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This ENERGY AND POWER GENERATION HANDBOOK is
dedicated to:

The late Dr. Baira Gowda, Pittsburgh, PA for introducing me to
ASME, in the late 1980s;

Dr. Robert Toll Norman and Dr. Liane Ellison Norman, staunch
supporters of the “Green Peace Movement” and Clean Energy at
Pittsburgh, PA, where I was in the 1970s and 1980s, in whom I saw
firsthand what these movements symbolize;

DEDICATION

Mr. VRP Rao, Fellow-IE for encouraging in me interest in actually
taking up of this project to cover energy generation sources “other
than nuclear,” especially renewable energy generation, and finally;

Victims and Site Staff of the Fukushima Daiichi Nuclear Plants
at Japan devastated by the Tohoku-Taiheiyou-Oki Earthquake
and Tsunami of March 11, 2011. This publication is especially
dedicated to these and other victims of Japan for the “Fortitude of
Japan as a Nation,” that shows national strength in their hour of an
utterly tragic accident.
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Mr. Andreone served on the ASME Power Division Heat Ex-
changer Committee. He has served on the ASME Boiler and Pres-
sure Vessel Code Committee’s Special Working Group on Heat
Transfer Equipment, and the ASME Codes and Standards Com-
mittee for the ASME/ANSI Performance Test Code 12.1, Closed
Feedwater Heaters. Mr. Andreone received the B.Ch.E. from Vil-
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Conference on Photovoltaic Energy Conversion in 2006. She is
executive vice president of the Lewis Engineers and Scientists
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Dr. Sheila Bailey was an adjunct professor at Baldwin Wallace
College for 27 years and is currently an associate faculty mem-
ber of the International Space University. She has a BS degree in
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was a member of the Planning Commission’s Integrated Energy
Policy (2004 to 2005) Committee and on the working group for
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Five Year Plan.

Dr. Banerjee has coauthored a book on Planning for Demand
Side Management in the Power sector, a book on Energy Cost in
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HR Johnson, Tata Consulting Engineers, BSES, Sterlite, Interna-
tional Institute of Energy Conservation and sponsored projects with
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MNES, Hewlett Foundation.

Dr. Banerjee’s areas of interest include energy management,
modeling of energy systems, energy planning and policy, hydro-
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= B Robert F. Boehm is a Distinguished Profes-
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of the Energy Research Center at the Uni-
versity of Nevada, Las Vegas (UNLV). His
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nia at Berkeley.
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. C.Eng (UK), is the managing Partner of The
] Boyce Consultancy Group, LLC. He has 50
k‘-‘r years of experience in the field of TurboMa-
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Institute of Mechanical Engineers (UK), and

‘ Boyce is a Fellow of the American Society




the Institution of Diesel and Gas Turbine Engineers (UK), and
member of the Society of Automotive Engineers (SAE), and the
National Society of Professional Engineers (NSPE), and several
other professional and honorary societies such as Sigma Xi, Pi Tau
Sigma, Phi Kappa Phi, and Tau Beta Phi. He is the recipient of the
ASME award for Excellence in Aerodynamics and the Ralph Tee-
tor Award of SAE for enhancement in Research and Teaching. He
is also a Registered Professional Engineer in the State of Texas and
a Chartered Engineer in the United Kingdom.
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Boyce Consultancy Group, LLC., 20 years as Chairman and CEO
of Boyce Engineering International Inc., founder of Cogen Tech-
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which includes the position of Professor of Mechanical Engineer-
ing at Texas A&M University and Founder of the TurboMachinery
Laboratories and The TurboMachinery Symposium, which is now
in its Fortieth year.

Dr. Boyce is the author of several books such as the Gas Tur-
bine Engineering Handbook (Third Edition, Elsevier), Handbook
for Cogeneration & Combined Cycle Power Plants (Second Edi-
tion, ASME Press), and Centrifugal Compressors, A Basic Guide
(PennWell Books). He is a major contributor to Perry’s Chemical
Engineering Handbook Seventh and Eight Editions (McGraw Hill)
in the areas of Transport and Storage of Fluids, and Gas Turbines.
Dr. Boyce has taught over 150 short courses around the world at-
tended by over 3000 students representing over 300 Corporations.
He is chair of ASME PTC 55 Aircraft Gas Turbine Committee on
testing of aircraft gas turbines and a member of the ASME Ethics
Review Board, Past Chairman of the following ASME Divisions
Plant Engineering & Maintenance, the Conferences Committee
and the Electric Utilities Committee.

Dr. Boyce has authored more than 150 technical papers and re-
ports on Turbines, Compressors Pumps, and Fluid Mechanics.

Dr. Boyce received a BS (1962) and MS (1964) degrees in Me-
chanical Engineering from the South Dakota School of Mines and
Technology and the State University of New York, respectively,
and a PhD (Aerospace & Mechanical engineering) in 1969 from
the University of Oklahoma.
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graphite qualification for the NGNP at the
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for 18 years. He has worked on the NPR
MHTGR, Light Water Tritium Target Pro-
gram, and the National Spent Nuclear Fuel
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Project Team on Graphite Core Supports, which is developing fu-
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Lalit Chordia is the Founder, President and
CEO of Thar Technologies, Inc., Pittsburgh,
PA, USA. Prior to starting Thar Technologies,
Dr. Chordia founded two other companies: Su-
perx Corporation and Visual Symphony. He
also holds an Adjunct Research Scientist posi-
tion at Carnegie Mellon University. He is a
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large multidiscipline research programs and has helped transferred
Cold Spray Technology to the U.S. Army, Navy, and to industry.

EECEN, PETER

Peter Eecen is research manager of the group
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Energy department of the Energy research
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important aspect of ECN is to bring to the market the developed
knowledge and technologies in renewable energy.

Peter holds a Master’s degree in theoretical physics and did his
PhD in the field of nuclear fusion at the FOM Institute for Plasma
Physics, after which he worked for 3 years at TNO in the field of
underwater acoustics.

Dr. Eecen joined the Wind Energy department of ECN in 2000 as
manager of the group “Wind and Waves,” concerning the wind and
wave descriptions for turbine loading and wind resource assess-
ments. After that, he led the experimental department for a year.
He has been working in the field of Operation and Maintenance
of large offshore wind farms. He started the project of Operation
and Maintenance Cost Estimator (OMCE). Since 4 years, Peter is
heading the group Rotor & Farm Aerodynamics. This group aims
to optimize the aerodynamic performance of the wind turbine rotor
and of the wind farm as a whole and reduce the uncertainties in
modeling rotor aerodynamics, wake aerodynamics, boundary lay-
ers by development of CFD technology, development of aerody-
namic design tools for wind turbines and wind farms.

During his career in wind energy, Dr. Eecen performed re-
search in a variety of areas, which include modeling wind and
waves, resource assessments, uncertainties in wind measure-
ments, remote sensing, operation, and maintenance. He was
responsible for measurements on full-scale wind farms and the
ECN scale wind farm.

Peter is active in international organizations like [IEA, MEASNET,
TPWind, and European projects. He is coordinating the subprogram
Aerodynamics of EERA-Wind, the European Energy Research Alli-
ance. Ten leading European Research Institutes have founded EERA
to accelerate the development of new energy technologies by con-
ceiving and implementing Joint Research Programs in support of the
Strategic Energy Technology (SET) plan by pooling and integrating
activities and resources.
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Simon Gamble is an accomplished leader in
the Australian renewable energy industry,
with over a decade of practical experience in
the technical, commercial, strategic, and
managerial aspects of the renewable energy
development business. This leadership was
recently recognized through Simon’s selec-
tion as a Fulbright Scholar, through which
Simon will spend 4 months with the National
Renewable Lab in Colorado investigating emerging renewable en-
ergy technologies and their application in remote power systems.

Currently, as Manager Technology and Commercialization with
Hydro Tasmania, Simon is responsible for the development and
implementation of Hydro Tasmania’s Renewable Energy and Bass
Strait Islands Development Strategies; for the assessment of new
and emerging renewable energy technologies; for Hydro Tasma-
nia’s Research and Development program; and for the prepara-
tion of remote area power system project feasibility assessments,
project approvals, and business cases.

Simon has a Bachelor of Civil Engineering and a Masters of
Engineering Science degrees from the University of Adelaide.
He also has a Master’s of Business Administration degree from

the University of Tasmania. Simon sits on the advisory board for
UTAS Centre for Renewable Energy and Power Systems and the
Clean Energy Council Emerging Technology Directorate.
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Dr. Jose Gonzélez is Senior Researcher in the
R&D Unit of High Temperature Processes at
the IMDEA Energia Institute. He received his
PhD in Physics from the University of Can-
tabria (Spain) in 1999 and his Habilitation a
Diriger des Recherches from the University
Paul Sabatier, Toulouse (France) in 2007. Be-
tween 2000 and May 2009, he worked as
R&D engineer — Project manager at the
Center for Energy and Processes — MINES ParisTech. In Septem-
ber 2006, he became associate professor at MINES ParisTech (or
Ecole nationale supérieure des mines de Paris, ENSMP).

The main research area of Dr. Gonzélez is focused on the study
and development of high temperature processes for energy and en-
vironmental issues, with special emphasis in concentrating solar
systems and plasma technologies. His expertise includes process
simulation from systems analysis (flow sheeting) to computational
fluid dynamics. José Gonzélez has participated in 15 national and
international research projects, published 26 papers in peer review
journals, two international patents, and a French patent, and he is
author of more than 50 communications in national and interna-
tional conferences.

HASEGAWA, KUNIO

Dr. Kunio Hasegawa graduated from Tohoku
University with a Doctor of Engineering de-
gree in 1973. He joined Hitachi Research
Laboratory, Hitachi Ltd., over 30 years back.
During his term at Hitachi, he was also a vis-
iting professor of Yokohama National Uni-
versity and Kanazawa University for several
years. Since 2006, Dr. Hasegawa serves as a
principal staff in Japan Nuclear Energy Safety
Organization (JNES).

Dr. Kunio Hasegawa is a member of Japan Society of Mechani-
cal Engineers (JSME) and is a past member of the JSME Fitness-
for-Service Committee for nuclear facilities. He is also a member
of ASME and is involved in ASME Boiler and Pressure Vessel
Code Section XI Working Group, Subgroup and Subcommittee
activities.

He has been active for 3 years as a Technical Program Repre-
sentative of Codes and Standards Technical Committee in ASME
PVP Division. He has been involved with structural integrity for
nuclear power components, particularly, leak-before-break, frac-
ture and fatigue strengths for pipes with cracks and wall thinning,
and flaw characterizations for fitness-for-service procedures. Dr.
Hasegawa has published over 100 technical papers in journals and
conference proceedings.
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years of ASME B&PV Committee activi-
ties with company support. His responsibil-
ities included reactor vessel specifications,
safety codes and standards, and interpreta-
tion of the B&PV Code and other industry
standards. He continued working part-time
for that organization into 2002. Subse-
quently, he has been a part-time consultant to the ITER project
and several other organizations. Prior to joining ABB, he was with
Foster Wheeler Corporation (1956 to 1967), Naval Nuclear pro-
gram. Since 1968, Mr. Hedden has been active in the Section XI
Code Committee, Secretary (1976 to 1978), Chair (1991 to
2000).

In addition to Section XI, Owen has been a member of the
ASME C&S Board on Nuclear Codes and Standards, the Boiler
and Pressure Vessel Committee, and B&PV Subcommittees on
Power Boilers, Design, and Nondestructive Examination. He is
active in ASME’s PVP Division. Mr. Hedden was the first Chair
of the NDE Engineering Division, 1982 to 1984. He has presented
ASME Code short courses in the United States and overseas. He
was educated at Antioch College and Massachusetts Institute of
Technology. His publications are in the ASME Journal of Pres-
sure Vessel Technology, WRC Bulletins and in the Proceedings
of ASME PVP, ICONE, IIW, ASM, and SPIE. He is an ASME
Fellow (1985), received the Dedicated Service Award (1991),
and the ASME Bernard F. Langer Nuclear Codes and Standards
Award in 1994.

HOFFELNER, WOLFGANG

Wolfgang Hoffelner is currently manager of
the High Temperature Materials project at
the Swiss Paul Scherrer Institute. He repre-
sents Switzerland in the Generation IV Sys-
tem Steering Committee and in the Project
Management Board for VHTRs. He sup-
ports as PSI volunteer in the current ASME
Sect III Div. 5 Code development. He is
also Managing Director of RWH consult
LIC, a Swiss-based consulting entity for materials and energy-
related consultancy. In this function, he acts as task advisor and
materials data analyst for ASME LIC. Wolfgang has been Senior
Lecturer for High Temperature Materials at the Swiss Federal In-
stitute of Technology since 1986, and he is currently responsible
for the materials education within the Swiss Master of Nuclear
Engineering Program.

Wolfgang received his PhD in Physics and has an MS in
mathematics at the University of Vienna. He started his work as
a research fellow at the same place. He improved his skills in
structural materials and mechanics during his time at ABB (for-
merly BBC), where he was working in different positions ranging
from a scientist in the Research Laboratory, Group Leader in the
Laboratory, and Head of Section Mechanics and Materials for
Gas Turbines and Combined Cycle Plants. In 1990, he joined the
Swiss Company MGC-Plasma Inc. as a Board member, where he
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was responsible for technology of metallurgical and environmen-
tal applications (including low-level nuclear waste) of thermal
plasma.

Dr. Hoffelner is member of ASME, ASM, and TMS, and he has
published more than 120 papers in scientific and technical books
and journals.

JACOBSON, PAUL T.

Paul T. Jacobson is the Ocean Energy Leader
and a Senior Project Manager at the Electric
Power Research Institute. Dr. Jacobson is
also a faculty member in the Zanvyl Krieger
School of Arts and Sciences, Johns Hopkins
University, where he teaches a graduate-
level course in ecological assessment. He
holds a bachelor’s degree in biology from
Cornell University and MS and PhD degrees
in oceanography and limnology from the University of Wisconsin-
Madison. Dr. Jacobson has been engaged in assessment of electric-
ity-generation systems and living resources for more than 30 years.
Much of his work over this period has addressed the effects of
electricity generation on aquatic ecosystems.

JENNER, MARK

Dr. Mark Jenner is a biomass systems econ-
omist with the consulting firm, Biomass
Rules, LLC and the California Biomass Col-
laborative. Jenner creates and adds value to
biomass through his expertise in biomass
production and conversion technologies, as
well as environmental and energy policies.

Since 2009, Mark Jenner has been study-
ing the adoption economics of purpose
grown energy crops with the California Biomass Collaborative,
located at the University of California Davis. In 2003, he began his
consulting firm Biomass Rules, LLC, which conducts feasibility
studies on value-added biomass projects and biomass inventories.
In 2006, Mark wrote the BioTown, USA Sourcebook for the State
of Indiana. Since 2007, Mark Jenner has written the biomass en-
ergy outlook column for BioCycle Magazine.

Mark Jenner has a PhD in agricultural economics in production
systems, two MS degrees in manure management, a BS in agron-
omy, and 30 years of professional biomass experience spanning
three continents.
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LYONS, KEVIN W.
fi Kevin W. Lyons is a Senior Research Engi-
neer within the Manufacturing Engineering
Laboratory (MEL), National Institute of
Standards and Technology (NIST). His
current assignment involves supporting the
Sustainable Manufacturing Program in for-
malizing manufacturing resource descrip-
tions, manufacturing readiness modeling,
and simulation. His research interests are
design and manufacturing processes for sustainable manufactur-
ing, simulation and modeling, and nanomanufacturing. From
2004 through 2006, he served as Program Director for the Nano-
manufacturing Program at the National Science Foundation
(NSF). From 2000 to 2004, he served as Program Manager of the
Nanomanufacturing Program at NIST. From 1996 to 2000, he
served as Program Manager with the Defense Advanced Research
Projects Agency (DARPA), where he managed advanced design
and manufacturing projects. From 1977 to 1992, he worked in
industry in various staff and supervisory positions in engineering
marketing, product design and analysis, factory automation, and
quality engineering.

MARTIN, HARRY F.

Harry F. Martin retired from Siemens Energy
Corp as an Advisory Engineer at the Orlando
Florida Facility. He has over 40 years of en-
gineering experience in the power industry.
Most of this related to turbo machinery. His
engineering career started at Westinghouse
Electric Corporation in Lester, PA. At West-
inghouse, most of this experience was related
to steam turbines. However, he also had as-
signments relating to gas turbines and heat exchangers. Harry held
positions of various levels engineering responsibility and manage-
ment. With Siemens, his efforts focused primarily on steam turbine
design and operation.

Mr. Harry Martin has a Bachelor of Mechanical Engineering
degree and Masters of Science Degree in Mechanical Engineer-
ing. His experiences include design, product and technology de-
velopment, and operation of steam turbines. He has published 16
papers. These have included the subjects of turbine design, blad-
ing development and operation of steam turbines including tran-
sient analysis. He has ten patents. His technical specialization is
in thermodynamics, fluid mechanics, and heat transfer. He is past
Chairman of the Turbines, Generators and Auxiliaries Commit-
tee of the Power Division of the American Society of Mechanical
Engineers.

MCDONALD, DENNIS K.

— Denny McDonald is a Technical Fellow,
Advanced Technology Development & De-
sign, The Babcock & Wilcox Company.

Denny is currently responsible for the
technical development and design of oxy-
combustion within B&W. He has led the
conversion of B&W’s 30 MWth Clean Envi-
ronment Development Facility for oxy-coal
testing and is deeply involved in oxycombus-
tion performance and cost studies, process, and equipment design
improvements, and emerging associated technologies. In addition
to advancing the technology, he provides technical support for dem-
onstration and commercial opportunities.

Mr. McDonald joined B&W in 1972 and has worked in various
engineering capacities through his career. Up to 1985, he worked
in various positions of increasing responsibility in the fields of
mechanical design of boilers, field problem resolution including
involvement in startup of a large utility PC plant, and development
of design standards. From 1985 to 1995, he managed B&W’s New
Product Engineering department and had technical responsibility
for B&W’s scope of American Electric Power’s CCT-I Tidd PFBC
Demonstration Project. From 1995 until assuming his present posi-
tion in late 2006, he served as Manager of Functional Technology
responsible for development of B&W’s core performance analy-
sis and thermal hydraulic technologies including design standards
and software, boiler performance testing, advanced computational
modeling, and technical support of contract engineering and ad-
vanced coal-fired technologies including ultra-supercritical boilers.
In recent years, he has contributed significantly to B&W’s mercury
removal program as well as oxycombustion development.

Denny McDonald holds BS and MS degrees in Engineering and
is a licensed Professional Engineer in the State of Ohio. He has
published over 40 technical papers, authored chapters in the 40th
and 41st editions of B&W’s “STEAM — its Generation and Use”
and holds eight U.S. patents.

MEHTA, HARDAYAL S.
Dr. Mehta received his BS in Mechanical En-
gineering degree from Jodhpur University
(India), MS and PhD from University of Cal-
ifornia, Berkeley. He was elected an ASME
Fellow in 1999 and is a Registered Profes-
sional Engineer in the State of California.
Dr. Mehta has been with GE Nuclear Di-
vision (now, GE-Hitachi Nuclear Energy)
since 1978 and currently holds the position
of Chief Consulting Engineer. He has over 35 years of experience
in the areas of stress analysis, linear-elastic and elastic-plastic frac-
ture mechanics, residual stress evaluation, and ASME Code-related
analyses pertaining to BWR components. He has also participated
as principal investigator or project manager for several BWRVIP,
BWROG, and EPRI sponsored programs at GE, including the
Large Diameter Piping Crack Assessment, IHSI, Carbon Steel
Environmental Fatigue Rules, RPV Upper Shelf Margin Assess-
ment, and Shroud Integrity Assessment. He is the author/coauthor
of over 40 ASME Journal/Volume papers. Prior to joining GE, he



was with Impell Corporation, where he directed various piping and
structural analyses.

For more than 25 years, Dr. Mehta has been an active member of
the Section XI Subgroup on Evaluation Standards and associated
working task groups. He also has been active for many years in
ASME’s PVP Division as a member of the Material & Fabrication
Committee and as conference volume editor and session developer.
His professional participation also included several committees of
the PVRC, specially the Steering Committee on Cyclic Life and
Environmental Effects in Nuclear Applications. He had a key role
in the development of environmental fatigue initiation rules that
are currently under consideration for adoption by various ASME
Code Groups.

MILES, THOMAS R.

Thomas R. Miles is the President and Owner
of T.R. Miles Technical Consultants, Port-
land, Oregon, which designs, develops, in-
stalls, and tests agricultural and industrial
systems for fuel handling, air quality, and
biomass energy. Energy projects include
combustion and gasification of biomass fuels
such as wood, straws, stalks, and manures.
Mr. Miles conducts engineering design and
feasibility studies and field tests for cofiring wood, straw, and coal.
He has sponsored and hosted internet discussions on biomass en-
ergy since 1994 (www.trmiles.com).

MORTON, D. KEITH

Mr. D. Keith Morton is a Consulting Engi-
neer at the Department of Energy’s (DOE)
Idaho National Laboratory (INL), operated
by Battelle Energy Alliance. He has worked
at the INL for 35 years. Mr. Morton has
gained a wide variety of structural engineer-
ing experience in many areas, including per-
forming nuclear piping and power piping
stress analyses, completing plant walk
downs, consulting with the Nuclear Regulatory Commission, de-
veloping life extension strategies for the Advanced Test Reactor,
performing full-scale seismic and impact testing, and helping to
develop the DOE standardized spent nuclear fuel canister. His
most recent work activities include performing full-scale drop tests
of DOE spent nuclear fuel canisters, developing a test methodol-
ogy that allows for the quantification of true stress-strain curves
that reflect strain rate effects and supporting the Next Generation
Nuclear Plant (NGNP) Project.

Mr. Morton is a Member of the ASME Working Group on the
Design of Division 3 Containments, is the Secretary for the ASME
Subgroup on Containment Systems for Spent Fuel and High-Level
Waste Transport Packagings, a Member of the ASME Working
Group on High Temperature Gas-Cooled Reactors, a Member of
the Subgroup on High Temperature Reactors, a Member of the Sec-
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tion IIT Subgroup on Strategy and Management, and is a Member
of the ASME BPV III Standards Committee. He has coauthored
over 25 conference papers, one journal article, coauthored an ar-
ticle on DOE spent nuclear fuel canisters for Radwaste Solutions,
and coauthored Chapter 15 of the third edition of the Companion
Guide to the ASME Boiler & Pressure Vessel Code.

Mr. Morton received a BS in Mechanical Engineering degree
from California Polytechnic State University in 1975 and a Mas-
ters of Engineering in Mechanical Engineering from the University
of Idaho in 1979. He is a Registered Professional Engineer in the
state of Idaho.

NOTTINGHAM, LAWRENCE (LARRY) D.
r Lawrence D. (Larry) Nottingham is a Senior
Associate, Structural Integrity Associates
(SI), Inc. at Charlotte, NC. From June 1995
to the present, he has been with Structural
Integrity Associates. From 1993 to 1995, he
was Founder, President, and Managing Di-
rector of AEA Sonomatic, Inc., Charlotte,
a7\ NC. From 1986 through1993, Larry was
with Electric Power Research Institute at
Nondestructive Evaluation Center, Charlotte, NC. From 1972
through 1986, Larry was with Westinghouse Electric Corp. as
Manager at Steam Turbine Generator Division, Orlando, FL and
Senior Development Engineer, at Large Rotating Apparatus Divi-
sion, Pittsburgh, PA.

Mr. Nottingham graduated with a BS Mechanical Engineering
degree in the University of Pittsburgh in 1971. His Professional
Associations and Certifications include Nondestructive Evalua-
tion (NDE) Level III Certification in Ultrasonic Testing, Penetrant
Testing (PT), and Magnetic Particle Testing (MT).

Mr. Nottingham has been involved in design, design analysis,
maintenance, and nondestructive evaluation of turbines, genera-
tors, and other power plant equipment and components since 1972.
His experience covers all aspects of design and design analysis
including finite element stress analysis, fracture mechanics, mate-
rials testing and characterization, failure modes and mechanisms,
metallurgy, and nondestructive evaluation. He has extensive expe-
rience in the development and delivery of advanced nondestruc-
tive evaluation systems and procedures for numerous power plant
applications, with emphasis on turbine and generator components,
including boresonic and turbine disk rim inspection systems.

At Structural Integrity (SI), Mr. Nottingham continues to pro-
vide broad-based engineering expertise. Until 2007, he managed
all engineering development efforts for both nuclear and fossil
plant inspection services. In his role as Development Manager, he
developed SI as a recognized technological leader in the power
generation NDE services community. He also has remained active
on a number of EPRI projects involving fossil power plant compo-
nents, generator retaining rings, generator rotors, boiler tube, and
most recently developing guideline document for inspection and
life assessment of turbine and valve casings. In 2007, Mr. Notting-
ham assumed responsibility for SI’s turbine and generator condi-
tion assessment efforts, with aggressive growth objectives.

Mr. Nottingham has published over 70 technical papers, re-
ports, and articles. He has been an invited presenter at numerous
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conferences, workshops, and seminars on NDE and lecturer at a
number of training courses. He provides training for advanced non-
destructive evaluation technologies and has been invited lecturer at
the United States Naval Academy. He currently holds 14 U.S. pat-
ents related to turbine and generator component designs and NDE
systems. He is also a member of SI's Board of Directors.

O’DONNELL, WILLIAM J.

Bill O’Donnell has Engineering Degrees
from Carnegie Mellon University and the
University of Pittsburgh. He began his ca-
reer at Westinghouse Research and Bettis,
where he became an Advisory Engineer. In
1970, Bill founded O’Donnell and Associ-
ates, an engineering consulting firm special-
izing in design and analysis of structures and
components. The firm has done extensive
work in the evaluation of structural integrity, including corrosion
fatigue, flaw sensitivity, crack propagation, creep rupture, and brit-
tle fracture.

Dr. O’Donnell has published 96 papers in engineering mechan-
ics, elastic-plastic fracture mechanics, strain limits, and damage
evaluation methods. He is Chairman of the Subgroup on Fatigue
Strength and a Member of the Subcommittee on Design of the
ASME Code. He has patents on mechanical processes and devices
used in plants worldwide. He is a recognized expert in Failure Cau-
sation Analyses.

Dr. O’Donnell has given invited lectures at many R&D laborato-
ries, design firms, and universities. He is a registered Professional
Engineer. He received the National Pi Tau Sigma Gold Medal
Award “For Outstanding Achievement in Mechanical Engineer-
ing” and the ASME Award for “Best Conference Technical Paper”
in 1973 and 1988. The Pittsburgh Section of ASME named Bill
“Engineer of the Year” (1988). He was awarded the ASME PVP
Medal (1994).

Dr. O’Donnell received the University of Pittsburgh Mechani-
cal Engineering Department’s Distinguished Alumni Award (1996)
and Carnegie Mellon University’s 2004 Distinguished Achievement
Award for distinguished service and accomplishments in any field of
human endeavor. He is a Fellow of the ASME and is listed in the En-
gineers Joint Council “Engineers of Distinction,” Marquis “Who’s
Who in Science and Engineering,” and “Who’s Who in the World.”

PIEKUTOWSKI, MARIAN

_ N = Marian Piekutowski is a recognized leader
in the field of power system planning and
analysis including transmission, generation,
and economic analysis. He has been instru-
mental in development of wind integration
strategies for Hydro Tasmania. With more
than 30 years of working experience, he has
developed extensive understanding of regu-
latory environment of electricity markets

and of the requirements for efficient management and operation of
an electricity utility.

During the last 2 years, Marian has been involved in demand,
supply, and regulatory aspects of frequency control ancillary serv-
ices. This work includes improvement of dynamic response of hydro
turbines, improvement governing, new modes operation of hydro
machines, and impact of low inertia on the frequency control.

Marian has been involved in integration of renewable energy
sources to remote power systems with an aim to minimize diesel
consumption and reduce emission of GHG. His recent work in-
cluded energy storage (VRB, flywheels, diesel UPS), applications
of power electronics to maximize penetration of wind generation,
control strategies for operation of small islanded systems, and im-
provement of grid stability and reliability.

Marian has been the lead technical advisor for the connection
of Woolnorth stages 1 and 2 wind farms in Tasmania as well as
Cathedral Rocks in South Australia. Marian has also been instru-
mental from the developers perspective in development of fault
ride through capability on wind turbines. He has led studies to de-
termine maximum viable wind penetration in Tasmanian power
systems with the main sources of limitations being low inertia and
low fault level.

POLING, CHRISTOPHER W.

Mr. Poling is currently the Program Director
for The Babcock & Wilcox Company’s
Post-Combustion Carbon Capture product
development project. He joined B&W in
2002 and has worked in areas of increasing
responsibility including Lead Proposal En-
gineer for large Flue Gas Desulfurization
projects and as a Principal Engineer in
B&W’s Technology department. Prior to his
experience at B&W, Mr. Poling worked for 7 years at Ceilcote Air
Pollution Control in Strongsville, Ohio as a Product Manager for
industrial wet scrubber systems. Mr. Poling earned his bachelor’s
degree in chemical engineering from the University of Toledo. Mr.
Poling also earned his Executive Master’s in Business Administra-
tion from Kent State University.

MUTHYA, RAMESH PRANESH RAO

Mr. Ramesh holds a Master’s degree in Me-
chanical Engineering from the Indian Insti-
tute of Science from Bengaluru, India, and a
Master of Science from Oldenburg Univer-
sity, Germany, in Application of Renewable
Energy Technologies.

Mr. Ramesh started his career in wind
energy at the National Aeronautical Labo-
ratory, Bangalore, in 1979. He has many
firsts to his credit starting from development of indigenous wind
power battery chargers and transferred know-how to industry.
He made performance measurements on wind turbines for the



first time in India, which resolved many issues of underperfor-
mance. In order to extend utility of measured wind information
to a larger area, he came up with the idea of localized wind maps
superimposed on scaled survey maps. Over a hundred such re-
ports were created and were the basis for wind farming. He holds
a patent on passive speed control of windmills with Dr. S. K.
Tewari. He introduced small wind chargers in Indian Antarctic
station.

Mr. Ramesh took over the position of the first full time Execu-
tive Director, Centre for Wind Energy Technology in 2002. He
was instrumental in maximizing the benefits of the DANIDA-
funded project. He went on to create ground rules for effective,
orderly, and sustainable growth of the field by continuous in-
teractions with the industry, the Government, and other stake
holders.

After a short stint in Canada as the scientific director/advisor to
GP CO, Varrenes, Mr. Ramesh returned to India to help the Indian
wind industry. As the founding Managing Director of Garrad Has-
san India, Mr. Ramesh brought in some of the most sought-after
consulting practices to India that spans across the resource quanti-
fication to asset management techniques. One of the least attended
to areas in terms of design documentation capabilities in India was
effectively addressed by Mr. Ramesh.

He has served as Chairman, Electro Technical committee #42
(ET-42), set up by Bureau of Indian Standards to interact with In-
ternational Electrotechnical committee on all wind energy-related
standardization efforts. He also chaired the committee that brought
out draft grid code for wind turbine grid interconnection.

Presently, as the President, Wind Resource and Technology,
at Enercon India, Mr. Ramesh is actively involved in bringing
in the best practices on all aspects of wind energy deployment
in India.

RAO, K. R.

K.R. Rao retired as a Senior Staff Engi-
neer with Entergy Operations Inc. and was
previously with Westinghouse Electric
Corporation at Pittsburgh, PA, and Pullman
Swindell Inc., Pittsburgh, PA. KR got his
Bachelors in Engineering degree from Ba-
naras University, India, with a Masters Di-
ploma in Planning from School of Planning
& Architecture, New Delhi, India. He com-
pleted Post Graduate Engineering courses in Seismic Engineer-
ing, Finite Element and Stress Analysis, and other engineering
subjects at Carnegie Mellon University, Pittsburgh, PA. He
earned his PhD, from University of Pittsburgh, PA. He is a Reg-
istered Professional Engineer in Pennsylvania and Texas. He is
past Member of Operations Research Society of America
(ORSA).

KR was Vice President, Southeastern Region of ASME Inter-
national. He is a Fellow of ASME, active in National, Regional,
Section, and Technical Divisions of ASME. He has been the
Chair, Director, and Founder of ASME EXPO(s) at Mississippi
Section. He was a member of General Awards Committee of
ASME International. He was Chair of Codes & Standards Tech-
nical Committee, ASME PV&PD. He developed an ASME Tuto-
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rial for PVP Division covering select aspects of Code. KR is a
member of the Special Working Group on Editing and Review
(ASME B&PV Code Section XI) for September 2007 to June
2012 term.

Dr. Rao is a recipient of several Cash, Recognition, and Service
Awards from Entergy Operations, Inc. and Westinghouse Electric
Corporation. He is also the recipient of several awards, certificates,
and plaques from ASME PV&P Division including Outstanding
Service Award (2001) and Certificate for “Vision and Leadership”
in Mississippi and Dick Duncan Award, Southeastern Region,
ASME. Dr. Rao is the recipient of the prestigious ASME Society
Level Dedicated Service Award. KR is a member of the Board of
ASME District F Professional & Educational Trust Fund for 2008
to 2011.

Dr. Rao is a Fellow of American Society of Mechanical Engi-
neers, Fellow of Institution of Engineers, India, and a Chartered
Engineer, India. Dr. Rao was recognized as a “Life Time Member”
for inclusion in the Cambridge “Who’s Who” registry of execu-
tives and professionals. Dr. Rao was listed in the Marquis 25th Sil-
ver Anniversary Edition of “Who’s Who in the World” as “one of
the leading achievers from around the globe”.

RAYEGAN, RAMBOD

Rambod Rayegan is a PhD candidate in the
Department of Mechanical and Materials
Engineering at Florida International Uni-
versity. Since January 2007, he has worked
as a research assistant at FIU in the sustain-
able energy area. He is also the president of
ASHRAE FIU Chapter since May 2009. He
has been a member of prestigious Honor
Societies like Tau Beta Pi, Phi Kappa Phi,
Sigma Xi, and Golden Key. He has published a number of con-
ference and journal papers in energy and sustainability area.
Raised in Tehran, Iran, Rambod now lives with his wife in Mi-
ami. He has served as an instructor at Semnan University, Iran,
for 5 years. He was selected as the best teacher of the Mechanical
Engineering Department by students during the 2002 to 2003
academic year and the best senior project supervisor in the 2003
to 2004 academic year. He has served as a consultant in three
companies in the field of air conditioning and hydraulic power
plants.

REEDY, ROGER F.

Roger F. Reedy has a BS Civil Engineering
degree from Illinois Institute of Technology
(1953). His professional career includes the
U.S. Navy Civil Engineering Corps, Chi-
cago Bridge and Iron Company (1956 to
1976). Then, he established himself as a
consultant and is an acknowledged expert in
design of pressure vessels and nuclear com-
ponents meeting the requirements of the
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ASME B&PV Code. His experience includes design, analysis, fab-
rication, and erection of pressure vessels and piping components
for nuclear reactors and containment vessels. He has expertise in
components for fossil fuel power plants and pressure vessels and
storage tanks for petroleum, chemical, and other energy industries.
Mr. Reedy has been involved in licensing, engineering reviews,
welding evaluations, quality programs, project coordination, and
ASME Code training of personnel. He testified as an expert wit-
ness in litigations and before regulatory groups.

Mr. Reedy has written a summary of all changes made to the
ASME B&PV Code in each Addenda published since 1950, which
is maintained in a computer database, RA-search. Mr. Reedy
served on ASME BP&V Code Committees for more than 40 years
being Chair of several of them, including Section III for 15 years.
Mr. Reedy was one of the founding members of the ASME PV&P
Division. Mr. Reedy is registered.

Mr. Reedy is a Professional Engineer in seven states. He is a
recipient of the ASME Bernard F. Langer Award and the ASME
Centennial Medal and is a Life Fellow of ASME.

RICCARDELLA, PETER (PETE) C.

Pete Riccardella received his PhD from
Carnegie Mellon University in 1973 and is
an expert in the area of structural integrity of
nuclear power plant components. He co-
founded Structural Integrity Associates in
1983 and has contributed to the diagnosis
and correction of several critical industry
problems, including:

» Feedwater nozzle cracking in boiling

water reactors

« Stress corrosion cracking in boiling water reactor piping and

internals

« Irradiation embrittlement of nuclear reactor vessels

* Primary water stress corrosion cracking in pressurized water

reactors

* Turbine-generator cracking and failures.

Dr. Riccardella has been principal investigator for a number of
EPRI projects that led to advancements and cost savings for the
industry. These include the FatiguePro fatigue monitoring sys-
tem, the RRingLife software for turbine-generator retaining ring
evaluation, Risk-Informed Inservice Inspection methodology for
nuclear power plants, and several Probabilistic Fracture Mechan-
ics applications to plant cracking issues. He has led major failure
analysis efforts on electric utility equipment ranging from trans-
mission towers to turbine-generator components and has testified
as an expert witness in litigation related to such failures.

He has also been a prime mover on the ASME Nuclear Inser-
vice Inspection Code in the development of evaluation procedures
and acceptance standards for flaws detected during inspections. In
2002, he became an honorary member of the ASME Section XI
Subcommittee on Inservice Inspection, after serving for over 20
years as a member of that committee. In 2003, Dr. Riccardella was
elected a Fellow of ASME International.

ROBINSON, CURT

s ¥ #T4  Curt Robinson is the Executive Director of
...1"- the 1770-member Geothermal Resources
©  Council (GRC), headquartered in Davis,
California. Since 1970, the GRC has built a
solid reputation as the world’s leading geo-
thermal association. The GRC serves as a
focal point for continuing professional de-
velopment for its members through its fall
annual meeting, transactions, bulletin, out-
reach, information transfer, and education services. GRC has
members in 37 countries.

Prior to his work at GRC, he held executive assignments in
higher education and government and has twice worked in en-
ergy development. He has also taught at six universities and
colleges.

He earned his PhD and MA degrees in geography and a BA with
honors, all at the University of California, Davis.

ROCAFORT, LUIS A. BON

Luis A. Bon Rocafort graduated in 1999
from Purdue University with a Bachelor’s
of Science in Mechanical Engineering de-
gree. During his undergraduate career, he
received the National Action Council for
Minorities in Engineering Scholarship,
which provided for tuition and a stipend, as
well as work experience as a summer intern
at the sponsoring company’s facilities. His
work with BP Amoco, at their Whiting, IN, refinery involved
plant facilities, cooling tower design and analysis, and pipe fluid
flow analysis and modeling to optimize use of cooling water and
eliminate bottlenecks.

In 2001, Luis A. Bon Rocafort graduated with a Master’s of Sci-
ence in Mechanical Engineering degree from Purdue University,
having received the Graduate Engineering Minority Fellowship,
to cover his graduate school as well as provide work experience
with DaimlerChrysler. The knowledge gained in the advanced ve-
hicle design group, as well as the concept and modeling group
would prove useful in the modeling and analysis realm that he
is currently working in. During his time with DaimlerChrysler,
he characterized fluid flows inside an automatic transmission en-
gine, wrote data capture modules for a real-time driving simulator,
programmed autonomous vehicles for real-time driving simulator,
and compared FEA stress analysis results to stress paint-treated
parts to determine viability of two methods to real-world tests of
manufactured parts.

Having graduated in 2001, Luis A. Bon Rocafort became a field
service engineer for Schlumberger Oilfield Services, performing as
a drilling service engineer. As a cell manager, providing services to
ExxonMobil in the Bass Strait of the Southeast coast of Australia,
he performs logging while drilling services and assists directional
drilling efforts in order to fully develop a known field that has been
producing oil for more than three decades. Using advanced tools
and drilling techniques, undiscovered pockets of oils are identified,
and drilling programs are developed.



Luis A. Bon Rocafort joined O’Donnell Consulting Engineers,
Inc. in 2006. While working with OCEI, he performed static and
transient finite element analysis using a variety of elements and
methods available through the ANSYS program. Other analyses
include, modal analyses, harmonic analyses, vibrations, fatigue life
analyses, inelastic analyses, creep analyses, among others. These
analyses were done to evaluate vessels or structures to ASME,
AISC, and IEEE codes and standards.

ROMERO, MANUEL ALVAREZ

Manuel Romero received his PhD in Chem-
ical Engineering in 1990 at the University
of Valladolid for his research on the solari-
zation of steam reforming of methane. At
present, he is Deputy Director and Princi-
pal Researcher of the High Temperature
Processes R&D Unit at IMDEA Energia.
Dr. M. Romero has received the “Far-
rington Daniels Award” in 2009, the most
prestigious award in the field of solar energy research, created in
1975 by the International Solar Energy Society, conferred for his
intellectual leadership, international reputation, and R&D contri-
butions to the development of high-temperature solar concentrat-
ing systems.

In June 1985, Dr. Romero joined CIEMAT, Spain’s National
Laboratory for Energy Research, working as Project Manager until
2002 with responsibilities on R&D for solar thermal power plants
and solar hydrogen. In 2002, he became Director of the Plataforma
Solar de Almeria, largely recognized R&D facilities for testing and
development of solar concentrating technologies, and Director of
the Renewable Energy Division of CIEMAT since June 2004 until
August 2008 with R&D activities on solar thermal power, photo-
voltaics, biomass, and wind energy.

During his career, Dr. Romero has participated in more than
45 collaborative R&D projects in energy research, 15 of them fi-
nanced by the European Commission, with special emphasis on
high-temperature solar towers. He is coauthor of the European
Technology Roadmap on High Temperature Hydrogen Production
Processes INNOHYP, contracted by the EC in 2005, and coauthor
of the European Technology Roadmap for Solar Thermal Power
Plants, ECOSTAR, contracted by the European Commission in
2004. He acted as member of the experts’ committee of the Energy
R&D Program of the VI and VII Framework Program of the EC
until August 2008.

Dr. Romero is Associate Editor of the ASME Journal of Solar
Energy Engineering since January 2007 and at the International
Journal of Energy Research (IJER) published by Wiley & Sons
since December 2009. He was Associate Editor of the Interna-
tional Journal of Solar Energy since January 2002 until January
2007.
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SEIFERT, GARY D.

Gary D. Seifert, PE, EE, is senior program
manager at the Idaho National Laboratory.
He has responsibility for multiple technical
tasks for the U.S. Department of Energy,
Department of Homeland Security, the U.S.
Air Force, U.S. Navy, and NASA, as well as
various power systems upgrades at the I[daho
National Laboratory. Renewable projects
have included the Ascension Island Wind
Project and Ascension Island Solar Power projects, which have
displaced a significant amount of diesel generation resulting in ma-
jor financial and emissions savings.

Gary has been involved in multiple projects improving control
systems and adding automation. Other support tasks include Wind
Powering America, wind anemometer loan program, wind radar
integration, power system distribution upgrades, high reliability
power systems, relay system updates, smart substation upgrades,
fiber optic communication systems installations, National SCADA
Testbed, and the design of process control systems.

Gary is also currently involved in studies for multiple Depart-
ment of Defense government wind projects and is leading a techni-
cal wind radar interaction project for the U.S. DOE and supporting
wind prospecting activities in Idaho and surrounding regions.

Gary holds patents in thermal photovoltaic and Electro Optical
High Voltage (EOHV) sensor designs. He was awarded a Research
and Development top 100 award in 1998 for his work on the EOHV
sensor and was instrumental in the implementation of the DOD’s
first island wind farm at Ascension air station.

Gary has a Bachelor of Science Electrical Engineering degree
from the University of Idaho in 1981. He is an Adjunct Instructor
Department of Engineering Professional Development, University
of Wisconsin since 1991.

SHEVENELL, LISA

Lisa Shevenell was awarded a B.A. in ge-
ology at New Mexico Institute of Mining
and Technology in 1984 and a PhD in Hy-
drogeology at the University of Nevada,
Reno in 1990. Shevenell conducted geo-
thermal exploration in Central America in
the mid-1980s as part of a USGS-Los Ala-
mos National Laboratory (LANL) team.
Additional basic and applied research was
conducted while with LANL at numerous sites throughout the
western United States. Work at Mt. St. Helens evolved into her
PhD research on the geothermal systems that formed after the
1980 eruption. Following her PhD, she worked at Oak Ridge
National Laboratory for 3 years. Shevenell has been a faculty
member at the Nevada Bureau of Mines and Geology since
1993, where she has led numerous geothermal-related research
projects and teams in Nevada. She is currently a member of the
Nevada Geothermal Technical Advisory Panel to NV Energy,
the Science Advisory Board to the National Geothermal Data
Center initiative being led by the Arizona Geological Survey,
Geothermal Energy Association Technical Advisory Commit-
tee, and member of the Blue Ribbon Panel on Renewable
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Energy formed by Senator Harry Reid and former Board of Di-
rectors member to the Geothermal Resources Council, former
member of the Renewable Energy Task Force reporting to the
Governor and Nevada Legislature, and former Director of the
Great Basin Center for Geothermal Energy.

SINGH, K. (KRIS) P.

Dr. K.P. (Kris) Singh is the President and
Chief Executive Officer of Holtec Interna-
tional, an energy technology company that
he established in 1986. Dr. Singh received
his Ph.D. in Mechanical Engineering from
the University of Pennsylvania in 1972, a
Masters in Engineering Mechanics, also
from Pennsylvania in 1969, and a BS in Me-
chanical Engineering from the Ranchi Uni-
versity in India in 1967.

