated collectors for optical efficiency
of sunlight, dust removal efficiency, power requirements, and
durability.

Individual Reviewer Comments

o 'The project has an interesting concept: electrical grid
driving contaminants off panels (three-phase voltage
needed).

o Strengths of the project include robust testing and
modeling efforts. Observed specular reflection efficiency
greater than 90% is also a strength. Efforts to quantify
cost savings (estimated to be 50% of the water budget)
are noteworthy.

o Relevance is cost-specific, derived from a reduction in
long-term maintenance savings. Optical error im-
provements and wind survivability are not addressed.
Lifetime of operation information is implied. Funding is
appropriate. The impact is in the area of new technology
investment, utilizing a minimum amount of power
per cleaning cycle, and maintaining greater than 90%
reflection.

The use of best approaches is indicated through invest-
ments in coupon testing, instrument development, and
modeling. Development of a cleaning cost model is
noted.

The team should consider combining technology with
the hydrophobic coating research by Hunter at Oak
Ridge National Laboratory.

The project does not have a logical approach to solving
the net cost problem to a stated goal. This is an interest-
ing technical challenge, but this project seems to be way
out of balance in the goal of reducing capital expendi-
ture and operational expenditure cost.

The research and development aspect of this project
seems like a big disconnect in terms of strong SunShot
goal linkage. Substantial work needs to occur to
comprehend how the SunShot goals would be impacted.
During review, there was inadequate explanation of how
this would be addressed.

No cost estimates were given, but were listed as “under
development.” No project funding data or duration was
provided. Some competing concepts, such as self-clean-
ing coatings, are more likely to be cost effective in the
long run.
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PROJECT: 5796
UNIVERSITY OF ARIZONA

Advanced Manufacture of

Reflectors

FUNDING INFORMATION $1.5M | SunShot Concentrated Solar Power Research and Development | 08/2012-04/2014

Project Description

The University of Arizona is developing technology to im-
prove the optical accuracy and reflectivity of the self-support-
ing glass mirrors used in concentrating solar power collectors.
The research team is working to optimize and validate a novel
glass-molding technique that creates very precise mirrors

in a variety of shapes. The focus is on developing a novel

hot glass molding process that could be used for high-speed
production at low cost and be easily integrated into a produc-
tion line. In parallel, the research team is developing a novel
way to boost second-surface silver reflectivity and inhibit
soiling. The goals of the project are to develop new methods
for rapidly shaping glass mirrors and coating them for higher
reflectivity and soil resistance, include both point-focus and
line-focus mirror designs, improve mirror optical accuracy,
and reduce the cost of the solar trough mirrors made in very
high volume by about 40%.

Individual Reviewer Comments

o Strengths of the project include the use of a rapid
hot-shaping cycle and the use of metrology to determine
accuracy. Collaboration with a business entity is noted.
This project also has an experienced team consisting of
university and industry partners. Professor Angel is a
true pioneer in the field.
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Novel method gravity slumping deserves research and
verification. The team has also demonstrated accuracy
of fabrication with laser methods.

Relevance to program goals includes a promising optical
error budget leading toward the technical target of 3
milliradians. Cost analyses suggest $20/m? (though a
wind speed analysis is missing). The lifetime is poten-
tially attractive. The project also appears to be utilizing
best approaches, including a make and test approach
and demonstrated repeatability.

Glass shaped by gravity slump method is conducive

to manufacturing on a large scale. The glass offers a
drawback in that hoped-for improvements to reach 95%
reflectivity were not successful due to the oxidation state
of iron in the glass.

While interesting, the effort is not setting goals as a
system at a sufficiently aggressive level. The $20/square
meter goal is not low enough given that this develop-
ment does not appear to remove enough cost from other
component or system-level areas. Examples include
structures, attachment, and in-field temperature effects.
Significant cost is expended without taking this larger
view into consideration; I would suggest that these be
considered as part of this subsystem. Otherwise, this is a
very interesting research and development and process
activity.



PROJECT: 5798 PENNSYLVANIA
STATE UNIVERSITY

Scattering Solar Thermal

Concentrators

Concentrating Solar Power

FUNDING INFORMATION $0.2M | SunShot Concentrated Solar Power Research and Development | 08/2012—10/2014

Project Description

Penn State is designing and testing a novel solar collector
system that relies on stationary optics and avoids the need

for mirror movement. The system is capable of achieving
optical performance equal to state-of-the-art parabolic trough
systems, but at a lower cost. The research team is working

to demonstrate a scattering solar concentrator with optical
performance equal to existing designs of state-of-the-art
parabolic troughs, but with the added benefits of immunity

to wind load tracking error, more efficient land use, and
elimination of movable heat transfer elements. The goals of
the project are to demonstrate a small-scale, fully functioning
prototype and test its performance outdoors, attain break-
even optical performance compared against existing parabolic
troughs, and improve the overall performance and reliability
of the collector field.