Since the mid-1980s, Dr. Singh has endeavored to develop in-
novative design concepts and inventions that have been trans-
lated by the able technology team of Holtec International into
equipment and systems that improve the safety and reliability of
nuclear and fossil power plants. Dr. Singh holds numerous pat-
ents on storage and transport technologies for used nuclear fuel
and on heat exchangers/pressure vessels used in nuclear and fos-
sil power plants. Active for over 30 years in the academic aspects
of the technologies underlying the power generation industry, Dr.
Singh has published over 60 technical papers in the permanent
literature in various disciplines of mechanical engineering and
applied mechanics. He has edited, authored, or coauthored nu-
merous monographs and books, including the widely used text
“Mechanical Design of Heat Exchangers and Pressure Vessel
Components,” published in 1984. In 1987, he was elected a Fel-
low of the American Society of Mechanical Engineers. He is a
Registered Professional Engineer in Pennsylvania and Michigan
and has been a member of the American Nuclear Society since
1979 and a member of the American Society of Mechanical En-
gineers since 1974.

Over the decades, Dr. Singh has participated in technology
development roles in a number of national organizations, includ-
ing the Tubular Exchange Manufacturers Association, the Heat
Exchange Institute, and the American Society of Mechanical
Engineers. Dr. Singh has lectured extensively on nuclear tech-
nology issues in the United States and abroad, providing con-
tinuing education courses to practicing engineers, and served as
an Adjunct Professor at the University of Pennsylvania (1986
to 1992).

Dr. Singh serves on several corporate boards including the Nu-
clear Energy Institute and the Board of Overseers, School of Engi-
neering and Applied Science (University of Pennsylvania), Holtec
International, and several other industrial companies.

SPAIN, STEPHEN D.

Stephen D. Spain, PE, PEng, is Vice President
of HDR’s Northwest Region, Hydropower
Department and Director of Hydromechani-
cal Engineering for all HDR and Project Man-
ager, Project Engineer, and Lead Mechanical
Engineer for numerous hydroelectric projects
| ' throughout North America. Previously, he
i 1" was the Northwest Regional Manager for
"% Devine Tarbell & Associates (DTA), Duke
Engineering & Services (DE&S), Department Manager of Hydro
Mechanical and Electrical Engineering for Northrop Devine & Tar-
bell (ND&T), and Hydroelectric Project Engineer at the E.C. Jordan
Company in Portland, Maine. Stephen has served as the chair for the
American Society for Mechanical Engineers’ (ASME) Hydropower
Committee from 2006 to 2009.
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SRIRAM, RAM D.

Ram D. Sriram is currently leading the
Design and Process group in the Manufac-
turing Systems Integration Division at the
National Institute of Standards and Tech-
nology, where he conducts research on
standards for sustainable manufacturing
and interoperability of computer-aided de-
sign systems. He also holds a part-time ap-
pointment in the Information Technology
Laboratory, where he conducts research on bioimaging and
healthcare informatics. Prior to that, he was on the engineering
faculty (1986 to 1994) at the Massachusetts Institute of Tech-
nology (MIT) and was instrumental in setting up the Intelligent
Engineering Systems Laboratory. At MIT, Sriram initiated the
MIT-DICE project, which was one of the pioneering projects in
collaborative engineering. Sriram has coauthored or authored
nearly 250 publications in computer-aided engineering and
healthcare informatics, including several books. Sriram was a
founding coeditor of the International Journal for Al in Engineer-
ing. In 1989, he was awarded a Presidential Young Investigator
Award from the National Science Foundation, USA. Sriram is a
Fellow of the American Society of Mechanical Engineers, a Sen-
ior Member of the Institute of Electrical and Electronics Engi-
neers, a Member (life) of the Association for Computing Machin-
ery, a member of the American Society of Civil Engineers, and a
Fellow of the American Association of Advancement for Sci-
ence. Sriram has a BS from IIT, Madras, India, and an MS and a
PhD from Carnegie Mellon University, Pittsburgh, USA.



TANZOSH, JIM M.

James Tanzosh is employed at the Babcock
& Wilcox Company as the Manager of Ma-
terials and Manufacturing Technology for
the Power Generation Group in Barberton,
Ohio. He has worked for B&W for 37 years
in a number of technical areas involved with
nuclear and fossil-fueled power generation
including commercial and defense reactor
programs, fast breeder reactor development,
and a large range of utility and industrial boilers covering a wide
range of fossil fuels, solar power, and biomass and refuse. He is
presently responsible for research and development and all aspects
of materials and welding technology for the Power Generation
Group. He has been involved for the last 8 years with materials and
manufacturing development of materials and designs of the ad-
vanced ultrasupercritical boiler. He has been a member of the
ASME Boiler and Pressure Vessel Code and a member of a number
of subgroups and committees in the area of materials, welding, and
fired boilers and is presently Chairman of the Subgroup on Strength
of Weldments.

TAO, YONG X.

Dr. Yong X. Tao is PACCAR Professor of
Engineering and Chairperson of the De-
partment of Mechanical and Energy Engi-
neering at the University of North Texas
(UNT). He is an ASME Fellow and Editor-
in-Chief of Heat Transfer Research with
more than 20 years of research and teach-
ing experience. Prior to joining UNT, he
was the Associate Dean of the College of
Engineering and Computing at Florida International University
in Miami and a Professor of Mechanical and Materials Engineer-
ing. An internationally known researcher in fundamentals of
thermal sciences, refrigeration system performance, and renew-
able energy applications in buildings, he was also Director of the
Building Energy, Environment, and Conservation Systems Lab
(BEECS) and Multi-Phase Thermal Engineering Lab (MPTE) at
FIU.

Dr. Tao has produced a total of more than 154 journal pub-
lications, book chapters, edited journals and proceedings, and
peer-reviewed technical conference papers over the course of his
career and holds two patents. He has received more than 12.2
million dollars of research funding as a single PI or Co-PI in
multidisciplinary teamwork projects from the NSF, NASA, Air
Force, DSL, DOE, ASHRAE, and various industries. He was
the Associate Editor of the Journal of Science and Engineering
Applications.

Dr. Tao is also an active member of the American Soci-
ety of Heating Refrigeration and Air-Conditioning Engineers
(ASHRAE) and member of Executive Committee of the Heat
Transfer Division of ASME, and Editor of ASME Early-Career
Technical Journal. He has served on many technical committees
for ASME, ASHRAE, and AIAA. He was also the Program Chair
for the 2009 Summer Heat Transfer Conference of ASME and,
as the Founding Chair, established the first US-EU-China Ther-
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mophysics Conference on Renewable Energy held in Beijing in
May 20009.

In 2005, he was the faculty leader of the award-winning FIU
Solar Decathlon entry sponsored by the United States. In 2008,
as Project Director of the Future House USA project, he led a
consortium of academics, builders, industry sponsors, and lobby-
ists to represent the United States in a ten-country, international
demonstration project of renewable energy and environmental-
ly friendly construction that resulted in a 3200-sq ft zero-net-
energy American House in Beijing, China. On July 16th, 2009,
Dr. Tao hosted a visit from the U.S. Secretary of Commerce
Gary Locke and Secretary of Energy Steven Chu in the Ameri-
can House and was praised by both Secretaries as playing “vital
role in building better collaboration between the United States
and China in the area of energy-efficient buildings.”

Dr. Tao has a PhD in Mechanical Engineering degree from the
University of Michigan, and a BS and MS in Mechanical Engi-
neering from Tongji University in Shanghai, China.

THAREJA, DHARAM VIR

Dr. Dharam Vir THAREJA is the Director
— Technical, SNC-Lavalin Engineering In-
dia Pvt. Ltd. since 2009 to date. Previously.
he was a consultant with SNC-LAVALIN
Engineering India Pvt. Ltd., Institute for De-
fence Studies and Analysis (IDSA), J&K
Power Development Corporation and HP
Power Development Corporation.

Dr. Thareja held various senior assign-
ments from 1990 through 2008, chronologically the most recent to
the last are Chairman Ganga Flood Control Commission (GFCC),
Ministry of Water Resources, Govt. of India (GOI); Member (De-
sign & Research Wing), CWC, Ministry of Water Resources;
Commissioner, Indus Wing, Ministry of Water Resources; Chief
Engineer, CWC, Ministry of Water Resources; and Chief Project
Manager, WAPCOS, Ministry of Water Resources. Dr. Thareja
worked previously from 1973 to 1999 in several capacities in
CWC and WAPCOS. Dr. Thareja was responsible for several pub-
lications that include 21 notable ones.

He earned his PhD IIT, Delhi, India, MSc and BSc in Civil En-
gineering from the College of Engineering, University Of Delhi,
India. Dr. Thareja’s professional affiliations include Fellow, In-
stitution of Engineers (India), Member, Indian Water Resources
Society, Indian Geotechnical Society, Indian Society for Rock and
Mechanics & Tunneling Technology. He attended several institu-
tions including UN Fellowship; USBR, Denver, Colorado (USA);
University of California, Berkeley (USA); University of Arizona,
Tucson (USA); University of Swansea, Swansea (UK); and Hydro
Power Engineering with M/s. Harza Engineering Co., USA under
the World Bank program.

Dr Thareja’s professional work country experience includes the
Philippines, Burma, Vietnam, Afghanistan, Bhutan, and India.
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TOUSEY, TERRY

il Terry Tousey, an Independent Consultant at
Alternative Fuels & Resources, LLC and
President of Rose Energy Discovery, Inc.,
has a diverse background in the alternative
energy, resource recovery, environmental
and chemical industries. He has over 22
years of experience in the development, im-
plementation, and management of hazard-
ous and nonhazardous waste fuel projects
and substitute raw material programs within the cement industry.
Mr. Tousey has spent most of the last 5 years working on the com-
mercialization of renewable energy technologies including gasifi-
cation and anaerobic digestion of waste biomass materials for the
production of heat and power.

Mr. Tousey was a key member of the management team at two
startup resource recovery companies where, among other things,
he directed the business development strategy for sourcing waste
materials into the alternative fuels and raw materials programs. He
has reviewed the quality and quantity of numerous waste streams
for use as an alternative fuel or substitute raw material and has
researched a number of technologies for processing these mate-
rials into a useable form. Mr. Tousey has extensive expertise in
managing these programs from concept through startup including
permitting, design, construction, operations, logistics, marketing,
and regulatory compliance. His work on a wide range of highly
innovative alternative energy projects, both captive and merchant,
over the course of his career, has made him uniquely knowledge-
able in the dynamics of resource recovery and the mechanics of
the reverse distribution chain of waste from the generator to the
processor.

Mr. Tousey is an alumnus of Purdue University, where he
earned his BS Degree in General Science with a major concentra-
tion in Chemistry and minor concentrations in Biology and Math-
ematics. He is a member of the Water Environment Association,
New England Water Environment Association, and Missouri Wa-
ter Environment Association and a past member of the National
Oil Recyclers Association and the National Chemical Recyclers
Association. He has been an active participant in the Environmen-
tal Information Digest’s Annual Industry Round Table where Mr.
Tousey has given a number of presentations on the use of waste as
fuels in the cement industry.

VITERNA, LARRY

Dr. Larry Viterna is a loaned executive to
Case Western Reserve University from
NASA. At Case, he serves as the Technical
Director of the Great Lakes Energy Institute,
leading the formation of technology devel-
opment efforts in renewable energy and en-
ergy storage. Most recently at NASA, Dr.
Viterna was Lead for Strategic Business De-
velopment at the Glenn Research Center, a
major federal laboratory with a budget of over $600M and a work-
force of 2500. Previously, he was assigned to the NASA Deputy
Administrator in Washington, DC, where he coordinated the devel-
opment of the implementation strategy for Agency-wide changes

following the Space Shuttle Columbia Accident. Dr. Viterna was
on the team that created the world’s first multimegawatt wind tur-
bines starting in 1979. He is the recipient of NASA’s Blue Marble
Award for aerodynamic models, now named for him, that are part
of international design tools for wind turbines and that helped en-
able passive aerodynamic power control in the wind energy indus-
try. Dr. Viterna has also been recognized with NASA Glenn’s
highest Engineering Excellence award for his pioneering work in
fuel efficient hybrid vehicles. He is certified for the Senior Execu-
tive Service and received his PhD in Engineering from the Univer-
sity of Michigan. He has also completed executive education in
business administration at Stanford University, public policy at the
Harvard Kennedy School of Government, and international man-
agement at the National University of Singapore.

WEAKLAND, DENNIS P.

Mr. Weakland has over 28 years of experi-
ence in materials behavior and structural in-
tegrity of major nuclear components at an
operating nuclear power plant. He is recog-
nized to have a broad understanding of mate-
rials issues in the Industry by the leadership
positions held in several organizations. He
specializes in ASME Code compliance,
technical and program review, evaluation of
Industry technologies for degradation mitigation, evaluation of ma-
terial degradation concerns, and the oversight of fabrication activi-
ties for new or replacement components. His experience with
Inservice Inspection and materials programs has provided him with
a thorough understanding of nondestructive examination tech-
niques and applications.

Mr. Dennis Weakland has served in several industry leadership
roles, including the Chairman of the Pressurized Water Reactor
Owners Groups Materials Sub-committee and the Chairman of the
EPRI Materials Reliability Project (MRP). He currently is a mem-
ber of the ASME Working Group — Operating Plant Criteria and
Task Group Alloy 600. He is an alumnus of Carnegie-Mellon Uni-
versity where he earned a BS in Metallurgy and Material Science
degree. He also has earned a MBA for the University Of Pittsburgh
Katz School of Business.

Prior to joining the nuclear industry in 1982, Mr. Weakland
spent 13 years in the heavy fabrication industry in the production
of river barges, towboats, and railroad cars.

WEISSMAN, ALEXANDER

Alexander Weissman is a doctoral student in
the Department of Mechanical Engineering
and the Institute for Systems Research at the
University of Maryland. He is currently
working on research in design-stage estima-
tion of energy consumption in manufactur-
ing processes. His broader research goals
include sustainable manufacturing and de-
sign for environment. Prior to this, he



worked as a software engineer and developer for an automated
analysis and process planning system for water-jet machining. He
completed a Bachelor of Science (BS) degree in computer engi-
neering in 2006 at the University of Maryland.

WEITZEL, PAUL S.

Paul Weitzel is employed by the Babcock
and Wilcox Company as a Technical Con-
sultant and Team Leader for New Product
Development, Advanced Technology De-
sign and Development, Technology Divi-
sion, Power Generation Group at Barberton,
Ohio. His involvement with B&W spans 42
years, beginning as a Service Engineer at
Kansas City starting up boiler equipment
and is currently responsible for the Advanced Ultra Supercritical
steam generator product development. Early on in his career, there
was a time out to serve in the U.S. Navy as an Engineering Duty
Officer aboard the USS Midway as the Assistant Boilers Officer
and at Hunters Point Naval Shipyard as a Ship Superintendent for
repair and overhauls, primarily for the main propulsion plant —
always on ships with B&W boilers. Primary assignments with
B&W have been in engineering and service roles with a strong
technical interest in thermodynamics, fluid dynamics, and heat
transfer supporting performance and design of steam generators.
He is the author of Chapter 3, Fluid Dynamics, Steam 41, The
Babcock and Wilcox Company. He is a member of ASME.
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WILLEMS, RYAN

. Ryan is a renewable energy engineer work-
ing in the Technology and Commercialisa-
tion group of the Business Development
division of Hydro Tasmania. Ryan joined
Hydro Tasmania as an intern in 2005 prior
to graduating from Murdoch University
with a Bachelor of Renewable Energy Engi-
neering degree in early 2006. Ryan has
gained extensive knowledge in the field of
Remote Area Power Supply (RAPS) systems in his time at Hydro
Tasmania.

Ryan has been extensively involved in RAPS on both King and
Flinders Islands and has a considerable level of understanding of
the complexities and control of each power station. Ryan has also
developed tools for the analysis of energy flows in RAPS systems
utilizing a range of control philosophies and has applied his knowl-
edge of renewable energy generation technologies and their inte-
gration in the development of this simulation tool. Ryan has also
been involved in the King Island Dynamic Resistive Frequency
Control (DRFC) project since its inception and has provided sig-
nificant technical assistance in the design of control logic and trou-
bleshooting during commissioning.
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WILLIAMS, JAMES (JIM) L.
James L. Williams is owner and president of
WTRG Economics. He has more than 30
years experience analyzing and forecasting
energy markets primarily as a consulting en-
ergy economist. He publishes the Energy
Economist Newsletter and is widely quoted
on oil and natural gas issues in the national
l . | and international media. His clients and sub-
scribers include major oil companies, inter-
national banks, large energy consumers, brokerage firms, energy
traders, local, state, and U.S. government agencies.

Jim has an MSc degree in mathematics with additional post-
graduate work in math and economics.

Mr. James Williams has taught forecasting, finance, and eco-
nomics at the graduate and undergraduate level at two universities,
testified on energy issues before Congress, and served as an expert
witness in state and federal courts. His analysis of oil prices in
Texas identified weaknesses in the method the state used to col-
lect severance taxes on oil and contributed to a revision in the sys-
tem that resulted in higher revenues to the state as well as royalty
owners.

Williams® first work in the oil and gas industry was as senior
economist with El Paso Company, where he analyzed and forecast
petrochemical prices and markets. He modeled and forecast the
financial performance of El Paso Petrochemicals division as well
as new plants and acquisition targets.

He regularly analyses and forecasts exploration activity and
its impact on the performance of oil and gas manufacturing and
service companies. His experience ranges from the micro to macro
level.

Williams’ current research interests include global supply and
demand for petroleum and natural gas, country risk, and the influ-
ence of financial markets and instruments on the price of energy.

WOLFE, DOUGLAS E.

Dr. Douglas E. Wolfe’s research activi-
ties include the synthesis, processing, and
characterization of ceramic and metallic
coatings deposited by reactive and ion
beam assisted, electron beam physical va-
por deposition (EB-PVD), sputtering,
plating, cathodic arc, cold spray, thermal
spray, and hybrid processes. Dr. Wolfe is
actively working on nanocomposite, nano-
layered, multilayered, functionally graded, and multifunctional
coatings and the enhancement of coating microstructure to tailor
and improve the properties of vapor-deposited coatings such as
thermal barrier coatings, transition metal nitrides, carbides, and
borides, transition and rare-earth metals, for a variety of applica-
tions in the aerospace, defense, tooling, biomedical, nuclear, and
optical industries, as well as corrosion-resistant applications. Other
areas of interest include the development of advanced materials
and new methodologies for microstructural enhancement, design
structures/architectures, and coatings/thin films with improved
properties. Dr. Wolfe received his PhD in Materials (2001), his MS
degree in Materials Science and Engineering with an option in
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Metallurgy (1996), and his BS degree in Ceramic Science and En-
gineering (1994) from The Pennsylvania State University. He has
been a member of The Pennsylvania State University Faculty since
May of 1998 and currently has a dual title appointment as
Advanced Coating Department Head for the Applied Research
Laboratory and Assistant Professor in the Department of Materials
Science and Engineering. Dr. Wolfe has developed a short course
entitled, “Determination, Causes and Effects of Residual Stresses
on Coating Microstructure and Properties” and established a world
class state-of-the-art Coatings Research Facility at the Pennsylva-
nia State University. His expertise include the development and
processing of vapor-deposited coatings as well as materials charac-
terization using a variety of analytical techniques including: X-ray
diffraction (XRD), scanning electron microscopy (SEM), optical
microscopy (OM), energy dispersive spectroscopy (EDS), tribol-
ogy, electron probe microanalysis (EPMA), X-ray photoelectron
spectroscopy (XPS), secondary ion mass spectroscopy (SIMS),
transmission electron microscopy (TEM), etc. Other research in-
terests/topics include defining and developing structure-property-
processing-performance relationships. Dr. Wolfe published more
than 40 research manuscripts and technical memorandums.

YOKELL, STANLEY

Stanley Yokell, PE, Fellow of the ASME is
registered in Colorado, Illinois, Towa, and
New Jersey. He is President of MGT Inc.,
Boulder, Colorado, and a Consultant to Hy-
droPro, Inc., San Jose, California, manufac-
turers of the HydroPro® system for heat
exchanger tube hydraulic expanding, the
BoilerPro® system for hydraulically ex-
panding tubes into boiler drums and
tubesheets, and the HydroProof® system for testing tube-to-
tubesheet and tube-to-boiler drum joints.

From 1976 to 1979, Mr. Yokell was Vice President of Ecolaire
Inc. and President and Director of its PEMCO subsidiary. From
1971 to 1976, he was President of Process Engineering and Machine
Company, Inc., (PEMCO) of Elizabeth, New Jersey, a major manu-
facturer of heat exchangers and pressure vessels, where he held the
position of Vice President and Chief Engineer from its founding in
1953. Previously, he held the positions of Process Engineer and Sales
Manager at Industrial Process Engineers, Newark, New Jersey, and
Shift Supervisor at Kolker Chemical Works, Newark, New Jersey.

Mr. Yokell works in analyzing and specifying requirements,
construction and uses, troubleshooting, and life extension of tu-
bular heat transfer equipment. He is well-known as a specialist on
tube-to-tubesheet joining of tubular heat exchangers and mainte-
nance and repair of tubular heat exchangers.

He renders technical assistance to attorneys and serves as an
Expert Witness. Mr. Yokell’s more than 48 years of work in the
field has involved design and construction of more than 3000 tu-
bular heat exchangers, design and manufacture of process equip-
ment, consulting on maintenance and repair of a variety of process
heat exchangers and pressure vessels, feedwater heaters and power
plant auxiliary heat exchangers. From 1979 to the present, he has
assisted in troubleshooting, failure analysis, repair, modification,
and replacement of process and power heat exchangers.

Each year from 1981 through 2007, Mr. Yokell presented two
or three 4-day short, intensive courses on Shell-and-Tube Heat Ex-
changers-Mechanical Aspects at various locations in the United
States, Canada, South America, and Europe. During this period,
he has also presented, in collaboration with Mr. Andreone, annual
seminars on Closed Feedwater Heaters and Inspection, Mainte-
nance and Repair of Tubular Exchangers. In addition, he has pro-
vided in-plant training to the maintenance forces of several oil
refineries, chemical plants, and power stations.

Mr. Yokell is the author of numerous papers on tubular heat
transfer equipment including tube-to-tubesheet joints, trouble-
shooting, and application of the ASME Code. He is the author of
A Working Guide to Shell-and-Tube Heat Exchangers, McGraw-
Hill Book Company, New York, 1990. With Mr. Andreone, he
has written Tubular Heat Exchanger Inspection, Maintenance and
Repair, McGraw-Hill Book Company, New York 1997. He holds
two patents.

Mr. Yokell is a corresponding member of the ASME Code Sec-
tion VIII’s Special Working Group on Heat Transfer Equipment
and is a member of the AIChE, the ASNT, the AWS, and the NSPE.
Mr. Yokell received the BChE degree from New York University.

ZAYAS, JOSE

Jose Zayas is the senior manager of the
Renewable Energy Technologies group at
Sandia National Laboratories. His responsi-
bilities in this role include establishing strat-
egy and priorities, defining technical and
programmatic roles, business development,
and performing management assurance for
the renewable energy-related activities of
the laboratory. He manages and develops
programs to:

* Bring together key renewable energy technology capabilities
to consistently implement a science-based reliability and sys-
tems approach

* Leverage Sandia’s broader predictive simulation, testing/eval-
uation, materials science, and systems engineering capability
with expertise in renewable energy technologies

* Expand and accelerate Sandia’s role in the innovation, devel-
opment, and penetration of renewable energy technologies

Mr. Zayas joined Sandia National Labs in 1996 and spent the
first 10 years of his career supporting the national mission of the
labs wind energy portfolio as a senior member of the technical
staff. During his technical career, he had responsibilities for sev-
eral programmatic research activities and new initiatives for the
program. Jose’s engineering research contributions, innovation,
and outreach spanned a variety of areas, which include active aero-
dynamic flow control, sensors, dynamic modeling, data acquisition
systems, and component testing.

After transition to the position of program manager in 2006, Jose
has engaged and supported a variety of national initiatives to pro-
mote the expansion of clean energy technologies for the nation.
Most recently, Jose has continued to lead the organization’s clean
energy activities and has coordinated and developed the laborato-
ries cross-cutting activities in advanced water power systems. This
program focuses on developing and supporting an emerging clean



energy portfolio (wave, current, tide, and conventional hydro en-
ergy sources). Through developed partnerships with key national
labs, industry, and academia, Sandia is supporting and leading a
variety of activities to accelerate the advancement and viability of
both wind energy and the comprehensive marine hydrokinetics in-
dustry. Additionally, Jose is currently leading a Federal interagency
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research program to address barriers affecting the continued deploy-
ment and acceptance of wind energy systems across the nation.

Jose holds a bachelors degree in Mechanical Engineering from
the University of New Mexico and a Master’s degree in Mechani-
cal and Aeronautical Engineering from the University of Califor-
nia at Davis.
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Energy and Power Generation Handbook: Established and
Emerging Technologies, edited by K.R. Rao, and published by
ASME Press, is a comprehensive reference work of 32 chapters
authored by 53 expert contributors from around the world. This
“Handbook” has 705 pages and contains about 1251 references
and over 771 figures, tables, and pictures to complement the pro-
fessional discussions covered by the authors. The authors are
drawn from different specialties, each an expert in the respective
field, with several decades of professional expertise and scores of
technical publications.

This book is meant to cover the conventional technical discus-
sions relating to energy sources as well as why(s) and wherefore(s)
of power generation. The critical element of this book will thus
be balanced and objective discussions of one energy source vis-a-
vis another source, without making any recommendations or judg-
ments which energy source is better than another.

A primary benefit of these discussions is that readers will learn
that neither this nor that source is better, but together they complete
the energy supply for this planet. This perhaps could be obvious
even without going through the compendium of energy sources
covered comprehensively in a book. However, a unique aspect of
this publication is its foundation in the scholarly discussions and
expert opinions expressed in this book, enabling the reader to make
“value judgments” regarding which energy source(s) may be used
in a given situation.

This book has the end user in view from the very beginning to
the end. The audience targeted by this publication not only includes
libraries, universities for use in their curriculum, utilities, consult-
ants, and regulators, but is also meant to include ASME’s global
community. ASME’s strategic plan includes Energy Technology
as a priority. Instead of merely discussing the pros and cons of
“energy sources,” this publication also includes the application of
energy and power generation.

Thus, the book could be of immense use to those looking be-
yond the conventional discussions contained in similar books that
provide the “cost—benefit” rationale. In addition to which energy
source is better than the other and to which geographic location,
the discussions on economics of energy and power generation will
portray the potentials as well.

Instead of picturing a static view, the contributors portray a
futuristic perspective in their depictions, even considering the re-
alities beyond the realm of socio-economic parameters to ramifi-
cations of the political climate. These discussions will captivate
advocacy planners of global warming and energy conservation.
University libraries, the “public-at-large,” economists looking for
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technological answers, practicing engineers who are looking for
greener pastures in pursuing their professions, young engineers
who are scrutinizing job alternatives, and engineers caught in a
limited vision of energy and power generation will find this pub-
lication informative.

Equally important is that all of the authors have cited from the
public domain as well as textbook publications, handbooks, scho-
lastic literature, and professional society publications, including
ASME’s Technical Publications, in addition to their own profes-
sional experience, items that deal with renewable energy and non-
renewable energy sources. Thus, ASME members across most of
the Technical Divisions will find this book worth having.

The discussions in this Handbook cover aspects of energy and
power generation from all known sources of energy in use around
the globe. This publication addresses energy sources such as so-
lar, wind, hydro, tidal, and wave power, bio energy including bio-
mass and bio-fuels, waste-material, geothermal, fossil, petroleum,
gas, and nuclear. Experts were also invited to cover role of NASA
in photovoltaic and wind energy in power generation, emerging
technologies including efficiency in manufacturing and the role of
NANO-technology.

The 32-chapter coverage in this Handbook is distributed into
nine (IX) distinct sections with the majority addressing power and
energy sources. Depending upon the usage, solar, wind, hydro, fos-
sil, and nuclear are addressed in more than a single chapter. Re-
newable Energy Resources are covered in Sections I through IV,
and Non-Renewable in Sections V and VI; Sections VII through
IX cover energy generation-related topics.

Cost comparison with conventional energy sources such as fos-
sil and fission has been made to ascertain the usage potential of
renewable resources. This aspect has been dealt by authors while
emphasizing the scope for increased usage of renewable energy.
Authors therefore dwell on measures for promoting research and
development to achieve the target of being cost-comparable.

Preceding all of Sections I through IX, biographical information
pertaining to each of the authors is provided followed by Chapter
Introductions. This information provides readers a fairly good idea
of the credentials of the experts chosen to treat the chapter topic
and a glimpse of the chapter coverage.

Section I, Chapters 1 through 6, deals with Solar Energy in
114 pages addressed by 10 experts from academia, NASA, and
practicing professionals from the U.S., Europe, and India. Global
interest in solar energy is apparent not only from the current usage
but also from the untapped resources and its potential for greater
usage.
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The last chapter of Section I, Chapter 6, is authored by experts
from NASA who elucidate NASA’s efforts in both Solar and
Wind energy sectors. This is appropriate since both of these en-
ergy sources constitute the most popular of the renewable energy
resources.

In addition to the potential of Wind Energy already covered
in Chapter 6, it is covered in detail in Chapters 7 through 10 of
Section II. The increase in usage of wind energy in the past few
years in the U.S. as well as in Asia and Europe surpasses any
other energy resource. Thus, the potential, like solar energy, is
enormous yet is vastly untapped. Global interest in wind as en-
ergy resource, although confined to countries uniquely located
with wind potential, is limited by technological consequences.
Authors from Sandia and Idaho National Laboratories, a research
laboratory in the Netherlands, and a practicing professional from
India discuss in 71 pages all of the ramifications of wind energy
including the public perceptions and ways to technologically
overcome environmental considerations including noise and vi-
sual aspects.

Section III deals with Hydro and Tidal Energy and has three
chapters, Chapters 11, 12, and 13, devoted to Hydro Power in the
USA and Asia in 40 pages. These three chapters are authored by
three expert practicing professionals at the helm of their organi-
zations and EPRI. Potential for this energy source is considerable
in the U.S. and developing world, and lessons of experience with
considerable “know-how” in hydro power are valuable for use in
rest of the world. Tidal and Wave Power is unique and knowl-
edge based, a privilege of the developed nations even though rest
of the world have enormous potential for this energy source. This
is addressed with abundant reference material by an expert from
Electrical Power Research Institute (EPRI).

Section IV covers diverse modes of energy and power genera-
tion such as Bio Energy, Energy from Waste, and Geo Thermal
Energy addressed in 56 pages in Chapters 14, 15, and 16 by prac-
ticing professionals and academia.

Bio Energy including Biomass and Biofuels is not exclusive to
developed world. Even developing nations are aware of it although
not dependent upon this source of energy. Bio-energy technology
has been discussed by a practicing professional with expertise in
this field in the U.S. and overseas. The author covers the potential
of bio energy’s future usage and developments, especially co-fir-
ing with coal.

Waste Energy has been addressed by a practicing professional
with knowledge of municipal and industrial waste in both devel-
oped as well as underdeveloped or developing economies. Ur-
banization and concomitant suburban sprawl with demands for
alternative sources of energy generation can release gasoline for
automobiles. With the help of several schematics, the benefits
and challenges of utilizing waste are covered including waste
cycle, the regulatory perspective, business risks, and economic
rationale.

This book that has as its target to investigate all “known” energy
sources and Geothermal Power cannot be discounted now as well
as in the immediate future. Even though confined in its application
to a few isolated locations in the world such as Iceland, USA, Aus-
tralia, Asia, and Europe, its contribution for solving global energy
and power problems can be considerable, if this partially tapped
resource of this planet can be harnessed to the fullest extent. Tech-
nological intricacies of this topic are addressed by two authors, an
expert from the academia and in-charge of a professional organiza-
tion in U.S.

In Section V, as part of Non Renewable Fuels for Power and En-
ergy Generation—Fossil Power Generation comprising of Coal,
Oil, Gas, and Coal Gasification is addressed by U.S. experts in
Chapters 17 through 20 in 86 pages. The cutting edge of technol-
ogy concerning the impact of CO, emissions, climate change, and
coal gasification is addressed by U.S. industry experts in this Sec-
tion. Both the U.S. and global economy are impacted by energy
and power generation from petroleum and gas. This issue is also
addressed in this Section by two U.S. economists. Chapters of this
section will cover ongoing issues as well as the state-of-the-art
technology.

While contributors cover the existing generation methods and
technology, they also expound facets that deserve unique treatment.
For example, the fossil power generation industry, responsible for
40 percent of carbon emissions, can be addressed with minimal
socio-economic impact largely by technological advances. Where-
as longer chimney heights and scrubbers were considered adequate
technology for coal-fired units, technology has moved far ahead,
and there are items worth attention of the readers. ‘The Devil’s in
the Details of these technological advances’!

A discussion about Fossil Power Generation is incomplete
without an understanding of “global warming,” “climate change,”
and the Kyoto Protocol for dealing with carbon emissions. Authors
of Chapters 14 and 15 associated with a premier fossil generation
enterprise bring the wealth of their experience in covering the cut-
ting edge of technology related to carbon emissions. If the abun-
dant coal in the U.S. has to continue for coal-fired power plants as
a blessing instead of a bane, it has to transform the technology for
the use of coal. Authors aware of the efficiency of coal for power
generation, to meet the global competition, have, with the help of
impressive schematics and examples, implicitly demonstrated the
U.S. dominance in this field.

A unique aspect of this handbook is the inclusion of a chapter
by two U.S. economists who provide economic rationales for both
petroleum and bio fuels. With the help of abundant schematics, au-
thors drive home the point that a value judgment has to include be-
yond technical considerations economic parameters as well. Scope
of coverage will include U.S. and developed economies such as
Australasia, Europe, and North Americas and developing econo-
mies including countries of Asia, South America, Africa, and Mid-
dle East.

Previously, coal was converted to make gas that was piped to
customers. Recently, investigation has been progressing for “BTU
Conversion.” Technological advancement has prompted Coal Gas-
ification, methanation, and liquefaction. Author addressed these
state-of-the-art-technologies in Chapter 20 including design issues
and cost impacts.

The oil rig exploration on April 20, 2010 in the Deepwater Ho-
rizon 40 miles off the coast of Louisiana was the largest accident
in the Gulf of Mexico, according to the U.S. Coast Guard. This has
not been addressed in the discussions of Section V, since this will
distract from the main theme of the subject matter.

In Section VI titled Nuclear Energy, seven U.S. authors and one
each from Japan and Switzerland cover Chapters 21 through 24 in
67 pages. Throughout the world, the nuclear industry is experienc-
ing a renaissance. The aspects addressed in this Section will be
self-assessment of the current generation of Nuclear Reactors as
much as covering salient points of the next generation of Nuclear
Reactors. These and other issues of Nuclear Power Generation are
taken up by these nine authors with a cumulative professional and
nuclear-related experience of over 300 years.



Previous generations of Nuclear Reactors built in the U.S. were
criticized for the costs, time taken, and security concerns. All of
these factors were instrumental in stalling the pace of construction
of nuclear reactors in this country. Self-assessment by owners, reg-
ulators, and consultants with the help of professional organizations
such as ASME has largely addressed several or most of the items,
so that if we were to build nuclear reactors, we are much wiser
now than ever before. Several of the issues are technical, whereas
some are pseudo-management issues. The authors in Chapters 21
through 24 of this Section VI succinctly chronicle the items for
helping the future generation of reactors that will be built. Tech-
nological advances such as 3-D FEA methods, alloy metals used
in the construction, and several other factors have made it possible
by even a slight reduction in safety factors without reconciling the
safety concerns; likewise, thinking process on the lines of prede-
signed and modular constructions has alleviated the time from the
initiation through the construction stages up to the completion of
a nuclear reactor; the regulatory perspective has also gone beyond
the U.S. bounds to countries that use the ASME Stamp of Approv-
al for their Nuclear installations.

The future of the nuclear industry holds immense promise
based on strides made in the U.S., Europe, and Asia. ASME Codes
and Standards are used globally in building Nuclear Reactors. A
discussion about Nuclear Power Generation is never complete
without an understanding about the country’s energy regulatory
structure and decision-making process. In the first chapter of this
section, Chapter 21, A Perspective of Lessons Learned, has been
addressed by an author with several decades of experience in the
U.S. nuclear industry. Hopefully this could be useful in building
new reactors.

In Chapter 22, two experts with nuclear background provide a
critical review of the “Nuclear Power Industry Response to Ma-
terials Degradation” problems, especially as it relates to the new
plants. Authors discuss the fleet-wide recognition of these issues.

Experts from Switzerland, Idaho National Laboratories, Gen-
eral Electric, and Japan Nuclear Safety with knowledge of the next
generation of nuclear reactors have contributed Chapter 23 sum-
marizing global efforts. Authors provided an assessment of the ex-
isting generation and potential for new projects. These recognized
experts with several decades of professional and Code experience
have addressed the ramifications of the past and current construc-
tions while providing their perspectives for the next generation of
nuclear reactors.

An ASME Code expert succinctly addresses in the last chap-
ter of Section VI (Chapter 24) the future of nuclear reactors that
seems to be at the crossroads. It is most appropriate that the author
provides an open window to look at the current concerns, future
challenges, and most importantly the unfinished business to revive
nuclear power generation in the U.S.

Recent events such as at the Fukushima Daiichi Nuclear Plants
at Japan devastated by the Tohoku-Taiheiyou-Oki Earthquake
and Tsunami of March 11, 2011 have not been addressed by the
authors, since these require a separate treatment and will distract
from the main theme of discussions.

Section VIl is titled Steam Turbines and Generators and has two
chapters, Chapters 25 and 26, authored by two industry experts in
52 pages. Interdependency of all the energy sources needs to be
addressed, especially as it relates to energy sources that are inter-
mittent, and this has been done in Section VII.

In Section VII, Chapters 25 and 26 will be dedicated to Tur-
bines and Generators, since they are a crucial and integral part
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of power generation, especially as they relate to Wind, Solar,
Fossil, and Nuclear Power Generation. Discussions pertain to
types of Turbine Configurations, their design, performance, op-
eration, and maintenance. Turbine components, disks, and ro-
tors including non-destructive methods have been covered in the
discussions. In Chapter 25, the author discusses generators and
crucial components such as retaining rings and failures. Material
properties are briefly addressed. In both Chapters 24 and 25, the
authors dwell upon the advanced technology and next generation
of turbines.

In Section VIII of the book, Selected Energy Generation Topics
have been covered in Chapters 27 through 30 in 79 pages. Topics
selected for this Section stem from the importance of the topics
for Renewable as well as Non-Renewable Energy Generation. The
topics include Combined Cycle Power Plants, A Case Study, Heat
Exchangers, and Water Cooled Steam Surface Condensers.

A recognized authority in Combined Cycle Power Plants with a
Handbook on the subject has authored Chapter 27 that covers gas
and steam turbines. The author has addressed the availability, reli-
ability, and continuity of energy and power by using the combined
cycle power plants.

In Chapter 28, Hydro Tasmania—King Island Case Study has
been authored by three professional engineers of Hydro Tasma-
nia, Australia, who address the renewable energy integration
project. The discussions cover benefits including the development
project.

Heat Exchangers are crucial components of Power Genera-
tion discussed in Chapter 29 by two recognized authorities with
several decades of professional experience. The discussions rally
around design aspects, performance parameters, and structural
integrity.

A well-recognized authority in nuclear industry with global
experience has authored the role of Water Cooled Steam Surface
Condensers in Chapter 30. The author has covered design aspects,
the construction details, and the related topics with schematics and
a technical discussion with the help of 55 equations.

Whereas the preceding groups can be considered as the “core”
of the book, the future of energy sources cannot be overlooked.
Indeed, ignorance cannot be considered bliss in overlooking
the energy and power generation potentials of the world. Ulti-
mately, this planet’s very existence depends on augmenting the
energy and power generation resources. This could also imply
conservation of energy (also covered in several of the preced-
ing chapters) and harnessing methods that could improve known
techniques.

In the last section of this handbook (Section IX), Emerging En-
ergy Technologies have been addressed in 36 pages, in two chap-
ters, by six authors. Use of untapped energy sources and peripheral
items such as Conservation Techniques, Energy Applications, Ef-
ficiency, and suggestions for Energy Savings “inside the fence” is
worthy of consideration.

In pursuit of the above statements, Chapter 31, Toward Energy
Efficient Manufacturing Enterprises, has been addressed by two
authors from the U.S. government, an expert from industry and an
author from academia. Energy efficiency is implied in conserva-
tion and saving of energy, and this has been dealt with by authors
in this chapter.

The cutting edge of technology by the use of Nano-Materials
and Nano Coatings has been dealt with in Chapter 32 by two au-
thors from academia. These experts deal in this chapter the use of
Nano Technology in Fuel Cells, Wind Energy, Turbines, Nano-
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structured Materials, Nano-coatings, and the Future of Nano-tech-
nology in power generation.

A publication such as this with over 53 contributors from around the
world and nearly 700 pages with rich reference material documenting
the essence of the contributors’ expertise can be a valuable addition to
university libraries, as well as for consultants, decision makers, and
professionals engaged in the disciplines described in this book.

For the reader’s benefit, brief biographical sketches as men-
tioned before are included for each contributing author. Another
unique aspect of this book is an Index that facilitates a ready search
of the topics covered in this publication.

K. R. Rao Ph.D., P.E.
(Editor)



This handbook has been divided into nine (“IX”) sections with
each section dealing with a similar or identical energy and power
generation topic.

Section I deals with Solar Energy, which includes Chapters 1
to 6.

Chapter 1, “Some Solar-Related Technologies and Their Ap-
plications” is addressed by Robert Boehm. In this chapter, the
source of energy that has been available to humankind since we
first roamed the earth is discussed. Some of the general concepts
are not new, and several particular applications of these technolo-
gies are enhancements of previous concepts.

The discussion begins with the special effects that are possi-
ble with the use of concentration. For locations that have a high
amount of beam radiation, this aspect allows some very positive
properties to be employed. This yields a lower cost, more efficient
way of generating electricity. Limitations to the use of concentra-
tion are also outlined.

Another aspect discussed is the current situation of solar thermal
power generation. This approach has been in use for many years.
Previously designed systems have been improved upon, which
results in more efficient and more cost-effective means of power
production. While trough technology has been more exploited than
other approaches (and is still a leader in the field), several other
systems are gaining interest, including tower technology. Thermal
approaches are the most convenient to add storage into solar power
generation.

Photovoltaic approaches are described. New developments in
cells have both decreased costs and increased performance. Both
high- and low-concentration systems, as well as flat plate arrange-
ments in tracking or non-tracking designs, offer a variety of appli-
cation modes, each with certain benefits and shortcomings.

The use of solar-generated hydrogen is discussed. This offers an
approach to a totally sustainable mobile or stationary fuel source
that can be generated from the sun.

The solar resource can be used for lighting, heating, cool-
ing, and electrical generation in buildings. The concept of zero
energy buildings is discussed. These are buildings that are ex-
tremely energy efficient and incorporate a means of power pro-
duction that can result in net zero energy use from the utility
over a year’s period. Locations with a moderate-to-high solar
resource can use this to make up for the energy used. Both solar
domestic water heating (a concept that has been applied in the
United States for well over a century) and building integrated
photovoltaic (PV) are also discussed. South-facing windows
that incorporate thin film PV could generate power and allow
lighting to penetrate the building. Finally, some exciting direct
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solar lighting concepts (besides windows) are discussed. The
author uses 28 references along with 24 schematics, figures,
pictures, and tables to augment his professional and scholastic
treatment of the subject.

Chapter 2 by Yong X. Tao and Rambod Rayegan deals with
“Solar Energy Applications and Comparisons.” The authors focus
on energy system applications resulting from the direct solar radia-
tion including:

 Utility-scale solar power systems that generate electricity and
feed to the electricity grid. There are PV systems and solar
thermal power systems; the latter can also produce heat for hot
water or air, which is often referred to as the combined solar
power and heat systems.

* Building-scale solar power systems, also known as distrib-
uted power systems, which generate electricity locally for the
building, and may be connected to the grid, or may be stand-
alone systems, which require batteries or other electricity stor-
age units. They are primarily photovoltaic systems.

* Solar heating systems for buildings, which are either used as
hot water systems or hot air heating systems.

* Solar high-temperature process heat systems for industrial
applications, which involve concentrated solar collectors and
high-temperature furnaces for producing high-temperature
heat for chemical processing of materials.

* Other special solar heating systems for desalination plants and
hydrogen production.

There are additional solar energy applications in either the appli-
ance category or even much smaller scales such as solar cooking,
solar lighting products, and instrument-level solar power sources
(watches, backpacks, etc.) The discussion of those applications is
beyond the scope of this chapter. Outer space applications of solar
energy technology are also excluded. Investigations primarily un-
dertaken in the United States of America are presented, although
some examples from global applications are also discussed to ad-
dress the potentials and needs for wider applications of solar en-
ergy in the United States. The authors use 57 references along with
46 schematics, figures, pictures, and tables to augment the profes-
sional and scholastic treatment of the subject.

Next is Chapter 3 dealing with “Solar Thermal Power Plants:
From Endangered Species to Bulk Power Production in Sun Belt
Regions,” by Manuel Romero and José Gonzalez-Aguilar.

Solar thermal power plants, due to their capacity for large-scale
generation of electricity and the possible integration of thermal
storage devices and hybridization with backup fossil fuels, are
meant to supply a significant part of the demand in the countries of
the solar belt such as in Spain, the United States of America, India,
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China, Israel, Australia, Algeria, and Italy. This is the most prom-
ising technology to follow the pathway of wind energy in order to
reach the goals for renewable energy implementation in 2020 and
2050.

Spain, with 2400 MW connected to the grid in 2013, is taking
the lead on current commercial developments, together with the
United States of America, where a target of 4500 MW for the same
year has been fixed and other relevant programs like the “Solar
Mission” in India recently approved for 22-GW solar, with a large
fraction of thermal.

Solar Thermal Electricity or STE (also known as CSP or Con-
centrating Solar Power) is expected to impact enormously on the
world’s bulk power supply by the middle of the century. Only in
Southern Europe, the technical potential of STE is estimated at
2000 TWh (annual electricity production), and in Northern Africa,
it is immense.

The energy payback time of concentrating solar power systems
will be less than 1 year, and most solar-field materials and struc-
tures can be recycled and used again for further plants. In terms of
electric grid and quality of bulk power supply, it is the ability to
provide dispatch on demand that makes STE stand out from other
renewable energy technologies like PV or wind. Thermal energy
storage systems store excess thermal heat collected by the solar
field. Storage systems, alone or in combination with some fossil
fuel backup, keep the plant running under full-load conditions.
This capability of storing high-temperature thermal energy leads
to economically competitive design options, since only the solar
part has to be oversized. This STE plant feature is tremendously
relevant, since penetration of solar energy into the bulk electric-
ity market is possible only when substitution of intermediate-load
power plants of about 4000 to 5000 hours/year is achieved.

The combination of energy on demand, grid stability, and high
share of local content that lead to creation of local jobs provide a
clear niche for STE within the renewable portfolio of technolo-
gies. Because of that, the European Commission is including STE
within its Strategic Energy Technology Plan for 2020, and the U.S.
DOE is launching new R&D projects on STE. A clear indicator
of the globalization of such policies is that the International En-
ergy Agency (IEA) is sensitive to STE within low-carbon future
scenarios for the year 2050. At the IEA’s Energy Technology Per-
spectives 2010, STE is considered to play a significant role among
the necessary mix of energy technologies needed to halving global
energy-related CO, emissions by 2050, and this scenario would
require capacity additions of about 14 GW/year (55 new solar ther-
mal power plants of 250 MW each).

In this chapter, the authors discuss, with the help of 21 figures,
schematics, and tables along with 72 references, the Solar Thermal
Power Plants — Schemes and Technologies, Parabolic-Troughs,
Linear-Fresnel Reflectors, Central Receiver Systems (CRS), Dish/
Stirling Systems, Technology Development Needs and Market
Opportunities for STE. The authors use 72 references along with
27 schematics, figures, pictures, and tables to augment the profes-
sional and scholastic treatment of the subject.

Chapter 4 has been written by Rangan Banerjee and deals with
“Solar Energy Applications in India.” India has a population of 1.1
billion people (one-sixth of the world population) and accounts for
less than 5% of the global primary energy consumption. India’s
power sector had an installed capacity of 159,650 MW as on 30th
April, 2010. The annual generation was 724 billion units during
2008 to 2009 with an average electricity use of 704 kWh per per-
son per year. Most states have peak and energy deficits. The aver-
age energy deficit is about 8.2% for energy and 12.6% for peak.

About 96,000 villages are un-electrified (16% of total villages in
India) and a large proportion of the households do not have access
to electricity.

India’s development strategy is to provide access to energy to all
households. Official projections indicate the need to add another
100,000 MW within the next decade. The scarcity of fossil fuels
and the global warming and climate change problem has resulted
in an increased emphasis on renewable energy sources. India has
a dedicated ministry focusing on renewables (Ministry of New
and Renewable Energy, MNRE). The installed capacity of grid-
connected renewables is more than 15,000 MW. The main sources
of renewable energy in the present supply mix are wind, small
hydro- and biomass-based power and cogeneration. In 2010, India
has launched the Jawaharlal Nehru Solar Mission (JNSM) as a part
of its climate change mission with an aim to develop cost-effective
solar power solutions.

Most of India enjoys excellent solar insolation. Almost the entire
country has insolation greater than 1900 kWh/m /year with about
300 days of sunshine. Figure 4-2 shows a map with the insolation
ranges for different parts pf the country. The highest insolation
(greater than 2300 kWh/m /year) is in the state of Rajasthan in the
north of the country. The solar radiation (beam, diffuse, daily nor-
mal insolation) values are available at different locations from the
handbook of solar radiation data for India and at 23 sites from an
Indian Meteorological Department (IMD) MNRE report.

Rangan Banerjee discusses in this chapter, with the help of 24
schematics, pictures, graphics, figures, and tables, the chapter that
deals with Status and Trends, Grid-Connected PV Systems, Village
Electrification Using Solar PV, Solar Thermal Cooking Systems,
Solar Thermal Hot Water Systems, Solar Thermal Systems for
Industries, Solar Thermal Power Generation, Solar Lighting and
Home Systems, Solar Mission, and Future of Solar Power in India.
The author uses 35 references and 24 schematics, figures, pictures,
and tables to augment his professional and scholastic treatment of
the subject.

Chapter 5, “Solar Energy Applications: The Future (with Com-
parisons)” is covered by Luis A. Bon and W.J. O’Donnell. This
chapter traces the roots of solar energy from 1838 through cur-
rent technologies from an engineering perspective. Numerous
diagrams and photographs are included, illustrating the technical
concepts and challenges. Methods of concentrating solar power
are described including parabolic troughs, Fresnel reflectors, solar
towers, and sterling engine solar dishes. Methods of storing solar
energy to provide continuous power are described, including bat-
teries, fly-wheel energy storage, water energy storage, compressed
air, and superconducting magnetic energy storage. Current energy
use and production in the United States of America and worldwide
are quantified. Solar energy’s potential future is illustrated by the
fact that it would require less than 1% of the land area of the world
to produce all of the energy we need. Of course, solar energy’s
future lies in its integration into the residential and commercial
infrastructure. This challenge is expected to limit the contribution
of solar energy to <0.1% of the USA energy consumption over the
next 25 years.

The final chapter of this section is Chapter 6 “Role of NASA in
Photovoltaic and Wind Energy” by Sheila G. Bailey and Larry A.
Viterna. Since the beginning of NASA over 50 years ago, there has
been a strong link between the energy and environmental skills de-
veloped by NASA for the space environment and the needs of the
terrestrial energy program. The technologies that served dual uses
included solar, nuclear, biofuels and biomass, wind, geothermal,
large-scale energy storage and distribution, efficiency and heat



utilization, carbon mitigation and utilization, aviation and ground
transportation systems, hydrogen utilization and infrastructure,
and advanced energy technologies such as high-altitude wind,
wave and hydro, space solar power (from space to earth), and nano-
structured photovoltaics. NASA, in particular, with wind and so-
lar energy, had extensive experience dating back to the 1970s and
1980s and continues today to have skills appropriate for solving
our nation’s energy and environmental issues that mimic, in fact,
those needed for space flight. This chapter encompasses the his-
torical role that NASA and, in particular, NASA Glenn Research
Center, GRC, have played in developing solar and wind technolo-
gies. It takes you through the programs chronologically that have
had synergistic value with the terrestrial communities. It ends with
pointing out the possibilities for future NASA technologies that
could impact our Nation’s energy portfolio. The technologies that
it has developed for aeronautical and space applications has given
GRC a comprehensive perspective for applying NASA’s skills and
experience in energy on the problems of developing a sustainable
energy future for our nation. Authors use 70 references along with
32 schematics, figures, and pictures to augment the professional
and scholastic treatment of the subject.

Section II dealing with Wind Energy is covered in Chapters 7
through 10.

Chapter 7 is authored by Jose Zayas who addresses “Scope of
Wind Energy Generation Technologies.” The energy from the
wind has been harnessed since early recorded history all across the
world, and it has been a viable and dependable resource to support
our ever changing needs (pump water, grind grains, and now pro-
duce cost-effective electricity).

When the price of oil skyrocketed in the 1970s, so did world-
wide interest in wind turbine generators. The sudden increase in
the price of oil stimulated a number of substantial government-
funded programs of research, development, and demonstration,
which led to many of the technology that drove the designs and the
industry that can be seen today.

Since the early 1980s through today, wind farms and wind power
plants have been built throughout the world, and now wind energy
is the world’s fastest-growing clean energy source that is powering
our industry as well as homes with clean, renewable electricity.

Although the United States experienced a large influx of installa-
tions during the 1980s, it is not until recent years that wind energy
in the United States has achieved large market installations and
continued market acceptance. Through the 3rd Quarter of 2010, the
United States has approximately 37,000 MW of installed capacity,
which approximately represents 2% of our energy consumption.

Since the beginning, Sandia National Laboratories has had a
key role in developing innovations in areas such as aerodynam-
ics, materials, design tools, rotor concepts, manufacturing, and
sensors, and today, through continued partnerships with industry,
academia, and other national labs, Sandia continues to develop and
deliver the next set of technology options that will continue to im-
prove the reliability and efficiency of wind systems. It is difficult
to predict what the next generation of technologies will bring to
this industry, but we can be certain that as it continues to mature
and leverage technologies from other sectors, the resulting turbines
will be smarter, more efficient, and they will represent a significant
percentage of our energy mix. The author uses 11 references along
with 37 schematics, figures, and pictures to augment the profes-
sional and scholastic treatment of the subject.

Thomas Baldwin and Gary Seifert cover “Wind Energy in the
U.S.” in Chapter 8. Idaho National Laboratory (INL) is a science-
based, applied engineering national laboratory supporting the U.S.
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Department of Energy (DOE). INL’s mission includes ensuring
the nation’s energy security with safe, competitive, and sustainable
energy. INL’s Renewable Energy Program, consisting of wind, hy-
dro, and geothermal energy systems, has conducted wind energy
resource assessments, system integration, feasibility studies, tur-
bine selection, and array designs since the mid-1990s. Engineering
support has been provided for the U.S. Department of Defense,
Wind Powering America, State of Idaho, commercial industries,
and regional entities. INL is an international clearing house sup-
porting private parties, industry, and government agencies as an
independent subject matter expert on wind power, resource as-
sessment, and renewable energy systems siting. INL has extensive
wind analysis expertise, having collected and analyzed wind data
for more than 10 years. INL has installed met towers at more than
60 sites and collected data with SODARs. Wind analysis modeling
tools experience includes WAsP, WindSim, Windographer, NRG,
SecondWind, as well as MS Excel-based models which have been
developed internally over several years.

Thomas Baldwin, Gary Seifert, and the engineering team they
work with bring a combined total of over 75 years of expertise to
the power system integration, wind, solar, and renewable energy
field. Gary Seifert has been involved for over 30 years in electrical
and power systems projects for the Idaho National Laboratory. He
is a Sr. Program Manager in INL’s Power and Renewable Energy
and Power Technologies Department. His background includes
extensive power plants and total energy plants for the DOE and
the DOD. These plants have included heat recovery and desalina-
tion plants to produce potable water and challenging power system
integrations.

Thomas Baldwin has been involved in power system design and
energy storage systems for 25 years at ABB, Florida State Univer-
sity, and the INL. His background includes earthing and grounding
systems, power quality assessments, applications of uninterrupt-
ible power supplies and superconducting energy storage systems,
and industrial power system protection. Authors use 34 references
along with 26 schematics, figures, pictures, and tables to augment
the professional and scholastic treatment of the subject.

The next, Chapter 9, is by Peter Eecen which deals with “Wind
Energy Research in the Netherlands.” The chapter describes the
developments within The Netherlands with regard to the wind en-
ergy research since the first funding was organized by the National
Wind Energy Research Program in the period 1976 to 1985. Wind
energy research activities in the Netherlands have been and are
predominantly performed at the wind energy department of the En-
ergy Research Centre of the Netherlands ECN and the interfaculty
wind energy department DUWIND at Delft University of Tech-
nology. Both institutes are involved in wind energy research since
the start of the modern wind turbines. These institutes match their
research programs with each other so that a consistent research
program in The Netherlands is in place.

The research activities in wind energy have a strong focus on
international cooperation, where the cooperation was organized
through among others the International Energy Agency (IEA),
European Wind Energy Association (EWEA), European Academy
of Wind Energy (EAWE), the International Electrotechnical Com-
mission (IEC), the European Energy Research Alliance (EERA),
and European research projects.

In the Netherlands, the wind energy research is supported by
an extensive experimental infrastructure. The Knowledge Centre
WMC that has been founded by the DUT and ECN is a research
institute for materials, components, and structures. WMC is per-
forming blade tests for large wind turbines to 60 m in length. ECN
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made available a research wind farm where prototype wind tur-
bines are tested, where a research farm of five full-scale turbines
are used for research activities, and where a scale wind farm is
located for research on farm control and wind farm aerodynamic
research. At DUT, a large selection of experimental facilities is
being used for wind energy applications. The most prominent fa-
cilities are the wind tunnels, of which the Open Jet Facility is the
most recent addition.

The historic overview of the wind energy research activities
in the Netherlands is written from the perspective of the research
community and provides alternative insights as would be provided
by existing historic overviews that focus on the implementation
of wind energy and the development of support mechanisms. The
description of research activities, the developed advanced design
tools, developed knowledge, and intellectual property may pro-
vide an alternative source for further activities to reduce the cost
of energy of wind power. The author uses 22 references along with
ten schematics, figures, pictures, and tables to augment the profes-
sional and scholastic treatment of the subject.

The last chapter of Section II, Chapter 10, is by M. P. Ramesh
covering “Role of Wind Energy Technology in India and Neigh-
boring Countries.” The interest in wind as a source of power in the
Asian region had an early start in India. Owing to a variety of in-
hibiting factors, it was a low key activity for a long time. Ramesh,
Muthya with his long and close association with the field has treated
the subject of wind energy development as a source of power with
a thorough understanding of development cycle in dismissive en-
vironments that are stronger in developing countries.

Indian engagement with wind power started as early as the late
1950s but was mostly for nonelectric applications. Origins of us-
age of wind for grid connection started only in the mid-1980s with
few small turbines installed at known windy areas. Danida aided
20 MW wind farms paved way for a steady and sustained growth
of the field. This is treated with the backdrop of the grid situation
and programmatic approach of the support from the government.
Approach to resource estimation is also treated rather cautiously
in India.

China had been a little slow in taking to large-scale develop-
ment in renewable energy except for perhaps the biogas plants,
which score over the Indian design in many ways. Slowly but
surely, the Indian floating collector design is being replaced by
fixed dome Chinese design for community-based biogas plants.
On wind power use over the last few years, there has been a dras-
tic turn around in the approach to using re-technologies. It has
taken just 3 years for China to graduate to the second position
in the top ten lists in terms of wind power capacity addition. If
one goes by the projections, the number one position may be
achieved. In 2007, it was at about 4 GW, and by 2009, the instal-
lations touched an astounding 26 GW. With scores of companies
undertaking development on a war footing, there is so much hap-
pening in China on wind power. A spate of wind turbine designs
has been developed, and prototypes are being built and tested.
Another paradoxical position is that though it is a country that
produces about 40% of all solar photovoltaic devices, domestic
utilization is quite small.

Sri Lanka has good wind resource. However, it cannot be ex-
pected to reach market sizes that India or China have. The potential
and limitations have been briefly described.

In this paper, Ramesh Muthya has attempted to capture some of
the salient aspects of technology development and deployment in
India in the context of power supply systems management. Main
RE technologies dealt with are wind energy sources. Small hydro-

power adds considerable value for localized grids. Biomass sources
work more or less like thermal stations though for limited periods
in a year. The author uses 14 references along with 16 schematics,
figures, pictures, and tables to augment the professional and scho-
lastic treatment of the subject.

Section III deals with Hydro and Tidal Energy and has three
chapters: Chapters 11, 12, and 13.

Chapter 11, “Hydro Power Generation: Global and U.S. Per-
spective” is by Stephen D. Spain. The development of dams on
rivers, with associated benefits of water storage for flood control,
irrigation, and “hydropower” has played a vital role in advancing
civilization throughout history. Of these, hydropower ingeniously,
and yet so simply, combines two of the most fundamental com-
ponents of nature on planet Earth — water and gravity — to help
sustain our survival and improve our lifestyle.

This chapter describes the role of hydropower from past to
present and into the future. Hydropower has been demonstrated
to be a safe, reliable, and renewable energy resource worldwide,
essential to the overall power and energy mix, both traditionally
from rivers. Recent and growing development of pumped energy
storage from lower to upper water reservoirs and evolving in the
future with tidal and wave energy from the oceans has also been
covered by the author.

Stephen D. Spain discusses, with the help of 18 schematics,
figures, pictures, and tables, the History of Hydropower, includ-
ing in the United States, Hydropower Equipment, Hydropower for
Energy Storage, Ocean and Kinetic Energy, and Hydropower Or-
ganizations. The discussions also include Hydropower Owners,
Worldwide Hydropower, and The Future of Hydropower. The
chapter made extensive references to 27 publications.

Chapter 12, “Hydro Power Generation in India — Status and
Challenges” is authored by Dharam Vir Thareja. Power generation
in India has come a long way from about 1000 MW at the time of
independence (August, 1947) to about 160,000 MW as on 31st
March 2010 (end of Financial Year). The share of hydropower in
the past six decades has also been impressive as it increased from
about 500 MW at the time of independence to about 37,000 MW
as of March 2010. But the present level of hydropower is only
about 25% of the ultimate installed capacity estimated at 150,000
MW.

The hydroproject implementation and ownership remained with
the State Governments or with the Power Corporations owned by
States or Central Government for about four and a half decades.
Owing to slow pace of development and also in line with interna-
tional stress for liberalization of economy, the Government of In-
dia reviewed the policy of power development. In 1992, the power
sector was opened up allowing private capital participation in its
development along and in parallel with continued development un-
der public sector.

India now possesses the needed financial resources and profes-
sional capabilities to utilize the in-house and global capacities for
implementation of hydropower projects. The 50,000 MW initia-
tives leading to identification of 162 projects in a span of 2 years
(2004 to 2006) has been recognized as a laudable initiative. The
achievement of commissioning of about 8000 MW in the 10th plan
period (2002 to 2007), the target of over 15,000 MW in the running
11th plan period (2007 to 2012) and 20,000 MW proposed during
the 12th plan period (2012 to 2017) speaks of the ambitious plan
of hydropower development. To achieve the targets of 11th and
12th plans, the fund requirement would be of the order of US$ 30
billion of which about 30% would be the share of private sector.
The participation of private sector in the investment projections



for the 11th plan for infrastructure, which includes power sector, is
estimated to be at 30%.

The hydropower that is yet to be tapped, projects with more than
75% of installation, are located in Himalayan region. This region
is known for intense seismicity, wide range of geotechnical vari-
ability, and extensive hydrologic pose challenges for infrastructure
development.

It has been planned to exploit the bulk of balance of hydropoten-
tial in the next about two decades. To meet the target, the hydro-
sector would require investment of US$100 billion requiring an
average of US$4 billion per year for another 25 years and, thus,
would remain attractive for financial institutions, project develop-
ers, contractors, and consultancy organizations.

The role of hydropower in the energy scenario; potential and sta-
tus of development; small hydro- and pump-storage development;
transmission setup and status; constitutional and regulatory pro-
visions; resettlement and rehabilitation policies; techno-economic
appraisal procedures; hydropower development in the neighboring
countries; response and achievement of private sector; the issues,
constraints, and challenges in development; and innovations for
future projects are covered in this chapter. The author uses 16 sche-
matics and 48 references to supplement the textual discussions.

The last chapter of this section, Chapter 13, is “Challenges and
Opportunities in Tidal and Wave Power” by Paul T. Jacobson.
Power generation from waves and tidal currents is a nascent in-
dustry with the potential to make globally significant contributions
to renewable energy portfolios. Further development and deploy-
ment of the related, immature technologies present opportunities to
benignly tap large quantities of renewable energy; however, such
development and deployment also present numerous engineering,
economic, ecological, and sociological challenges. A complex re-
search, development, demonstration, and deployment environment
must be skillfully navigated if wave and tidal power are to make
significant contributions to national energy portfolios during the
next several decades.

A striking feature of the wave and tidal power technologies
in various stages of development is their number and diversity.
Standardized classification of these technologies, as described
here, will facilitate their development and deployment. The prin-
cipal engineering challenge facing development of wave and tidal
power devices is design of devices that can survive and operate
reliably in the harsh marine environment. A significant advantage
of tidal and wave energy conversion, compared to wind and photo-
voltaic generation, is the ability to forecast the short-term resource
availability.

Environmental considerations play a large role in ongoing de-
velopment of the wave and tidal energy industry. The number
and novelty of device types, in combination with the ecological
diversity among potential deployment sites, creates a complex ar-
ray of ecological impact scenarios. Efficient means of addressing
ecological concerns are in need of further development, so that the
industry can advance in an environmentally sound manner. Adap-
tive management offers a means of moving the industry forward in
the face of ecological uncertainty; however, the potential benefits
of adaptive management will be realized only if it is implemented
in its more scientifically rigorous form known as active adaptive
management.

The ecological assessment challenge facing the wave and tidal
energy industry is to acquire and apply the information needed to
ensure that systems, sites, and deployment scales are protective
of ecological resources. Many reports have identified the range
of environmental issues associated with wave, tidal, and other
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renewable ocean energy projects. The remaining challenge is to
prioritize the issues and address the most pressing ones in a cost-
effective manner. For individual projects, this requires definition
and evaluation of questions required for site-specific permitting
and licensing. For the industry as a whole, this requires identifi-
cation and acquisition of information that is transferable across
projects. Several nontrivial activities are outlined that can be
taken to address the large array of outstanding issues. The author
uses 70 references along with eight schematics, figures, pictures,
and tables to augment the professional and scholastic treatment of
the subject.

Section IV covers diverse modes of energy and power genera-
tion such as Bio, Waste, and Geo Thermal energies.

In the leading chapter of Section IV, Chapter 14, “BioEnergy
Including BioMass and Biofuels” is addressed by T. R. Miles. He
describes biomass fuels and discusses technologies that are suit-
able for biomass conversion. T. R. Miles draws from more than 35
years experience in the design and development of biomass sys-
tems, from improved cooking stoves in developing countries, to
industrial boilers, independent power plants, utility cofiring and
the development of biofuel processes.

Oil shortages in the 1970s stimulated the development of new
technologies to convert biomass to heat, electricity, and liquid fu-
els. Combined firing of biomass with coal reduces emissions, pro-
vides opportunities for high efficiency, and reduces fossil carbon
use. Cofiring and markets for transportation fuels have stimulated
global trading in biomass fuels. Pyrolysis of biomass to liquid fu-
els creates opportunities for coproducts, such as biochar, which
can help sequester carbon and offset emissions from fossil fuels.
This chapter provides an overview of biomass fuels and resources,
the biomass power industry, conventional and new technologies,
and future trends. Advances in combustion and gasification are
described. Thermal and biological conversions to liquid fuels for
heat, power, and transportation are described with implications for
stationary use.

Topics in Chapter 14 include biomass fuels and feedstocks, heat
and power generation, cofiring biomass with coal, and conversion
technologies such as gasification, torrefaction, pyrolysis, carboni-
zation, and biofuels. Biomass fuel properties that are important to
energy conversion are compared with coal. The effect of moisture,
energy density, volatile content, particle size, and ash are related
to the selection, design, and operation of biomass boilers. Mois-
ture, particle size, and density are shown to limit cofiring in exist-
ing boilers. New technologies can offset these properties enabling
more biomass to be cofired with coal. The transformation of ash
in biomass boilers is shown graphically in Figure 14-1. Biomass
types, sources, and supplies are evaluated including woody bio-
mass, wood pellets, urban residues, and agricultural residues. The
infrastructure and logistics of biomass are described. The current
state of harvesting systems for crop residues and herbaceous crops
is shown to highlight the need for higher fuel density and lower
costs. Life cycle analysis is shown to be a common method for
evaluating biomass sustainability.

Technologies for heat and power generation include combus-
tion, domestic heat, district energy, small scale, industrial, and
utility boilers for power generation. Industrial and utility systems
use spreader stokers, and bubbling and circulating fluidized bed
boilers. Methods to improve combustion efficiency and emissions
are explained. Technology needs are identified such as boilers for
low-quality biomass fuels like poultry litter.

Pyrolysis and carbonization are discussed as methods to change
the form of biomass to enable increased use. Biochar is considered
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as a coproduct of pyrolysis or gasification that can be used to se-
quester carbon and improve soil fertility.

Biofuel development is outlined with attention to the potential
benefits of using existing infrastructure in the pulp and paper in-
dustry. The author concludes that future developments in biomass
energy will depend on public policy decisions regarding the use of
biomass resources and on the development of biomass energy as a
means of offsetting carbon emissions from fossil fuels. The author
uses 65 references along with 16 schematics, figures, pictures, and
tables to augment the professional and scholastic treatment of the
subject.

Chapter 15, “Utilizing Waste Materials as a Source of Alterna-
tive Energy: Benefits and Challenges” is addressed by T. Terry
Tousey. There are numerous waste streams, both industrial and
residential, that contain recoverable energy. However, many of
them, in their “as-generated” form are not suitable to be used di-
rectly as a fuel. Either they have contaminants that reduce their
energy value, or they are not in the proper physical form and need
to be processed in order to recover their energy value. The question
then becomes, can the energy value of these materials be recovered
economically?

In this chapter, we will explore some of the benefits and chal-
lenges associated with using wastes and industrial by-products as
a source of energy. We will look at how different waste materials
are classified by the regulatory agencies and how this affects the
economics of using them as a source of energy. We will review the
economic and regulatory drivers for recovering the energy value
of waste materials, and we will examine a few technologies being
used to convert these materials into a usable form of energy, in-
cluding anaerobic digestion and gasification. We will also address
the energy efficiency issues of using the calorific value of the waste
to produce electricity versus using it directly in the production of
heat. Finally, we will identify some specific examples of industrial
and post-consumer waste streams that are currently being used for
energy production and look at their fuel characteristics. As part of
this, we will explore the benefits and challenges associated with
municipal waste to energy projects and we will look at a case study
of the cement industry’s experience with using hazardous waste
fuels.

This chapter strives to give the reader a broad overview of all
the aspects of implementing a waste to energy program. This in-
cludes not only dealing with the potential operational, regulatory,
and community relations issues, but also with the issues associated
with sourcing materials and the concept of reverse distribution. It
is important to understand that for a waste to energy program to
be successful, there must be an efficient mechanism in place to
collect, process, and transport the material to the ultimate energy
consumer.

Waste to energy will continue to play an increasing role in our
future energy needs. These projects are unique in that their eco-
nomics are almost always driven by disposal cost avoidance or
regulatory compliance, and therefore, they are not completely de-
pendent on the price of fossil fuels or government support to make
them viable. For this reason, the economics are generally more fa-
vorable for these types of projects than a pure renewable energy
project. Hopefully, this chapter will give the reader the tools to
make an informed decision. The author uses 55 references along
with ten schematics, figures, pictures, and tables to augment the
professional and scholastic treatment of the subject.

Chapter 16 is authored by Lisa Shevenell and Curt Robinson
who cover “Geothermal Energy and Power Development.” The
chapter covers the basic geology of the types of geothermal sys-

tems, where they are located, why they are there, and how geo-
thermal systems in nature behave. Brief historical perspectives of
geothermal development are presented as background. The authors
discuss the three different types of power plants used to generate
electricity and which type of power plant should be used to de-
velop the particular type of geothermal systems most efficiently.

Current trends in geothermal development in the United States
are discussed. An overview of geothermal exploration methods,
historically successful, and new methods is presented. Environ-
mental benefits and consequences and sustainability of geother-
mal power development are also outlined. Additionally, there is a
comparison to other types of renewable energy sources and how
geothermal is able to compete in energy markets.

Although the majority of the chapter focuses on power produc-
tion from natural hydrothermal systems, the authors briefly intro-
duce direct use applications, heat pumps, and enhanced geothermal
systems. The authors use 78 references along with 25 schematics,
figures, pictures, and tables to augment the professional and scho-
lastic treatment of the subject.

In Section V, Fossil and Other Fuels are addressed in Chapters
17 to 20.

In Chapter 17, authors Paul S. Weitzel and James M. Tanzosh
cover “Development of Advanced Ultra Supercritical Coal-Fired
Steam Generators for Operation above 700°C.” The chapter pro-
vides a view into the development work advancing the steam con-
ditions to above 700°C for coal-fired steam generation. The term
for this technology is Advanced Ultra Supercritical (A-USSC).
The European Union, China, India, and the United States, with
large reserves of coal providing a major portion of the fuel used
in those nations’ electric generating capacity, have committed and
undertaken programs to solve the materials issues for this fuel. The
program in the United States has been ongoing for over 10 years
and is sponsored by the Department of Energy and the Ohio Coal
Development Office, along with four steam generator vendors that
shared costs. This program, “Boiler Materials for Ultrasupercritical
Coal Power Plants,” addressed what is called the precompetitive
data development that was needed for ASME Code qualification
of new materials and the supporting technology to fabricate and
construct the higher-temperature boiler components.

The service life of materials has been a key factor in the his-
torical development of this generator technology in order to pro-
vide satisfactory availability and reliability, and this advancement
was built on following these previous lessons learned. The outline
of the program and discussion of results, along with an example
design, are presented. A summary of the materials selected and
the weights of tubing and piping are included. Background on the
technology and terminology regarding efficiency and fuel impact
comparisons are provided.

The program work has provided a wealth of information that
will help assure the future introduction of A-USC technology. It is
important to carry forward the advancement of 700°C steam gener-
ation and meet the goal of lower cost of electric power generation
and achieve the significant reduction of carbon dioxide emissions.
The authors use 20 references along with 17 schematics, figures,
pictures, and tables to augment the professional and scholastic
treatment of the subject.

In Chapter 18, “Carbon Capture for Coal-Fired Utility Power
Generation: B&W’s Perspective” is written by D. K. McDonald
and C. W. Poling. Changing climate and rising carbon dioxide
(CO;,) concentration in the atmosphere have driven global concern
about the role of CO, in the greenhouse effect and its contribu-
tion to global warming. Since CO, has become widely accepted as



the primary anthropogenic contributor, most countries are seeking
ways to reduce emissions in an attempt to limit its effect. This ef-
fort has shifted interest from fossil fuels, which have energized the
economies of the world for over a century, to non-carbon emitting
or renewable technologies.

For electricity generation, the non-carbon technologies include
wind, solar, hydropower, and nuclear, while low-carbon technolo-
gies use various forms of biomass. Unfortunately, all current op-
tions are significantly more expensive than current commercial
fossil-fueled technologies. Although use of wind and solar for
power generation are increasing, they are incapable of supplying
base load needs without energy storage capacity, which is currently
impractical at the scale required. The only technologies capable of
sustaining base load capacity and potential growth are coal, natural
gas, and nuclear.

As the world grapples with CO, management, it is becoming
increasingly clear that for the sake of the infrastructure in many
developed countries and to provide a low carbon emissions op-
tion for developing countries relying heavily on coal, some form of
carbon capture and storage (CCS) will be necessary. In a carbon-
constrained world, the long-term viability of coal depends on the
technical and economic success of emerging technologies for cap-
ture and storage. This may first be in the form of retrofit for the ex-
isting fleet, but considering the growth rate in emerging countries
such as China and India, new plants will also be necessary as soon
as practical.

Deployment of CCS is currently hindered by regulatory and so-
cial issues related primarily to long-term CO, storage. However,
capture technologies are in the demonstration phase and are ex-
pected to be commercially available in the next decade. Carbon
capture technologies are being developed by several companies
for use with fossil fuels, especially coal. This chapter provides an
overview from B&W’s perspective of oxycombustion and post-
combustion technologies for coal-fired steam and electricity gen-
eration, which are being developed for near-term deployment. The
authors use eight references along with 20 schematics, figures, and
pictures to augment the professional and scholastic treatment of
the subject.

In Chapter 19, James L. Williams and Mark Jenner discuss “Pe-
troleum Dependence, Biofuels — Economies of Scope and Scale;
U.S. and Global Perspective.” Our purpose is to examine petroleum
dependence, identify risks of dependence, methods to mitigate de-
pendence and risks, and provide a methodology for comparison
of alternative sources of energy presenting a disciplined approach
to the analysis of fuels and distinguishing between the fuel and its
carrier or storage device.

The economic behavior of all fuels share many common charac-
teristics. Principles concerning one fuel can be applied to others as
the need arises. When comparing fuels, we focus on the cost per Btu
and Btu/Ib and Btu/ft’ and emphasize the importance of efficiency in
converting Btu’s to mechanical or electrical forms of energy.

Fossil fuel economics are profoundly global in nature, and
bioenergy economics are local. The two meet and compete directly
at the consumer level. For example, biodiesel must be price com-
petitive with petroleum diesel at the pump. The policy questions
about whether it is worth subsidizing biofuels to reduce depen-
dence on imported petroleum are central to the issue.

An international shortage of oil, which causes a price spike, can
result in as much damage to an oil-dependent economy as an inter-
ruption in imports. Dependence can be lowered by either increas-
ing domestic production or decreasing domestic consumption of
petroleum.
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Substitution of non-petroleum energy resources for petroleum is
evident in the changes in the fuel mix in the post WWII era. Substi-
tution is most difficult in the transportation sector because the high
Btu content of petroleum relative to its weight and volume makes
it an efficient fuel for the purpose.

The economics of bioenergy is much the same as the energy eco-
nomics of fossil fuels. The frontier nature of the fledgling bioenergy
industry adds enormous complexity. Biomass energy feedstocks
can be wet, with different levels of moisture, dry, little to no water,
or liquid without any water. Fuels can be produced specifically
for energy, or they can be a by-product residual from the produc-
tion of a higher-valued product. Waste-derived fuels bring with
them many layers of environmental regulation, further adding to
the complexity.

The economic viability of many biofuels depends upon feed-
stock transportation costs as well as coproducts in the production
process. Ultimately, the use of biofuels is dependent on techno-
logical innovation, but the rate of innovation and implementation
of new technologies is heavily dependent on public policy. Public
policy can add incentives to reduce the costs and risks of supplying
biomass fuels. It can also add incentives to enhance the demand
and market prices for biomass-derived energy. The authors use 61
references along with 92 schematics, figures, pictures, and tables to
augment the professional and scholastic treatment of the subject.

In the final chapter of Section V, Ravi K. Agrawal discusses
“Coal Gasification” in Chapter 20. Fossil fuels supply almost all
of the world’s energy and feedstock demand. Among the fossil
fuels, coal is the oldest and most abundant form of fossil fuel. Coal
is widely available with reserves estimated to last over 140 years.
Coal is the lowest-cost fuel, and projections of the Energy Infor-
mation Administration (EIA) indicate that coal is likely to remain
the cheapest fuel in the foreseeable future and will likely become
cheaper as the price of other preferred energy sources rise. Based
on the energy content in terms of price per BTU, electricity com-
mands the highest premium, followed by oil and gas. This price
differential is the key driver that determines the interest in coal and
its conversion into other energy substitutes.

Since electricity trades at the highest premium, the cheap-
est source of energy, coal, has been extensively used to generate
electricity. About 60% of global electric power is generated from
coal, and about two-thirds of coal produced is used for power gen-
eration. Unfortunately, coal has the largest carbon footprint when
compared to conventional fuels derived from oil and natural gas.
Historically, most coal-based power plants are considered to be
“dirty” as only a few had controls to lower the emissions of SO,
NOx and particulates, and even to date, virtually none have con-
trols on mercury and CO, emissions. Tightening of environmental
regulations in countries like the United States, Europe, and Japan
has prompted installation of emission control devices. Future reg-
ulations on greenhouse gas emissions will have a major impact
on traditional coal-fired power plants. Another drawback of tra-
ditional coal-fired power plants is efficiency, which is low, about
25% to 30%. Increasing costs of fuel and emission controls have
led to the development of coal gasification as an efficient method
to generate power from coal, while minimizing the environmen-
tal impact. Coal gasification involves conversion of coal into gas.
Gas generated via gasification is referred to as syngas and is rich
in CO and H,. Gasification of coal is typically conducted at high
temperature and high pressure with the aid of gasification agents
such as air/oxygen and steam. This chapter reviews gasification
methods and technologies that are now being actively pursued for
coal. The state-of-the-art technology review highlights strengths
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and weakness of gasification technologies that are currently being
marketed.

In addition to generating power, syngas generated from coal can
be used for a wide variety of products including chemicals, fuels,
and metals. Typical chemicals that can be produced from syngas
include hydrogen, methanol, ammonia, acetic acid, and oxygen-
ates. Liquid fuels such as naphtha, diesel, ethanol, dimethyl ether,
and methy] tertiary butyl ether can also be produced from syngas.
This chapter discusses applications of gasification to produce these
products and identifies specialized processing steps necessary to
achieve the desired end product. The flexibility of coal gasification
plants to coproduce multiple slates of products makes it more at-
tractive than traditional power plants.

Technologies to control contaminants in syngas generated from
coal are discussed with emphasis on end-use application. Removal
of contaminates from syngas ensures that the emissions from coal
gasification plants are significantly lower than those from a tra-
ditional coal-fired steam generation units. Future regulations on
greenhouse gas emissions will have a major impact on traditional
coal-fired power plants. This chapter also provides a review of the
greenhouse gas removal technologies from syngas.

The gasification process is complex and requires more capital
than traditional coal plants. This chapter discusses technologies
available to treat the raw syngas for further processing. Raw syngas
gas processing in Gasification Island is discussed as a combination
of blocks that combines several unit operations and processes. Sev-
eral options available to process the raw syngas within the block
are discussed identifying efficiency improvements and cost associ-
ated with these processing steps.

Even for a known feedstock and a known end application, de-
ciding on gasifier type and the design of the gasification island is a
complex issue. The most cost-effective path is not always straight-
forward. This chapter provides a discussion on options available
to resolve conflicting issues between capital cost, operating cost,
and efficiency.

Most of the future energy and chemical demands are projected
to come from countries such as the United States, Russia, China,
India, Australia, S. Africa, and Eastern Europe, and all of these
nations are rich in coal. Therefore, incentive for coal usage via
gasification as an alternative to meet energy and chemical demand
will be strong. This chapter provides an overview of the impacts of
global energy consumption pattern and consumption growth areas
on coal utilization.

Since 2000, several gasification plants have become operational;
most of these plants have been installed in China. Chinese coal
gasification activity is due to the encouragement of the Chinese
government to develop coal-based fuels and chemicals as a strate-
gic issue due to their reluctance to become more reliant on foreign
oil. In recent years, interest in using syngas to reduce iron ore has
picked up, especially in India. This chapter provides an outlook
and information on recent global activities in coal gasification. The
author uses 49 references along with 34 schematics, figures, pic-
tures, and tables to augment the professional and scholastic treat-
ment of the subject.

In Section VT titled “Nuclear Energy,” four chapters are covered
in Chapters 21 to 24.

Roger F. Reedy discusses in Chapter 21 “Construction of New
Nuclear Power Plants: Lessons to be Learned from the Past.” With-
out question, the costs associated with the construction of nuclear
power plants in the 1970s and later escalated unreasonably. Al-
though this increase was due to many factors, there are important
factors that are still prevalent in the nuclear industry today. If these

factors are not understood and properly addressed now, the costs
associated with new plants will escalate as it did in the past. In
order to address the issues of concern, technical changes must be
made to codes and standards, but even more importantly, changes
must be made to the mindsets that caused the unjustified costs in
the past.

The largest mindset modification required pertains to quality as-
surance. Quality assurance has been implemented on engineering
projects since before the time of the pyramids. In simple terms,
quality assurance is the method used to assure that dimensions are
correct, that calculations are checked, that proper materials are
used, that processes used in construction are appropriate, and that
work is appropriately inspected. The Egyptians did a great job of
controlling their work because the pyramids have stood for thou-
sands of years. The design might be called an overkill, but who
knows? They were designed to last forever!

Has the quality control used in the post-1960s nuclear plants
enhanced quality any more than achieved by the use of commer-
cial codes and standards? With regard to the technical aspects of
the hardware, the answer is “probably not!” However, the cost
difference between nuclear and commercial quality assurance is
extremely significant. The largest cost has been the cost of admin-
istration of the QA program. Most of the administrative controls
have resulted in wasted time and money. The nuclear quality as-
surance programs have concentrated on documentation, which in
most cases is subjective evidence, not objective evidence. Very
little time or effort was devoted to hardware evaluation. In the fu-
ture, a more practical approach is required. Chapter 21 addresses
this issue.

It is a fact that more than one-half of the nuclear plants operating
in this country were designed and constructed prior to the require-
ments for the nuclear quality assurance programs mandated in the
early 1970s. Are the units designed and fabricated after 1971 any
safer than the earlier plants using commercial quality control? The
record indicates that the answer is no.

There were a lot of other costly issues that arose after 1971 that
also increased cost without enhancing quality. These were:

1. Inappropriate interpretation of codes and standards by un-
qualified personnel

2. Lack of understanding of the necessity of basic engineering
judgments

3. Welding rejected by personnel unfamiliar with welding prac-
tices

4. Inappropriate record keeping

5. Lack of understanding of tolerances used in design and
fabrication

The author addresses these and other issues that must be under-
stood to avoid the mistakes and excessive costs of the last generation
of nuclear power plants. The author uses 47 references to augment
the professional and scholastic treatment of the subject.

In Chapter 22, Peter Riccardella and Dennis Weakland cover
“Nuclear Power Industry Response to Materials Degradation — A
Critical Review.” In this article, the authors summarize several
materials and structural integrity issues in operating nuclear power
plants in which they have personally been involved, through their
employment in technical and management positions in the indus-
try for over 40 years. The issues include degradation and cracking
of pressure vessels and piping in the plants that have collectively
cost the industry hundreds of millions of dollars. The article looks
retrospectively at the root causes of these problems, itemizes the



lessons learned, and recommends an approach going forward that
will anticipate and hopefully allows the industry to proactively ad-
dress degradation issues in the future, for both the operating fleet
as well as new plants that are currently in the licensing stages. The
authors use 18 references along with five schematics and figures to
augment the professional and scholastic treatment of the subject.

Chapter 23 is titled “New Generation Reactors.” It is authored
by Wolfgang Hoffelner, Robert Bratton, Hardayal Mehta, Kunio
Hasegawa, and D. Keith Morton, with Mr. Morton coordinating
the chapter write-up. The history of mankind repeatedly provides
examples where a need is recognized and creative thinking is able
to determine appropriate solutions. This human trait continues in
the field of energy, especially in the nuclear energy sector, where
advanced reactor designs are being refined and updated to achieve
increased efficiencies, increased safety, greater security through
better proliferation control of nuclear material, and increased use
of new metallic and nonmetallic materials for construction.

With minimal greenhouse gas emissions, nuclear energy can
safely provide the world with not only electrical energy produc-
tion but also process-heat energy production. Examples of the
benefits that can be derived from process-heat generation include
the generation of hydrogen, the production of steam for extraction
of oil-in-oil sand deposits, and the production of process heat for
other industries so that natural gas or oil does not have to be used.
Nuclear energy can advance and better the lives of mankind, while
helping to preserve our natural resources. This chapter provides
the reader greater understanding on how advanced nuclear reactors
are not a “pie-in-the-sky” idea but are actually operational on a test
scale or are near term.

In fact, efforts are currently underway in many nations to design
and build full-scale advanced reactors. Many countries including
Japan, Canada, China, Korea, the United States, Germany, Russia,
France, India, and more have significant ongoing efforts associated
with advanced nuclear reactors. This chapter briefly describes the
six Generation IV concepts and then provides additional details,
focusing on the two near-term viable Generation IV concepts. The
current status of the applicable international projects is then sum-
marized. These new technologies have also created remarkable
demands on materials compared to light water reactors. Higher
temperatures, higher neutron doses, environments very different
from water, and design lives of 60 years present a real engineering
challenge. These new demands have led to many exciting research
activities and to new Codes and Standards developments, which
are summarized in the final sections of this chapter. The reader is
encouraged to enjoy this chapter, for the future is just around the
corner. The authors use 98 references along with 42 schematics,
figures, pictures, and tables to augment the professional and scho-
lastic treatment of the subject.

The last chapter of this section is Chapter 24, authored by Owen
Hedden and deals with “Preserving Nuclear Power’s Place in a
Balanced Power Generation Policy.” In considering the future of
nuclear power for electricity production in the United States, it
is necessary to consider the present public perception of nuclear
power. It is also necessary to consider public perceptions of the
various competing sources of electricity production. These include
coal, natural gas, and the several “green” or “renewable” sources,
including hydro, wind, and solar.

The most recent nuclear power plant was completed in 1994. No
new nuclear power plants have gone on line since then, but nearly
20% of our electric power is still provided by nuclear power.

In 2010, the media view had changed to accept resumption of
new reactor construction. Now, however, in 2011, the Fukushima
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disaster will reverse that. While the number of U.S. nuclear power
plants at risk of tsunamis is very small, there will be demands for
additional safeguards for emergency diesel generators and their
fuel supplies and the need for more flexible switchgear. Considera-
tion of the location and operation of spent fuel pools will also be
required. New plant construction will be suspended.

However, the demand for additional supply of cheap reliable
electric power capacity will continue. So will the demand for re-
duction in power plant emission of carbon dioxide. Natural gas is
little help in reducing carbon dioxide emissions. Wind and solar
facilities do not have the capacity or reliability. That leaves hydro
and nuclear. As noted in this chapter, all the good locations for
hydro have been taken.

Nuclear power advocates will have to carefully refute claims
of damage and radiation risk at Fukushima. At least to date, Fuku-
shima is no Chernobyl. Release of radioactive material at Fuku-
shima is about one-tenth of that at Chernobyl. The cores at three of
the six reactors, and the spent fuel rods at one, have been damaged,
but no cores have exploded. No immediate deaths due to radiation
have been reported at Fukushima versus 30 at Chernobyl. This
must be equated to deaths due to other power-generation sources.
Consider coal mining and transport, refinery and pipeline explo-
sions, and long-term effects of air pollution caused by coal-burning
plants.

There is a greater risk to the public from the other major energy
producers than from nuclear. With electric energy needs increas-
ing, nuclear power production must be part of that increase. The
author uses 30 references along with one table to augment the pro-
fessional and scholastic treatment of the subject.

Section VII is titled “Steam Turbines and Generators” and has
two chapters: Chapters 25 and 26.