Individual Reviewer Comments

o 'This project has an interesting concept to solar panel
motion: local scattering and waveguiding. Good
progress has been made, land-use optimization is a plus,
and the funding has been fair.

« The relevance to technical targets is obscure. The impact
is also minor, but there may be merit for photovoltaic
applications.

This is a good research and development effort to prove
out concentrating solar power (CSP), but, as noted,
concentrated photovoltaics (CPV) does appear to be
more fertile.

The project needs more structure on cost expectations
and how the project expects to change the status quo on
alternative CSP and CPV methods. The absolute cost,
however, in terms of energy and size and component
cost rough estimates are a big question on impact here.

This project will not work for CSP, but it may be useful
in photovoltaic microcell installations.
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PROJECT: 5799
BRAYTON ENERGY

High-Efficiency Receivers for

Supercritical Carbon Dioxide
Cycles

FUNDING INFORMATION $1.6M | SunShot Concentrated Solar Power Research and Development | 09/2012-08/2015

Project Description

Brayton is building and testing a new solar receiver that uses
supercritical carbon dioxide (s-CO,) as the heat transfer fluid.
The research team is designing the receiver to withstand
higher operating temperatures and pressures than state-of-the
art technology so that the device can enable higher-efficiency
systems. The primary objectives of this project include
achieving an outlet temperature for the receiver working fluid
(s-CO,) that is greater than or equal to 750°C, maintaining
high receiver efficiency, retaining durability over the lifetime
of the concentrating solar power plant, and significantly
reducing the cost as compared to baseline receivers. To satisfy
these objectives, the team is performing a combination of
analytical modeling and hardware testing. The use of s-CO, in
the power cycle is also being explored.

Individual Reviewer Comments

« This is a well-argued and well-documented project. It
looks like a very good potential solution, and it deserves
a thorough study and the funding granted.

o Strengths of the project include being on track for
achieving technical targets, a sound approach that
includes a combination of component testing, and a cost
estimate that seems reasonable.

« Project relevance is high, given that the effort will
achieve all 4 technology targets, 750°C outlet tempera-
ture, greater than 92% thermal efficiency, creep life
suggesting 10,000 cycles, and a reasonable cost estimate.

36 SunShot Initiative 2014 Peer Review Report

The project impact is high, given the direction of utiliz-
ing s-CO, as a working fluid. A robust receiver capable
of operating under ultrahigh pressure will be needed for
this application.

Best practices appear to be utilized, including low-cost
materials, component testing, and on-sun testing.
Additional testing includes burst, creep, fatigue, and
thermo-hydraulic performance testing.

Funding is reasonable for this project. There are also
good relevance and impact areas, but it is hard to tell
on spending breakdown and specific metrics to be tied
into SunShot goal impact. That work is planned, but the
framework should be started now on this.

The power cycle subarea is not clear in the documents
in terms of whether that work funded really includes a
time scale. The team should see if there is applicability
to other fluids.

Multi-part finned structures may have increased failure
rates in field use.



PROJECT: 5800
SAN DIEGO STATE UNIVERSITY

A Small Particle Solar Receiver for

High-Temperature Brayton Power
Cycles

Concentrating Solar Power

FUNDING INFORMATION $3.1M | SunShot Concentrated Solar Power Research and Development | 09/2012-08/2016

Project Description

The objective of this project is to design, construct, and

test a revolutionary high-temperature solar receiver in the
multi-megawatt range that can be used to drive a gas turbine
to generate low-cost electricity. A secondary goal is demon-
strating, for the first time, a pressurized solar receiver with

a window greater than 1 meter in diameter. The proposed
use for the receiver is to drive a gas turbine, but such a
receiver can also be used for process heat applications and
solar processing of fuels and chemicals. The capability of the
receiver to generate pressurized (0.5 megapascal) and high
temperature (approximately 1,000°C) air at high efficiency
(approximately 90%) will be demonstrated at the multi-mega-
watt level via prototype testing at the National Solar Thermal
Test Facility at Sandia National Laboratories.

Individual Reviewer Comments

« 'This is an innovative project that could prove practical.
Good progress had been made so far. Strengths include
an effort successfully addressing all four technical
targets, a sound modeling suite, and successful particle
generator operation enabling suitable demonstration of
the technology. Funding is exceptional, as an exception-
al value is being received for the investment.

o Many masters” theses have been produced, and more
are ongoing from the 