Chapter 25 “Steam Turbine and Generator Inspection and Con-
dition Assessment” is authored by Lawrence D. Nottingham. Mod-
ern turbines and generators are large, complex machines that utilize
a vast array of materials, are often exposed to high stress levels and
a number of potentially hostile environments and which suffer op-
erative damage mechanisms as a direct result. While failures of the
massive rotating components are relatively rare events, the con-
sequences of such failures are severe and extremely costly to the
owner/operator. Consequently, rigorous programs have evolved
for assessing current conditions, for detecting and quantifying ex-
isting flaws, and for predicting the remaining lives of the primary
components, with an overall objective of providing effective run/
repair/replace decision making. In this chapter, the author, who has
spent most of his 39-year professional career dealing with turbine
and generator condition assessment issues, presents an overview of
the state-of-the-art for inspection and remaining life assessment of
critical rotating T/G components.

The chapter additionally provides background information on
machine design, materials, stress sources, applicable nondestruc-
tive evaluation methods, and analytical processes available for pre-
dicting remaining life, as related to and appropriate for an overall
understanding of the assessment process. The author uses four ref-
erences along with 23 schematics, figures, and pictures to augment
the professional and scholastic treatment of the subject.

Chapter 26 Steam Turbines for Power Generation is written by
Harry F. Martin. Steam turbines have historically been the prime
source of power for electric power generation. This chapter will
focus on steam turbines currently being applied to power genera-
tion. The steam conditions will include those currently applied
to fossil-fired power plants, combined cycle and nuclear power
units. In addition, future cycle pressures and temperature require-
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ments are discussed along with the material requirements for these
applications.

The chapter includes steam turbine fundamentals, equipment
configurations, various design types and technology applications,
performance levels, performance testing, and operation and main-
tenance. Blading fundamentals are included along with current
technology improvements for increased performance. New seal-
ing concepts including brush seals, retractable seals, and abradable
seals are discussed. The effects of low pressure turbine exhaust
size and diffuser design on performance is included.

This chapter should appeal to many types of readers. The pres-
entation makes use of many references to permit the reader to ex-
pand his knowledge on a specific subject while limiting the size of
the chapter.

Some of the topics included are seldom found in an overview
type presentation. These include moisture and solid particle ero-
sion, turbine heat transfer analysis, stalled and unstalled blade flut-
ter, and limit load.

Concepts of automated turbine control are discussed including
rotor stress modeling concepts applied in control systems. The
pros and cons of various operating modes such as the use of partial
arc and full arc of admission high-pressure turbine designs and
sliding pressure are reviewed. The author covers the topic with
22 equations, 42 references along with 35 schematics, figures, and
pictures to augment the professional and scholastic treatment of
the subject.

Section VIII: Selected Energy Generation Topics and has four
chapters: Chapters 27 to 30.

Chapter 27 is titled “Combined Cycle Power Plant” and is au-
thored by Meherwan P. Boyce. Combined cycle power plants are
most efficient power plants available today for the production of
electric Power with an efficiency ranging between 53% and 57%.
A short summary of other power plants such as steam, diesel, and
gas turbine plants are given. Combined cycle power plants come
in all sizes. In this chapter, we are emphasizing the larger plants
ranging in size from 60 MW to 1500 MW. These combined cycle
plants have as their core the gas turbine, which acts as the Topping
Cycle and the steam turbine, which acts as the Bottoming Cycle.
In between the gas turbine and the steam turbine is a Waste Heat
Recovery Steam Generator (HRSG), which takes the heat from the
exhaust of the gas turbine and generates high-pressure steam for
the steam turbine.

The Brayton (Gas Turbine) and Rankine (Steam Turbine) cycles
are examined in detail as they are the most common cycles used in
a combined cycle power plant. Various modifications of the basic
Brayton Cycle taking into account various cooling effects, such as re-
frigerated cooling and evaporative and fogging effects are examined.
Also examined are intercooling, regenerative, and reheat effects.

The Rankine Cycle is also examined in detail, taking into ac-
counts the effects of regeneration, reheat, backpressure and con-
densation on the performance, power, and efficiency of the steam
turbine.

The Brayton Rankine Cycle, which is the basic cycle for a com-
bined cycle, is examined, and the effect of the above-described
effects, as they are applied to the combination cycle, is discussed.
Various techniques to improve Power and Efficiency, on such a
cycle are presented.

The combined cycle power plant comprises of the Gas Turbine,
Heat Recovery and Steam Generator (HRSG), the Steam Turbine,
and Condensers. Each of these major components is examined in
detail, and furthermore, each of the major components are closely
detailed to describe their operations.

The gas turbine section examines the various types of gas tur-
bines such as the Aeroderivative Gas Turbine, as well as the large
Frame-Type Gas Turbines. In this section, new trends on gas tur-
bine compressors, combustors, and the hot section expander tur-
bine are discussed, and the effect each of these components have
on the efficiency and environment are carefully examined to en-
sure that they are operated as designed.

The HRSG system is a critically important subsystem in a com-
bined cycle power plant. Under this section, the efficiency of energy
transfer in multiple pressure steam sections is closely examined
as are supplementary-fired HRSGs. Also examined are the Once
Through Steam Generators (OTSG) and compared to the traditional
drum-type steam generators. Also discussed in this section are the
effects of deaerator, economizers, evaporators, superheaters, at-
temperators, and desuperheaters.

The steam turbine section deals with the reheat extraction and
condensing steam turbines with various sections, which match the
multiple pressure in the heat recovery steam generators. Various
steam turbine characteristics are described as to their effect on
power and efficiency.

The chapter closes with a short analysis of some of the major
cost centers in a Combined Cycle Power Plant and the Reliability
and Availability of such power plant systems. The author covers
the topic with 31 equations, two references along with one table,
37 schematics, figures, and pictures to augment the professional
and scholastic treatment of the subject.

Simon Gamble, Marian Piekutowski, and Ryan Willems au-
thored Chapter 28 and discuss “Hydro Tasmania — King Island
Case Study.” Hydro Tasmania has developed a remote island power
system in the Bass Strait, Australia, that achieves a high level of
renewable energy penetration through the integration of wind and
solar generation with new and innovative storage and enabling
technologies. The ongoing development of the power system is
focused on reducing or replacing the use of diesel fuel while main-
taining power quality and system security in a low inertia system.
The projects completed to date include:

e Wind farm developments completed in 1997 and expanded to
2.25 MW in 2003;

e Installation of a 200-kW, 800-kWh Vanadium Redox Battery
(2003);

e Installation of a two-axis tracking 100-kW solar photovoltaic
array (2008), and

e Development of a 1.5-MW dynamic frequency control resistor
bank that operates during excessive wind generation (2010).

The results achieved to date include 85% instantaneous renewable
energy penetration and an annual contribution of over 35%, forecast
to increase to 45% postcommissioning of the resistor. Hydro Tasma-
nia has designed a further innovative program of renewable energy
and enabling technology projects. The proposed King Island Renew-
able Energy Integration Project, which recently received funding
support from the Australian Federal Government, is currently under
assessment to be rolled out by Hydro Tasmania (including elements
with our partners CBD Energy) by 2012. These include:

e Installation of short-term energy storage (flywheels) to im-
prove system security during periods of high wind,;

e Reinstatement or replacement of the Vanadium Redox Bat-
tery (VRB) that is currently out of service;

e Wind expansion — includes increasing the existing farm ca-
pacity by up to 4 MW;



e Graphite energy storage — installation of graphite block ther-
mal storage units for storing and recovering spilt wind energy;

e Biodiesel project — conversion of fuel systems and genera
tion units to operate on B100 (100% biodiesel); and

e Smart Grid Development — Demand Side Management — es-
tablishing the ability to control demand side response through
the use of smart metering throughout the Island community.

This program of activities aims to achieve a greater than 65%
long-term contribution from renewable energy sources (excluding
biodiesel contribution), with 100% instantaneous renewable en-
ergy penetration. The use of biodiesel will see a 95% reduction in
greenhouse gas emissions. The projects will address the following
issues of relevance to small- and large-scale power systems aiming
to achieve high levels of renewable energy penetration:

e Management of low inertia and low fault level operation;

o Effectiveness of short-term storage in managing system
security;

e Testing alternative system frequency control strategies; and

e Impact of demand side management on stabilizing wind en-
ergy variability.

The authors cover the topic with 24 equations, 12 references
along with two tables, 22 schematics, figures, and pictures to aug-
ment the professional and scholastic treatment of the subject.

Chapter 29, titled “Heat Exchangers in Power Generation” has
been authored by Stanley Yokell and Carl F. Andreone describes
shell-and-tube and plate and frame types of power plant heat ex-
changers and tubular closed feedwater heaters and the language that
applies to them. The chapter briefly discusses Header Type Feed-
water Heaters and their application and use. It defines the design
point used to establish exchanger surface and suggests suitable ex-
changer configurations for various design-point conditions and the
criteria used to measure performance. It does not cover power plant
main and auxiliary steam surface condensers because of the differ-
ences in how they are designed and operated The chapter briefly
discusses the effects on the exchanger of normal and abnormal de-
viations from design point during operation. The authors have sev-
eral schematics and references to supplement their discussion.

The last chapter of this section, Chapter 30, “Water Cooled
Steam Surface Condensers” has been authored by K. P. (Kris)
Singh. Chapter 30 is devoted to providing a comprehensive exposi-
tion to the technologies underlying the design and performance of
steam surface condensers used to condense the exhaust steam from
the low-pressure turbine in a power plant. The surface condenser
is an indispensable component in any power station and is also
one whose performance directly affects both the thermodynamic
efficiency and the service life of the plant. In terms of sheer size,
the surface condenser is the largest of any equipment in the power
cycle, which alone makes it an important subject matter in the field
of power plant technology.

The specific class of surface condensers considered in this chap-
ter is of the so-called water-cooled type, wherein the condensing of
the exhaust steam occurs outside the tube bundle by extraction of
its latent heat by the cooling water circulated through the inside
of the tubes.

Empirical information on the design and operation of classi-
cal surface condensers is provided in the standards published by
the Heat Exchange institute, which is an industry consensus docu-
ment that contains valuable practical guidance. Accordingly, the
material in this chapter is not a substitute for a design manual;
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rather, it is intended to illuminate the thermal-hydraulic concepts
underlying the state-of-the-art condenser design technology to
possibly serve as the technical beacon for developing designs for
new challenging situations such as condensing of noncondensible-
laden geothermal steam. Inadequate removal of noncondensibles,
flow-induced vibration, entrainment of (corrosive) oxygen in the
condensate, excessive fouling, erosion of the tubes from flashing
action in the condensate are among the many ailments that can
afflict a surface condenser that require an in-depth understanding
of the thermal and hydraulic phenomena that are present in its
operation. The mission of this chapter is to provide the neces-
sary cerebral understanding to the designer to enable him (her)
to navigate through the many challenges that lie on the path to a
successful design.

Special emphasis is placed on explaining the efficacy of a type
of tube support , called nonsegmental baffles that has not been used
to the extent in the industry as its thermodynamic merit would
warrant. The mathematical means to quantify the advantage of the
nonsegmental baffle configuration over the conventional plate-type
supports is provided.

The author covers the topic with 55 equations, 18 references
along with seven tables, 11 schematics, figures, and pictures to
augment the professional and scholastic treatment of the subject.

Section IX is titled “Emerging Energy Technologies” and has
two chapters: Chapters 31 and 32.

Chapter 31: “Toward Energy Efficient Manufacturing Enter-
prises” has been authored by Kevin W. Lyons, Ram D. Sriram,
Lalit Chordia, and Alexander Weissman. Industrial enterprises
have significant negative impacts on the global environment. Col-
lectively, from energy consumption to greenhouse gases to solid
waste, they are the single largest contributor to a growing number
of planet-threatening environmental problems. According to the
Department of Energy’s Energy Information Administration, the
industrial sector consumes 30% of the total energy, and the trans-
portation sector consumes 29% of the energy. Considering that
a large portion of the transportation energy costs are involved in
moving manufactured goods, the energy consumption of the in-
dustrial sector could reach nearly 45% of the total energy costs.
Hence, it is very important to improve the energy efficiency of our
manufacturing enterprises.

A product’s energy life cycle includes all aspects of energy pro-
duction. Depending on the type of material and the product, energy
consumption in certain stages may have a significant impact on
the product energy costs. For example, 1 kg of aluminum requires
about 12 kg of raw materials and consumes 290 MJ of energy.
Several different strategies can be used to improve the energy ef-
ficiency of manufacturing enterprises, including reducing energy
consumption at the process level, reducing energy consumption
at the facilities level, and improving the efficiency of the energy
generation and conversion process. While the primary focus of
this chapter is on process level energy efficiency, the authors also
briefly discuss energy reduction methods and efficient energy gen-
eration process through case studies.

In this chapter, the authors introduce the concept of unit manu-
facturing processes, which are formal descriptions of manufac-
turing resources at the individual operations level (e.g., casting,
machining, forming, surface treatment, joining, and assembly) re-
quired to produce finished goods. They classify these processes
into mass-change processes, phase-change processes, structure-
change processes, deformation processes, consolidation processes,
and integrated processes. Several mechanisms used to determine
energy consumption for these processes are described. This is fol-
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lowed by a method that describes how to improve the efficiency
of this energy consumption through improved product design for
injection molding. HARBEC Plastics, Inc. is an innovator in im-
plementing sustainable manufacturing practices. This company,
which makes high-quality injection-molded parts, has made a
considerable commitment to being green. Various techniques
employed by HARBEC Plastics to improve energy efficiency are
briefly described. A specific technique — using supercritical flu-
ids — that can be effectively used to improve energy efficiency
and to improve processes that generate energy from nontraditional
sources is also outlined. Finally, the authors point out how best
practices, regulations, and standards can play an important role in
increasing energy efficiency.

The authors cover the topic with 58 references along with three
tables, 12 schematics, figures, and pictures to augment the profes-
sional and scholastic treatment of the subject.

Chapter 32: “The Role of Nano-Technology for Energy and
Power Generation: Nano-Coatings and Materials” has been au-
thored by Douglas E. Wolfe and Timothy J. Eden. Chapter 32 dis-
cusses a variety of nano-coatings and materials used in the energy
and power generation fields. Nano-coatings, nanocomposite coat-
ings, nanolayered coatings, functional graded coatings, and mul-
tifunctional coatings deposited by a wide range of methods and
techniques and their roles in assisting to generate energy and pow-
er for the fuel cell, solar cell, wind turbine, coal, combustion, and
nuclear industries are discussed. Chapter 32 provides a brief de-
scription of the past and present state-of-the-art nanotechnology
within different industrial areas, such as turbine, nuclear, fuel cell,
solar cell, and coal industries, that is used to improve efficiency
and performance. Challenges facing these industries as pertain-
ing to nanotechnology and how nanotechnology will aid in the
improved performance within these industries are also discussed.

The role of coating constitution and microstructure including
grain size, morphology, density, and design architecture is pre-
sented with regard to the science and relationship with processing-
structure-performance relationships for select applications. The
impact of nanostructured materials and coatings and their future
in energy are also discussed with regard to nanostructured con-
figuration, strategy, and conceptual design architectures. Coating
materials and performance are also discussed related to materials
in extreme environments such as power generation, erosion envi-
ronment, and hot corrosion. The role of nanotechnology, nano-
coatings, and materials for power and energy varies depending on
the working environment but, in general, can be classified into the
following categories of improved wear resistance, corrosion resist-
ance, erosion resistance, thermal protection, and increased surface
area for energy storage. Since not all environments are the same,
slight modifications may be required to optimize nano-material
and nano-coatings for a particular application. These include com-
posite coatings, functional gradient coatings, superhard coatings,
superlattice coatings, metastable multifunctional, solid solution,
nano-crystalline, multilayer coatings, and mixed combinations.
With all the material choices that we have ranging from binary,
ternary, and quaternary nitride, boride, carbide, oxide, and mixed
combinations, choosing the optimum coating material and design
architecture can be challenging. The approach to materials solu-
tions starts with understanding the system performance, operating
environment, maintenance issues, material compatibility, cost, and
life cycle. Chapter 32 concludes with a summary of the future role
of nanotechnology and nano-coatings and materials in the fields of
power generation and energy.

The authors cover the topic with nine equations, 73 references
along with four tables, 20 schematics, figures, and pictures to aug-
ment the professional and scholastic treatment of the subject.
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1

SOME SOLAR RELATED TECHNOLOGIES
AND THEIR APPLICATIONS

1.1 SOLAR POWER CONVERSION,
UTILITY SCALE

1.11 Introduction

The use of solar energy for generating power is a concept that
has been around for a long time. Some early examples of this, to
be dealt with in the sections that follow, include dishes and troughs
that were developed in a flurry of creative activity between the late
1800s and the early 1900s. There was somewhat of a hiatus from
much development in first half of the 20th century until work again
resumed after the Second World War. This was driven by interest
in exploring space as well as other thrusts. An excellent summary
of the early history of solar applications has been given by Butti
and Perlin [1].

Momentum to examine renewable energy generally picked up
considerably with the oil embargo of the 1970s. At that time, Presi-
dent Jimmy Carter outlined the challenge the US particularly, and
the world more generally, faced in terms of dealing with energy
issues. He warned that the situation was “the moral equivalent of
war” in a 1977 speech. In this same year, he was responsible for
forming the US Department of Energy, which combined some ex-
isting agencies, including the US Energy Research and Develop-
ment Administration. He also initiated the Solar Energy Research
Institute, in Golden, Colorado, that later became the National Re-
newable Energy Laboratory (NREL).

Following that time, interest again waned as a result of falling
energy prices. President Ronald Reagan removed the solar pan-
els that were placed on the White House under President Carter.
Oil again became the primary focus in energy. Various starts and
stops to solar development followed, including the start of the
large development of the Luz systems in the Mohave Desert area
of California, which was later stopped when existing tax credits
went away.

Although many countries of the world, particularly Israel and
Japan, had active programs in solar water heating for many years,
solar power generation had taken a low profile existence. About the
turn of the 21st century this began to change. Not only was there
a heightened awareness of problems with continuing the reliance
on Middle East oil, as had been the case all along, but this became
more strikingly apparent as various types of strife broke out there,
including the wars in Iran and the terroristic activities of many Mid-
dle East groups. Also, more and more people came to appreciate
the concerns about peak oil. Simultaneously, concern grew about
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climate change and the impact of burning of fossil fuels on that.
Worldwide, there is a growing awareness of the greenhouse gas
increases in the atmosphere. At the present time, there is a rebirth
of solar power generation energy activity. Some of Europe has re-
acted with lucrative feed-in tariffs that have encouraged develop-
ment, particularly in Spain and Germany. In the US, much of the
encouragement is being given by individual states. This aspect is
quite different than the wave of development under Carter, which
was primarily driven from the Federal level, and thus was easily
changed by a new president with a difference in philosophy. Now
we find mandates, tax incentives, and rebate programs interwoven
in a great deal of society, including at the state and local levels.

Generally, new power sources require some types of financial
incentives when bringing them to market. There is usually a need
for some type of government support. Nuclear power has received
massive subsidies, but these are masked somewhat by the fact that
both power applications and weapons development were at play
at the same time. Solar development has been plagued by the fact
that the costs of related equipment are high because the market
has been small, and the market has been small because the costs
are high. In the photovoltaic (PV) arena, one where a great deal
of progress has been made with generally more financial support
from the government than other types of solar power generation,
historically a 20% reduction in cost has been realized for each dou-
bling of production.

The development story is complicated by the overlaying eco-
nomic situations as well as political reasons. Solar installations
tend to be high capital investment items because, in a sense, the
fuel is being paid for upon construction. In good economic times,
this high cost, while still a concern, can be covered by loans. Dur-
ing economic hard times, with the usual tightening of credit during
those periods, the solar market can become severely constrained.
Such has been the situation in the latter half of the first decade of
the 21st century.

Two major ways of producing power are either by thermal
means, where high temperatures from solar heating can be used in
some type of heat engine, or by photovoltaic approaches. Because
these are two quite different approaches, each will be touched upon
separately in what follows.

1.1.2 The Use of Concentration

Concentration opens a number of opportunities for solar power
systems. In thermal systems, concentration allows much higher
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temperatures to be generated than would be possible with simple
flat plate systems. This, in turn, results in higher temperatures with-
in the associated thermal engine. As is well known from the Sec-
ond Law of Thermodynamics, higher temperatures result in higher
engine efficiencies. Another benefit of concentration that goes
hand-in-hand with this one is that the profile of the heated element
is relatively smaller than flat plate systems (comparing energy har-
vested per unit area of collector). This allows special attention to be
given to minimizing the heat loss from the receiver elements.

In PV systems, concentration permits tradeoffs between solar
cells, which are generally more expensive, against tracking mecha-
nisms and support structure including lenses or mirrors, which are
generally less expensive in comparison to the PV elements. Con-
centration allows for each PV cell to produce proportionally more
power per unit, and concentration may also increase the cell’s ef-
ficiency. One possible concern is that some types of cells (silicon
particularly) can have a significant negative temperature effect on
efficiency compared to others. High ambient temperatures can re-
sult in noticeable decreases in production efficiency.

Direct beam radiation is required for concentrating systems to
be effective. Diffuse components of the radiation are not of value
in these approaches unless the concentration is small. In addition,
large amounts of flux are preferred to make the capital investment
in these systems more profitable. Several locations in the world
meet this requirement. For example, solar radiation resource in the
US is shown in Figure 1.1. This resource is enormous, as shown
in Figure 1.2 which is a representation that a square area of land
approximately 100 miles (161 km) on a side could furnish with
current technology all of the US’s electricity needs. Of course the
transmission of this generated power to the whole country poses a
significant problem. Storage is another with current technology.

However, several issues come into play when the choices of lo-
cations for concentrating solar plants are selected. For these plants,
only the beam radiation is to be considered. Also, rugged landscape
is to be shunned. Generally a relatively flat area is preferred. When

these factors are considered, the areas where solar plants can be
located are far less numerous. See Figure 1.3. Here, all land areas
with greater than a 3% grade have been eliminated. Another factor
that comes into play that is depicted here is that the plant has to be
near a major power grid corridor. Construction of long lengths of
major power lines can be extremely expensive.

Concentration can be accomplished in a variety of ways in two
general categories: single axis (line focus) and dual axis (point
focus) tracking. There are many kinds of single axis approaches
because of a fixed axis (which can be fixed in a variety of ways)
in one dimension and a moveable one in the other. In all of the
concentrating systems, the beam can be developed either by re-
fracting or reflecting the incident energy. Generally applications
of refracting systems are less frequently used in practice, and these
are usually for PV systems.

Another issue in concentration is the way this takes place in
terms of the imaging aspects of it [2]. This involves the concept of
imaging optics vs. non-imaging optics. In general, the latter has a
great deal to offer in the design of concentrating systems over the
former. For one thing, the amount of light concentrated in non-
imaging optical systems can be much greater than the comparable
situation in imaging systems. Secondly, non-imaging approaches
allow much better control of radiation, giving, say, more uniform
irradiance or controlling the distribution better.

Lastly, but certainly not the least, cleaning is required for the
concentrating elements of all CSP systems. Some geographic areas
are more prone to lens or mirror soiling than others, but cleaning is
a necessity. Usually, water is used for this purpose, so some water
must be available for these kinds of systems even if it is not used
for cooling purposes. Some treatments are available that facilitate
rain running off surfaces quickly if they are oriented in a direction
that gravity can be of assistance. It is desirable to have surfaces that
stow facing downward during periods of darkness and inclement
weather to minimize the cleaning requirements, but this may com-
plicate the design requirements.
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FIG. 1.1 THE MAP OF THE US INDICATING THE AVERAGE SOLAR RADIATION PER YEAR IN UNITS OF W-HR/SQ M

AREA/DAY IS SHOWN (Source: US Department of Energy)
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FIG. 1.2 IN THIS REPRESENTATION FROM THE NATIONAL RENEWABLE ENERGY LABORATORY, THE FACT IS
DEPICTED THAT THE TOTAL ELECTRICITY REQUIREMENTS OF THE US COULD BE FURNISHED FROM SOLAR
ENERGY FALLING AND CONVERTED ON A SQUARE 100 MILE X 100 MILE (161 KM X 161 KM) AREA OF THE STATE OF
NEVADA

1.1.3 Thermal Power Generation Approaches collected by the solar field. There is both good and bad news about
these kinds of plants.

1.1.3.1 Rankine Cycles Many solar thermal power generation Comparisons of the resulting operational levels of thermal

schemes (particularly the trough and tower systems to be discussed power plants when using concentration are given in Table 1.1 [3].

below) involve Rankine cycles to generate power from the heat Here the performance characteristics of trough and tower plants

FIG. 1.3 THIS PLOT OF THE SOUTHWESTERN US AND NORTHWESTERN MEXICO SHOWS THE DIRECT NORMAL SOLAR
FLUX (UNITS OF KW-HR/SQ M AREA/DAY) ONLY ON LAND THAT HAS LESS THAN A 3% GRADE. MAJOR TRANSMISSION
LINES ARE ALSO SHOWN (Source: NREL)
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TABLE 1.1 CYCLE PERFORMANCE COMPARISON [3]

Type of CSP Maximum steam Potential cycle
temperature efficiency ranges,
expected, °C %0 *
Flat panels 110 7-10
Fresnel collector 310 20-26
Parabolic trough 395 28-32
Solar tower 550 35-42

*Depends upon many factors of plant design.

are compared. Flat plate performance, which is not really a viable
approach in utility scale solar thermal power plants, is shown also
for completeness.

On the plus side, the power block of these plants is in many
respects common to conventional gas-fired or coal-fired units, al-
though there may be design differences due to the transient na-
ture of the solar source. This commonality greatly simplifies their
design and operation. These plants can utilize conventional steam
plant components, from the turbine to the condenser. Any major
power plant component manufacturer can supply the power block
for these plants.

The other side of the coin is that both the high and low tempera-
tures of these types of plants may be limited. For example, solar
plants typically operate at high temperatures that are lower than
those of conventional plants. See Table 1.1 for typical values for
solar plants. This poses implications for the condenser end. While
the condensing temperature affects the operation of all Rankine
plants, when the high temperature is moderate, the condenser tem-
perature has a relatively higher impact on plant efficiency. In gen-
eral, wet cooling offers lower condensing temperatures than does
dry cooling. Since most solar thermal power plants will be located
in arid regions of the world, scarce water for cooling could be a
significant limitation.

1.1.3.2 Trough Technology This approach uses a fluid circu-
lating through a field of collectors where energy is reflected from
a very large dimension parabolic trough (often aluminized or mir-
rored in some way on the inner side) to a small tubular arrange-
ment along the axis. The small tube is often a metallic absorber
where the fluid flows and a glass tube (usually evacuated) is con-
centrically located around it to increase the resistance to heat loss.
A significant array of piping is used to connect all of the troughs
together to bring the heated fluid to the main power plant and to
return the cooled fluid back to the field.

The concentrator elements in the plant can offer a large wind
profile. It is the case that plants of this type, like most tracking
kinds of plants, have some arrangement for stowing their solar col-
lection elements during high wind to give as low of a wind profile
as possible.

Between 1984 and 1990 the Israeli company Luz International
built several plants using this technology in the Mojave Desert re-
gion of California. An interesting analysis of this development is
given in the book by Berger [4]. In all, a total of 364 MWe of these
plants was constructed. Each of these series of plants was over
15% more cost efficient than its predecessor [5].

Solargenix (now Acciona Solar Power), recently made further
improvements to this technology and built plants that include a
1 MWe organic Rankine cycle plant in Arizona and a 64 MWe
(75 MWe maximum capacity) plant in Southern Nevada. The latter
is shown in Figure 1.4. This plant includes 760 parabolic troughs
with more than 180,000 mirrors, 18,240 4-m long tubes, and heats
the field fluid to 390°C (735°F).

It is usually the case that a synthetic oil circulates through the
field returning hot to a heat exchanger where the heat is transferred
to steam. The steam then traverses a fairly conventional Rankine
cycle engine.

Several other companies have begun to develop potentially large
solar thermal plants that also use a line focus approach. One of
the approaches that may be used to replace the parabolic trough
includes a segmented set of nearly flat mirror facets that can in-

FIG. 1.4 NEVADA SOLAR ONE, A 64 MWE (75 MWE MAXIMUM) PLANT BUILT BY ACCIONA SOLAR POWER BEGAN ELEC-
TRICAL PRODUCTION NEAR LAS VEGAS DURING 2007 (Courtesy Acciona Solar Power)



dividually follow the sun. This is denoted as Fresnel collector in
Table 1.1. One such manufacturer is Areva (Palo Alto, California)
that is using a technology that was developed in Australia. See Fig-
ure 1.5. The benefits from this approach are claimed in the field de-
sign. The facets are lower to the ground and offer a smaller profile
to the wind than do parabolic troughs. Also, the receiver tubes are
stationary, so no flexible connections are required between trough
segments as is the case with the parabolic troughs, and thus the
new design is claimed to be able to handle high-pressure steam
in the field. No heat exchanger would then be required to remove
heat from the field fluid for the Rankine cycle fluid for these types
of designs.

1.1.3.3 Power Tower (Central Receiver) Systems In the power
tower system, a large number of ground-mounted mirrors are made
to follow the sun on a nearly instantaneous fashion, reflecting the
sunlight to the top of a centrally located tower where a receiver sec-
tion is located. The receiver design could take a variety of forms,
but one involves a series of parallel tubes that cover the outside of
the structure or are located in the back of a cavity-type receiver. De-
pending upon the type of fluid circulating through the receiver (both
steam and molten salt have been used in various experiments that
have been performed previously), there may or may not be a need
for a heat exchanger to transfer the collected heat into steam for the
conventional power block. Heat rejection systems for these types of
units are either wet or dry cooling towers. Of course, the latter use
no water for cooling (ideal in desert areas), but operate at a slight
deficiency in engine efficiency compared to wet cooled systems.

These kinds of systems can be large. The original unit was
Solar One, located just outside of Barstow, California, which is
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also in the Mohave Desert region. See Figure 1.6. The tall tower
was illuminated by a surround field of 1818 heliostats. Each of
the heliostats had an area of 40 m?. The unit produced 10 MWe
when the receiver fluid was steam. A later modification to the
plant enlarged the field somewhat and used molten salt mixture
of 60% sodium nitrate and 40% potassium nitrate as the receiver
fluid, with a heat exchanger to transfer the heat to steam for the
power block. Some degree of thermal storage was incorporated
into both configurations. When steam was the receiver fluid, an
organic heat transfer fluid was used as the storage medium. When
molten salt was used as the receiver fluid, it served as the storage
medium.

Abengoa Solar has two tower projects in Spain. See Figure 1.7.
One, PS10, is a tower that generates 11 MW of electricity. To do
this, it uses 624 heliostats that are each 120 m? in area. Unlike Solar
One in California, this plant does not use a surround field. Rather
it has a north-side field, which Abengoa Solar feels is more appro-
priate for their application. Next to PS10 is PS20 that is designed
to generate 20 MWe, and it started producing power in 2009. The
field consists of 1,255 mirrored heliostats, each with the same area
as those on PS10. PS20’s tower is 531 feet tall.

More recently some smaller configurations of these types of sys-
tems have been proposed. When smaller towers are considered, the
fields are smaller and several units might be located in adjacent
spaces, perhaps more than one feeding a given power block.

1.1.3.4 Dish Stirling Systems These units are usually found on
a dish arrangement where both the mirror facets and the engine/
generator follow the sun throughout the day. Unlike the trough and
the power tower arrangement which can be constructed for large

FIG.1.5 A CONCEPT OF A FRESNEL (LINE FOCUS) SOLAR THERMAL PLANT HAS BEEN PUT FORTH BY AREVA. IN THIS
APPROACH, LONG AND TRANSVERSELY NEARLY FLAT FACETS EACH ROTATE ON THE GROUND TO FOCUS THE DI-
RECT BEAM RADIATION ONTO A FIXED RECEIVER OVERHEAD (Courtesy of AREVA)
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FIG. 1.6 SHOWN IS A SOLAR CENTRAL RECEIVER PLANT THAT OPERATED DURING THE 1980S AND 1990S NEAR
BARSTOW, CALIFORNIA. COURTESY OF SANDIA NATIONAL LABORATORIES

power ratings from a single engine, this approach requires many the working fluid (a gas) is contained in the engine housing and is
smaller units (typically around 25 kW each) to be constructed. usually either hydrogen or helium. A low molecular weight fluid is

The basis of this approach is the Stirling cycle, which is known to preferred for this application because of its good heat transfer char-
be one of the more efficient thermodynamic engines because it has acteristics and low-pressure drop behavior. Ambient air is used for
nearly constant temperature heat transfer processes. In these devices heat rejection purposes. The dish maintains a high solar flux on the

FIG. 1.7 THIS PHOTO SHOWS PS10 IN OPERATION IN THE BACKGROUND AND PS20 UNDER CONSTRUCTION IN THE
FOREGROUND. PS20 STARTED POWER PRODUCTION IN 2009 (From ABENGOA SOLAR)



heat input area of the engine, and air is circulated over a heat rejec-
tion area, usually through one or more compact heat exchangers.

Two different designs of dish-Stirling systems are shown in
Figure 1.8. The one in the right foreground is a design developed
by McDonald-Douglas in the 1980s that later sold the terrestrial
application rights to Stirling Energy Systems (SES). For many
years this type of system held the highest demonstrated efficiency
conversion rates of sunlight to electricity for any type of system of
around 30%. The SES unit used fixed mirror facets and an engine
that was developed by the Scandinavian firm Kockums. SAIC In-
ternational developed the unit shown on the left side, and it used
stretched membrane facets that could be focused by exerting a
slight vacuum on the chamber behind the membrane in each facet.
It used an engine developed by Stirling Thermal Motors (STM).
Both units produced an output of nominally 25 kW. When installing
these kinds of systems, a significant pedestal has to be constructed
that penetrates the ground a distance appropriate to counteract wind
loads, but these types of units are designed to move to stow posi-
tion in very high winds.

More recently SES in conjunction with Sandia National Labo-
ratories has redesigned several aspects of its system that they call
the Suncatcher™. They have moved toward a more production-
oriented design, and several of these units are shown in Figure 1.9.
Even more recently a 1.5 MWe solar field of this design has been
installed outside Phoenix, Arizona. The exclusive development
sister company of SES is Tessera.

As is the case with both the trough and power tower technolo-
gies, several companies are developing dish systems of this design.
Although much interest in this approach has been expressed, the
author is not aware of any systems of this type in actual commer-
cial production at the present time other than the one noted above.

1.1.3.5 Thermal Storage It is often said that solar systems can-
not be used to furnish a constant rate of power generation because
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the sun shines only a fraction of the hours in a day. While this is
obviously true about the sun, it does not have to be true about the
power plant. The last big frontier in solar power generation is the
use of effective means of storage. This would allow solar energy
collected during sunny periods to be used in periods when the solar
flux is low or zero in magnitude.

When the solar thermal system operates on a Rankine cycle, the
solution is clearly a thermal storage element in the plant design. A
larger field than is needed to drive the plant during the day would
be used, storing some of the energy to be used at a later time when
it is needed. Traditionally storage has not been used to any great
extent in solar thermal power plants because there were no incen-
tives for this to happen. However, with the possibilities of solar be-
ing called upon to furnish 24-hour-a-day power, the issue becomes
quite important.

Two approaches have been used in the past with solar thermal
plants. As noted previously in this presentation, earlier designs
have used either molten nitrate salts or high temperature heat trans-
fer fluids. When the latter is used, the storage tanks may have a
filler inserted, such as rock or something that is of lower cost than
the fluid being used. Molten salt has also been used for storage
applications. In salt flowing systems, the latter cannot be allowed
to solidify (cool below the freezing/melting temperature, but still
greatly above ambient temperature) unless extensive heat tracing
is incorporated in the design. Some newer designs have other flu-
ids adding or removing heat from non-flowing salt systems. These
kinds of systems may be able to take advantage of phase change
phenomena (solid/liquid) in the salt, offering additional storage ca-
pacity per unit volume of salt.

Designers often favor the two-tank approach in flowing systems.
One tank is for hot fluid and the other is for cold fluid. A typical
evening will begin with the hot tank fully charged and the cold
tank relatively depleted. As the hot fluid is used during the night to

FIG. 1.8 TWO DIFFERENT DESIGNS OF DISH-STIRLING SOLAR DEVICES ARE SHOWN ON THE UNIVERSITY OF NEVADA,
LAS VEGAS (UNLV) CAMPUS IN THE EARLY 2000S. THE UNIT ON THE RIGHT IS A DESIGN OWNED BY SES AND ON THE
LEFT IS A DESIGN FROM SAIC INTERNATIONAL (Courtesy of UNLV)
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FIG. 1.9 UNITS OF A RECENT DESIGN OF THE SES DISH-STIRLING SYSTEM (THE SUNCATCHER™) ARE SHOWN HERE
AT SANDIA LABORATORIES UNDERGOING EVALUATION (From SANDIA Laboratories)

generate steam, it is returned in a cooled condition to the cold tank.
Efforts have examined the use of stratified tanks with hot fluid on
the top and cold fluid on the bottom, with a moving boundary be-
tween them (thermocline approach).

For dish-Stirling systems, as well as all PV systems discussed
below, storage presents a more difficult problem. Perhaps the fu-
ture will bring some viable possibilities either including or beyond
storage batteries, but only time will tell.

1.14 Photovoltaic Approaches to Utility Scale
Power Generation

1.1.4.1 Overview Comments The photovoltaic effect has been
known since Becquerel identified it in 1839. Many incremental de-
velopments have occurred at various time intervals after that. One
was the discovery of a method of monocrystalline silicon produc-
tion by Czochralski in 1918. However, it was not until 1941 that
the first monocrystalline cell was constructed. In the 1950s photo-
voltaic cells received a great deal more attention where applica-
tions were apparent to the growing space exploration interests. In
1955 Hoffman Electronics-Semiconductor Division introduced a
commercial product that demonstrated 2% efficiency with 14 mW
peak power for $25/cell. Both the types of cells and their associ-
ated efficiencies have grown with time. This is illustrated in Fig-
ure 1.10. Now there are many companies producing a wide range
of PV products for both utility applications as well as residential
installations.

Silicon has been the mainstay of the industry for over a half
century, has proven to be quite a durable product, and has shown
steady increases in efficiency and decreases in cost. In addition to
the monocrystalline form that has all of these good characteristics,
silicon cells are also produced in an amorphous form that, although
it has lower efficiency, can be applied in thin film form with cor-

respondingly lower cost than the monocrystalline variety. A good
review of solar cell development through the date of publication
has been given [6]. One type of cell given special attention to here
is CdTe. While cadmium is toxic, and the amount of tellurium on
the earth’s surface is not well known and may be limited, this cell
is still one to be kept in mind because of its relatively low cost. A
presentation at the 2010 Renewable Energy World Conference es-
timated that these types of cells (less than $1/peak W at the time of
this writing and decreasing) would result in PV having grid parity
for 97% of the US customers by 2015 [7]. In this same presentation,
it was noted that a thin film plant of 12.6 MWp¢ was completed in
Boulder City, Nevada, in 2008 for $3.2/Wpc, the lowest price of all
plants investigated in that presentation.

Another type of cells that will be given some brief attention here
are those of the multi-junction (often triple junction) types that have
currently been used either on spacecraft or high concentration PV
systems (see more discussion on the latter below). One of the factors
that limits PV cells to the typically low efficiency that most dem-
onstrate is that a given semiconductor material is sensitive to only a
limited range of the solar spectrum. By using thin layers of carefully
selected, but differing, materials, this sensitivity range is greatly ex-
panded. The result is higher efficiency. From Figure 1.10, it can be
seen that triple junction cells show the highest of all efficiencies
indicated there. Another positive aspect of many types of multi-
junction cells is that their efficiency is less sensitive to increases in
operational temperature than are those of the silicon type.

In more recent times, attention has been brought to bear on con-
centrating systems applied to photovoltaic systems [8]. In the period
when this paper was written, CPV (concentrating photovoltaic)
systems had not lived up to their promise of large-scale applica-
tions, partially because the cost of alternative fuels was relatively
low, and flat plate PV approaches were being developed quite rap-
idly. The latter had the ability to be applied to roof structures, thus
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FIG. 1.10 THE EFFICIENCIES AND TYPES OF PHOTOVOLTAIC

Kazmerski, NREL.)

opening a large market for them. Concern about tracker reliability
was also a factor that held back CPV development. Since the mar-
ket was small, the companies involved in this technology could
not realize the economies of mass production and all of the related
benefits that this implies.

This situation is obviously changing. For one thing, cell efficien-
cies have increased substantially over the years as noted above. Also,
we are facing rapidly escalating conventional fuel prices, driven by
higher costs of oil. Swanson [8] indicated that 10% of the output
efficiency goes to pay for everything but the cells, so if efficiency
increases, it encourages the application of CPV approaches.

One additional benefit of CPV systems compared to fixed flat
plate systems is their ability to capture more of the sun’s energy
because of their tracking nature, compared to fixed flat plate PV
systems. When more efficient cells can be applied to the CPV sys-
tems, this can greatly boost the energy generated for this approach.
In all, Swanson [8] discusses the following benefits for CPV com-
pared to fixed flat plate systems.

Lower cost

Superior efficiency

High annual capacity factor

Less materials’ availability issues

Less toxic material use (compared to some thin film systems)
Ease of recycling

Ease of rapid manufacturing capacity scale-up

High local manufacturing content

For the purposes of this presentation we will put CPV into two
categories with an imprecise division point: low concentration and
high concentration. This is a result, in general, of the temperature
of operation and the corresponding quality of cell required to ap-
propriately utilize the concentrated beam. Low concentration will

CELLS HAVE BEEN GROWING YEAR BY YEAR (Courtesy L.

use cells that can be one-sun units, and passive cooling could al-
ways be used. On the other hand, high-concentration units will re-
quire improved fill factors and other design features in addition to
some well designed cooling system, either passive or active.

For example, very high concentration systems for PV applica-
tions have been reported rendering up to 10* suns [9]. These are
obviously not production systems, but rather special experimental
systems. At the other end of the concentration range, JX Crystals is
producing a 3x system [10]. Hence a wide range of concentrations
is potentially available for PV systems.

The cells used in these kinds of systems can range from con-
ventional one-sun types up to multi-junction (mj), very high effi-
ciency, types. In between lie high-efficiency single-junction cells.
It had been argued that high concentration systems were more ap-
propriate using high efficiency single junction than mj cells [11],
but that is changing in favor of the mj cells as the latter become
more developed for this market.

Unlike concentrating thermal systems, where virtually all concen-
trators are of the reflecting type, CPV systems can have refracting
or reflecting configurations. Usually the distinction is if irradiation
is desired on single cells in tandem or a densely-packed array. Typi-
cally Fresnel lenses are used for the former and mirror-like reflec-
tors are used for the latter.

Concentration not only boosts the cell incident flux, it also gen-
erates more heat within the cell compared to one-sun situations.
When concentrations are sought at very high levels, enhanced heat
removal from the cell is almost always called for. This is because
most types of cells suffer a decrease in efficiency when the cell
temperature increases. See, for example, Ref. [12].

1.14.2 High Concentration Photovoltaic (HCPV) Systems
High concentration systems might be defined as using concentrations
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above 10, but this is not a precise definition. Many of the sys-
tems now being marketed have design concentrations in the
range of 100x to 500x, but 1000x does not seem too far from
reality.

One of the companies that has been quite active in this field is
Amonix, which is located in the Los Angeles, California, area.
For quite some time, Amonix has been marketing a 25-kW sys-
tem and a 35-kW system with a 250x concentration. More recently
they have moved to 500x systems with multi-junction cells that
have nearly doubled their units’ output. Multi-junction cells are
now being included in designs from several manufacturers [13].
A building block for Amonix is a Megamodule™ (typically 5 or 7
of these are included in a given concentrating unit depending upon
the power output sought) that consists of many dispersed cells each
with a Fresnel concentrating lens mounted on a configuration that
assures structural integrity. Cooling of the cells is performed pas-
sively using a simply configured but quite effective heat sink on the
rear side of the system. As is the case with any high concentration
system, a two-axis tracker is used to follow the sun across the sky.
In a similarity to operational aspects of dish Stirling systems noted
above, the system must be mounted on a sunken support structure,
and their system goes into stow position (horizontal) when local
winds reach high values. A photo of several Amonix high concen-
tration PV (HCPV) systems is shown in Figure 1.11.

Another approach to HCPV systems is the use of a dish. Some
investigation of this type of system has taken place in the past (see
Figure 1.12). In the figure, a design developed by SAIC is shown.
The nominal output of this device was also 25 kW, using fixed
facet mirrors. The unit at the focus of the beam looks very much
like the Stirling engines shown in Figure 1.8, but in this case, it
is entirely a cooling unit for the PV module that is located on the
side closest to the facets. In fact, it is made up of four radiators that
are similar to those found in trucks, and air is forced through them

i
a4

il

from a large fan located on the side opposite from the PV array.
The latter had high flux cells that were very similar to the ones used
on the Amonix units, but in this application they are mounted in a
dense array at the focal point of the beam from the dish. They were
mounted to a copper plate that had cooling water flowing over the
back. A small pump forced the water through passages in the cop-
per plate and then through the radiators to give up the heat to the
ambient air. Performance of this system is reported in a thesis by
Newmarker [14].

Two distinct differences are present between the two HCPV sys-
tems shown here. First, in the dish system the flux comes from a
large number of facets to a particular point on the PV array. This
simplifies to the concentration assembly, but it also can cause hot
spots to exist. A similar kind of behavior is sometimes demon-
strated on dish Stirling units. A second issue that differs between
the Amonix unit and the SAIC unit is the cooling approaches used.
In the first case the cooling is accomplished in a passive manner,
while the latter is performed actively using the system denoted in
Figure 1.13 [15]. There are plusses and minuses for each of the
approaches, but presumably the active system could offer better
control in varying conditions.

1.1.4.3 Low Concentration PV Systems The other end of the
range of concentration involves the use of low concentration de-
signs. As was noted earlier, this is not a precisely defined category,
but it might include concentration ratios of less than 10. For these
kinds of systems, the precision of the tracking can be reduced sig-
nificantly. Also, the heat that needs to be removed from the cells
is greatly reduced and may all be done by passive interaction with
the ambient conditions. Finally, many of these systems use one-
sun cells. In one such design by JX Crystals, a 3X concentration
ratio is used. As was stated by the developer, the bulk of the PV
cells are replaced by reflecting aluminum that is on the order of 20
times less expensive than the cells [10]. This design uses aluminum

FIG.1.11 AN ARRAY OF 25-KW AMONIX DESIGNS IN SPAIN AT THE GUASCOR FOTON INSTALLATION LICENSE PARTNER
OF AMONIX. NEWER UNITS HAVE MUCH HIGHER POWER OUTPUT BECAUSE OF THE USE OF MULTIJUNCTION CELLS

(From AMONIX)
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“valleys” with conventional cells mounted at the base of the valley.
One axis tracking is possible with a carousel type of arrangement
in this application. See Figure 1.14. This unit was installed flat on a
roof without penetrations. So the assembly can be installed without
compromising any roofing construction.

1.1.4.4 Tradeoffs between One-Sun, Low Concentration,
and High Concentration Systems

e One-sun systems, particularly fixed, flat plate assemblies, are
simple to install and maintain.

e One-sun systems take up more ground area for the same
power out than do concentrating types of systems, in general.
This is particularly true if cells like the lower cost but lower
efficiency CdTe type are used.

e One-axis tracking on flat plate systems can be adapted that
increase the power output but do not increase significantly the
initial cost and maintenance expenses.

e Tracking capabilities for high concentration systems must be
more precise than are needed in low concentration systems.

e Low concentration systems can use one-sun cells and passive
cooling designs.

e Some low concentration systems can be mounted on a flat sur-
face without penetrating the latter.

e Each cell in a high concentration system produces signifi-
cantly more power than does each in a low concentration or
one-sun system.

e Cell cooling is a key concern in high concentration systems.

e High efficiency cells that are of high cost will be more cost
effective in high concentration compared to low concentra-
tion systems.

FIG. 1.12 A DISH-PV CONCENTRATING SYSTEM IS e To minimize the costs of the tracking system per unit of power
SHOWN OPERATING ON SUN. THE CONCENTRATION IS produced, high concentration systems must be on the order of
APPROXIMATELY 250X (From UNLV) 25 to 50 kW each to minimize the cost of the tracking system
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FIG. 1.13 THE SCHEMATIC DESIGN OF THE ASSEMBLY AT THE SNOUT OF THE DISH ARRAY SHOWN IN FIGURE 12 IS
DEPICTED HERE [15]
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FIG. 1.14 THE JX CRYSTALS ONE-AXIS TRACKING 3X CONCENTRATION PV SYSTEM IS SHOWN (Courtesy UNLV)

in the overall cost of power. These types of systems must have
some careful design to minimize wind effects on the stability
of the installation and dissipate heat generated in the cell.

1.2 HYDROGEN PRODUCTION AND USE
1.2.1 Background

Hydrogen is the most commonly-occurring element in the universe.
It can be used for a variety of applications including manufacturing,
electricity generation, and motive power. In addition, it can be pro-
duced from solar and wind energy systems, and it makes an excel-
lent storage medium for these renewable resources. NASA (National
Aeronautical and Space Administration) and the oil refining business
have used hydrogen for years in achieving their goals with few hy-
drogen accidents. In spite of all of these good qualities, why has it not
been used more as a core fuel in the world? For one thing, it is not
a fuel in the sense as, say, natural gas and gasoline are fuels. Those
two examples can be found in reservoirs at various places around the
globe. Hydrogen, on the other hand, is an energy carrier. It has to be
produced, much like electricity has to be generated.

Another characteristic of hydrogen is that it is the smallest atom
in existence. The result of this is that it typically takes up a large
volume to store, and it is prone to leaking unless the containing
system is extremely well sealed. It can cause stress corrosion and
hydrogen embittlement in some common materials that might be
used in contact with it. Finally, it has a wide flammability range
compared to most common fuels.

None of these drawbacks is insurmountable. What is clear,
though, is that the infrastructure for generating, distributing, and
utilizing hydrogen on a country-wide scale is not in place. How-
ever, it remains an intriguing option for future developments.

Hydrogen has been used to some extent over a large number
of years. It is not our purpose here to cover all aspects of its his-
tory. Instead we will give some insights on how this can be gener-
ated from solar energy, and how it might be utilized in the modern
world.

1.2.2 Generation of Hydrogen

Most of the world’s supply of hydrogen is generated from a
process called steam-methane reforming (SMR). In this technique,
methane (normally as natural gas) and steam are brought together
at elevated temperatures (in the range of 700°C to 1100°C). A ma-
jor hydrogen distribution system is located on the Gulf coast area
of the US, and this is a significant part of a US hydrogen industry
that produced 10.6 million metric tons of hydrogen in 2006, most
of it generated using SMR [16]. This is enough hydrogen to furnish
20 to 30 million cars with fuel or for energy uses in 5 to 8 mil-
lion homes. SMR is currently the least expensive way to produce
hydrogen. Its drawbacks, however, from a sustainability point of
view include that it uses what is essentially a non-renewable energy
supply (natural gas) and it generates greenhouse gases (primarily
CO,).

A cleaner approach, both environmentally as well as in hy-
drogen purity, can be electrolysis where water is broken into its
molecular components using electricity. This is the second largest
source of hydrogen, but the amount generated from this is much
smaller than from SMR. This approach can be accomplished with
greenhouse gases liberation, but this depends how the electrical
input is generated. If the latter is generated from dirty fossil-fired
plants, that fact becomes part of the hydrogen’s carbon footprint.
On the other hand, electrolysis produces very pure hydrogen. So
when very high purity of hydrogen is needed, electrolysis is the
desired source.
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FIG. 1.15 THE UNLV/LAS VEGAS VALLEY WATER DISTRICT SOLAR POWERED HYDROGEN GENERATION AND FILL-
ING STATION IS SHOWN. TO THE RIGHT IN THE FIGURE IS THE ELECTROLYZER SYSTEM, TO THE LEFT ARE THE COM-
PRESSOR, STORAGE AND DISPENSING STATION, AND IN THE REAR TWO OF THE FOUR PV PANELS ARE SHOWN THAT

POWER THE SYSTEM

Because hydrogen can be made from electricity, if the electric-
ity is made from renewably generated power, then the hydrogen
becomes renewable also. This approach is a good addition to a
time-variable renewable power generation source like solar or
wind. Like “making hay while the sun shines,” it is possible to
save solar energy by the use of electrolytic hydrogen that is gen-
erated from it. Certainly one of the drawbacks to this approach,
currently, is the high cost of generating hydrogen. When the cost
of the photovoltaic, or other means of power generation from the
sun, is factored in with the cost of the electrolysis unit, this does
equate to higher cost hydrogen than that available from SMR ap-
proaches. However, PV systems are decreasing markedly in cost,
and there are new approaches called photoelectrochemical that
could bring the costs down significantly. An example of this has
been reported [17].

Several solar powered hydrogen generation stations have been
developed over the last several years in the US. One of these
types of hydrogen generation and filling stations has been built
by UNLYV, Proton Energy, Air Products, and the Southern Ne-
vada Water Authority at the Las Vegas Valley Water District
headquarters in Las Vegas. This system uses four one-axis track-
ing flat plate PV units for power. This, or grid power, can then
furnish the electricity to an electrolyzer. Water is converted there
to hydrogen and oxygen, where the hydrogen is piped to a com-
pressor and the oxygen is vented. Storage of the hydrogen takes
place at 6000 psi for refueling of hydrogen vehicles. A photo of
the filling station with two of its four PV panels showing is given
in Figure 1.15.

One of the big issues in developing a hydrogen infrastructure for
vehicle powering is how to transport the hydrogen from where it
is generated to where it is used. Various options like using tanker
trucks or pipelines have obvious drawbacks. One possibility is to
have dispersed generation filling stations that make hydrogen on
site. This could be used in locations where the solar resource is
very good, such as the Southwest portion of the US. In locations
that might have substantial wind availability, that resource could
be used. Consideration of local renewable resources to generate

hydrogen on the sites where it is dispensed could furnish hydrogen
for a significant amount of the US land area.

1.2.3 Utilization of Hydrogen

Hydrogen can be used in the various ways any fuels are used:
combustion processes, engine fuels, electricity generation in fuel
cells, and others. Here a focus on transportation applications will
be discussed. Not all transportation applications will be covered,
however. It is well known that hydrogen can be used to power
rockets as has been shown over the years. It can also be used to fuel
aircraft, although this application has not been demonstrated to any
large extent to date. In what follows, we will discuss road vehicle
applications. Generally the motive power for hydrogen road vehi-
cles will be internal compression ignition or spark ignition com-
bustion engines and fuel cells.

First consider using some type of internal combustion engine
(ICE) for motive power. In this application, the ICE is a machine
that has been around significantly over a century so a great deal
of infrastructure has been developed for both the manufacture as
well as the maintenance of these devices. If they can be used for
hydrogen applications, then one piece of the required hydrogen
utilization infrastructure would be pretty much in place. What is
required to convert a conventional (say gasoline powered) engine
into a hydrogen power engine? It is actually quite simple. For one
thing the spark timing must be changed quite significantly because
of the ease of ignition of hydrogen as well as the resulting flame
speed being so high. Also the fuel injection/air-fuel-ratio needs to
be controlled quite carefully. For all of these reasons, the engine
computer control must be appropriately calibrated. One of the
bigger concerns using hydrogen in ICE’s is to minimize the NOx
formed. This can be done with high air fuel ratio. This however,
causes minimal power with normally aspirated engines.

Of course, almost all modern engines use some type of fuel injec-
tion, and some of them (in addition to Diesel engines) use direct cyl-
inder injection. Adaptation of direct injectors to hydrogen engines
is important for a number of reasons. One of them is that the flame
speed in hydrogen is extremely fast, much faster than typical hy-
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FIG. 1.16 AN INTEGRAL IN CYLINDER FUEL INJECTOR
AND SPARK PLUG ASSEMBLY IS SHOWN. THIS ASSEM-
BLY REPLACES THE CONVENTIONAL SPARK PLUG OF A
CONVENTIONAL SPARK IGNITION ENGINE [18]

drocarbon fuels. Also, even more critically than HC fueled engines,
the combustion process may need to be controlled to minimize NOx
formation. Direct in-cylinder fuel injection can offer a significant
improvement over carburetion or port injection. However, hydro-
gen fuel injectors, whether they be for port or direct cylinder injec-
tion of hydrogen need to be designed more carefully because of
the drying nature of hydrogen fuel compared to hydrocarbon fuels.
This is because hydrocarbon fuels have lubricity, so sliding metal

ELECTRIC TO FUEL
CELL HYBRID
CONVERSION

Fuel Cell

Fuel Tanks
Batteries

Power Conversion
& Controls

surfaces work well. Hydrogen is a drying fuel, and sliding metal
surfaces are to be shunned in hydrogen systems. Work has been on-
going related to special in-cylinder fuel injection systems at several
locations. One such design that combines an in-cylinder fuel injec-
tor integral with a spark plug, and which can be used to replace the
conventional spark plug is shown in Figure 1.16 [17]. Something
like this greatly simplifies the conversion of a hydrocarbon spark
ignition engine to a hydrogen in-cylinder fuel injected engine.

Another way that hydrogen can be used in vehicles is in con-
junction with fuel cells. Good insights into the development of fuel
cells have been recently given [19]. These devices are essentially
the opposite process of electrolyzers. In the latter, water and elec-
tricity are used to make hydrogen and oxygen. In fuel cells, hydro-
gen and oxygen (the latter usually from atmospheric air) combine
to make water and electricity. Hence fuel cell vehicles are really
electric vehicles that use hydrogen fuel to generate the electric-
ity. These devices have a number of very desirable characteris-
tics, including quiet operation and higher efficiency than ICE’s.
Down sides include that they are currently expensive and their
membranes can be poisoned with impurities in the air.

The most typical type of fuel cell to use for vehicular propulsion
is of the proton exchange membrane type. These cells operate at
relatively low temperatures (about 175°F or 80°C), have high power
density, can vary their output rather quickly (but not as fast as auto-
mobile engines) to meet shifts in power demand, and are suited for
applications—such as in automobiles—where quick startup is required.
The proton exchange membrane is a semi-permeable membrane that
allows hydrogen ions to pass through it. The membrane is coated on
both sides with highly dispersed metal alloy particles (mostly plati-
num) that are active catalysts. This type of fuel cell is sensitive to
fuel impurities. Cell outputs generally range from 50 to 250 kW,
although they are also available in smaller sizes.

FIG.1.17 AN ELECTRIC UTILITY VEHICLE THAT HAS BEEN CONVERTED TO A FUEL-CELL-ELECTRIC HYBRID CONFIGU-
RATION IS SHOWN. THE SPACE ORIGINALLY USED FOR HALF OF THE ORIGINAL BATTERY PACK HAS BEEN USED FOR
A FUEL CELL UNIT AND HYDROGEN STORAGE TANKS (Courtesy of UNLV)
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FIG. 1.18 A) THE VARIOUS MAJOR COMPONENTS OF
THE POWER SYSTEM DEPICTED FOR THE VEHICLE CON-
VERSION SHOWN IN FIGURE 1.17. B) SOME EXAMPLES
OF THE POWER DRAW DURING A DRIVING CYCLE ARE
SHOWN DENOTING WHAT AMOUNT COMES FROM THE
FUEL CELL AND WHAT COMES FROM THE ENERGY
STORED IN THE BATTERIES (Courtesy of UNLV)
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Because fuel cells generate electricity, the vehicles that they
propel are electric. Most of the major automobile manufacturers
have been working on the development of fuel cell vehicles. The
first one of these vehicles to appear on the market is the Honda
Clarity. This is a model that succeeds the Honda FCX vehicles that
were evaluated on an experimental basis for several years.

Depending upon the function of the vehicle, it could be a
straightforward task to convert an all-electric vehicle to a fuel cell
hybrid design that uses hydrogen fuel. One such example is shown
in Figure 1.17. This Taylor—Dunn electric utility vehicle was con-
verted to be a hybrid hydrogen fuel cell electric vehicle. In doing
this, approximately 50% of the original batteries were removed,
and the space they had taken was used to install a 5.5-kW fuel cell
and two high-pressure hydrogen storage tanks. Necessary power
control aspects were added to allow the system to operate off of a
base power from the fuel cell and to tap the storage battery reserve
power if needed for high load periods. When the fuel cell is actu-
ally producing more power than the vehicle needs for its motion,
the extra energy generated can be used to recharge the batteries.
A block diagram of the system used for this conversion is shown
in Figure 1.18a. In the companion curve (Figure 1.18b), the green
denotes the amount of power directly from the fuel cell, while the
red indicates the power that is from energy stored in the battery.

Whatever is used as the prime mover, one significant issue that
needs to be addressed is how the hydrogen is stored on board. As
noted earlier, because hydrogen has the lowest molecular weight
of all molecules, considerable space is needed to store it. It is not
unusual for gaseous hydrogen storage tanks to be designed to hold
5000 to 6000 psi, and in spite of this, the tanks have to be large
for reasonable vehicle range. Other means of storage have also
been applied. BMW, for example, uses liquefied hydrogen storage,
which is more efficient space-wise than gaseous hydrogen stor-
age. However, the liquid has to be stored at very low temperatures.
Some boil-off of hydrogen due to heat transfer through the insu-
lated tank walls will occur. This might cause substantial loss of hy-
drogen if the vehicle is not used for a long period of time. Another
way to store hydrogen is with metal hydride beds. These are like a
metal sponge to hydrogen, soaking up gas when the bed is cooled,
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FIG. 1.19 AN APPROXIMATE COMPARISON OF THE THREE WAYS OF STORING HYDROGEN IN TERMS OF THE ENERGY
STORED PER UNIT OF WEIGHT AND PER UNIT OF VOLUME. THESE ARE CONTRASTED TO GASOLINE STORAGE. NOTE
THAT LIQUEFIED HYDROGEN, ALTHOUGH REQUIRING VERY LOW TEMPERATURES FOR STORAGE, ACHIEVES CHARAC-
TERISTICS ON THIS MAP THAT ARE NOT TOO DIFFERENT THAN GASOLINE
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and releasing the hydrogen when the bed is heated. The downside
is that the beds are heavy, and this approach has typically been
used only in large vehicles like buses and trucks. The upside is that
hydrogen is stored in these beds at relatively low pressure (say 100
to 200 psi). An approximate map of the storage characteristics of
hydrogen is shown compared to gasoline in Figure 1.19.

A key element in designing with hydrogen in any application
is to allow venting to the atmosphere in case of some type of mal-
function. Since the gas is so light, it will rapidly go straight up in
the atmosphere in the area of the hydrogen leak as long as it has a
clear passage upward.

1.3 BUILDING APPLICATIONS OF SOLAR
ENERGY

1.3.1 General Philosophy

Knowledge of interaction of solar energy with buildings is very
important for the planning for a low energy future. Sometimes
these interactions need to be minimized as much as possible, and
at other times they need to be accepted to the full extent; but at all
times, the building needs to be designed for smart solar interac-
tions. These may include the use of the photons in their basic form
(lighting and PV), and at other times the photon conversion to ther-
mal energy is desired (space and water heating).

Of course the environmental conditions will have an impact on
how all this is done. Hot, dry climates will have to be handled
differently than temperate climates. It could be that different parts
of the building may be designed to achieve different kinds of out-
comes. Also, the orientation of the building compared to the sun
path in the different seasons of the year should be carefully incor-
porated in the design.

By far, the most important aspect to general building design is
cost-effective energy conservation. Forms that this may take vary,
but they almost always involve carefully chosen insulation and
high performance windows. In addition, high electrical use devices
in the house (particularly air conditioners in warm or hot climates)
need to be chosen for high efficiency.

A critical tool in good design is the use of building energy simu-
lation (BES). Like many types of simulation software packages,
BES codes tend to range between codes that are extremely compre-
hensive and often hard to master and easier codes that may not be
as detailed in their ability to analyze. BES codes that allow “what
if” kinds of analyses to examine the changes to performance with
change in design are particularly good to use. One such example
that is quite easy to apply is Energy10 [20]. There may be some
aspects of the design that are not easily accounted for in this code,
but the major elements can be. It also allows changes to the build-
ing design within a given sized and oriented structure. Codes can
be used with detailed measurements to estimate the cost-effective-
ness of conservation components on actual buildings [21].

However, it is also critical that component costs of various op-
tions be considered in the analysis, and these are sometimes more
difficult to gather without direct access to the local construction in-
dustry data. One simple way to handle this (if cost information is
available) is to consider a base case design, assess its performance
and cost (both capital cost as well as operating costs), and then con-
sider “what if” options. Looking at simple payback may be sufficient
to see what the long-term cost implications of the design may be.

After the basic structure has been optimized for performance
and cost, then various solar applications can be considered for their
impact on the overall building. One of the significant problems

in all of this is incorporating good estimates of cost increases of
conventional energy. If the latter remain stable (or nearly so) com-
pared to current costs, a different set of conclusions may be drawn
than if the conventional energy greatly increases in cost over time.
One way to handle this is to consider two cost estimation scenarios.
One can be considering no increase in cost. The other can be for
cost escalation at the average historical cost rate of increase. Each
state’s public utility commission, or even the local utility, should
be able to furnish the latter information.

Human comfort and possible indoor environmental pollution
needs to be considered in energy efficient design. Many of these
factors have been discussed [22].

In the next section a concept that is attracting a great deal of in-
terest, particularly in the US and Europe, is discussed: Zero Energy
Buildings. Generally these buildings have a great deal of energy
saving design incorporated in their construction, and they also in-
clude some means of alternative energy for generation to make up
for the energy used in the house. Following this, we discuss the two
most-common types of solar add-ons for buildings. These are solar
domestic water heating, and photovoltaics. In both of those ap-
plications, a south-facing, unshaded orientation is preferred. Some
inclinations that are nearly southerly might offer less solar energy
harvest than direct south, but the deficit may be small. Inclinations
to be used vary somewhat because of ease of application or desire
to achieve some particular goal. For good all year performance,
an optimal angle of orientation is to face south with a tilt angle
equal to the local latitude. If more winter input is desired, it can be
achieved by using a higher angle, but this will be at the expense of
summer input. Oftentimes solar units on homes will be mounted at
whatever the roof inclination is. Of course, for flat roof installation,
any orientation can be achieved with a mounting system.

Cleaning is another issue. Rain, if it occurs periodically like it
does in many parts of the nation, will generally do a good job in
cleaning solar collection units. Many solar collection systems have
not been cleaned during their entire lifetime. If the atmosphere is
particularly dirty, and rain is particularly sparse, it may be that a
periodic cleaning may improve system performance.

1.3.2 Net Zero Energy Buildings

This is a concept that has, on one hand, been around for a long
time, but, on the other hand, is only now starting to catch on in the
US. In buildings of this sort, very good energy-conserving design
is coupled with some means of generating energy from a renew-
able energy source. If the customer matches the net energy use
from the grid by an excess generation over the year, this is often
called a net site zero energy building. In some quarters this is re-
ferred to as a zero site energy building. Another distinction some-
times made is to denote a building as being net zero source energy.
This is related to the site definition, but also accounts for losses
in generating the energy and bringing it to the consumer. A simi-
lar definition can work for net zero energy costs. In some service
areas, utilities pay local generators for the renewable energy they
send to the grid. If the payment to the utility matches the payment
from the utility, this is denoted as net zero energy costs. A similar
definition can be based upon emissions.

On net zero energy buildings in a good solar climate, both a so-
lar domestic water heater and a photovoltaic array will be applied.
Each of these topics is addressed separately in sections that follow.
Of course the electricity demand for a building will typically be
greater than the energy demand for heating of water. As a result,
the size of the two collection systems is relatively much larger for
the PV and smaller for the solar domestic water heating (SDWH)



FIG. 1.20 TWO EXAMPLES OF ZERO ENERGY HOMES
ARE SHOWN WHERE THE SIZE OF THE PV ARRAY IS MUCH
LARGER IN PHYSICAL SIZE COMPARED TO THE SDWH
SYSTEM (Credits: above, NREL #14164; below, UNLV)

system. See Figure 1.20 where some examples of the size of the PV
system can be compared to that of the SDWH system. It should be
noted that the first of these buildings uses a SDW heating system
that has freeze protection, while the second uses an integrated col-
lector storage (ICS) system. Both of these are described in the next
section.

1.3.3 Solar Domestic Water Heating

A great deal of the world has solar applied domestic water heat-
ing more than we have in the US. Europe, Asia, and the Middle
East are among those areas where this is the case.

In considering solar domestic water heating, several aspects
should be considered. Of course, a south or near-south exposure
for the solar collection unit is desired. Careful attention to the cli-
matic conditions is also required. Climates that have freezing con-
ditions at some points in the year will require freeze protection that
may not be required in more balmy regions. Some types of systems
may require a quite-heavy installation on or under the roof, and
the basic building design may not allow this without significant
strengthening of the structure. Water quality can have an important
effect on some types of systems. Also important for cost-effective
installations is the cost of the competing conventional energy used
for water heating. A rule of thumb that is almost always true is
that conventional DWH (domestic water heating) systems that use
electricity for heat input are usually good candidates for SDWH
replacement.

Typical elements of a SDWH system include some type of solar
collection element, some means of storing the water being heated,

ENERGY AND POWER GENERATION HANDBOOK e« 1-17

and a way of connecting these two together. Finally, it is, of course,
necessary to merge this between the domestic water source and
the hot water system of the building. It is quite common to install
the SDWH system between the water input to the building and the
conventional water heating system. This allows the latter to serve
as “back-up.” If significant periods of inclement weather occur
minimizing the SDWH output, the conventional system can fur-
nish the necessary heating service.

Two types of SDWH systems will be described here, but it should
be remembered that many more options than those described are
available on the market. One of the two types of systems consid-
ered is the integrated collector-storage (ICS) configuration. The
other is a freeze-protected type that either allows the collector to
drain when heating is not taking place or uses an anti-freeze loop.
An ICS system and a collector for a freeze-protected system are
shown in Figure 1.21.

First consider the ICS system. It includes a combination collec-
tion/storage unit typically located on the roof of the building. The
collection/storage unit is often constructed of several very large

FIG.1.21 TWO OF THE MANY TYPES OF SDWH SYSTEMS
ARE REPRESENTED HERE: A) THE INTEGRATED COL-
LECTOR-STORAGE SYSTEM AS IT IS CALLED TODAY IS
SHOWN IN THIS SKETCH THAT ACCOMPANIED A 1893 US
PATENT, AND B) A CUTAWAY VIEW OF A COLLECTOR
TYPE THAT MIGHT BE USED WITH A DRAIN-DOWN OR AN
ANTIFREEZE PROTECTED SYSTEM
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diameter copper tubes, perhaps 4 to 6 in. in diameter, that are con-
nected with small tubing in a serpentine pattern. The hot water
supply source for the building is connected directly to the inlet of
this unit, and the outlet of the unit is connected to the conventional
DWH system of the building. When hot water is used, the DWH
system supplies the water, the ICS system supplies the DWH, and
the water supply source feeds the ICS unit. Through a day, water
use will allow the supply water to flow slowly (because the ICS
unit has a very large volume relative to the demand use) through
the ICS unit, ultimately heating it to whatever the climatic condi-
tions allow. This results in a system that has very little impact on
floor space in the building. It operates in a totally passive manner.
That is: no pump or special piping is required other than to con-
nect the unit to the water source and the conventional heater. No
second fluid, like anti-freeze solution, is required. Two downsides
include the fact that the unit is heavy, and the location where it
is located, if on the building, may need structural reinforcement.
Another concern is that there is no positive freeze protection other
than the thermal inertia of the large unit filled with water. If severe
freezing conditions occur in the local area, freeze damage would
be an issue. Finally another drawback is that the storage of the hot
water occurs out in the weather and the night. This influences the
overall efficiency of the system because of heat losses from the
water at those times.

Many approaches have been put forth to make a system less
susceptible to freezing. One of these uses an anti-freeze loop
and is thus preferred over the ICS system where severe freezing
conditions can occur. The system may use two tanks (if so, the
first is called the preheat tank, and the second is called the back
up tank, the latter typically being the conventional water heater),
or one tank which serves both purposes. If only one tank is used,
a heat exchanger is incorporated, and care should be used to try to
achieve stratification in that tank. This is not always easy to accom-
plish. A distinct loop with a pump, thermostatic control system, ex-
pansion tank, and back flow preventer is filled with an anti-freeze
solution, typically a mixture of water and propylene glycol. When
the anti-freeze solution in the collector is warmer than the tank, the
pump is turned on. The anti-freeze solution moves from the collec-
tor to the heat exchanger with the result of heating the top of the
storage tank. The cooled anti-freeze solution circulates back to the
collector. The heat exchanger that is used can be one in the tank
(perhaps a bayonet unit), or a separate loop that brings water from
the tank to an external heat exchanger where it exchanges heat
with the anti-freeze solution. Obviously, this type of approach is
more complicated than the ICS approach, but it does offer positive
freeze protection. This can be an extremely important characteris-
tic. Every few years, the anti-freeze solution needs to be drained,
and the system recharged with a new solution.

1.34 Photovoltaic Applications on Buildings

Most photovoltaic systems on buildings are hooked in parallel
with the local electrical grid. This will mean the system must in-
terface to the local utility, and usually the latter will have fairly
strict rules about how this takes place. This, in a sense, allows the
local grid to serve as “storage” for the local PV system, furnishing
power when generation is not sufficient for the building require-
ments. Of course, if it is not desirable or if it is impossible to hook
to a grid because there is not one locally, then typically, storage
batteries will be needed. This off-grid type of system will not be
explored here, but there are certainly many of them throughout
the US. The placement of PV systems on buildings is normally re-
ferred to as “distributed generation,” and this is in distinction from

“utility scale generation” addressed earlier in this review. Both dis-
tributed generation issues as well as electrical storage issues have
been reviewed [23].

Usually, PV panels are placed on the roof of the building and
oriented to the south or nearly south (depending upon the roof ori-
entation). Since PV modules generate DC power, this needs to be
converted to AC by use of an inverter. Various meters and discon-
nect switches are usually required by the local utility for final hook
up to the grid. Some locations have what is called “net metering.”
This means that the power meter for grid power can turn forwards
(when the building is taking power from the grid) or backwards
(when the PV system on the building is making more power than
is being used locally). These systems allow the owner to sell PV
generated power at the same cost as power is purchased. Other lo-
cations have a difference between the price that power is purchased
from the utility compared to the price at which it purchases power.
In these cases, the latter is less. Some locations may not have a
selling price to the utility.

In recent years, more interest in building-integrated photovolta-
ics (BIPV) has developed. BIPV means that the PV array becomes
much more a part of the building design, rather than simply panels
that are mounted quite obviously on the roof. This can mean, for
example, that the PV units could be of the same size and shape as
the roofing tiles. An example of this is shown in the lower photo-
graph in Figure 1.20 of the zero energy house. In fact this set of
pictures shows the distinction between panels (upper picture) and
BIPV (lower picture). BIPV could also mean that photovoltaic ele-

FIG. 1.22 BUILDING INTEGRATED PHOTOVOLTAICS
(BIPV) ARE INCORPORATED IN A NUMBER OF THE FA-
CADES OF THIS BUILDING [24]
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FIG.1.23 A POSSIBLE SOLAR DRIVEN DESICCANT DEHUMIDIFICATION/COOLING SYSTEM

ments might be used for building siding, skylights, or windows. In
some of these applications, the mounted elements may have to be
at least partially light transmitting. The upside of these arrange-
ments is that power can be generated by almost any element of the
building. However, the downside includes that the sun may not
have access to these types of elements for all times of the day; and
when it does, the angles might be quite obtuse. Of course, when
the element is light transmitting, this means that the power harvest
per unit of active area may be quite low compared to conventional
arrays located in optimal harvesting orientations. An example of an
application is shown in Figure 1.22.

Potential shading is of particular concern in PV applications on
buildings. Depending upon the design of the system, it could be the
case that partial shading will completely shut down the production
in the panel. While there are design features that can minimize this
potential problem, shading is undesirable.

The current situation is that some lower cost PV panels (usually
based upon cost per peak W generated) have lower efficiency than
higher cost panels. Depending upon the limitations of the mount-
ing location (say a smaller roof), higher-performance panels may
be desirable.

1.3.5 Other Solar Applications in Buildings

Several other solar applications in buildings are in various stages
of development. Only a few will be noted here.

Solar lighting is a concept where actual sunlight is brought into
the building to provide a natural source. Of course, windows are an
example of this; and when the window has a good view from it, this
may be irreplaceable. However, windows can be the source of large
heat gains or losses. In situations where this is not desirable, some
enhancements to the windows may be required. Included is a variety
of shading devices (usually preferred on the outside of the window),
some type of insulation (like drapes or louver blinds), window tint-
ing, and many other products on the market, as well as design as-
pects like overhangs and light shelves. If only good quality natural
lighting is desired, this might be accomplished with products like
light conducting ducts through the roof [25] or solar hybrid lighting
[26]. These devices are designed to minimize the thermal impact of
bringing sunlight into buildings. A review of the operational aspects
of many of these kinds of systems has been given [27].

Solar building space cooling is another technology that is mov-
ing more toward the market. One of these applications is that of a
solar absorption cooling unit that is driven by heat from the sun.

Oftentimes these approaches require higher temperatures than are
typical from solar water heating systems. Currently the prices of
these systems are quite high compared to conventional air condi-
tioning units.

Another approach to cooling is to use a system with desiccants.
These materials will soak up water from moisture-laden air when
the latter is circulated through the material. Both cooling and re-
moval of water can occur without the use of a vapor compression
or absorption cooling system. Desiccant cooling work has been re-
viewed by Daou et al. [28]. A possible cooling system using this
kind of an approach is shown in Figure 1.23.

14 CLOSING COMMENTS

A summary has been given of some of the ways that solar energy
may be used in power generation, transportation, and building ap-
plications. While solar energy may be more useful in some areas
of the country than others, some applications can be adapted in
virtually all areas.

The technology has, by and large, been expensive because a size-
able market has not developed in the past, which, in turn, kept the
prices up. Now, between a great deal of encouragement in terms of
incentives on the Federal level as well as state and local levels, and
some technical breakthroughs, the markets are developing and prices
are distinctly decreasing. Better means of storing energy are also
coming along, so this periodic resource will be able to deliver useful
and economical energy 24 hours a day in the not-too-distant future.

Developments like this can assist the US in becoming much
more energy self sufficient in a sustainable way. These are goals
that all should desire.
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CHAPTER

2

SOLAR ENERGY APPLICATIONS AND

2.1 INTRODUCTION

Strictly speaking, all the practical energy sources for applica-
tions to human activities on the Planet Earth are from the sun. Even
fossil fuels resulted from millions and millions years of layered
deposition of once living plants (and animals eating plants), which
obtained their energy intakes and conversion directly and indi-
rectly from solar rays and reached their maturity before they were
buried. From ancient times to today, humans have used various
ways to harness direct solar radiation, from using it as a heating
source to today’s electricity generation systems. Solar energy is
also responsible for such renewable energy sources as wind and
wave power, hydroelectricity and biomass. Today, the total energy
consumption in the United States still predominantly comes from
fossil fuels, although recent interests in investing in wind and solar
electricity have been accelerating.

In this chapter, only energy system applications resulting from
the direct solar radiation will be discussed and are limited to com-
mercial applications. The applications of solar energy systems can
be categorized as follows:

e Utility-scale solar power systems that generate electricity
and feed to the electricity grid. There are photovoltaic (PV)
systems and solar thermal power systems; the latter can also
produce heat for hot water or air, which are often referred as
the combined solar power and heat systems.

e Building-scale solar power systems, also known as distrib-
uted power systems, which generate electricity locally for the
building, may be connected to the grid or may be stand-alone
systems that require batteries or other electricity storage units.
They are primarily PV systems.

e Solar heating systems for buildings, which are either used as
hot water systems, or hot air heating systems.

e Solar high-temperature process heat systems for industrial
applications, which involve concentrated solar collectors and
high-temperature furnaces for producing high-temperature
heat for chemical processing of materials.

e Other special solar heating systems for desalination plants and
hydrogen production.

There are additional solar energy applications in either the appli-
ance category, or even much smaller scales such as solar cooking,
solar lighting products, and instrument-level solar power sources
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(watches, backpacks, etc.) The discussion of those applications is
beyond the scope of this Chapter. Outer space applications of so-
lar energy technology are also excluded. Investigations primarily
undertaken in the United States are presented, although some ex-
amples from global applications are also discussed to address the
potentials and needs for wider applications of solar energy in the
United States.

2.2 LARGE-SCALE SOLAR ENERGY
PLANTS FOR POWER GENERATION

One of the fastest-growing applications is in utility scale solar
power generation systems. Under increasing pressure to reduce
domestic dependence on foreign sources of energy, it has been rec-
ognized [1] that solar energy represents a huge domestic energy
resource for the United States, particularly in the Southwest where
the deserts have some of the best solar resource levels in the world.
For example, an area approximately 12% the size of Nevada (15%
of federal lands in Nevada) has the potential to supply all of the
electric needs of the United States. In addition, solar power often
complements other renewable power sources such as hydroelectric
and wind power. Solar resources are typically higher during poor
hydroelectric periods, and solar output peaks during the summer,
whereas wind power typically peaks in the winter. Solar can com-
plement fossil power sources as well. Eskom, a coal-dominated
power utility in South Africa with one of the lowest power costs in
the world, has identified large-scale solar power technologies as a
good intermediate load power source for its grid. Although some
renewable power technologies provide an intermittent energy sup-
ply, large-scale thermal electric solar technologies can provide
dispatchable power through the integration of thermal energy stor-
age. Thermal energy storage allows solar thermal energy collected
during the day to be used to generate solar electricity to meet the
utility’s peak loads, whether during the summer afternoons or the
winter evenings. Although solar energy is abundant and free, it is
a diffuse energy source, so the cost to harness (or harvest) it with
solar collectors can be significant. As a result, electricity generated
from solar energy is currently more expensive than power from
conventional fossil-power plants. However, the Western Gover-
nors’ Association has determined that even at moderate levels of
deployment, large-scale solar power can potentially compete di-
rectly with conventional fossil generation [1].
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There are two major types of systems. One is solar thermal power
generation systems, which can be further categorized by solar col-
lector geometric characteristics as trough and tower systems. The
other type is large-scale PV (LSPV) systems. In this section, we
first describe the main technical features of the systems, followed
by discussion to compare those two systems in terms of their per-
formance, cost structure and barriers to wide applications.

2.2.1 Solar Thermal Power Generation Systems
Solar thermal power generation technology generally refers to
a power generation system that involves collecting solar radiation
through concentrated collectors to an absorber surface, which will
heat a carrier fluid to a high temperature. Through a piping and
boiling system, the hot fluid will be able to generate steam to power
a turbine by means of a standard Rankine cycle. A generator con-
nected to the turbine will then generate electricity. In general, such
a system can be seen as similar to a coal-burning power plant except
that the equipment component for steam generation with coal com-
bustion is replaced by a solar heating system. Currently, two types
of major solar thermal power systems have been in commercial-
scale operation. One is parabolic trough (or trough in short) tech-
nology, and the other is the tower configuration (Fig. 2.1). Parabolic
dish with Stirling engine is another technology that has not been
developed enough yet to be available for large-scale operation.

2.2.1.1 Parabolic Trough Solar Power Technology Although
many solar technologies have been demonstrated, parabolic trough
solar thermal electric power plant technology represents one of the
major renewable energy success stories of the last two decades.
The main reason is that it has been recognized as one of the lowest-
cost solar-electric power options available today and has signifi-
cant potential for further cost reduction. Nine parabolic trough
plants, totaling over 350 megawatts (MW) of electric generation,
have been in daily operation in the California Mojave Desert for
up to 18 years [2]. These plants provide enough solar electricity
to meet the residential needs of a city with 350,000 people. They
have demonstrated excellent availabilities (near 100% avail-
ability during solar hours) and have reliably delivered power to
help California meet its peak electric loads, especially during the
California energy crisis of 2000 to 2001. Several new parabolic
trough plants have been built or are currently under develop-
ment. Growing interest in green power and CO,-reducing power
technologies have helped to increase interest in this technology
around the world. New parabolic trough plants are currently

Absorber Tube
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FIG.2.2 PARABOLIC TROUGH SCHEMATIC [1]

under construction or in the early stages of operation in support
of solar portfolio standards in Nevada and Arizona and a solar
tariff premium in Spain.

Parabolic trough power plants use concentrated sunlight, in
place of fossil fuels, to provide the thermal energy required to
drive a conventional power plant. As shown in Figs. 2.1a and 2.2,
these plants use a large field of parabolic trough collectors, made
of non-optical mirrors for low cost, which track the sun during
the day and concentrate the solar radiation onto a receiver tube
located at the focus of the parabolic shaped mirrors. A heat transfer
fluid (HTF) passes through the receiver and is heated to tempera-
tures required to generate steam and drive a conventional Rankine
cycle steam power plant. The largest collection of parabolic sys-
tems in the world is the Solar Energy Generating Systems (SEGSs)
I through IX plants in the Mojave Desert in southern California
[2]. The SEGS plants were built in the 1985 to 1991 time frame.
Figure 2.3 shows one of five 30-MW SEGS plants in the Kramer
Junction site, California. The largest of the SEGS plants, SEGS IX,
located at Harper Lake, is rated 80 MW. All of the SEGS plants are
“hybrids,” using fossil fuel to supplement the solar output during
periods of low solar radiation. Each plant is allowed to generate

FIG. 21 TWO TYPES OF SOLAR THERMAL SYSTEMS FOR POWER GENERATION: (A) PARABOLIC TROUGH AND

(B) POWER TOWER [1]
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FIG. 2.3 SOLAR TROUGH FARM IN KRAMER JUNCTION,
CALIFORNIA [1]

25% of its energy annually using fossil fuel. With the use of the
fossil hybrid capability, the SEGS plants, in Southern California
Edison on peak hours, have exceeded 100% capacity factor for
more than a decade, with greater than 85% from solar operation.

2.2.1.2 Power Tower Systems consist of a field of thousands
of sun-tracking mirrors which direct insolation to a receiver atop a
tall tower (Figure 2.1b). A molten salt heat-transfer fluid is heated
in the receiver and is piped to a ground based steam generator.
The steam drives a steam turbine-generator to produce electricity.
Because trough and power tower systems collect heat to drive cen-
tral turbine generators, they are best suited for large-scale plants:
50 MW or larger [2]. Trough and tower plants, with their large
central turbine generators and balance of plant equipment, can take
advantage of economies of scale for cost reduction, as cost per
kilowatt goes down with increased size. Additionally, these plants
can make use of thermal storage or hybrid fossil systems to achieve
greater operating flexibility and dispatchability. This provides the
ability to produce electricity when needed by the utility system,
rather than only when sufficient solar insolation is available to pro-
duce electricity, for example, during short cloudy periods or after
sunset. This capability has significantly more value to the utility
and potentially allows the owner of the solar power plant to receive
additional credit, or payment, for the electric generating capacity
of the plant.

In the summer of 2009, the first and only commercial power
tower plant in North America, Sierra SunTower plant, started to
operate and interconnected to the grid. It is a 5 MW, commercial
facility located in Lancaster, California. There are several more
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power tower systems around the world that have been built or were
under construction during 2009-2010 with general confidence that
uncertainty in the cost, performance, and technical risk of this tech-
nology is decreasing. A 2004 predictive analysis [3] shows that,
assuming the technology improvements are limited to current
demonstrated or tested systems and a deployment of 2.6 GWe
of installed capacity by the year 2020, tower costs could drop to
approximately 5.5¢/kWh (see Fig. 2.4), or better than trough sys-
tems. However, the data to confirm this prediction has yet to come.
Owing to the limited studies for power tower systems, our discus-
sion therefore mainly focuses on parabolic trough systems of the
following.

There are several technical challenges for the solar thermal power
systems that have been recently investigated. The overall goal is to
reduce the plant cost:

e air or water cooling for Rankine cycles

e optical durability and high-temperature selective coating
e optimal piping design

e performance evaluation technique

Air Versus Water Condenser Cooling. Kelly [4] conducted a
comparison study between the air cooled Rankine system and wa-
ter cooled one. He selected an 80-MWe trough system located in
Barstow, California, for both cases but with different modes of heat
rejection. The first case has a dry-air cooled condenser, whereas
the second case uses a wet cooling tower. The system is modeled
using GateCycle software, developed by GE Energy [5].

Figure 2.5 is a GateCycle [5] flow diagram and shows the system
schematic of an 80-MWe Rankine cycle in which the heat gener-
ated from the condensers is removed by the dry air flow. The main
consideration for this application is to utilize dry air in the areas
where supply water is limited, such as in the desert. The Rankine
cycle design closely followed that developed by Fichtner for the
55-MWe AndaSol project in Spain. The cycle is a conventional,
single reheat design with five closed and one open extraction
feedwater heaters. The live steam pressure and temperature are
1,450 Ibf/in> and 703°F, respectively, and the reheat steam tem-
perature is 703°F. The independent parameters studied include
dry-bulb ambient temperatures, preferred initial temperature dif-
ference, which is defined as the temperature difference between
the dry-bulb temperature and steam condensation temperature, and
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FIG. 24 ENERGY COST ANALYSIS FOR TROUGH AND
TOWER TECHNOLOGY CONDUCTED (S&L: SARGENT &
LUNDY LLC; SUNLAB: DOE NATIONAL LABS) [3]
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FIG.2.5 FLOW DIAGRAM FOR AN 80 MWE RANKINE CYCLE WITH DRY HEAT REJECTION [4]

energy value in terms of dollar per mega watt hours electrical. The this case, in addition to the parameters discussed above for the dry
output parameters to be investigated are the power output, overall air heat rejection case, the sensitivity of relativity humidity is also
efficiency, and capital cost and net cost benefit. studied.

The second model uses the water cooling tower as a means for It was found that for the dry heat rejection case with the range
discharging the condenser heat. Figure 2.6 shows that cycle. In of initial temperature difference studied (24°F to 49°F), the gross
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FIG.2.6 FLOW DIAGRAM FOR AN 80 MWE RANKINE CYCLE WITH WET HEAT REJECTION [4]



energy output always increases as the initial temperature differ-
ence decreases, no matter what the ambient temperature is. In the
meantime, the fan energy consumed in the air cooler also increases
monotonically with the ambient temperature. As aresult, the highest
net output (gross minus fan energy) occurs with an initial tempera-
ture difference of 29°F because the incremental increase in the fan
power demand at 24°F compared with 29°F is higher than the in-
cremental increase in gross output. For a typical bin distribution
of the dry-bulb temperature in Barstow, California, the ambient
temperature that yields both the longest available annual hours and
highest net energy is 83°F, although lower ambient temperature
and lower initial temperature difference give the highest power
output, from the thermodynamic point of view. The effect of am-
bient temperature on the capital cost, on the other hand, shows
a different trend. Because the air-cooled condenser heat transfer
area increases inversely with the initial temperature difference, the
highest cost for condenser cost corresponds to the lowest initial
temperature difference. For a reference initial temperature differ-
ence point set at the highest value studied, i.e., the lowest energy
output point, D, an allowable incremental capital cost in dollars, is
defined as follows:

(Net incremental output, MWHe)(Energy value,
D[$] — MWHe

Fixed Charge rate

)

2.1

This leads to the conclusion that the difference between the
above-defined allowable cost and actual incremental capital cost
yields an optimal cost benefit at an initial temperature difference
in the range of 35°F to 40°F. It is also found that this value is rela-
tively insensitive to the selling price of electricity.

For wet heat rejection, the modeling results show that the gross
power output of the turbine is nearly invariant with the ambient
temperature (within less than 0.56%). However, the consumption
of water in the cooling tower to make up the evaporation loss is
a strong function of ambient temperature, increasing more than
twice when the ambient temperature increases from 40°F to 120°F.
The effect of relative humidity on the power plant output is not
significant for desert areas studied and may not be neglected for
high-humidity regions.

Overall, the 80-MW system with wet heat rejection will yield
a net energy generation that is 4% to 6% higher than that with
the dry air cooling tower. The resulting annual solar-to-electricity
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efficiency will be 13.4% for the wet heat rejection case compared
with 12.8% to 12.9% for dry heat rejection. However, the wet heat
rejection requires raw water usage that is 13 times higher than that
of the dry heat rejection scenario.

Optical Durability. One of the challenges in expanding the ap-
plications of concentrating solar power (CSP) technologies for
trough configuration is to reduce the cost of reflector materials
while maintaining their high specular reflectance for long life-
times, even under severe outdoor environments. A target of cost
reduction of up to 50% with a lifetime of 10 to 30 years to the solar
concentrator has been determined by the US DOE’s Solar Program
[6]. These goals may be achieved with lightweight front-surface
reflectors that include anti-soiling coatings. Kennedy et al [6] con-
ducted a study to identify new, cost-effective advanced reflector
materials that are durable with weathering. The CSP official pro-
gram goals were set as follows:

® 90% into a 4-mrad half-cone angle
e greater than 10 years under outdoor service conditions
e large-volume manufacturing cost of less than $1/ft> ($10.8/m?)

The following more aggressive goals have been pursued in the
research community:

® 95% reflectivity

e 15-to 30-year lifetime

e cost goal of $2.50/ft> ($27/m?) for structural mirrors (e.g.,
self-supporting mirrors)

e reflectors themselves (not self-supporting) at $1.44/ft>
($15.46/m?)

In their study, several mirror materials were tested using various
UV-VIS-NIR spectrophotometers with wavelengths from 250 to
2500 nm, infrared (IR) spectrophotometer (2.5 to 50 um) and spec-
ular reflectometer (7-, 15-, and 25-mrad cone angle at 660 nm).
Accelerated exposure testing was done by employing Weather
Ometers, solar simulators, UV lamps, heating chamber, and gas
oven at high-temperature exposures. The study focuses on three
materials that are close to the target criteria:

(1) thick glass (see Fig. 2.7a): Flabeg 4- to 5-mm silvered,
slumped glass mirrors with proprietary multi-layer paint sys-
tem commercially deployed at nine California SEGS plants,
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FIG. 2.7 CONFIGURATION OF THREE SOLAR REFLECTORS:
POLYMERS [6]

(A) THICK GLASS, (B) THIN GLASS, AND (C) SILVERED



2-6 ¢ Chapter2

or Pilkington (UK) (4-mm) and “Spanish” (Cristaleria
Espanola S.A — Saint-Gobain Spanish branch) glass mir-
rors (3 mm) with copper-free and lead-free paint for pos-
sible use at Solar Tres

(2) thin (1 mm) lightweight glass (Fig. 2.7b) made by wet-
silvered, copper-free processes, painted with commercially
lead-free paints

(3) silvered polymer with laminated UV screening film to pro-
vide outdoor durability commercially available from Re-
flecTech

It was found that all the above three commercially available
types of materials (glass, ReflecTech, and Alanod mirrors) may
meet the 10-year lifetime goals based on accelerated exposure test-
ing. However, a real outdoor lifetime may not be reliably predicted
solely based on accelerated exposure testing. Currently, the com-
mercially available solar reflectors have been in outdoor real-time
exposure testing for less than 6 years, and their actual durability
needs to be further determined.

Kennedy and Price [7] further modeled a high-temperature se-
lective coating for improving the material properties and achieving
high efficiency of parabolic trough collectors while reducing the
cost of solar electricity. This may be achieved by increasing the
operating temperature above the current operating limits of 400°C.
Current coatings such as Mo-Al,O; cermet solar coating (cermets
are highly absorbing metal-dielectric composites consisting of fine
metal particles in a dielectric or ceramic matrix), or multi-layer
Al,O5-based cermet, do not have the stability and performance
necessary to move to higher operating temperatures. Therefore,
it was proposed to develop high-temperature solar-selective coat-
ings using multiple cermet layers by physical vapor deposition. A
model using Essential Macleod™ [8] was developed to design the
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proposed multi-layer coating and successfully predicted, optically,
a coating with o =0.959 and € = 0.061 u at 400°C composed of
materials stable at high temperature. Further modeling to the entire
heat-collection element (HCE: air/glass/anti-reflective (AR) coat-
ing, vacuum, AR coating/solar-selective coating/stainless steel)
structure will advance the design in this aspect.

Optimal Piping Design. A main part of solar power plant is the
solar steam system [9]. The main elements include the solar col-
lectors, control system, HTF piping system, HTF pump system,
and solar heat exchangers. The piping system consists of header
piping, valves, and fittings, and its cost can constitute up to 10%
of the total solar system cost. The piping system design also af-
fects performance. For example, the pumping power required to
circulate the HTF through the system is a significant contributor
to the plant parasitic power requirement. Furthermore, the piping
heat loss reduces the useful heat delivered by the solar field to the
power plant. Therefore, it is very important to obtain a reasonably
accurate estimate through an optimal design and analysis of the
piping system. Two useful design tools are an internal solar field
piping model, SolPipe, developed by Flabeg Solar International
(Cologne, Germany), and a model by NREL. Figure 2.8 shows an
example of such design [9].

The key design variables that will lead to the final design through
optimization are piping diameter, number of loops, field configu-
ration, cold fluid and hot fluid temperatures, and collector field
power ratings. Header diameters will be determined through the
optimization model based on the cost criteria. Table 2.1 compares
the feature of these two models.

In general, for the case of a 30-MW plant, similar to the SEGS
VI solar plant, both NREL and SolPipe models satisfactorily com-
pare the cost results of the headers as a whole (NREL: $16.6/m>
versus SolPipe: $16.5/m?). The results, however, differ in header
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FIG. 2.8 SECTIONAL PIPING (H) CONFIGURATION FOR A 30-MW SOLAR TROUGH SYSTEM [9]
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COMPARISON BETWEEN SOLPIPE AND NREL MODELS [9]

Feature

SolPipe

NREL

Overall layout

Pipe sizing

Pipe wall thickness
Piping/fitting capital costs

Piping/fitting labor costs
Insulation costs

H (80MW) or (30MW) with loops; also straight

no-loop layout

Sized based on design velocity set by user

Uses Sked 40 piping

Table lookup from vendor data
Table lookup from vendor data
Table lookup from vendor data

Presently H and I configurations

Optimizes each piping section (defined as header
piping between loop connections). See below.

Wall thickness is no thicker than needed for required
pressure

Table lookup from vendor data

Base on Bechtel experience

Table lookup from Solar Two data based on both ID
and thickness of insulation

Pumping power cost Not used Calculated for typical year

Heat cost Not used Calculated for typical year

Optimization for pipe size Not done Per section pipe D assumed—model calculates wall
thickness, then capital costs. equiv. heat loss cost
equiv. pumping cost. Then increases D to next std
size and recalculates cost for comparison. Within
this process, thickness of insulation is optimized.

Expansion loops Based on SEGS design; between every 2 loops Same

Loops Design based on SEGS Same

Valves/fittings Specified Same

Calculation method Simple arithmetic within cells Uses macros

Input data Entered in Input worksheet Entered in Input worksheet

piping sizes, which result in differences in cost estimate and in-
stallation labor hours as well as fitting and insulation costs. Those
differences are primarily due to understandable differences in the
model assumptions and configurations. For example, for the HTF
pressure drop for solar team systems, the NREL code is more in-
clusive because it includes all elements of the system (i.e., header
piping, solar field loops, and solar heat exchangers), whereas Sol-
Pipe has a less sophisticated pressure drop calculation.

Performance Evaluation Technique. It is important to measure
the field performance of a SEGS after years of service in order
to determine the extent of system degradation compared with the
original design. Price et al [10] presented a technique that uses an
IR camera to evaluate the in situ thermal performance of parabolic
trough receivers at operating solar power plants. Through an ana-
lytical model, it was shown that the glass temperature measured
with the IR camera correlates well with modeled thermal losses
from the receiver. The work presented the results of a field sur-
vey that used this technique to quickly sample a large number of
receivers to develop a better understanding of how both original
and replacement receivers are performing after up to 17 years of
operational service.

The key component to the system performance is the HCE, as
shown in Fig. 2.9. It consists of a stainless steel tube with a cermet
solar-selective absorber surface, which is surrounded by an AR
evacuated glass tube. The HCE incorporates conventional glass-
to-metal seals and metal bellows to achieve the necessary vacuum-
tight enclosure and also to ensure for thermal expansion difference
between the steel tubing and the glass envelope. The vacuum en-
closure serves primarily to significantly reduce heat losses. The
multi-layer cermet coating is sputtered onto the steel tube to result
in excellent selective optical properties with high solar absorptance
of direct beam solar radiation and a low thermal emittance at op-
erating temperature to reduce thermal re-radiation. The outer glass

cylinder has an AR coating on both surfaces to reduce Fresnel re-
flective losses from the glass surfaces, thus maximizing the solar
transmittance. Getters, which are metallic compounds designed to
absorb gas molecules, are installed in the vacuum space to absorb
hydrogen and other gases that permeate into the vacuum annulus
over time. The receivers include an evaporable barium getter that
is used to monitor the vacuum in the receiver. One issue is hydro-
gen buildup in the vacuum owing to the substantial thermal decom-
position of the HTF. A special hydrogen removal (HR) membrane
made from a palladium alloy was attempted to remove excess hy-
drogen from the vacuum annulus [11, 12]. The reliability problems
proved that this design was not feasible [13].

The IR camera methodology presented here provides a useful
technique for rapid evaluation of parabolic trough receivers in an
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FIG.2.9 HEAT COLLECTOR ELEMENT (HCE) [10]
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FIG.2.10 ANALYSIS OF IR TEMPERATURE DATA ACROSS THE HCE [10]

operating solar field. A large number of receivers can be evaluated
in a short period with the IR camera as shown in Fig. 2.10 where
both the IR image and temperature profile are analyzed. Wind ve-
locity has a significant effect on glass temperature, therefore it is
important to do the measurements when there is very little wind.
The field-testing helped identify that hydrogen buildup appears to
be an issue in some receivers, but not others. The initial Luz cermet
receivers with HR appear to be performing adequately without a
noticeable buildup of hydrogen. However, a number of replacement
receivers without the HR show signs of elevated glass temperature
that is indicative of hydrogen buildup. The recent new designs that
increase the hydrogen capacity of the getters addressed this prob-
lem. Additional receiver testing is being conducted in controlled
laboratory experiments on a new receiver thermal loss test stand
at NREL. The testing will further explore the relationship between
thermal losses and receiver glass envelope temperature as a func-
tion of receiver type and gas composition in the annulus. A new
non-destructive instrument has been developed [14] to identify gas
composition and pressures in the receiver vacuum annulus. Pre-
liminary test results on a number of receivers removed from the
solar field show that hydrogen is present in receivers that exhibit
elevated glass temperatures. The findings could be used to develop
the correlation between the glass temperature and hydrogen level.

2.2.1.3 Parabolic Dish and Stirling Engine Technology Para-
bolic dish systems use a dish-shaped arrangement of mirror facets
to focus energy onto a receiver at the focal point of the collector. A
working fluid such as hydrogen is heated in the receiver and drives a
turbine or Stirling engine. Most current dish applications use Stirling
engine technology because of its high efficiency. The Sandia National
Laboratories (SNL) of the US Department of Energy has been pur-
suing the aggressive deployment of 25-kW dish-Stirling systems for
bulk power [15]. The immediate objectives of the development are to

e improve reliability and reduce cost of dish/engine compo-
nents and systems;

e test, evaluate, and improve performance of dish/engine com-
ponents and systems; and

e develop tools for industry to characterize their systems and
components.

In 2009, the SNL development team, along with many indus-
trial partners, continued to operate, maintain, and improve the
Stirling Energy Systems six-dish model power plant, cataloging
more than 100 development areas. They developed a real-time
mirror characterization prototype system for 100% inspection of
mirrors on assembly line, engine simulator for development of
modern engine control hardware and software. SNL and Infinia
together further conducted optical and systems design of a 3-kW
free piston Stirling engine dish system, which is hermetically
sealed and requires no maintenance. Figure 2.11 illustrates one
of the comprehensively developed, tested and analyzed Stirling
Energy Systems. The system consists of the following main
components:

optical mirror and structure assembly

sun ray tracking mechanism and controller

hydrogen storage unit

power conversion unit, which is further comprised of Stirling
engine, heat receiver, radiator with cooling fan, frame, and
control unit.

The development team has conducted a number of tasks such as:

e mirror loading analysis

e velocity profiling and wind load analysis using computational
fluid dynamics models

dish alignment optimization modeling and validation

test facility development

design tool development and validation

rigorous field testing
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FIG. 2.11 ILLUSTRATION OF A DISH/STIRLING ENGINE SYSTEM: (A) WHOLE SYSTEM; (B) POWER CONVERSION UNIT

(PCU), AND (C) STIRLING ENGINE [16]

It was reported that, in 2007 [16], the test unit, shown in Fig.
2.11 (A) had been in operation for 100,000 on-sun hours, which
is equivalent to 28 years of daily solar operation. The one shown
in Fig. 2.11 (B) was running for 161,000 on-sun or test cell hours,
which is equivalent to 45 years of daily solar operation. The initial
success further advanced the continued federal funding for acceler-
ating the development. As of today, no commercially proved units
or systems are available for wide deployment yet.

2.2.2 Large-Scale Photovoltaic Systems

There has been a surge of installing large-scale flat panel PV
array systems for utility power productions in the United States
and globally during last 5 years. The capacity of a single plant has
reached as high as 60 MW in Spain. Fig. 2.12 shows the Wyandot
Solar Energy Facility, a 12.6 megawatt (DC) solar PV facility
located in Upper Sandusky, Ohio. Starting power production in
May 2010, the system has 159,200 ground-mounted, thin-film solar
panels on a 77-acre plot of land, the largest solar project in Ohio.
Projects of similar size have been completed or are under construc-
tion in California, Florida, Nevada, Illinois, and other states.

Large-scale ground based PV systems face a fundamental ques-
tion of land-use impacts. Denholm and Margolis [18] investigated

this issue. When deployed horizontally, the PV land area needed
to meet 100% of an average US citizen’s electricity demand is
about 100 m?. This requirement roughly doubles to about 200 m*
per person when using 1-axis tracking arrays. By comparison, golf
courses and airports each currently occupy about 35 m? per person

FIG. 212 WYANDOT SOLAR FACILITY IN UPPER SAN-
DUSKY, OHIO, USA (COURTESY OF JUWI SOLAR, INC [17])
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in the United States, whereas land used to grow corn for ethanol
production exceeds 200 m? per person, although this land is con-
centrated in a fairly small number of states. They also pointed out
another factor of disrupting local ecosystems. Deploying tightly
packed PV arrays would create the most disruption but would re-
quire the least amount of land area. In contrast, the use of pole-
mounted 2-axis arrays would require significantly more land but
could be substantially less disruptive. Although the land-use re-
quirements for wide-scale deployment of PV are modest when
considering both the large area of rooftop availability and when
compared with other uses of land in the United States, additional
studies are needed to better understand the potential opportunities
and impacts of PV on land use. For example, a more comprehen-
sive estimate of rooftop availability is needed on a national ba-
sis for both residential and commercial buildings. Actual shading
impacts of ground based PV arrays are also important. Actual eco-
system impacts of LSPV deployment need to be investigated to
arrive at solutions of growing shade-tolerant native and beneficial
species under LSPV arrays. This also includes evaluation of best
practices to minimize the use of herbicides and other chemicals
and the use of installation and maintenance techniques to provide
minimum impacts to the environment.

One of the alternative solutions to provide LSPV power genera-
tion systems is using concentrated Photovoltaic (CPV) systems,
which have a higher energy conversion efficiency than flat panels —
currently 40% [19] with potential up to 50 %. If deployed on a
large scale, they will require less land to produce the same amount
of energy. Although no proven commercial scale applications have
been installed, the commercialization of this technology has been
accelerated.

Concentrated Photovoltaic systems use either parabolic dish
mirror systems or a large array of flat Fresnel lenses to focus en-
ergy on PV cells. Unlike the dish and Stirling system, which is a
solar thermal power system, in the dish and CPV systems, the solar
PV cells generate direct current electricity, which is converted to
alternating current (AC) using a solid state inverter. Dish and CPV
systems are modular in nature, with single units producing power
in the range of 10 to 35 kW. Thus, dish and CPV systems could
be used for either distributed or remote generation applications,

which will be discussed in a later section, or in large arrays of
several hundred or thousand units to produce power on a utility
scale. Dish and CPV systems have the potential advantage of mass
production of individual units, similar to the mass production of
automobiles or wind turbines, yet they can be integrated to a utility
scale solar power plant.

The key technology challenges for increasing the efficiency of
CPV systems are optical elements and cell development. Spectro-
lab, Inc., has developed since 2007 metamorphic multi-junction
solar cells up to 40.7% efficiency and lattice-matched 3-junction
terrestrial cells with 40.1% efficiency. These efforts were partially
supported by the High-Performance Photovoltaics program through
DOE NREL [19]. The efficiency also benefits from high-band-gap,
disordered GalnP top cells and wide-band-gap tunnel junctions un-
der the terrestrial solar spectrum at high concentration.

Under a contract by US Department of Energy, SolFocus, Inc.,
has developed a 1.6-MW system using the technology illustrated in
Fig. 2.13. It possesses the following characteristics:

optical efficiency: 74%

power unit efficiency: 27.0%

module efficiency: 25.3%

acceptance angle: greater than 1 deg.
cell temperature: 50.8°C to 53.9°C
module degradation: 1.2% per Kelvin

The system uses primary and secondary mirrors (Fig. 2.13a) and
optical rods to focus the sun’s rays to highly efficient multi-junction
PV cells. Two examples of high-efficiency PV cell architectures are
shown in Fig. 2.14, resulting in a high-efficiency inverted metamor-
phic 3-junction cell structure [21]. The combined mirrors, rod, and
cells form a power unit, 20 of which are integrated into one panel.
Twenty-eight such panels are then mounted and combined on a dual-
axis tracking support as shown in Fig. 2.13 (b). Eventually, such a
system will could be scaled up to a utility scale capacity.

The target of this development is to provide an operational rate
of greater than 3 MW with module manufacturing cost of less than
$5/W. The developed automated assembly line was validated by a
third party to have exceeded the cost target and was expanded to

FIG. 2.13 SCHEMATIC OF CONCENTRATED PHOTOVOLTAIC (CPV) ARRAYS: (A) POWER UNIT, AND (B) 20-UNIT PANEL

AND 28-PANEL TRACKER ON A SINGLE POLE [20]
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FIG. 2.14 SCHEMATIC OF 3-JUNCTION GalnP/Ga(ln)As/
GalnAs CELLS USING TRANSPARENT METAMORPHIC
(MM) GRADED BUFFER LAYER, AND AN INVERTED MM
GalnAs SUBCELL 3: (A) WITH GROWTH ON BOTH SIDES
OF A GaAs SUBSTRATE AND (B) WITH GROWTH ON ONE
SIDE OF A GaAs OR Ge SUBSTRATE, FOLLOWED BY SUB-
STRATE REMOVAL [21]

other manufacturing partners. The projected manufacturing capac-
ity is to have a 100 MW capacity in 2010 [20].

2.2.2.1 Energy Storage Issues Unlike in solar thermal power
systems where the harvested solar thermal energy can be stored in
molten salt or other media and produce steam to run turbine and
generate electricity during nights or cloudy days, neither the dish-
Stirling nor CPV systems use storage or hybrid fossil capabilities to
provide a firm resource, although CPV systems could, in principle,
make use of battery energy storage. However, present battery stor-
age technology is comparatively inefficient and cost-ineffective.
A grid-tie back feed capability has to be in place in order to make
economic sense in the short run. More discussion is given in
Section 2.2.3 on this topic.

223 Energy Storage With Renewable Electricity
Generation
In general, renewable energy sources such as PV and wind

energy have variable and uncertain (also referred to as intermittent)
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power output. They are categorized as undispatchable sources
compared with the conventional electricity generation used in the
United States. The variability of those sources has led to concerns
regarding the reliability of an electric grid if it derives a large frac-
tion of its energy from renewable energy (and variable) generation
into the electric grid. Denholm et al [22] investigated the impact of
those uncertainties. In their report, three classes of energy storage
were defined in Table 2.2.

The first two categories in Table 2.2 correspond to a range of
ramping and ancillary services, but do not typically require con-
tinuous discharge for extended periods of time for conventional
electricity. In the case of renewable energy-driven applications,
this could require discharge time up to an hour to allow fast-start
thermal generators to come online in response to forecast errors.
Bridging power typically refers to the ability of a storage device
to “bridge” the gap from one energy source to another. The third
category (energy management) corresponds to energy flexibility,
or the ability to shift bulk energy over periods of several hours or
more. Figure 2.15 illustrates a range of available energy storage
technologies used for both conventional and renewable energies,
excluding the thermal energy storage applications. It can be seen
that pumped storage hydro has the highest capacity and longest
discharge time, and Nickel-cadmium has the least capacity and a
relatively short discharge time. Double-layer capacitors have the
shortest discharge time suitable for power quality management. In
general, bridging the gap in types of energy storage classes are
the ones suitable for renewable energy systems. However, when
the time comes for renewable energy systems to be of a signifi-
cant fraction of the overall electricity portfolio, the conventional
power plants can serve as a backup system to the variable genera-
tion (VG) system in addition to the energy storage systems of each
renewable energy plant.

The technical and economic limits to how much of a system’s
energy can be provided by renewable energy are based on at least
two factors: coincidence of VG supply and demand and the abil-
ity to reduce output from conventional generators. There is no
simple answer, primarily because the availability and cost of grid
flexibility options are not well understood and vary by region.
Although it is clear that high penetration of VG increases the
need for all flexibility options including storage, historically,
storage has been difficult to sell to the market. Both high costs
and its services that it provides face challenges in quantifying the
value of those services. The value of energy storage is best cap-
tured when selling to the entire grid, instead of any single source.
Therefore, evaluating the role of storage with renewable energy
requires continued analysis, improved data, and new evaluation
techniques.

TABLE 2.2 THREE CLASSES OF ENERGY STORAGE

Common name Example applications

required

Discharge time

Technologies (Fig. 2.15)

Power quality Transient stability, fre-
quency regulation

Contingency reserves,
ramping

Load leveling, firm ca-
pacity, T&D deferral

Bridging power

Energy management Hours

Seconds to minutes

Minutes to ~1 hr

Flywheels, capacitors, and
energy storage (SMES)

Lead-acid, nickel-cadmium, nickel-metal hydride, and (more
recently) lithium-ion

High-energy batteries (sodium-sulfur, sodium-nickel chloride
— ZEBRA, vanadium redox, zinc-bromine, polysulfide-bro-
mine), pumped hydro storage (PHS), compressed air energy
storage (CAES), and thermal energy storage (TES)

superconducting magnetic
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FIG.2.15 INSTALLED ENERGY STORAGE CAPACITIES AS OF NOVEMBER 2008 [22]

2.24 Comparisons

Among all the large-scale solar power systems, parabolic trough
systems and power tower systems have been proved to be best
suited for large-scale plants of 50 MW or larger. Trough and tower
plants, with their large central turbine generators and balance of
plant equipment, can take advantage of economies of scale for cost
reduction, as cost per kilowatt goes down with increased size. Ad-
ditionally, these plants can make use of thermal storage or hybrid
fossil systems to achieve greater operating flexibility and dispatch-
ability, accounting for situations in which sufficient solar insola-
tion is unavailable. Large-scale flat panel PV array systems for
utility power productions are also widely used because they are
easy to scale up or down. When tied to the electric grids, they pro-
vide flexible, variable power generation options. However, their
costs are much higher compared with parabolic trough systems.
Concentrating PV systems and parabolic dish systems with Stirling
engine technology have relatively high efficiency. Dish and CPV
systems are modular in nature, and a single unit could produce
power in the range of 10 to 35 kW. They could be used for either
distributed or remote generation applications, or in large arrays of
several hundred or thousand units for a utility scale application.
They also have the potential advantage of mass production of in-
dividual units.

The largest group of solar systems in the world is the SEGSs I
through IX parabolic trough plants in the Mojave Desert in south-
ern California, built between 1985 and 1991 and have a total ca-
pacity of 354 MW. These plants have generally performed well
over their 15 to 20 years of operation. There are no operating com-
mercial power tower or dish-Stirling power plants, although some
commercial purchase agreements have been in place to pursue
those options [1].

2.2.5 Reducing the Cost of Parabolic Trough Solar
Power
Parabolic trough technology has continued to advance in recent
years as a result of research and development efforts by the op-
erators of the existing trough plants, the parabolic trough industry,
and government-sponsored laboratories around the world. Key ad-
vances during the last 10 years include

e reduction in operation and maintenance costs,
e development of improved trough receivers,

e development of improved parabolic trough concentrators,

e reduction of solar field pumping parasites, and

e development of a thermal energy storage technology for para-
bolic trough plants.

Although parabolic trough technology is the least-cost solar
power option available todayi, it is still more expensive than power
from conventional fossil-fueled power plants. Recent increases
in the price of natural gas have helped reduce the gap between
parabolic trough solar electricity and fossil energy in the United
States.

2.2.6 Cost Reduction Potential

At current fossil energy prices ($5 to $7/MMBtu), large-scale
central solar generation must achieve costs in the range of $0.08
to $0.10/kWh (nominal) to directly compete with fossil power al-
ternatives. The Western Governors’ Association has shown that a
significant reduction in the cost of energy is possible for parabolic
trough solar power. Major cost reductions are possible through the
following efforts:

e plant scale-up: increasing the size of plants to 200 MW or
larger

e development of advanced technologies: improved thermal
storage, concentrator, and receiver designs

e learning curve: cost reductions through plant deployments.

2.2.7 Combined Solar Power and Heat System

For all the solar thermal power systems, there always are sub-
systems that can be integrated to recover heat at various stages.
They not only produce additional hot water or air for heating but
also improve the overall plant efficiencies.

2.3 DISTRIBUTED PHOTOVOLTAIC
SYSTEMS FOR BUILDINGS

Buildings have a significant impact on energy consumption.
Annually, buildings account for 40% of the energy consumption
of the world. Energy efficient design and quality construction can
drive the cost of powering a home down by more than 50%. But
to become zero energy buildings, i.e., where the net annual elec-



A

FIG. 2.16 THREE TYPES OF SOLAR CELLS: (A) MONO-
CRYSTALLINE SILICON, (B) POLY-CRYSTALLINE SILICON,
AND (C) THIN FILMS MADE FROM A VARIETY OF MATE-
RIALS (Source: Wikipedia, Solar Cell)

tricity consumption from utility is zero, homes must incorporate
some type of on-site energy generation. Photovoltaic systems, as
the only available solar electricity production technologies for
buildings, are reasonably developed to the extent that numer-
ous companies warranty their building integrated solar products
for 20 to 25 years. Most of recent building solar energy system
manufacturers combine reliability, functionality, and aesthetics
to remain in the solar market competition. Photovoltaic shingles
and slates are examples of these modern products. Some PV
companies provide ongoing Web-based monitoring of PV elec-
tric output, notifying consumers if problems arise, to make the
system highly reliable.

There is an enormous potential for basing solar energy on build-
ings. Today, there is enough residential and commercial rooftop
space to site more than 500 GW of PV capacity, equivalent to plac-
ing 4-kW PV systems on more than 125 million homes [23]. Cur-
rent US electric capacity is about 1000 GW. A PV power system
mainly consists of a few essential elements: PV panels with solar
cells, inverters, and disconnects.

2.3.1 System Components

2.3.1.1 Cells and Panels The majority of PV panels available
in the market right now fall into three categories depending on the
materials and manufacturing methods of the cells, the element de-
vice that converts the energy of sunlight directly into electricity by
the PV effect: cells made from a mono-crystalline silicon wafer,
poly-crystalline PV cells laminated to backing material in a mod-
ule, and thin films (Fig. 2.16).

2.3.1.2 Inverters Photovoltaics produce direct current (DC)

electricity in the same way as batteries. Inverters, which can
be called the most complex parts of a residential PV system,
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take DC electricity and convert it to AC for powering typical
household appliances as shown in Fig. 2.17. Residential PV sys-
tems can be connected to the electric utility distribution grid, so
power can be sold to the utility when on-site power generation
is more than demand. These grid-connected PV systems are the
most common and simplest PV systems installed in houses. Un-
less a home is being built on a site more than half a mile away
from any electric utility, or there is a very specific regular need
for battery backup, the Department of Energy [24] recommends
grid-tied systems. Essentially, grid-tied systems use the grid as
a battery. Facilities that offer emergency services during disas-
ters are good candidates for battery backup systems. Candidates
would include clinics, fire stations, police departments, and dis-
patch facilities.

During electricity conversion from DC to AC heat generation
will be occurred. This heat should be dissipated in some way. In-
verters can be installed inside or outside the house, but indoor in-
stallation is more common, and the location of the inverter should
be close to the main electrical panel.

2.3.1.3 Disconnects All homes need one main disconnect.
National Electrical Code [25] requires that each piece of PV equip-
ment have disconnect switches in addition to the main feeder dis-
connect, allowing service providers to disconnect the equipment
from all sources of power. Some inverters have incorporated a
disconnect switch into a box attached to the inverter. Disconnects
may be circuit breakers or switches. The number of disconnects in
grid-tied systems changes with the system’s complexity. In a sim-
ple system, there would be disconnects on both sides of the inverter.
In more complex systems, there may be disconnect switches for
each string of arrays, sub-array disconnects, main PV disconnects
for each inverter, sub-panel and AC disconnects. If there are multi-
ple inverters, they must be combined in a dedicated sub-panel that
feeds one AC disconnect and a main feed AC disconnect.

2.3.1.4 Aesthetic Efforts Manufacturers have produced PVs
that can be installed in some roofing systems to make them closely
invisible. Some PVs look like a part of the roof rain-shedding sys-
tem. Some PV systems are mounted very near the roof, parallel to
it, making them resemble skylights. Thin film PVs can be adhered
directly to the flat part of raised seam metal roofs without changing
the roof profile.

2.3.1.5 Performance Measures There are numerous efforts
to measure the performance of PV systems in buildings. Measure-
ment procedures are often inconsistent with each other. The Per-
formance Metric Project [26] conducted by NREL is an attempt
to resolve differences among the various approaches in building
performance monitoring. The project has determined which per-
formance metrics have the greatest importance in building audit-
ing. Other NREL-conducted research [27] expands on previous
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FIG. 2.17 SCHEMATIC DIAGRAM OF A TYPICAL RESIDENTIAL PV SYSTEM [24]
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FIG.2.18 ENERGY FLOW DIAGRAMS FOR PV SYSTEMS IN BUILDINGS [27]

works in performance evaluation of grid-tied PV systems by deter-
mining proper long-term energy performance metrics and provid-
ing a standard procedure for measuring and characterizing them.
The procedure may be used to evaluate the power supplied to
a building’s electrical system from a grid-tied PV system and
the implications for the building’s energy use. Figure 2.18 de-
picts the energy flow diagram and shows the highest level met-
rics determined in the procedure. Table 2.3 shows all possible
performance metrics in a grid-tied PV system. Based on project
goals and the questions that should be answered by performance
measuring, performance metrics will be selected. A simpler level
of analysis called tier 1 yields monthly and annual results for the
system, mostly based on utility meter readings and building and
PV system drawings. Tier 2 provides small time interval (i.e., 15
minutes) results, in addition to monthly and annual results based
on a data acquisition system with sub-metering. A flow chart rep-
resenting the grid-tied PV system performance measuring proce-
dure is shown in Fig 2.19.

2.3.1.6 Ongoing Developments for Thin Films Developed
in 1954, thin-film solar cells have increasingly become a major
market force in the PV industry, although still having a relatively
small market share compared with crystalline silicon modules. A
thin-film PV cell is a solar cell made by depositing one or more
thin layers of PV material on a substrate. The thickness range of
such a layer is wide and varies from a few nanometers to tens of
micrometers. Three main types of thin film solar cells are amor-
phous silicon (a-Si), cadmium telluride (CdTe), and copper indium
gallium diselenide (CIGS). Other types include dye-sensitized and
organic cells.

a-Si solar cells are fabricated on substrates such as low-cost soda
lime glass, stainless steel, and polyimide. The plasma-enhanced
chemical vapor deposition is used for the deposition process. The
typical superstrate structure is p-i-n (intrinsic semiconductor region
between a p-type semiconductor and an n-type semiconductor re-
gion) on glass or substrate structure of n-i-p (intrinsic semiconductor
region between an n-type semiconductor and a p-type semiconduc-

TABLE 2.3 HIGH-LEVEL AND RELATED METRICS [27]

High-level metrics

Related metrics

Net PV system production

Total PV system production

PV system standby use

Equivalent daily hours of peak rated PV production
Equivalent annual hours of peak rated PV production
Total incident solar radiation

PV system AC electricity generation effectiveness
PV system performance ratio

Maximum time-series net PV production

Average daily time-series PV production profiles

Total facility energy use

Total facility electricity use

Peak demand of total facility electricity use without PV system
Facility electricity costs without PV system

Net facility energy use

Facility’s electrical load offset by PV production

Facility’s total load met by PV production

Total electricity delivered to utility

Peak demand of net facility electricity use

Reduction of peak demand resulting from the PV system
Facility electricity costs

Energy cost savings accruing from PV system
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A. Select performance metrics to be measured.
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D. Specify frequency of each measurement.

E. Specify measurement equipment.

F. Determine feasibility of measurements.
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A. Validate data for quality control.

B. Assemble data for the period of analysis.
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IV. Reporting Results

FIG. 2.19 GRID-TIED PV SYSTEM PERFORMANCE MEA-
SURING PROCEDURE [27]

tor region) on foil with a transparent conducting oxide as a top con-
tact and Al along with ZnO as the bottom contact [28]. To enhance
the short circuit current, the ZnO/Al serves as a back reflector. In
this way, the short-circuit current may increase by approximately
15%. With recent developments in tandem devices, the performance
of ZnO/Ag or ZnO/Ag/Al has been quite reliable for stable back
contacts. There is a great effort worldwide to introduce tandem de-
vices using a-Si as the top cell and microcrystalline absorbers as the
bottom cells. Some of the major challenges to produce a-Si solar
cells are [28] to increase the a-Si solar cell efficiency (a 12% to
13% range has been demonstrated for small-area laboratory solar
cells now), reduce the light-induced changes in the devices, develop
higher deposition rates for the microcrystalline bottom cell without
compromising on the opto-electronic properties of the a-Si tandem
devices, which could potentially have negative effect on the solar
cell performance, and ultimately reduce the manufacturing cost.
Thin-film CdTe solar cells with a perfect match with the solar
spectrum are one of the most promising thin-film PV devices.
Theoretical efficiencies for these devices are about 26%. Sev-
eral deposition processes have been developed for the growth of
the absorber layer. Most of deposition processes results in 10%
or higher efficiency for thin film CdTe solar cell. Five of these

B. List specific questions to be answered. —

G. Estimate cost of DAS equipment and operation. —

|. Resolve cost, uncertainty, and practicality with | |
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processes have demonstrated prototype power modules, namely,
close-space sublimation, electrodeposition, spray, screen print-
ing, and vapor transport deposition [28]. Recent developments
are under way to produce CdTe solar modules with increased cell
efficiency (laboratory efficiencies of 16.5% for thin-film CdTe
solar cell has been demonstrated by NREL scientists [29]), stan-
dardization of equipment for deposition of the absorber layer,
back-contact stability, reduction of absorber layer thickness to
less than 1 pm, and controlled film and junction uniformity over
a large area [28].

Thin-film copper indium selenide (CIS) is a direct band-gap
semiconductor and has a band-gap of ~0.95 eV. When gallium
(Ga) is added to CIS, the band-gap increases to ~1.2 eV, depend-
ing on the amount of Ga added to the CIGS film. This material
has demonstrated the highest total-area conversion efficiency for
any thin-film solar cells. Some of the major developments for CIS
modules are undertaken to increase the CIGS solar cell efficiency
to scale up the laboratory range of 19.3% to 19.9%, prevent mois-
ture ingress for flexible CIGS modules, decrease absorber layers
to less than 1 pm, and investigate CIGS absorber film stoichiom-
etry [28].

Furthermore, developing approaches for using transparent wide
band-gap in CIGS and alloyed CdTe to increase the cell efficiency
up to 25% is also one of the ongoing research topics [30]. For
CIGS’s case, the relative Ga/In and S/Se compositions play the
key role in changing the thin film band-gap. CIGS thin films can
be prepared by thermal co-evaporation under different uniform and
sequential processes to elucidate the film formation and composi-
tion control. For CdtTe solar cells, improving cell performance by
controlling chemistry and materials processing during film depo-
sition, post-deposition treatments, and contact formation has the
main focus.

2.3.2 Roof-Mounted BIPV Systems

2.3.2.1 Cement Tile Systems This type of roof mounted sys-
tem is the most common type of Building Integrated Photovolta-
ics (BIPV) system. In this system, some cement tiles are replaced
by PV panels that are sized and mounted with the same overall
dimensions (Fig. 2.20). Usually, PV panels are lighter than the ce-
ment tiles they replace; therefore, structural assessments to add any
supporting structure should be conducted before installing PVs.
Photovoltaic panels follow the contour of the roof in exactly the

FIG.2.20 CEMENT TILE SYSTEMS [24]
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FIG.2.21 THIN-FILM PV LAMINATE FOR STANDING SEAM
METAL ROOFS [24]

same way as the cement tiles. Since PV tiles are replacing roofing
materials, they should be compliant with local and national roofing
regulations. Electrical connections are made between each tile. In
some cases, a single module will replace a set of three or four tiles,
reducing the number of connections.

2.3.2.2 Thin-Film PV Laminate for Standing Seam Metal
Roofs These types of BIVPs are common and easy to install with
no additional structural support required. Solar laminate PV is
installed on metal raised seam roofs between the seams as shown
in Fig. 2.21. It is directly attached with glue during installation
of the roof without replacing the metal on the roof. The roof
ridge, as an easily accessible place for maintenance, is used for
electrical wiring and connections. Since they have no glass com-
ponents, they have higher durability than other types of BIPVs.
Thin-film PV laminates are approximately half as efficient as the
mono- or multi-crystalline modules, but also currently cost about
half as much.

2.3.2.3 Shingle Systems Photovoltaics can replace shingles in
two ways. In the first method, shingled roofs take advantage of thin-
film PV. This lightweight plastic replacement for shingles comes
in relatively long strips to replace courses of asphalt shingles and
reduce the number of electrical connections. In the second method
roof, shingles powered by solar energy — PV shingles — serve
to replace ordinary shingles. Electrical lead wires extend from the
underside of each shingle and pass through the roof deck, allow-
ing interior roof space connections. The sun’s heat helps bond the
shingles together, forming a weather-resistant seal.

2.3.3 Non-Roof-Mounted Systems

South-facing walls have the potential to generate electricity using
BIPVs. They can be covered in PV vertically or can be slanted to act as
PV and window shading at the same time. A filtered window or filtered
skylight can be made by setting thin-film PV between two sheets of
tempered glass. This type of PVs may cost the owner three times more
than regular PVs, but can make a powerful architectural impact.

Mono- or poly-crystalline PV can also be set between sheets of
glass to create a dappled effect, blocking the majority of sunlight
to make electricity, but allowing shaded light through. This reduces
solar gain to the interior of the building while producing electricity.

Ground-mounted PV systems may be applicable for buildings
with large land holdings mostly located in rural areas. Commonly,
solar ground-mounted systems involve steel or aluminum frames
attached to a concrete foundation. The lower edge of ground-
mounted arrays should be high enough to clear vegetation and ac-
cumulated dirt or snow.

Either crystalline or thin-film PV technologies can be utilized in
these systems. In cold climates of northerly latitudes, sun-tracking
systems are used to maximize the solar energy harvest of ground
mounted arrays. It is only worth installing trackers in regions with
mostly direct sunlight. In diffuse light, tracking has no noticeable
effect on solar gain by PV panels. Ground-mounted PV systems
are more suitable with respect to rooftop systems for high-wind re-
gions. Some areas have restrictions on installing ground-mounted
PV systems for aesthetic or agricultural reasons.

234 Integration Issue

Because solar energy is not available all the time, the continu-
ous usage of electricity by buildings requires power to be drawn
from either an energy storage facility charged by the building solar
energy system during the production period or from the conven-
tional electricity grid. Energy storage such as battery banks is ex-
pensive and inefficient unless they are used in remote areas where
the utility grid is not available. The best solution is for PV systems
to have an interconnection with the grid, a scheme of net energy
metering that allows a PV system to export excess electricity to the
utility and import it back when needed. Most electric utilities in
the United States have adopted regulations and guidelines to help
design PV systems that operate in parallel with the utility systems.
In residential applications, because each of the distributed systems
usually has a very small capacity such as less than 5 KW, the im-
pact of back feed due to net metering to the grid is negligible. For
commercial-scale applications, the impact could be significant.

Coddington et al (2009) [31] investigated four investor-owned
utilities in the United States that operate secondary network dis-
tribution systems and that have allowed PV systems to be inter-
connected to those networks. Six PV systems in four cities were
examined with their capacities ranging from 17 to 676 KW. Sev-
eral approaches were adopted by the utilities. There are two types
of electric distribution systems: radial and secondary network dis-
tribution system. In the radial system, which comprises more than
90% of the distribution system in North America, single feeders
serve single transformers, each of which serves multiple electricity
consumers. In other words, the radial system contains no closed
loop. In contrast, the secondary network distribution system (or
more simply, network) uses multiple feeders that serve multiple
transformers, which in turn serve multiple electricity consumers. It
means the consumer is simultaneously served from more than one
primary feeder, which increases reliability of the system. Therefore,
customers served from a network system will not experience an
outage if any of the network feeders are interrupted. Alternatively,
customers served from radial systems will experience outages
when the radial feeder is interrupted. For this reason, networks are
preferred electrical distribution systems for areas with high-load
concentrations such as high-rise commercial buildings, to provide
excellent service reliability.

Networks incorporate an important design feature at each net-
work transformer called “network protectors” (NPs), which ensure
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FIG. 2.22 SIMPLIFIED ELECTRICAL DIAGRAM FOR THE MOSCONE CENTER PV SYSTEM [31]

reliability and continuous operation if one or more feeders are lost
due to a device failure or if the utility must conduct maintenance
activities. The normal direction of the current flow on network
feeders is from the utility toward the loads. An NP is installed
on the low-voltage side of each network transformer and detects
current flow direction. If the direction of the current flow reverses
during a short-circuit condition on the high-voltage side of one
of the network transformers, NP detects this reversal and inter-
rupts the current from flowing back toward the utility system by
opening its contacts. This design prevents undesired current flow
and allows the network to maintain uninterrupted service to util-
ity customers.

Figure 2.22 shows an example of such system for the Moscone
Center PV System investigated by Coddington et al [31]. That ex-
ample system generates approximately only 3.18% of the energy
for the entire building uses in the course of a year. Because the
minimum daytime load is typically much greater than the PV sys-
tem generation capability, there is no chance of any power flowing
out toward the utility system. This is the case for almost all the
cases studied in [31]. However, perceivably a commercial scale
PV system may produce a flow-back current when its electricity
generation is higher than customer demand. In these cases, back-
flow current actuates the corresponding NP and may cause the
device to open unnecessarily. In addition, the NP is designed to
re-close for a pre-defined forward flow condition, and it is possible
to have a setting where the NP might try to re-close out of synch
on an islanded distributed generation. Islanding is a condition in
which a portion of the utility system that contains both load and
distributed resources remains energized while isolated from the re-
mainder of the utility system. Distributed resource islanding is an
islanding condition in which the distributed resource(s) supplying

the loads within the island are not within the direct control of the
power system operator [32].

The accepted interconnection of the PV system on the secondary
network happens when it is ensured that the electricity produced
by the PV system is not fed back toward the utility system. The
general recommendations are to minimize, reduce, or eliminate the
possibility of back feed from the PV system through the NPs [31].
As more and more commercially installed distributed PV systems
increases, it will be imperative to have a comprehensive solution
for seamless integration of distributed solar power systems with
the utility grid. Recent research and development in smart grid
technology have been emphasized to address this issue.
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FIG.2.23 KILOWATT-HOURS GENERATED PER INSTALLED
KWAC FOR SINGLE-AXIS TRACKED FLAT-PLATE, CON-
CENTRATOR, AND FIXED ROOFTOP SYSTEMS SITED IN
ARIZONA [33]
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FIG. 224 COMPARISON OF FLAT-PLATE ROOFTOP AND
FIELD SYSTEM COSTS AND AVERAGE ANNUAL PRODUC-
TION FOR RECENT INSTALLATIONS IN ARIZONA [33]

2.3.5 Large- and Small-Scale PV Systems
Comparison

The cost per watt of installing and operating distributed PV sys-
tems is higher than the costs of similar utility systems because of the
economics of scale. In the case of a new, large building where the
builder might choose to integrate and install PV systems at the time of
construction installation, costs may be low, but, in general, there are
added costs associated with rooftop systems; especially for retrofits,
there can be permit, architectural, structural, and electrical issues.

On the other hand, distributed systems avoid transmission losses
through delivering power where it is needed, and residential and
commercial systems can be financed along with the rest of a build-
ing. Results of an NREL-conducted research [33] show that the in-
stallation and operation of PV systems for buildings may cost more
than twice the installation and operation cost in utility approaches
with the same capacity. Figures 2.23 and 2.24 illustrate a comparison
of rooftop and field PV systems. Concentrating PV has often been
presented as a lower-cost approach to utility scale power and could
be a major player in this market as discussed in earlier sections.

The kilowatt rating in Fig. 2.23 was determined from the DC elec-
tricity generated at 1000 W/m? for flat-plate or 850 W/m? for con-
centrator systems. The AC rating was assumed to be 85% of the DC
STC rating. There are several reasons for lower performance of fixed
rooftop systems with respect to CPV systems. In most rooftop sys-
tems, PV panels are installed in a horizontal configuration that is not
an optimal position for year-round sunlight. The efficiency of a solar
cell decreases by increasing its temperature. If the temperature of the
panel increases because of poor ventilation from close contact with
the roof, performance of the panel is negatively affected. In practical
cases, panels may be shaded by a nearby building or tree.

In Fig. 2.24 relative costs, kWh electricity output per installed
kWac and kilowatt-hour electricity output per dollar spent have
been compared for rooftop and field PV systems. In this analysis,
tracked PV systems represent utility scale solar systems. Results
show that the field PV systems generated nearly twice as many
kWh per dollar spent, compared with the rooftop PV systems.
Therefore, given a fixed budget, the field approach results in higher
electricity generation in comparison to retail approach. This also
implies that public support for utility market incentives would
yield a higher rate of return for the investment.

24 SOLAR THERMAL SYSTEMS FOR
BUILDINGS

Solar thermal systems are among the most cost-effective renew-
able energy options that have a great potential for use in build-
ing energy systems. In contrast with PV systems, solar thermal

systems for buildings do not generate electricity. These systems
employ the heating potential of the sun to heat water or air to be
used for domestic consumption, pool heating, or space condition-
ing. Solar water heating systems for domestic consumption or pool
heating are well-established technologies, whereas space condi-
tioning with solar heated water or air is not yet mature enough for
building applications.

241 Solar Water Heating Systems

Solar water heating accounts for 11.7% of the energy used in the
US residential sector [34]. It is a well-developed, highly effective,
and environmentally friendly technology. Key functions of solar
water heating systems are collecting solar heat and protecting the
system against freezing. Different anti-freezing mechanisms affect
the total heating system and its components. First, solar collectors
with water heating application will be discussed. Systems will be
analyzed in the next section.

2.4.1.1 Collectors Solar collectors for buildings have been
available in the market for over a century and have been greatly
developed and enhanced in these years. Improved materials and
modern testing and commissioning significantly raise efficiency,
durability, and reliability of solar collectors and the whole thermal
system as well.

There are three types of solar collectors for building water heat-
ing: flat-plate collector, evacuated tube collector, and batch heater.

Flat-Plate Collector (Glazed or Unglazed). This collector is
the most common solar collector for use in solar water heating. A
glazed flat-plate collector is typically 2 in. or 3 in. thick and consists
basically of an insulated metal box with a glass or plastic cover (the
glazing) and a dark-colored absorber. It resembles a skylight when
it is installed on the roof. The glazing reduces heat loss and traps
heat inside the collector. Absorber coating plays a significant role
in energy efficiency of the collector. Selective coatings like black
chrome, black nickel, and aluminum oxide with nickel enable the
conversion of a high proportion of solar radiation into heat. Flat-
plate collectors heat the circulating fluid to a temperature notice-
ably less than that of the boiling temperature of water and are best
suited to applications where the demand temperature is 86°F to
158°F (30°C to 70°C).

Evacuated Tube Collector. An evacuated-tube collector con-
tains several rows of glass tubes interconnected with a manifold,
along the top of the collector. Each tube is evacuated to eliminate
heat loss through convection. Inside the glass tube, a flat or curved
selective coated aluminum or copper fin is attached to a metal pipe.

Londenser Solar radiation
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FIG. 225 SCHEMATIC FLUID FLOW IN THE HEAT PIPE
EVACUATED TUBE COLLECTOR
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FIG. 2.26 BATCH HEATER (Source: US Department
of Energy)

The heat-carrying fluid circulates through this metal pipe. Evacu-
ated tube collectors can provide higher temperatures in comparison
to flat-plate collectors. There are three types of evacuated tube solar
collectors for buildings: direct flow, heat pipe, and thermosiphon
evacuated tube solar collectors. (Thermosiphoning is the upward
motion of heated fluid by natural convection.) A direct-flow evacu-
ated tube collector has two pipes that run down and back, inside
the tube. One pipe is for inlet fluid, and the other is for outlet fluid.
In this type, collector tubes are not easily replaced, and all of the
fluid could be pumped out if a tube breaks. A heat pipe collector
employs a fluid in the metal pipe that has a low boiling point and
is resistant to freezing. Because of the vacuum, the liquid boils at
a lower temperature than it would at atmospheric pressure. The
vapor rises to the top of the pipe. Heat-carrying fluid flows through
the manifold and absorbs the heat. The fluid in the heat pipe con-
denses and flows back down to the tube. Fig 2.25 demonstrates
the schematic fluid flow in the heat pipe evacuated tube collector.
Thermosiphon evacuated tube solar collectors are preferred where
temperatures are not likely to drop into the freezing zone. They use
an integrated tank and work passively with heated liquid from the
evacuated tubes rising into the tank. With the tank included in the
system, water flow is controlled by the household water pressure.
Water pumps, expansion tanks, and electronics are reduced in this
system, which makes the system very economical. Thermosiphon
evacuated tube collectors will be described in more detail in the
Systems section.

Batch Heater: Batch heaters are also known as integrated collec-
tor storages (ICSs). The solar collector, combined with the storage
tank in the batch heater, is shown in Fig. 2.26. This is the cheapest
and oldest solar water heating system, which one can trace back to
the late 1800s. In the batch heater, water pressure in the plumbing
system pushes the water through the pipes and the tank. This system
should not be used where there is a chance of freezing. A 40-gallon
batch heater can place more than 500 1b on the roof, which should
be considered in the structural design of the building’s roof.
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2.4.1.2 Systems There are four fundamental terms that help
categorizing solar water heating systems: Active and passive
systems, and direct and indirect systems. Active systems employ
pumps to move fluid through pipes in contracts to passive systems
that use warm fluid buoyancy and gravity for fluid circulation. In
direct heating systems, potable water is the HTF; but in indirect
systems, an independent piping system and heat exchangers isolate
HTF from potable water.

Whether the system is active or passive, direct or indirect, solar
heating system components may be combined in different ways to
achieve efficient water heating. All non-obsolete combinations are
as follows:

Batch Heater (or ICS) Passive Direct System. Since the tank
and collector are combined in ICS, potable water is the HTF in
this system. Plumbing system pressure helps to fill the tank with
cold water when the hot water is consumed. The system shows the
best performance if water is consumed during late afternoon and
evening. When the heat transfer direction changes from hot water
to the ambient, a check valve should be considered to avoid reverse
thermosiphoning. Reverse thermosiphoning may be stopped by the
pipe run’s arrangements.

Thermosiphon Passive Systems. Thermosiphon systems are also
known as convection heat storage units. No pumps are used to en-
force circulation. The unit relies on natural convection and gravity
to transfer the fluid between the collector and the tank. The tank
is located in a higher level than the collector to permit thermosi-
phoning. Both direct and indirect mechanisms can be applied on
thermosiphon passive systems (Fig 2.27). Some direct units use
collectors with built-in tanks. In these prepackaged units, the tank
is mostly mounted on the roof. In other units, tanks are located
in the attic spaces above the collectors. Direct systems are not
recommended in climates with severe freezing. Indirect systems
are equipped with heat exchangers within their tanks and may use
non-freezing fluids for freeze protection. However, water pipes
and tanks containing water must be in conditioned spaces in cold
climates. Stagnant conditions, which can lead to overheating fluid,
should be considered in warmer regions.

Drainback Active Indirect System. Drainback systems use water
as the HTF most of the time; however, a mix of water and propyl-
ene glycol has been also recommended. The collector and pipes
are discharged when temperature falls near the freezing point. To
avoid overheating, these systems also drain back when the water
temperature is near a pre-specified high temperature. High temper-
atures occur during warm and low-demand days. No electric valve
is used in this system. Therefore, there is no concern of decreasing
the system capacity during a power outage. A schematic of a drain-
back active indirect system is illustrated in Fig 2.28(a).

Controller-Based Active Direct Systems. Controller-based
mechanisms can be applied only to active systems that use a pump
to circulate water between the storage tank and collectors. These
systems operate only when a pump is on. A differential pump con-
troller directs system operation. The controller detects the temper-
ature of the solar collector as well as that of the storage tank. The
controller turns the pump on whenever the collector is hotter than
the stored water (by 4°F to 8°F). These differential temperatures
are pre-set by the installer in accordance with the specific charac-
teristics of the installation. Another approach is to use a PV module
to power a DC pump. When the sun shines, the pump runs. In this
system, check valves are needed to stop reverse thermosiphoning
and freeze prevention valves are used to protect the system against
freezing like many other solar heating systems. However, direct
systems are never recommended for climates with severe freezing
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FIG. 2.27 SCHEMATIC DIAGRAM OF A THERMOSIPHON PASSIVE SYSTEM: (A) DIRECT SYSTEM AND (B) INDIRECT

SYSTEM [24]

conditions. A schematic of a controller based active direct system
is illustrated in Fig 2.28(b).

Pressurized Glycol Active Indirect System. A non-toxic glycol
or a mix of the glycol with water is used as the HTF in pressurized
glycol systems. They are suitable for regions with temperatures
below the freezing point of water during some periods of the year.
Glycol is circulated in the system using a pump that may be pow-
ered by a PV module. Because these systems are pressurized, fill
and drain valves must be incorporated to add or change the col-
lector fluid. As depicted in Fig 2.29, an expansion tank is needed
to absorb excess glycol pressure caused by thermal expansion as
glycol is heated. Since glycol is used as the heat transfer medium,
a heat exchanger is needed to transfer solar heat absorbed by glycol
to the water. Stagnant conditions should be controlled by adding a

Wia B
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A

shunt load to the system, which can be an outdoor radiator or a bur-
ied un-insulated pipe. Glycol must be changed every 10 to 15 years.

2.4.1.3 Freezing Issue In northern regions where freezing days
occur, different anti-freezing mechanisms are employed, which
has a major effect on the system’s components and connections.
There are five methods for preventing freezing in the solar water
heating system: draindown, drainback, water flow, freeze preven-
tion valves, and pressurized glycol. In the draindown system, when
the collector inlet temperature falls to a pre-specified temperature,
a draindown valve isolates the collector inlet and outlet from the
tank. At the same time, it opens a valve that allows water in the
collector to drain away. This method is no longer in use and is not
certified by the Solar Rating and Certification Corporation. In the
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FIG. 2.28 SCHEMATIC OF (A) A DRAINBACK ACTIVE INDIRECT SYSTEM AND (B) CONTROLLER-BASED ACTIVE DIRECT

SYSTEM [24]
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FIG. 2.29 PRESSURIZED GLYCOL ACTIVE INDIRECT
SYSTEM [24]

drainback system, fluid that drains from the solar collector is col-
lected in a drainback tank, which is located in a conditioned space.
In the water flow method, water is circulated through the collec-
tor by a pump with a freeze switch. This method needs electricity
to work. Therefore, it is unreliable when there is a power outage.
Freeze prevention valves allow water to drain out of collectors
when the weather is cold. Pressurized glycol systems are more
complex than other systems. They use a mix of a non-toxic glycol
(usually propylene or ethylene glycol) and water as working fluid.

2.4.1.4 Further Development Use of polymer material for con-
structing solar water heating systems has recently drawn the atten-
tion of some experts. A noticeable manufacturing cost and weight
reduction may be maintained by using polymers instead of glass,
copper, and steel in the collectors and the piping. There are some
challenges to overcome in order to ensure the successful use of
polymers in solar water heater systems: the thermal conductance of
polymers is much lower than that of metals, which results in lower
efficiency. The polymerindustry is developing new high-conductance
polymer materials manufactured with chemical additives. The du-
rability of some polymers under intense sun exposure is uncertain.
Additional UV-resistant coatings may help the durability issue of
polymers. Non-accelerated experiments in the future may provide a
better picture of the durability of polymer solar heating systems. The
use of plastic heat exchangers, thin-film plastic absorbers and glaz-
ings, plastic collectors, and plastic storage vessels are high on the
research agenda of some laboratories. If results from the field experi-
ments of these systems are promising, the work will be continued
toward final product development and manufacturing.

24.2 Solar Heating and Cooling for Air-
Conditioning Systems

2.4.2.1 Space Heating Solar space heating systems are usu-
ally employed as auxiliary space heaters, especially in residential
buildings. Technical limitations, weather condition requirements,
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and high capital costs are main reasons for keeping them as aux-
iliary heaters. One of the most advantageous solutions is using a
solar system that serves both water and partial space heating pur-
poses. There are passive and active methods to employ solar heat
for space heating. Active solar space heating systems take advan-
tage of the same solar collectors as solar water heating systems.
The only difference is their high demand for collector and storage
capacity, which makes them complex and expensive.

2.4.2.2 Passive Systems In solar passive space heating sys-
tems, the sun’s heat is transferred to the building through design
features such as large sun-facing windows and thermal mass in
walls and floors, to absorb heat during the day and release it dur-
ing the night. Passive systems may have direct gain, indirect gain
or isolated gain designs. Direct gain refers to the heat gained by a
building element like tile or concrete through direct solar radia-
tion. Indirect gain refers to the heat gained by the building through
an intermediate medium such as the walls or roof. Isolated gain
refers to the heat gained by an area that is not a primary living area.
A sunroom attached to a house that absorbs some heat from the
warmer air flowing to the primary living area can be a good exam-
ple of isolated gain in passive solar system design.

2.4.2.3 Active Systems There are three different approaches in
active solar space heating:

Direct Air-Space Heating. Direct air-space heating is the sim-
plest solar space heating system. An air-based solar collector that
employs air as the HTF is used in this system. Air is drawn by a
fan into the air-based collector, and the heated air directly goes to
the building. A simple controller activates the fan when air tem-
perature in the collector is higher than that in the house. Direct
air-space heating systems should be controlled properly to avoid
overheating. In some systems, air enters a storage medium such
as rock in order to stabilize the supply temperature. In other cases,
this system is used as a pre-heating system for ventilation air in
commercial buildings. A special type of air-based collector called
a perforated plate collector is commonly used for air pre-heating
purposes (Fig. 2.30).

Solar-Powered Radiators. Radiators can be fed by liquid-based
solar collector systems. Collectors in this system are exactly the
same as water heating collectors that comprise flat-plate and evac-
uated tube solar collectors. Baseboards and other radiators need
high volumes of water at temperatures around 150°F (65°C). Solar
systems cannot provide that, unless they use over-large collector
arrays and storage systems. For this reason, a boiler must be added
to the system. In this combined system, the solar part works as a
pre-heating system for the boiler to reduce its oil or gas.

Solar-Powered Radiant Floors. Radiant floor systems require
temperatures around 100°F (38°C), which are easily achievable by
using solar collectors. Therefore, solar-powered radiant floors can
operate as stand-alone heating systems. Radiant floor heating sys-
tems are compatible with solar hot water systems. These systems
are expensive in comparison to solar-powered radiators. Evacuated
tube collectors are suitable for cold climates, and flat-plate collec-
tors can operate in mild climates. Modern radiant floor systems
use a lightweight durable cross-linked polyethylene network called
PEX. Some manufacturers present packages integrating various
components.

2.4.2.4 Solar Absorption Technology Solar absorption is a
space cooling system that demands high temperatures. Therefore,
evacuated tube and concentrating type collectors are suitable for
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FIG.2.30 A PERFORATED SOLAR COLLECTOR (Source: US
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this purpose. A schematic diagram of a solar absorption cooling
system is illustrated in Fig. 2.31. Solar absorption systems, which
are used for space cooling, are relatively low-capacity chillers.
These low-capacity chillers are often single-effect water lithium
bromide, driven by hot water. Solar absorption systems can usu-
ally provide 30% to 60% cooling load of the building and are
usually equipped with an auxiliary heat source and a storage unit.
Since solar absorption is an expensive technology, it is best to
use a solar system that serves more than just the cooling needs of
a house to maximize the return on the investment and not leave
the system idle when cooling is not required. Water heating and/
or space heating can be provided with the same equipment used
for the solar cooling system. Different arrangements of solar col-
lectors, absorption chillers, storage unit, and the load result in
different system performance [35]. The auxiliary source can be
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FIG. 2.31 SCHEMATIC DIAGRAM OF A SOLAR ABSORP-
TION COOLING SYSTEM [36]

connected, either in series, or in parallel, to the solar absorption
system. The series configuration allows use of solar heat even if
the fluid temperature in the storage tank is not high enough to
drive the cooling system. On the other hand, in the parallel con-
figuration, the fluid in the storage tank may be heated up by the
auxiliary sources.

For optimum operation of the system, using a double-hot-storage
tank system as illustrated at Fig. 2.32 is highly recommended. In
this system, one of the tanks (tank b in Fig. 2.32) provides heat-
carrying fluid at about 10°C to 15°C lower than the other one.
When the temperature of the fluid reaches the value of the lower
temperature storage, the pump is activated with valves Va; and Va,
open. If it exceeds a pre-specified value, the pump stops for a few
minutes. If the collector temperature goes over the hotter tank set
point during this period, the pump is reactivated with valves Vb,
and Vb, open. If not, the operation starts again with the colder tank
recovering the load of the system.

To have long continuous working periods, using a cold storage
is necessary. In addition, using a cold storage reduces the required
chiller capacity to meet the peak load. The load can be in series
with the chiller and the cold storage or in parallel. The series ar-
rangement is not recommended as the cold storage, and the chiller
cannot maintain the load independently. The parallel arrangement
is a good alternative that provides three different options for the
system to supplement the load: by the cold storage, directly by the
chiller, and indirectly by the chiller through cooling the storage
only. The double-cold-storage tank configuration as depicted in
Figure 2.33 is recommended to avoid stratification in the cold stor-
age. Only a couple of degrees temperature gradient in the cold stor-
age can already adversely affect the COP of the system. Chilled
water is taken from tank b and returned to tank a. The tank b level
is changed by the flow rate of the two pumps. At close flow rates of
the pumps, the fluid level in tank b remains stable.

2.4.2.5 PV/Thermal Hybrid Systems A significant amount of
research and development work on the PV/thermal hybrid technol-
ogy has been carried out since 1970. Chow [37] recently published
a review outlining theoretical models of the technology and their
validation. The integrated design of both PV and thermal fluid
channels such as those shown in Fig. 2.34 allows the harvesting
of heat from a PV panel that is otherwise lost to the ambient; thus
maximizing utilization of the total surface area and increasing the
overall energy conversion efficiency. Despite significant devel-
opment efforts, however, its commercial applications have been
limited [37].
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FIG.2.32 SCHEMATIC OF A DOUBLE-HOT-STORAGE TANK
SYSTEM FOR SOLAR ABSORPTION COOLING
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2.5 SOLAR PROCESS HEAT FOR
MANUFACTURING APPLICATIONS

The industrial sector of US economy consumes a significant
amount of energy, particularly in manufacturing processes. The
primary metals industry is one of the most energy-intensive in the
manufacturing sector [38]. Throughout evolution of manufacturing
technology, heating through combustion is the dominant, tradition-
ally economical mode of delivering the required energy. It naturally
contributes to tremendous climate-changing gas emissions. During
the past decades, investigations have shown that solar energy might
provide an alternative solution to the high-temperature heat re-
quirement. However, the main reason for the investigation still lies
on economic and process requirements. For example, the replace-
ment of electrolysis or electrothermal processes with direct reduc-
tion processes for aluminum production using high-temperature
solar process heat may well be economical, especially when the
costs of CO emission are included in the analysis. In particular,
aluminum production by carbothermal reduction is a very high-
temperature, energy-intensive process. The temperature required
for the process is in the range of 2300 to 2500 K and therefore
is too high for practical process heat addition from combustion
sources alone. Only electric-arc furnaces or highly-concentrated
solar reactors are capable of supplying process heat at these high
temperatures. The unique opportunities for such industrial imple-
mentation of solar process heat may make possible a direct thermal
route from the ore to metal. One of the in-depth investigations of
such scenarios was presented by Murray [38]. Aluminum Com-
pany of America (Alcoa) demonstrated the following direct reduc-
tion process:

3Si0, + 9C — 3SiC + 6CO 1500-1600°C (2.2)
2A1,05 + 3C = AL,0,C +2CO 1600-1900°C (2.3)
Al,04C + 3SiC — 4A1 + 3Si + 4CO  1950°C to 2200°C 24)

This process makes the solar-thermal processes a good candidate
to achieve the desired temperature. Figure 2.35 illustrates the solar
process heat system that could be used for such an application [39].

Although the investigation focuses on the complexity of the
manufacturing processes, not on the solar heat system itself, it
points out the great potential of solar thermal systems to be an al-
ternative energy for process heat applications.

The solar process heat for direct aluminum production may be
an extreme case in terms of temperature range. Many industrial
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processes require heating at a lower temperature range such as be-
tween 80°C and 250°C. Therefore, all the following solar collector
types could be the candidates for supplying the process heat [40]:

advanced flat-plate collectors

evacuated tube collectors

compound parabolic concentrator (CPC) collectors
parabolic trough collectors

linear concentrating Fresnel collectors
concentrating collectors with stationary reflector

2.5.1 Advanced Flat-Plate Collectors

Advanced flat-plate collectors for process heat are based on
those widely used in building hot water solar systems. In order to
achieve a temperature higher than 80°C, it is necessary to reduce
the collector heat losses mainly on the front side of the collector,
but without sacrificing too much of the optical performance at the
same time. The improvements include hermetically sealed collectors
with inert gas fillings, double covered flat-plate collectors, vacuum
flat-plate collectors, and combinations of the above mentioned. For
example, if the standard glass in the collector is replaced by AR
glass, it has been experimentally confirmed that the efficiency of a
2-AR collector is more than 33% better than a standard collection,
as illustrated in Figure 2.36.

2.5.2 Evacuated Tubes

Evacuated tubes have been used for years in the main markets
globally [41]. Because of the increasing quantity of vacuum,
currently vacuum tube collectors have been a standard compo-
nent of solar thermal systems working at higher temperatures.
The main advantage is that they can also be used with less col-
lector area compared with a standard flat-plate collector. In the
direct-flow vacuum collectors, the stagnation temperature can
reach 300°C; however, owing to the limit of working fluid, such
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FIG. 2.35 ENGINEER’S VIEW OF A SOLAR POWER FOR ALUMINUM PROCESSING [39]

as glycol, in a region where winter conditions could be below
freezing, the maximum temperature has to be kept at less than
170°C [42].

2.5.3 Compound Parabolic Concentrator Collectors

Compound parabolic concentrator collectors use a CPC to con-
centrate solar radiation on an absorber. Because they are not focus-
ing (non-imaging), they are a natural candidate to bridge the gap
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FIG. 2.36 EFFICIENCY CURVES OF A SINGLE-, DOUBLE-,
OR TRIPLE-GLAZED AR COLLECTOR [40]

between the lower temperature solar application field of flat-plate
collectors (T < 80°C) to the much higher-temperature applications
field of focusing concentrators (T > 200°C).

As shown in Fig. 2.37, an ideal CPC concentrator can concen-
trate isotropic radiation incident on an aperture “a” within a solid
angle ©, with the normal to this aperture without losses. The
minimal possible aperture “b” on to which the radiation can be
delivered is shown in Figure 2.37. A full CPC can achieve the
maximum concentration C,,,, within the angle ®, where C,,,, =
1/sin(@®). In practice, cost reduction often yields a design of CPC
with truncated configuration to eliminate the upper part of the
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FIG. 2.37 APERTURE OF A CPC CONCENTRATOR: (A)
FLAT ABSORBER PARALLEL TO THE FLAT ENTRANCE
APERTURE A AND (B) ACCEPTANCE ANGLE AS A FUNC-
TION OF HALF ACCEPTANCE ANGLE 0 [40]
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FIG. 2.38 SCHEMATIC OF A LINER CONCENTRATING FRESNEL COLLECTOR [40]

mirrors. Developments have been undertaken since 1970 to achieve
a high temperature between 150°C and 200°C. The most recent
one utilized evacuated tubes with CPC reflectors.

254 Parabolic Trough Concentrators

Parabolic trough concentrators as discussed in Section 2.2 can
be scaled to meet the requirements of process heat in industrial
applications. For example, to achieve a required temperature of
100°C to 130°C, a parabolic trough system can generate steam
either in a direct (loop) or indirect (through a heat exchanger) mode.
The steam can then be distributed through the process plant.

2.5.5 Linear Concentrating Fresnel Collectors

Linear concentrating Fresnel collectors are based on the simple
geometric configuration shown in Fig. 2.38. It consists of an array
of uniaxially tracked mirror strips to reflect sunlight onto a station-
ary thermal receiver. In addition to their relatively simple construc-
tion, linear concentrating Fresnel collectors have low-wind loads.
The stationary receiver can easily be integrated with a high-ground
application such as covered parking lots.

Similar to parabolic trough systems, linear Fresnel collectors
can be scaled down from large-scale power generation applications
to a thermal capacity of 50 kW to several megawatts for industrial
process heat applications. Commercially, there are several demon-
stration projects in Germany and Italy for industrial process heat
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and absorption chiller applications, respectively. The operation
temperature range is 100°C to 400°C [41].

2.5.6 Concentrating Collectors With Stationary
Reflector (CCStaR)

Concentrating collectors with stationary reflector (CCStaR) is
also referred as a fixed-mirror solar collector [43, 44]. The fixed
reflector can be linear mirrors like Fresnel geometry (Fig. 2.39)
or a smooth parabolic segment. The key requirement to reach the
highest possible efficiency for CCStaR is for the receiver to rotate
and form an angle to the aperture.

Theoretically, it is possible to reach concentrations of 40 to 50
suns. The capability of these collection systems to concentrate
solar energy is described in terms of their mean flux concentration
ratio C over a targeted area A at the focal plane, normalized with
respect to the incident normal beam insolation I,

é — Qsolar
IA

where Qg1 18 the solar power intercepted by a collector surface.
Cis often expressed in units of “suns” when normalized to / = 1
kW/m>. The solar flux concentration ratio typically obtained is at
the level of 100, 1000, and 10,000 suns for trough, tower, and dish
systems, respectively.
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FIG. 2.39 BASIC CONFIGURATION OF A CCSTAR [44]: (A) ROTATING RECEIVER AND (B) DEFINITION OF THE SOLID

ANGLE, 6
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The averaged optical efficiency in this range of concentration
ratios falls to about 60%. Therefore, the current development rests
on a more realistic target of 15 suns with the working tempera-
ture range between 80°C and 140°C. This technology will serve
as a good candidate for the food industry for pasteurizing, boiling
and sterilizing and textile industry for bleaching and dyeing. Other
process applications could be found in chemical industry and ab-
sorption refrigeration systems. Again, only a handful of govern-
mental and industrial demonstration projects have been established
for CCStaR systems, and wide commercialization of this applica-
tion has yet to be realized.

2.6 OTHER SOLAR ENERGY
APPLICATIONS

2.6.1 Photovoltaic-Driven Desalination Systems

The electricity produced from PV systems can be used for
desalination applications by running pumps in either reverse
osmosis (RO) or electrodialysis (ED) desalination units. In RO
applications, AC is required for the pumps; therefore, a DC/AC
inverter has to be installed. In contrast, ED uses DC for the elec-
trodes at the cell stack, and hence, it can use the energy supplied
from the PV panels directly with some minor power condition-
ing. For sustained operation, the system requires energy storage
capacity.

Reverse osmosis is a physical process that occurs under the os-
motic pressure difference between salt water and pure water. In
this process, a pressure greater than the osmotic pressure is ap-
plied on salt water (feedwater), and clean water passes through the
synthetic membrane pores separated from the salt. A concentrated
salt solution is retained for disposal (Fig. 2.40). The RO process is
effective for removing total dissolved solid (TDS) concentrations
of up to 50,000 parts per million (ppm), which can be applied for
both brackish-water (1500 to 10,000 ppm) and seawater (33,000
to 45,000 ppm). It is currently the most widely used process for

seawater desalination [45]. A pump running on electricity is re-
quired to provide the pressure difference.

Photovoltaic-powered RO is widely viewed as one of the most
promising forms of renewable-energy-powered desalination, espe-
cially used in remote areas. Small-scale PV-RO has received much
attention in recent years, and numerous demonstration systems have
been built. Two types of PV-RO systems are available in the mar-
ket: brackish-water and seawater PV-RO systems. Different mem-
branes are used for brackish water, and much higher recovery ratios
are possible, which makes energy recovery less critical [46].

The ED process uses electromotive force applied to elec-
trodes adjacent to both sides of a membrane to separate dissolved
minerals in water. The separation of minerals occurs in an indi-
vidual membrane called a cell pair, which consists of an anion
transfer membrane, cation transfer membrane, and two spacers.
The complete assembly of the cell pairs and electrode is called
a membrane stack (Fig. 2.41). Electrodialysis reversal (EDR) is
a similar process, except that the cations and anions reverse to
routinely alternate the current flow. In design applications, the
polarity is reversed four times per hour, which creates a clean-
ing mechanism and decreases the scaling and fouling potential of
the membrane. Electrodialysis and EDR are best used in treating
brackish water with TDS of up to 5000 ppm and are not economi-
cal for higher concentrations. A DC voltage difference is required
to provide the potential to the separation process occurring across
the membrane.

Electrodialysis using conventional power has been used in
commercial applications since 1954, more than 10 years before
RO. Production of potable water seems mostly the focus of this
type of systems. Because of its modular structure, ED can be
available in a variety of dimensions with capacities from small
(<2 m3/day) to large (145,000 m3/day). In the United States, ED
systems have 31% of the total installed capacity. In Europe and
the Middle East, ED has 15% and 23% of the total installed ca-
pacity, respectively. The EDR process was developed in the early
1970s. Today, the process is used in 1100 installations world-

Rt

FIG. 2.40 SCHEMATIC OF A PV-RO SYSTEM [45]



BE poverr wpply

ENERGY AND POWER GENERATION HANDBOOK e« 2-27

P sl

Change  Seoiege
pans requlsior  batberies

FIG. 2.41 SCHEMATIC OF A PV-ED SYSTEM [45]

wide. The installed PV-ED units are only of small capacity and
are mainly used in remote areas. In general, desalination systems
that incorporate renewable energy resources are still far from
achieving their full potential.

2.6.2 Other PV-Driven Applications

During the last decade, the continuous decline in manufactur-
ing costs for PV has rapidly increased the pace of development in
the variety of applications. Examples include solar powered cars
[47] and boats [48]. However, the commercial applications of such
products still have a long way to go until achieving market-ready
status. Of course, solar-powered space exploration vehicles, satel-
lites, space stations, and instruments have been in applications for
a long time, which are not part of the discussion in this chapter.

2.6.3 Solar Chemical Reactors for Hydrogen
Production

There have been significant investigations in the literature during
the last decade to investigate the method of hydrogen production
using solar energy. Three basic pathways have been utilized for pro-
ducing hydrogen with solar energy: electrochemical, photochemical,
and thermochemical [49-51]. The thermochemical process is based
on the use of concentrated solar radiation as the energy source of
high-temperature process heat for driving an endothermic chemical
transformation. Large-scale concentration of solar energy is mainly
based on three optical configurations using parabolic reflectors,
namely, trough, tower, and dish systems [51]. As discussed above,
the capability of these collection systems to concentrate solar energy
is described in terms of their mean flux concentration in units of
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FIG. 2.42 FIVE THERMOCHEMICAL ROUTES FOR SOLAR HYDROGEN PRODUCTION [50]
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FIG.2.43 SCHEMATIC OF THE “ROTATING-CAVITY” SOLAR
REACTOR CONCEPT FOR THE THERMAL DISSOCIATION
OF ZnO TO Zn AND O, AT 2300 K [50]

“suns.” Higher concentration ratios correspond to lower heat losses
from smaller areas and, consequently, higher attainable tempera-
tures at the receiver. Solar thermochemical applications, although
not as far developed as solar thermal electricity generation, employ
the same solar concentrating technologies [51].

In Fig. 2.42, five thermochemical routes for solar hydrogen pro-
duction are depicted. The chemical source of H, is water for the
solar thermolysis and the solar thermochemical cycles, fossil fuels
for the solar cracking, and a combination of fossil fuels and H,O for
the solar reforming and solar gasification. All of those routes involve
endothermic reactions that can make use of concentrated solar radia-
tion as the energy source of high-temperature process heat [52].

No matter which route is taken, the reactors designed for the
processes basically consist of an irradiation receiver and a reaction
chamber with a feeder of fuel (H,O or fossil fuels). Figure 2.43
shows one type of solar reactor, the rotating-cavity solar reactor,
which is used for thermal dissociation of ZnO to Zn and O, based
on the following reaction:

First step (solar): ZnO — Zn + % 0, 2.5)

Second step (non-solar): Zn + H,O — ZnO + H, (2.6)

As shown in Fig. 2.43, the reactor consists of a rotating conical
cavity-receiver (1), which contains an aperture (2) for access of
concentrated solar radiation through a quartz window (3). The solar
flux concentration is further enhanced by incorporating a CPC (4)
in front of the aperture. Both the window mount and the CPC are
water cooled and integrated into a concentric (non-rotating) conical
shell (5). A screw powder feeder continuously feeds ZnO particles
from the rear of the reactor (6). The centripetal acceleration therefore
forces the ZnO powder to the wall, where it forms a thick layer of
ZnO (7) that also insulates the inner cavity walls and reduces the
thermal load. A purge gas flow enters the cavity-receiver tangential-
ly at the front (8) and keeps the window cool and clear of particles
or condensable gases. The gaseous products Zn and O, continuously
exit via an outlet port (9) to a quench device (10) [53]. A 10-kW
system has been tested for this design and reached 4000 suns.

There are other types of reactor designs such as the two-cavity
type for ZnO carbothermal reduction where the inner cavity acts as
the solar absorber and the outer one as the reaction chamber, and
the vortex type that can be used for the combined ZnO reduction
and CH,4 reforming [54]. Those solar hydrogen production systems
have been assessed for the economics [55-57]. The assessments
indicate that the solar thermochemical production of hydrogen can
be competitive with the electrolysis of water using solar-generated
electricity and, under certain conditions, might become competi-
tive with conventional fossil-fuel based processes at current fuel
prices, even before the application of credit for CO, mitigation and
pollution avoidance. The weaknesses identified from these eco-
nomic evaluations are primarily related to the uncertainties in the
viable efficiencies and investment costs of the various components
owing to their early stage of development and their economy of
scale. It was recognized that further development and large-scale
demonstration are needed.

2.7 SUMMARY

In this chapter, a number of commercial applications of solar en-
ergy are presented. By far, PV-driven applications are dominant in
the present markets in terms of annual productions of cells, panels,
and systems and the number of installations in buildings and other
applications. The impacts of distributed PV and thermal systems
are tremendous simply because of the sheer volume of applications.
While solar hot water systems are relatively less expensive, the chal-
lenge to significantly bring down the cost of PV systems to compete
against the conventional fossil fuel-based electricity requires both
technological breakthroughs and non-technical measures.

From the most active perspective of emerging applications, large-
scale solar thermal power plants have been gaining momentum
in both governmental and private investments and developments.
This is mainly because of the potential economical benefits of such
systems among the renewable energy portfolios at the utility scale.
Recent acceleration in project implementation and increase in
funding opportunities from various governments indicate a global
expansion in this field.

The development in solar process heat technology has been rel-
atively slow. The motivations for further development will most
likely rely on new methods or requirements in material processing
or manufacturing processes, which could be achieved only by us-
ing solar energy. Also, regulations that account for the economic
values of environmental impacts may speed up the adoption of so-
lar energy systems for process heat requirements as an alternative.

As one of the special solar process heat options, systems that
produce hydrogen using solar energy have been attracting much at-
tention. So far, they have been mainly in the research and develop-
ment stages. No commercial-scale demonstration project has been
reported. The application potential for this technology is, however,
very high.
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SOLAR THERMAL POWER PLANTS:
FROM ENDANGERED SPECIES TO
BULK POWER PRODUCTION IN

SUN BELT REGIONS

Manuel Romero and José Gonzalez-Aguilar

3.1 INTRODUCTION

Solar thermal power plants, due to their capacity for large-scale
generation of electricity and the possible integration of thermal
storage devices and hybridization with backup fossil fuels, are
meant to supply a significant part of the demand in the countries of
the solar belt [1]. Nowadays, the high-temperature thermal conver-
sion of concentrated solar energy is rapidly increasing with many
commercial projects taken up in Spain, USA, and other countries
such as India, China, Israel, Australia, Algeria, and Italy. This is
the most promising technology to follow the pathway of wind en-
ergy in order to reach the goals for renewable energy implementa-
tion in 2020 and 2050.

Spain with 2400 MW connected to the grid in 2013 is taking
the lead on current commercial developments, together with USA
where a target of 4500 MW for the same year has been fixed and
other relevant programs like the “Solar Mission” in India recently
approved and going for 22 GW-solar, with a large fraction of
thermal [2].

Solar Thermal Electricity or STE (also known as CSP or Con-
centrating Solar Power) is expected to impact enormously on the
world’s bulk power supply by the middle of the century. Only in
Southern Europe, the technical potential of STE is estimated at
2,000 TWh (annual electricity production) and in Northern Africa
it is immense [3]. Worldwide, the exploitation of less than 1% of
the total solar thermal power plant potential would be enough to
meet the recommendations of the United Nations’ Intergovernmen-
tal Panel on Climate Change for long-term climate stabilization
[4]. One MW of installed concentrating solar thermal power avoids
688 tons of CO, compared to a Combined Cycle conventional
plant and 1360 tons of CO, compared to a conventional coal/steam
plant. A 1-m? mirror in the primary solar field produces 400 kWh
of electricity per year, avoids 12 tons of CO, and contributes to a
2.5-ton savings of fossil fuels during its 25-year operation lifetime.
The energy payback time of concentrating solar power systems is

less than 1 year, and most solar-field materials and structures can
be recycled and used again for further plants.

But in terms of electric grid and quality of bulk power supply, it
is the ability to provide dispatch on demand that makes STE stand
out from other renewable energy technologies like PV or wind.
Thermal energy storage systems store excess thermal heat collected
by the solar field. Storage systems, alone or in combination with
some fossil fuel backup, keep the plant running under full-load
conditions. This capability of storing high-temperature thermal
energy leads to economically competitive design options, since
only the solar part has to be oversized. This STE plant feature is tre-
mendously relevant, since penetration of solar energy into the bulk
electricity market is possible only when substitution of intermediate-
load power plants of about 4000-5000 hours/year is achieved.

The combination of energy on demand, grid stability, and high
share of local content that lead to creation of local jobs provide a
clear niche for STE within the renewable portfolio of technolo-
gies. Because of that, the European Commission is including STE
within its Strategic Energy Technology Plan for 2020, and the US
DOE is launching new R&D projects on STE. A clear indicator of
the globalization of such policies is that the International Energy
Agency (IEA) is sensitive to STE within low-carbon future scenar-
ios for the year 2050. At the IEA’s Energy Technology Perspec-
tives 2010 [5], STE is considered to play a significant role among
the necessary mix of energy technologies needed to halving global
energy-related CO, emissions by 2050, and this scenario would
require capacity additions of about 14 GW/year (55 new solar ther-
mal power plants of 250 MW each).

STE systems consist of a large reflective surface collecting the
incoming solar radiation and concentrating it onto a solar receiver
with a small aperture area. The solar receiver is a high-absorptance
radiative/convective heat exchanger that emulates as closely as
possible the performance of a radiative black body. An ideal so-
lar receiver would thus have negligible convection and conduc-
tion losses. In the case of a solar thermal power plant, the solar
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energy is transferred to a thermal fluid at an outlet temperature
high enough to feed a heat engine or a turbine that produces elec-
tricity. The solar thermal element can be a parabolic trough field,
a linear Fresnel reflector field, a central receiver system or a field
of parabolic dishes, normally designed for a normal incident ra-
diation of 800-900 W/m?. Annual normal incident radiation varies
from 1600 to 2800 kWh/m?, allowing from 2000 to 3500 annual
full-load operating hours with the solar element, depending on the
available radiation at the particular site [6].

The first generation of commercial STE projects is mainly based
on technological developments and concepts that matured after
more than two decades of research. Nevertheless, the current solar
thermal power plants are still based on conservative schemes and
technological devices which do not exploit the enormous potential
of concentrated solar energy. Commercial projects use technologies
of parabolic troughs with low concentration in two dimensions and
linear focus, or systems of central tower and heliostat fields, oper-
ating with thermal fluids at relatively modest temperatures, below

400°C [7]. The most immediate consequence of these conservative
designs is the use of systems with efficiencies below 20% nominal
in the conversion of direct solar radiation to electricity; the tight
limitation in the use of efficient energy storage systems; the high
water consumption and land extension due to the inefficiency of
the integration with the power block; the lack of rational schemes
for their integration in distributed generation architectures and the
limitation to reach the temperatures needed for the thermochemical
routes used to produce solar fuels like hydrogen.

In the first commercial projects involving parabolic trough tech-
nology, some improvements are being introduced, such as the use
of large molten salt heat storage systems able to provide high de-
grees of dispatch for the operation of the plant, such as the plants
Andasol 1 and 2 in Guadix, Spain, with 7.5 hours of nominal stor-
age, or the use of direct steam generation loops to replace thermal
oil at the solar field. Central towers are opening the field to new
thermal fluids like molten salts (Gemasolar tower plant in Seville,
Spain) and air, and new solar receivers like volumetric absorbers.

In parallel, a new generation of concentrating solar thermal
power systems is starting deployment. This new generation is
characterized by its modularity and higher conversion efficiencies.
The design strategy is based on the use of highly compact heliostat
fields, using mirrors and towers of small size, and looking for in-
tegration into high-temperature thermodynamic cycles. There are
currently some initiatives with prototypes at an experimental stage
and announcing large commercial projects like the one proposed
by BrightSource with a prototype of 6 MWth at the Neguev desert
in Israel, the 100 kWe prototype promoted by the AORA company
and researchers of the Weizmann Institute in Israel, and the 5 MWe
prototype built by the company eSolar in California.

3.2 SOLAR THERMAL POWER PLANTS:
SCHEMES AND TECHNOLOGIES

3.2.1 Solar Concentration: Fundamentals for STE

Plants
Solar energy has a high exergy value since it originates from
processes occurring at the sun’s surface at a black-body equiva-
lent temperature of approximately 5777 K. Because of this high

exergetic value, more than 93% of the energy may be theoretically
converted to mechanical work by using thermodynamic cycles [8],
or to Gibbs free energy of chemicals by solarized chemical reac-
tions [9]. According to thermodynamics and Planck’s equation, the
conversion of solar heat to mechanical work or Gibbs free energy
is limited by the Carnot efficiency, and, therefore, to achieve maxi-
mum conversion rates, the energy should be transferred to a ther-
mal fluid or reactants at temperatures close to that of the sun.

Even though solar radiation is a source of high temperature and
exergy at origin, with a high radiosity of 63 MW/m?, sun-to-earth
geometrical constraints lead to a dramatic dilution of flux and to
irradiance available for terrestrial use; only slightly higher than
1 kW/m? with a consequent supply of low temperatures to the ther-
mal fluid. It is, therefore, an essential requisite for solar thermal
power plants and high-temperature solar chemistry applications to
make use of optical concentration devices that enable the thermal
conversion to be carried out at high solar fluxes and with relatively
low heat losses. A simplified model of a STE plant is depicted in
Fig. 3.1.

Solar reflective concentrators follow the basic principles of
Snell’s Law of reflection [10]. In a specular surface, like the mir-
rors used in solar thermal power plants, the reflection angle equals
the angle of incidence. The most practical and simplest primary
geometrical concentrator typically used in STE systems is the
parabola. Even though there are other concentrating devices like
lenses or Compound Parabolic Concentrators [11], the reflective
parabolic concentrators and their analogues are the systems with
the greatest potential for scaling up at a reasonable cost. Parabolas
are imaging concentrators able to focus all incident paraxial rays
onto a focal point located on the optical axis (see Fig. 3.2).

The paraboloid is a surface generated by rotating a parabola
around its axis. The parabolic dish is a truncated portion of a pa-
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FIG. 3.2 CONFIGURATION OF IDEAL PARABOLIC CONCENTRATOR (LEFT) AND FLUX PROFILE REFLECTED BY A TYPI-

CAL CONCENTRATOR INCLUDING SUNSHAPE (RIGHT)

raboloid. For optimum sizing of the parabolic dish and absorber
geometries, the geometrical ratio between the focal distance, f, the
aperture diameter of the concentrator, d, and the rim angle, ©, must
be taken into account. The ratio can be deducted from the equation
describing the geometry of a truncated paraboloid, x* + y* = 4fz,
where x and y are the coordinates on the aperture plane and z is
the distance from the plane to the vertex. For small rim angles, the
paraboloid equals to a sphere and in many cases spherical facets
are used, therefore, in most solar concentrators, the following cor-
relation is valid:

1

" 4tan(0/2) G-D

fld

For example, a paraboloid with a rim angle of 45 deg has f/d of
0.6. The ratio f/d increases as the rim angle decreases. A parabolic
concentrator with a very small rim angle has very little curvature
and the focal point far from the reflecting surface. Because of that,
STE systems making use of cavity receivers with small apertures
should use small rim angles. Conversely, those STE systems using
external or tubular receivers will make use of large rim angles and
short focal lengths.

The thermodynamic limit or maximum concentration ratio for an
ideal solar concentrator would be set by the size of the sun. By ap-
plying the geometrical conservation of energy in a solar concentra-
tor, the following expressions are obtained for 3D and 2D systems
(for a refraction index n = 1, and assuming a flat aperture area):

1

Cmax,3D = a4 < 46,200 (32)
sin” Oy
Cmax,2D =— ! <215 (3.3)
sin O

Then the semi-angle subtended by the sun is 5= 4.653 X 1073
rad (16’), and the maximum concentration values 46,200 for 3D
and 215 for 2D. For real concentrators, the maximum ratios of
concentration are much lower because of microscopic and macro-
scopic, tracking and mechanical, sunshape, and other errors.

In a real mirror with intrinsic and constructional errors, the re-
flected ray distribution can be described with “cone optics” and,

as depicted in Fig. 3.2, the flux profile obtained onto the target can
be described by a Gaussian shape. The reflected ray direction has
an associated error that can be described with a Normal Distribu-
tion Function. The errors of a typical reflecting solar concentrator
may be either microscopic (specularity) or macroscopic (waviness
of the mirror and error of curvature). All the errors together end
up modifying the direction of the normal compared to the refer-
ence reflecting element. However, it is necessary to discriminate
between microscopic and macroscopic errors. Microscopic errors
are intrinsic to the material and depend on the fabrication process,
and can be measured at the lab with mirror samples. Macroscopic
errors are characteristic of the concentrator and the erection pro-
cess, therefore, they should be measured and quantified with the
final system in operation [12]. It is relatively easy to quantify all
that random errors onto the target by using the standard deviation
of the reflected rays (6° = X 6;) or by fitting the solar concentrated
flux to a normal distribution function with a standard deviation o,
commonly known as beam quality. Typical beam qualities of solar
reflective concentrators used in STE plants are of a few milliradi-
ans and their values determine the size of the absorber or cavity.
Beam quality convolves with the sunshape leading to an increment
of the acceptance angle of the absorber, receiver aperture, or cav-
ity from 2.6y (ideal value corresponding to the size and errors of
the sun) to 2. B (real value of the acceptance angle including all
sources of errors).

The concentrator with more extended use is the parabolic trough
it is a 2D parabolic reflector with a linear focus and single axis
tracking. The concentration ratio C for this system is determined
by the ratio between the aperture of the parabolic surface and the
total area of the tubular receiver (Eq. 3.4).

CAc Lyl Ly 3.4)

Ax  27RL 27%R

Where Ac is the aperture area of the concentrator, Ay is the area
of the receiver or absorber, L, is the width of the aperture of the
concentrator, L is the length of the concentrator and R is the radius
of the receiver tube (Fig. 3.3). According to this, the following
relations are obtained:

R o sinp (3.5)

r
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PARABOLIC TROUGH CONCENTRATOR
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Where r is the distance from the edge of the parabola to the
center of the receiver, 23 is the acceptance angle and © is the rim
angle of the concentrator.

Then the Concentration Ratio C can be expressed also as:

sin®  sin®
= N = _CZDmax (37)
wsinff 7w

The concentration ratio for a parabolic trough can reach a maxi-
mum value of 67.7 (for a refractive index n = 1), considering the
best case when the rim angle © = 71/2 rad and the acceptance angle
is B= 6s = 4.7 x 107 rad. In practice and because of imperfections
of the reflective surface, errors on tracking and absorber tube posi-
tioning for large collector assemblies of 5.8 m of aperture and 100
m length, the typical values of C are between 20 and 30.

If we repeat the same analysis of C for a 3D parabolic reflector,
the expression leading to the maximum concentration is:

3 sin” ©-cos’ (@ + ﬂ)

C
sin? 8

(3.8)

Figure 3.4 represents C versus the rim angle © obtained from
Eq. 8. As it can be observed the maximum concentration ratio
is reached for a rim angle of 45 deg. and, according to equation
1, for a focal ratio of f/D = 0.6. This optimum concentration is
independent of the acceptance angle of the system. The acceptance
half-angle B is the sum of the half-angle subtended by the Sun,
6,, and the optical error associated to the concentrator system,
as B = O+y. Typical values of C are 1000 to 3000 for parabolic
dishes between 5 and 10 m diameter.

3.2.2 Solar Thermal Power Plant Technologies

Four concentrating solar power technologies are today rep-
resented at pilot and commercial-scale [13]: parabolic trough
collectors (PTC), linear Fresnel reflector systems (LFR), power
towers or central receiver systems (CRS), and dish/engine sys-
tems (DE). All the existing pilot plants mimic parabolic ge-

ometries with large mirror areas and work under real operating
conditions (Fig. 3.5).

PTC and LFR are 2-D concentrating systems in which the incom-
ing solar radiation is concentrated onto a focal line by one-axis track-
ing mirrors. They are able to concentrate the solar radiation flux 30 to
80 times, heating the thermal fluid up to 450°C, with power conver-
sion unit sizes of 30 to 80MW, and therefore, they are well suited for
centralized power generation at dispatchable markets with a Rankine
steam turbine/generator cycle. CRS optics is more complex, since
the solar receiver is mounted on top of a tower and sunlight is con-
centrated by means of a large paraboloid that is discretized into a
field of heliostats. This 3-D concentrator is, therefore, off-axis and
heliostats require two-axis tracking. Concentration factors are be-
tween 200 and 1000 and unit sizes are between 10 and 200 MW, and
they are, therefore, well suited for dispatchable markets and integra-
tion into advanced thermodynamic cycles. A wide variety of thermal
fluids, like saturated steam, superheated steam, molten salts, atmos-
pheric air or pressurized air, can be used, and temperatures vary be-
tween 300°C and 1000°C. Finally, DE systems are small modular
units with autonomous generation of electricity by Stirling engines
or Brayton mini-turbines located at the focal point. Dishes are para-
bolic 3D concentrators with high concentration ratios (1000-3000)
and unit sizes of 5-25 kW. Their current market niche is in both
distributed on-grid and remote/off-grid power applications.
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Typical solar-to-electric conversion efficiencies and annual
capacity factors are listed in Table 3.1 below [6]. The values for
parabolic troughs, by far the most mature technology, have been
demonstrated commercially. Those for linear Fresnel, dish and
tower systems are, in general, projections based on component
and early commercial projects and the assumption of mature de-
velopment of current technology. With current investment costs,
all STE technologies are generally thought to require a public fi-

nancial support strategy for market deployment. At present direct
capital costs of STE and power generation costs are estimated to
be 2-3 times those of fossil-fueled power plants, however, indus-
try roadmaps advance 60% cost reduction before 2025 [7]. In fact
governments at some countries like Spain are already accelerat-
ing the process of drastic tariff reduction with the goal of STE,
PV, and wind energy becoming tariff-equivalent in less than one
decade.

TABLE 3.1 CHARACTERISTICS OF SOLAR THERMAL ELECTRICITY SYSTEM (ADAPTED FROM REF. [15]).
FRESNEL SYSTEMS ARE NOT INCLUDED SINCE PERFORMANCE DATA AVAILABLE ARE NOT
CONCLUSIVE FOR A COMPARATIVE ASSESSMENT

Parabolic troughs

Central receiver Dish—Stirling

Power Unit 30-80 MW*
Temperature operation 390°C
Annual capacity factor 23-50%%*
Peak efficiency 20%

Net annual efficiency 11-16%*
Commercial status Mature
Technology risk Low
Thermal storage Limited
Hybrid schemes Yes

Cost W installed

$Iw 3.49-2.34*
$/Wpeak ™ 3.49-1.13%

10-200 MW * 5-25 kW
565°C 750°C
20-77%* 25%

23% 29.4%
7-20%* 12-25%
Early projects Prototypes-demonstration
Medium High

Yes Batteries
Yes Yes
3.83-2.16* 11.00-1.14*
2.09-0.78%* 11.00-0.96*

* Data interval for the period 2010-2025.
** Without thermal storage.
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Every square meter of STE field can produce up to 1200 kWh
thermal energy per year or up to 500 kWh of electricity per year.
That means a cumulative savings of up to 12 tons of carbon di-
oxide and 2.5 tons of fossil fuel per square meter of CSP system
over its 25-year lifetime [14]. After two decades of frozen or failed
projects, approval in the past few years for specific financial incen-
tives in Europe, the US, India, Australia and elsewhere, is now
paving the way for launching of the first commercial ventures.
Spain with 2400 MW connected to the grid in 2013 is taking the
lead on current commercial developments, together with USA
where a target of 4500 MW for the same year has been fixed and
other relevant programs such as the “Solar Mission” in India has
been recently approved for 22 GW-solar, with a large fraction be-
ing thermal [2].

3.3 PARABOLIC-TROUGHS

3.3.1 The parabolic-trough collector (PTC)

Parabolic-trough collectors are linear-focus concentrating solar
devices suitable for working in the 150°C—400°C temperature range
[16]; current research with new thermal fluids intends to increase
the operating temperature up to 500°C [17]. The concentrated ra-
diation heats the fluid that circulates through the receiver tube, thus
transforming the solar radiation into thermal energy in the form of
the sensible heat of the fluid. Figure 3.6 shows a typical PTC and
its components.

Collector rotation around its axis requires a drive unit. One drive
unit is usually sufficient for several parabolic-trough modules con-
nected in series and driven together as a single collector. The type
of drive unit assembly depends on the size and dimensions of the
collector. Drive units composed of an electric motor and a gearbox
combination are used for small collectors (aperture area < 100 m?),
while powerful hydraulic drive units are required to rotate large

collectors. A drive unit placed on the central pylon is commanded
by a local control unit in order to track the sun. At present, all com-
mercial PTC designs use a single-axis sun-tracking system [18].

Thermal oils are commonly used as the working fluid in these
collectors for temperatures above 200°C, because at these operating
temperatures, normal water would produce high pressures inside
the receiver tubes and piping. This high pressure would require
stronger joints and piping, and thus raise the price of the collectors
and the entire solar field. However, the use of demineralized water
for high temperatures/pressures is currently under investigation in
Spain at the Plataforma Solar de Almeria (PSA) and the feasibility
of direct steam generation at 100 bar/400°C in the receiver tubes of
parabolic trough collectors has already been proven in an experi-
mental stage [19]. For temperatures below 200°C, either a mixture
of water/ethylene glycol or pressurized liquid water can be used
as the working fluids because the pressure required in the liquid
phase is moderate.

The oil most widely used in parabolic-trough collectors for
temperatures up to 395°C is VP-1, which is a eutectic mixture of
73.5% diphenyl oxide/26.5% diphenyl. The main problem with
this oil is its high-solidification temperature (12°C), which requires
an auxiliary heating system when oil lines run the risk of cooling
below this temperature. Since the boiling temperature at 1013mbar
is 257°C, the oil circuit must be pressurized with nitrogen, argon,
or some other inert gas when oil is heated above this temperature.
Blanketing of the entire oil circuit with an oxygen-free gas is a
must when working at high temperatures because high-pressure
mists can form an explosive mixture with air. Though there are
other suitable thermal oils for slightly higher working temperatures
with lower solidification temperatures, they are too expensive for
large solar plants.

The typical PTC receiver tube is composed of an inner steel
pipe surrounded by a glass tube to reduce convective heat losses
from the hot steel pipe [6]. The steel pipe which has a selective
high-absorption (>90%), low-emission (<30% in the infrared)

Parabolic-trough reflector

FIG. 3.6 TYPICAL PARABOLIC-TROUGH COLLECTOR (PTC TEST FACILITY AT THE PLATAFORMA SOLAR DE ALMERIA,

SPAIN) (Source: Eduardo Zarza, Plataforma Solar de Almeria)



coating that reduces radiation thermal losses. Receiver tubes with
glass vacuum tubes and glass pipes with an anti-reflective coat-
ing achieve higher PTC thermal efficiency and better annual
performance, especially at higher operating temperatures. Receiver
tubes with no vacuum are usually for working temperatures below
250°C because thermal losses are not so critical at these tempera-
tures. Due to manufacturing constraints, the maximum length of a
single receiver pipe is less than 6 m, so that the complete receiver
tube of a PTC is composed of a number of single receiver pipes
welded in series up to the total length of the PTC. The total length
of a PTC is usually within 25-150 m.

Figure 3.7 shows a typical PTC vacuum receiver pipe. The
outer glass tube is attached to the steel pipe by means of flexible
metal differential expansion joints which compensate for the dif-
ferent thermal expansion of glass and steel when the receiver tube
is working at nominal temperature. At present there are only two
manufacturers of PTC vacuum absorber tubes: the German com-
pany Schott and the Israeli company SOLEL. The flexible expan-
sion joint used by these two manufacturers is shown in Fig. 3.7.
The glass-to-metal-welding used to connect the glass tube and the
expansion joint is a weak point in the receiver tube and has to be
protected from the concentrated solar radiation to avoid high ther-
mal and mechanical stress that could damage the welding. An alu-
minum shield is usually placed over the joint to protect the welds.

As seen in Fig. 3.7, several chemical getters are placed in the
gap between the steel receiver pipe and the glass cover to absorb
gas molecules from the fluid that get through the steel pipe wall to
the annulus.

Parabolic-trough collector reflectors have a high specular reflec-
tance (>88%) to reflect as much solar radiation as possible. Solar
reflectors commonly used in PTC are made of back-silvered glass
mirrors, since their durability and solar spectral reflectance are bet-
ter than the polished aluminum and metallized acrylic mirrors also
available in the market. Solar spectral reflectance is typically 0.93
for silvered glass mirrors and 0.87 for polished aluminum. Low-
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iron glass is used for the silvered glass reflectors and the glass to
improve solar transmission.

Two PTC designs specially conceived for large solar thermal
power plants are the LS-3 (owned by the Israeli company SOLEL
Solar Systems) and EuroTrough (owned by the EuroTrough Con-
sortium), both of which have a total length of 100 m and a width of
5.76 m, with back-silvered thick-glass mirrors and vacuum absorber
pipes. American Solargenix design has an aluminum structure.
However, other collector designs are recently becoming commer-
cially available in the short-to-medium term like the ones developed
by the companies Solargenix, Albiasa, or Sener [17]. The main con-
straint when developing the mechanical design of a PTC is the maxi-
mum torsion at the collector ends, because high torsion would lead
to a smaller intercept factor and lower optical efficiency.

In a typical parabolic-trough collector field, several collectors
connected in series make a row, and a number of rows are connected
in parallel to achieve the required nominal thermal power output at
design point. The number of collectors connected in series in every
row depends on the temperature increase to be achieved between
the row inlet and outlet. In every row of collectors, the receiver
tubes in adjacent parabolic-trough collectors have to be connected
by flexible joints to allow independent rotation of both collectors
as they track the sun during the day. These flexible connections are
also necessary to allow the linear thermal expansion of the receiver
tubes when their temperature increases from ambient to nominal
temperature during system start-up. Two main types of flexible
connections are available: flexible hoses and ball joints.

Flexible connections are also needed to connect the row to the
main field pipe header inlet and outlet.

3.3.2 Electricity Generation with Parabolic-Trough

Collectors
The suitable parabolic-trough collector temperature range and
their good solar-to-thermal efficiency up to 400°C make it possible
to integrate a parabolic-trough solar field in a Rankine water/steam
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Y
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Glass cover
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FIG. 3.7 EVACUATED RECEIVER TUBE DESIGN WITH GLASS-TO-METAL WELDS FOR PARABOLIC TROUGH COLLEC-
TORS, AND DETAILS OF COMMERCIAL TUBES SUPPLIED BY THE COMPANIES SOLEL AND SCHOTT
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power cycle to produce electricity. The simplified scheme of a typ-
ical solar thermal power plant using parabolic-troughs integrated
in a Rankine cycle is shown in Fig. 3.8. The technology commer-
cially available at present for parabolic-trough power plants is
the HTF (Heat Transfer Fluid) technology, which uses oil as the
heat carrier between the solar field and the power block. The solar
field collects the solar energy available in the form of direct solar
radiation and converts it into thermal energy as the temperature
of the oil circulating through the receiver tubes of the collector’s
increases. Once heated in the solar field, the oil goes to the steam
generator, which is an oil-water heat exchanger where the oil trans-
fers its thermal energy to the water that is used to generate the
superheated steam required by the turbine. The steam generator is,
therefore, the interface between the solar system (solar field + oil
circuit) and the power conversion system (PCS) itself. Normally,
the steam generator used in these solar power plants consists of
three stages: preheater, evaporator, and superheater.

Though parabolic-trough power plants usually have an auxiliary
gas-fired heater to produce electricity when direct solar radiation is
not available, the amount of electricity produced with natural gas
is always limited to a reasonable level. This limit changes from one
country to another: 25% in California (USA), 15% in Spain, and no
limit in Algeria. Typical solar-to-electric efficiencies of a large so-
lar thermal power plant (>30 MWe) with parabolic-trough collec-
tors is between 15% and 22%, with an average value of about 17%.
The yearly average efficiency of the solar field is about 50%.

The maturity of PTC systems is confirmed by the SEGS plants.
The plants SEGS (Solar Electricity Generating Systems) II to IX,
which use thermal oil as the working fluid (HTF technology),

were designed and implemented by the LUZ International Limited
company from 1985 to 1990. All the SEGS plants are located in
the Mojave Desert, Northwest of Los Angeles (California, USA).
With their daily operation and over 2.2 million m* of parabolic-
trough collectors, SEGS plants are this technology’s best exam-
ple of commercial maturity and reliability. Their plant availability
is over 98% and their solar-to-electric annual efficiency is in the
range of 14-18%, with a peak efficiency of 22% [16].

The electricity produced by the SEGS plants is sold to the local
utility, Southern California Edison, under individual 30-year con-
tracts for every plant. To optimize the profitability of these plants, it
is essential to produce the maximum possible energy during peak-
demand hours, when the electricity price is the highest. The gas
boilers can be operated for this, either to supplement the solar field
or alone. Nevertheless, the total yearly electricity production using
natural gas is limited by the Federal Commission for Energy Regula-
tion in the United States to 25% of the overall yearly production.

Peak-demand hours are when electricity consumption is more
and, therefore, the tariff is the highest. Off-peak and super off-peak
hours are when electricity consumption is low, and the electricity
price is, therefore, also lower. At present, 16% of the SEGS plants’
annual net production is generated during summer peak-demand
hours, and the revenues from this are in the order of 55% of the an-
nual total. These figures show how important electricity generated
during peak-demand hours is for the profitability of these plants.
Thanks to the continuous improvements in the SEGS plants, the
total SEGS I cost of $0.22/kWh, for electricity produced was re-
duced to $0.16/kWh,, in the SEGS II and down to $0.09/kWh, in
SEGS IX [20].
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TABLE 3.2 MAIN CHARACTERISTICS OF NEVADA SOLAR ONE PLANT

Solar field Power block
Solar collector assemblies 760 Turbine generator gross output 75 MWe
Aperture area (m) 5 Net output to utility 72 MWe
Aperture area (m?) 470 Solar steam inlet pressure 86.1 bar
Length (m) 100 Solar steam reheat pressure 19.5 bar
Concentration ratio 71 Solar steam inlet temperature 371°C
Optical efficiency 0.77
Number of mirror segments 182,400
Number of receiver tubes 18240
Field aperture (m?) 357,200
Site area (km?) 1.62
Field inlet temperature (°C) 300
Field outlet temperature (°C) 390

With the revival of commercial STE projects since 2006 in US
and Spain, a new generation of SEGS-type plants has come to the
arena. This is the case of the Nevada Solar One project of 75 MWe
in US, the Ibersol project in Puertollano, Spain or the Shams One
100 MW plant in Abu Dhabi [21]. Nevada Solar One started grid-
connected operation in June 2007 and it is considered a milestone
in the opening of the second market deployment of PTC technol-
ogy in the world after SEGS experience. Since then, more than 40
PTC plants (about 50 MWe each) are constructed and started op-
eration between the period 2007 and 2013 and more than 2 GW on
track in the US [2]. Main characteristics of NSO Plant are shown
in Table 3.2.

In spite of their environmental benefits, there are still some ob-
stacles to the commercial use of this technology. The main barriers
at present are the high investment cost (2500-4000 $/kW, depend-
ing on plant size and thermal storage capacity) and the minimum
size of the power block required for high thermodynamic effi-
ciency. However, these barriers are shared by all the solar thermal
power technologies currently available [22].

One of the strategies to mitigate risk perception and increment
the capacity factor of the power block is to integrate a parabolic-
trough solar field in the bottoming cycle of a combined-cycle
gas-fired power plant. This configuration is called the Integrated
Solar Combined Cycle System (ISCCS). Though the contribu-
tion of the solar system to the overall plant power output is small
(10%—-15% approximately) in the ISCCS configuration, it seems
to be a good approach to market penetration in some developing
countries, which is why the Government of Algeria has promoted
an ISCCS plant and the World Bank, through its Global Environ-
ment Facility (GEF), is promoting ISCCS plants in Morocco and
Egypt [23]. Figure 3.9 shows the schematic diagram of a typical
ISCCS plant.

3.33 Thermal Energy Storage and New Thermal

Fluids
In many countries, the market penetration of STE systems is
based on feed-in-tariffs or green certificates linked to significant
restrictions or regulations regarding the use of hybrid concepts like
ISCCS schemes. Because of that the use of thermal energy storage
systems with an oversized solar field is pursued to optimize eco-
nomics and dispatchability of PTC plants.

In this case, the solar field has to be oversized so that it can
simultaneously feed the power conversion system and charge the
storage system during sunlight hours. Thermal energy from the
storage system is then used to keep the steam turbine running and
producing electricity after sunset or during cloudy periods. Yearly
hours of operation can be significantly increased and plant amor-
tization is thus enhanced when a storage system is implemented.
However, the required total investment cost is also higher.

For temperatures of up to 300°C, thermal mineral oil can be
stored at ambient pressure, and is the most economical and practi-
cal solution. Synthetic and silicone oils, available for up to 410°C,
have to be pressurized and are expensive. Then, molten salts can
be used between 220 and 560°C at ambient pressure, but require
parasitic energy to keep them liquid.

Two pioneer projects introducing thermal storage are the plants
Andasol-I and Andasol-II. This PTC plants installed in Guadix,
Spain, have a nominal power of 50 MWe each and an oversized
solar field (510,120 m? mirrors surface area) with an integrated 1010
MWth molten-salt thermal storage system to extend the plant’s full-
load operation 7.7 hours beyond daylight hours leading to a capac-
ity factor of 41%. Basically, the system is composed of [24]:

e 2 tanks (cold and hot) containing 28,500 tons of nitrate molten
salts at 2 different temperature levels (292 and 386°C). Mol-
ten salt composition: 60% NaNO; + 40% KNOs.

e 6 heat exchangers (series connected) located between the
tanks, which allow storage charging and discharging from
and to the Heat Transfer Fluid (HTF) of the plant, in this case,
Dowtherm A.

e 3 cantilever pumps in each tank to transfer the molten salt
from one tank to the other through the 6 heat exchangers
(counterflow). There is a spare pump unit in the cold tank.

e (electrical heating devices in the bottom of each tank to main-
tain salt temperature above 292°C during long maintenance
periods (salts crystallize at 238°C and solidify at 221°C).

e Electrical heat tracing in piping and heat exchangers parts to
keep temperatures at adequate levels.

e A natural convection system through tanks foundations in or-
der to decrease concrete temperature.

e A drainage tank to ease draining of piping and heat exchangers.

Figure 3.10 shows Andasol plant flow diagram and Fig. 3.11 an
aerial view of the two tanks, pumps and salt circuit. As it can be
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observed, the introduction of a third circuit with molten salts adds
more complexity with a number of new heat exchangers and heat
tracing to avoid the salts thawing. It is still early to know the final
result in terms of energy management and operational robustness.
Early operational data demonstrate the capacity of the plant to sup-
ply electricity several hours after sunset.

The company ACS-Cobra is constructing three more 50-MWe
plants similar to the Andasol projects, Extresol 1 (in collabora-
tion with the company Sener) and Extresol 2 in Torre de Miguel
Sesmero (Badajoz, Spain), and Manchasol 1 in Alcdzar de San Juan
(Toledo, Spain). This company is also planning 2 more plants, Ex-
tresol 3 in Badajoz, and Manchasol 2 in Ciudad Real [17]. Other

countries such as Italy are planning further steps with the use of
molten salts both for thermal storage and solar field, like the 5-MW
demonstration project Archimede [25].

Even though molten salts are nowadays the preferred option for
demonstration and first commercial projects with storage in the US
and Spain, there are other options under development and assess-
ment like the use of concrete or other solid bed materials [26],
and the use of Phase change media (PCM) [27]. PCM provide a
number of desirable features, e.g., high volumetric storage capaci-
ties and heat availability at constant temperatures. Energy storage
systems using the latent heat released on melting eutectic salts or
metals have often been proposed, but never carried out on a large
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scale due to difficult and expensive internal heat exchange and
cycling problems. Heat exchange between the heat transfer fluid
(HTF) and the storage medium is seriously affected when the stor-
age medium solidifies. Encapsulation of PCMs has been proposed
to improve this. Combining the advantages of direct-contact heat
exchange and latent heat, hybrid salt-ceramic phase change stor-
age media have recently been proposed. The salt is retained within
the submicron pores of a solid ceramic matrix such as magnesium
oxide by surface tension and capillary force. Heat storage is then

accomplished in two modes: by the latent heat of the salt and also
the sensible heat of the salt and the ceramic matrix.

PCM are extremely suitable for direct steam generation PTC
plants. If the superheated steam required to feed the steam turbine
in the power block were produced directly in the receiver tubes of
the parabolic-trough collectors, the oil would be no longer neces-
sary, and temperature limitation and environmental risks associated
with the oil would be avoided. Simplification and cost reduction of
overall plant configuration is then evident since only one fluid is

FIG. 3.11 AERIAL VIEW OF POWER ISLAND AND DETAIL OF MOLTEN-SALT STORAGE TANKS AND HEAT EXCHANGERS
OF ANDASOL PLANT. THIS 50 MW PLANT STORES THERMAL ENERGY EXCESS IN 28,500 TONNES OF NITRATE MOLTEN
SALTS ABLE TO PROVIDE UP TO 7.7 EQUIVALENT HOURS OF OPERATION AT NOMINAL CAPACITY (ANDASOL-I PLANT,

GUADIX, SPAIN) (Source: ACS/Cobra Energia (Spain))
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used. This effect combined with the increment of efficiency after
removing intermediate heat exchanger might lead to a reduction
of 15% of the cost of the electricity produced. The disadvantages
of this concept originate from the thermo-hydraulic problems as-
sociated with the two-phase flow existing in the evaporating sec-
tion of the solar field. Nevertheless, experiments performed at in a
2-MWth loop at the Plataforma Solar de Almeria (PSA) in Spain
have proven the technical feasibility of direct steam generation
with horizontal parabolic-trough collectors at 100 bar/400°C with-
in the framework of two European projects, Direct Solar Steam
(DISS) and Integration of DSG Technology for Electricity Produc-
tion (INDITEP) [28]. Two pre-commercial projects, Puertollano
GDV and Real-DISS, are under development in Spain to demon-
strate the technical feasibility of direct steam generation combined
with a power block [17].

34 LINEAR-FRESNEL REFLECTORS

34.1 Historical Evolution of Linear-Fresnel
Reflector Systems

Conceptually, Linear-Fresnel Reflectors (LFR) are optical ana-
logues of parabolic troughs. They are 2-D concentrating reflec-
tors with linear focus, where the parabolic reflective surface is
obtained by an array of linear mirror strips which independently
move and collectively focus on absorber lines suspended from
elevated towers [13, 29]. They are fix focus reflectors where the
absorber is static. Reflective segments are close to the ground and
can be assembled in a compact way up to 1 ha/MW. The objec-
tive is to reproduce the performance of parabolic troughs though
with lower costs. However, optical quality and thermal efficiency
is lower because of a higher influence of the incidence angle and
the cosine factor, and therefore, the temperature obtained at the
working fluid is also lower (150-350°C). Because of that, LFR
are mainly oriented to produce saturated steam via direct in-tube
steam generation, and application into ISCCS or in regenerative
Rankine cycles, though current R&D is aiming at higher tem-
peratures above 400°C.

In contrast, LFRs typically use

e lower-cost non-vacuum thermal absorbers where the stagnant
air cavity provides significant thermal insulation

e light reflector support structures close to the ground

e low-cost flat float glass reflector

¢ low-cost manual cleaning, because the reflectors are at human
height.

The LFRs also have much better ground utilization, typically
using 60-70% of the ground area compared to about 33% for
a trough system, and lower O&M costs due to more accessible

reflectors.

After some pioneering experiences [29], the first serious devel-
opment began on the CLFR Australian design at the University of
Sydney in 1993, in which a single field of reflectors used multiple
linear receivers and reflectors which change their focal point from
one receiver to another during the day in order to minimize shad-
ing in the dense reflector field. These are called the Compact Lin-
ear Fresnel Reflector systems, or CLFR systems and cover about
71% of the ground compared with 33% for trough systems [30]. In
1994, a company called Solel Europe entered into a commercial

in-confidence agreement with Sydney University regarding CLFR
technology. This company was later reconstituted as Solarmundo
and it built a 2400 m*> LFR prototype collector field at Liege in
Belgium 2000, but test results were not reported. Later the com-
pany moved to Germany and was renamed the Solar Power Group.
SPG signed an exclusivity cooperation agreement with DSD In-
dustrieanlagen GmbH a company of the MAN/Ferrostaal group. A
800kW Linear Fresnel pilot operating at 450°C has already been
tested in Plataforma Solar de Almeria with components developed
by Solar Power Group, and the technology is expected to be com-
mercially available by 2012 [7, 31].

Back in Australia, in early 2002, a new company, Solar Heat
and Power Pty Ltd (SHP), was formed after acquiring the pat-
ents covering the Australian CLFR work. SHP immediately made
extensive changes to the engineering design of the reflectors to
lower cost and has become the first to commercialize LFR tech-
nology. SHP initiated in 2003 for Macquarie Generation, Aus-
tralia’s largest generator, a demonstration project of 103 MWth
(approximately 39 MWe) plant with the aim of supplying pre-
heat to the coal fired Liddell power station. Phase 1 of the project,
completed in 2004, resulted in a 1350 m” segment not connected
to the coal fired plant, and was used to trial initial performance,
and it first produced steam at 290°C in July 2004. The expan-
sion to 9 MWth was completed by 2008. Activities of the com-
pany moved to the US and were continued by Ausra, Palo Alto.
Ausra established a factory of components, tubular absorbers and
mirrors in Las Vegas and built the Kimberlina 5-MW demonstra-
tion plant in Bakersfield at the end of 2008. In 2010, Aura has
been purchased by AREVA that is committed to the commercial
deployment of this technology.

The third technology player after SPG/MAN and AREVA is
the German company NOVATEC Biosol [7]. The technology of
NOVATEC is based upon its collector Nova-1 aimed to produce
saturated steam at 270°C. They have developed a serial produc-
tion factory for pre-fabricated components and a 1.4 MW small
commercial plant in Puerto Errado, Murcia, Spain. This plant is
grid connected since March 2009 [32]. NOVATEC is promoting
50 MW plants mixing PTC and LFR fields, where LFR provides
pre-heating and evaporation and PTC field takes over superheat-
ing. The company claims that this hybridization results in 22% less
land use and higher profitability.

3.4.2 Future Technology Development and
Performance Trends

Even though some solid commercial programmes are underway
on LFR, still it is early to have consolidated performance data with
respect to electricity production. The final optimization would
integrate components development to increment temperature of
operation and possible hybridization with other STE systems like
parabolic troughs.

There are many possible types of receiver, including evacuated
tube and PV modules, but the most cost-effective system seems to
be an inverted cavity receiver. In the case of SHP technology, the
absorber is a simple parallel array of steam pipes at the top of a
linear cavity, with no additional redirection of the incoming light
from the heliostats to minimise optical losses and the use of hot
reflectors. In the case of SPG technology, the absorber is a sin-
gle tube surmounted by a hot non-imaging reflector made of glass,
which must be carefully manufactured to avoid thermal stress un-
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der heating, and exhibit some optical loss. Both systems can pro-
duce saturated steam or pressurized water. At present, AREVA
and NOVATEC are looking for new absorbers able to work at tem-
peratures above 450°C. By 2015, according to developers, Linear
Fresnel can be expected to be operating with superheated steam at
500°C yielding an efficiency improvement of up to 18.1% relative
to current saturated steam operation at 270°C [7].

For reflectors, automation is a key issue that has been demon-
strated by NOVATEC. Additional effort should be given to the op-
timized demonstration of multi-tower arrays to maximize ground
coverage ratios (Fig. 3.12).

However, it is the lack of reliable information regarding
annual performance and daily evolution of steam production that
should be targeted as a first priority. Still, some concerns remain
regarding the ability to control steam production, because of the
pronounced effect of cosine factor in this kind of plants. This
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dynamic performance would also affect the potential integration
with other STE systems such as PTC or CRS. Until now most
comparative assessments vis-a-vis parabolic troughs are not
economically conclusive, revealing the need to use much larger
fields to compensate lower efficiencies [33]. In order to achieve
break even costs for electricity with current LFR technology, the
cost target for the Fresnel solar power plants need to be about 55%
of the specific costs of parabolic trough systems [33].

3.5 CENTRAL RECEIVER SYSTEMS (CRS)

In power towers or central receiver systems, incident sunrays are
tracked by large mirrored collectors (heliostats), which concentrate
the energy flux onto radiative/convective heat exchangers called
solar receivers, where energy is transferred to a thermal fluid,
mounted on top of a tower (Fig. 3.13). Plant sizes of 10 to 200 MW
are chosen because of economy of scale, even though advanced
integration schemes are claiming the economics of smaller units
as well [34]. The high solar flux incident on the receiver (averag-
ing between 300 and 1000 k W/m?) enables operation at relatively
high temperatures of up to 1000°C and integration of thermal en-
ergy into more efficient cycles in a step-by-step approach. CRS can
be easily integrated in fossil plants for hybrid operation in a wide
variety of options and has the potential for generating electricity
with high annual capacity factors through the use of thermal stor-
age. With storage, CRS plants are able to operate over 4500 hours
per year at nominal power [35].

The heliostat field and solar receiver systems distinguish so-
lar thermal tower power plants from other STE plants, and are,

FIG. 3.13 AERIAL VIEW OF THE FIRST COMMERCIAL SOLAR TOWERS IN THE WORLD. PS20 WITH 20 MW AT THE FRONT
AND THE PS10 WITH 11 MW AT UPPER LEFT. HELIOSTAT FIELD LAYOUT IS FORMED BY HUNDREDS OF TRACKING MIR-
RORS FOCUSING CONCENTRATED LIGHT ONTO THE RECEIVER APERTURE. PS20 AND PS10 HAVE BEEN DEVELOPED
AND THE TECHNOLOGY IS OWNED BY ABENGOA SOLAR S.A. AND ARE LOCATED IN SANLUCAR LA MAYOR, SEVILLE,
SPAIN (Source: Abengoa Solar, S.A.) (All rights reserved on Figure 3.13 to Abengoa Solar, S.A. © 2010)
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therefore, given more attention below. In particular, the heliostat
field is the single factor with the most impact on plant investment.
Collector field and power block together represent about 72% of
the typical solar-only plant (without fossil backup) investment, of
which heliostats represent 60% of the solar share. Even though
the solar receiver impacts the capital investment much less (about
14%), it can be considered the most critical subsystem in terms of
performance, since it centralizes the entire energy flux exchange.
The largest heliostat investment is the drive mechanism and re-
flecting surface, which alone are almost 70% of the total.

3.5.1 Technology of Heliostats and Solar Receivers

The collector field consists of a large number of mirrors, called
heliostats, with two-axis tracking and a local control system to
continuously focus direct solar radiation onto the receiver aperture
area. During cloud passages and transients the control system must
defocus the field and react to prevent damage to the receiver and
tower structure. Heliostats fields are characterized by their off-axis
optics. Since the solar receiver is located in a fixed position, the
entire collector field must track the sun in such a way that each and
every heliostat individually places its surface normal to the bisec-
tion of the angle subtended by sun and the solar receiver. Each and
every heliostat has its own elevation and azimuthal angle updated
about every 4 sec.

Heliostat field optical efficiency includes the cosine effect, shad-
owing, blocking, mirror reflectivity, atmospheric attenuation and
receiver spillage [36]. Because of the large area of land required,
complex optimization algorithms are used to optimize the annual
energy produced by unit of land, and heliostats must be packed as
close as possible so the receiver can be small and concentration
high. Since the reflective surface of the heliostat is not normal to
the incident rays, its effective area is reduced by the cosine of the
angle of incidence; the annual average cosine varies from about 0.9
at two tower heights north of the tower to about 0.7 at two tower
heights south of the tower. Of course, annual average cosine is
highly dependent on site latitude. Consequently, in places close to
the Equator a surround field would be the best option to make best
use of the land and reduce the tower height. North fields improve
performance as latitude increases (South fields in the Southern
hemisphere), in which case, all the heliostats are arranged on the
North side of the tower.

The combination of all the above-mentioned factors influencing
the performance of the heliostat field should be optimized to deter-
mine an efficient layout. There are many optimization approaches
to establish the radial and azimuthal spacing of heliostats and rows
[37]. One of the most classic, effective and widespread procedures
is the “radial staggered” pattern, originally proposed by the Uni-
versity of Houston in the 1970s [38]. Integral optimization of the
heliostat field is decided by a tradeoff between cost and perfor-
mance parameters. Heliostats, land and cabling network must be
correlated with costs. Cost and performance also often have re-
verse trends, so that when heliostats are packed closer together,
blocking and shadowing penalties increase, but related costs for
land and wiring decrease. A classical code in use since the 1980s
for optimization of central receiver subsystems is DELSOL3 [39].

Mature low-cost heliostats consist of a reflecting surface, a sup-
port structure, a two-axis tracking mechanism, pedestal, founda-
tion and control system (Fig. 3.14). The development of heliostats
shows a clear trend from the early first generation prototypes, with

FIG. 3.14 LATERAL VIEW OF A TYPICAL GLASS-METAL
HELIOSTAT WITH T-SHAPE SUPPORTING STRUCTURE
FORMED BY PEDESTAL, TORQUE TUBE AND TRUSSES.
REFLECTIVE SURFACE IS MADE OF FACETS WITH A ME-
TALLIC FRAME AND GLASS MIRROR. LOCAL CONTROL
BOX IS LOCATED AT THE BOTTOM OF THE PEDESTAL
(Source: Abengoa Solar, S.A.) (All rights reserved on Figure 3.14
to Abengoa Solar, S.A. © 2010)

a heavy, rigid structure, second-surface mirrors and reflecting sur-
faces of around 40 m? [40] , to designs with large 100-120 m?
reflecting surfaces, lighter structures and lower-cost materials
[41]. Since the first-generation units, heliostats have demonstrated
beam qualities below 2.5 mrad (standard deviation of reflected
rays including all heliostat errors but not including intrinsic to the
solar disk) that are good enough for practical applications in so-
lar towers, so the main focus of development is directed at cost
reduction.

In Spain, some developments worthy of mention are the 105-m?
GM-100 [42] and more recently, the 90-m? and 120-m? Sanld-
car heliostats finally adopted for the first commercial tower power
plant PS10 promoted by the company Abengoa Solar [43].
Recently, the company SENER has developed a similar 115-m?
heliostat for its Gemasolar plant. Estimated production costs of
large area glass/metal heliostats for sustainable market scenarios
are around $130-200/m”. Large-area glass/metal units make use of
glass mirrors supported by metallic frame facets.

Recently, some developers are introducing substantial changes in
the conception of heliostat design. A number of projects based upon



Cylindrical

Billboard B/
3
e =$\

ENERGY AND POWER GENERATION HANDBOOK e« 3-15

Cavity

|

e

.

‘ Volumetric

.
=
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the paradigm of maximum modularity and mass production of com-
ponents are claiming small-size heliostats as a competitive low-cost
option. Companies like Brightsource, eSolar, Aora, or Cloncurry
are introducing heliostat units of only a few square meters. Bright-
source with an ambitious program of large projects is making use
of single-facet 7.3-m” heliostats [44] and the company eSolar with
a multi-tower plant configuration presents a highly innovative
field with ganged heliostats of extremely small size (1.14 m* each)
that implies the large number of 12,180 units for a single 2.5 MW
tower [45]. If such small heliostats may reach installed costs below
200 $/m?, it can only be understood under aggressive mass pro-
duction plans and pre-assembly during manufacturing process by
reducing on-site mounting works. Annual performance and avail-
ability of those highly-populated fields are still under testing.

In a solar power tower plant, the receiver is the heat exchanger
where the concentrated sunlight is intercepted and transformed
into thermal energy useful in thermodynamic cycles. Radiant flux
and temperature are substantially higher than in parabolic troughs,
and therefore, high technology is involved in the design, and high-
performance materials should be chosen. The solar receiver should
mimic a black body by minimizing radiation losses. To do so, cavi-
ties, black-painted tube panels, or porous absorbers able to trap
incident photons are used. In most designs, the solar receiver is
a single unit that centralizes all the energy collected by the large
mirror field, and therefore, high availabilities and durability are a
must. Just as cost reduction is the priority for further development
in the collector field, in solar receivers, the priorities are thermal
efficiency and durability. Typical receiver absorber operating tem-
peratures are between 500°C and 1200°C and incident flux covers a
wide range between 300 and over 1000 KW/m? [6, 46].

There are different solar receiver classifications criteria depend-
ing on the construction solution, the use of intermediate absorber

materials, the kind of thermal fluid used, or heat transfer mecha-
nisms. According to the geometrical configuration, there are basi-
cally two design options, external and cavity-type receivers. In a
cavity receiver, the radiation reflected from the heliostats passes
through an aperture into a box-like structure before impinging on
the heat transfer surface. Cavities are constrained angularly and
subsequently used in North-field (or South-field) layouts. Exter-
nal receivers can be designed with a flat plate tubular panel or are
cylindrically shaped. Cylindrical external receivers are the typical
solution adopted for surround heliostat fields. Figure 3.15 shows
examples of cylindrical external, billboard external and cavity
receivers.

Receivers can be directly or indirectly irradiated depending on
the absorber materials used to transfer the energy to the working
fluid [47]. Directly irradiated receivers make use of fluids or parti-
cle streams able to efficiently absorb the concentrated flux. Particle
receiver designs make use of falling curtains or fluidized beds. In
many applications, and to avoid leaks to the atmosphere, direct
receivers should have a transparent window. Windowed receivers
are excellent solutions for chemical applications as well, but they
are strongly limited by the size of a single window, and therefore,
clusters of receivers are necessary.

The key design element of indirectly heated receivers is the
radiative/convective heat exchange surface or mechanism. Ba-
sically, two heat transfer options are used, tubular panels and
volumetric surfaces. In tubular panels, the cooling thermal
fluid flows inside the tube and removes the heat collected by
the external black panel surface by convection. It is, there-
fore, operating as a recuperative heat exchanger. Depending
on the heat transfer fluid properties and incident solar flux,
the tube might undergo thermo-mechanical stress. Since heat
transfer is through the tube surface, it is difficult to operate at
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an incident flux above 600 kW/m? (peak). Table 3.3 shows how
only with high thermal conductivity liquids like sodium it is pos-
sible to reach operating fluxes above 1 MW/m?. Air-cooled re-
ceivers have difficulties working with tubular receivers because
of the lower heat transfer coefficients. To improve the contact
surface, a different approach based on wire, foam or appropri-
ately shaped materials within a volume are used. In volumet-
ric receivers, highly porous structures operating as convective
heat exchangers absorb the concentrated solar radiation. The
solar radiation is not absorbed on an outer surface, but inside
the structure “volume.” The heat transfer medium (mostly air) is
forced through the porous structure and is heated by convective
heat transfer [58]. Volumetric absorbers are usually made of thin
heat-resistant wires (in knitted or layered grids) or either metal
or ceramic (reticulated foams, etc.) open-cell matrix structures.
Good volumetric absorbers are very porous, allowing the radia-
tion to penetrate deeply into the structure. Thin substructures
(wires, walls or struts) ensure good convective heat transfer.
A good volumetric absorber produces the so-called volumetric
effect, which means that the irradiated side of the absorber is
at a lower temperature than the medium leaving the absorber.
Under specific operating conditions, volumetric absorbers tend
to have an unstable mass flow distribution [49]. Receiver ar-
rangements with mass flow adaptation elements (e.g., perforated
plates) located behind the absorber can reduce this tendency, as
well as appropriate selection of the operating conditions and the
absorber material [53]. A number of initiatives have formulated
air-cooled volumetric schemes for STE plants, both for atmos-
pheric pressure ([51], [52]) and for pressurized systems [46],
though still commercial plants with these technologies are miss-
ing. Though air-cooled open volumetric receivers are a prom-
ising way of producing superheated steam, the modest thermal
efficiency at the receiver (74% nominal and 61.4% annual av-
erage) must still be improved [53]. At present, all the benefits
from using higher outlet temperatures are sacrificed by radiation
losses at the receiver, leading to low annual electricity produc-
tion, so it is clear that volumetric receiver improvements must
reduce losses.

Selection of a particular receiver technology is a complex task,
since operating temperature, heat storage system and thermody-
namic cycle influence the design. In general, tubular technologies
allow either high temperatures (up to 1000°C) or high pressures
(up to 120bar), but not both [54]. Directly irradiated or volumet-
ric receivers allow even higher temperatures but limit pressures to
below 15 bar.

TABLE 3.3 OPERATING TEMPERATURE AND FLUX
RANGES OF SOLAR TOWER RECEIVERS

Fluid Water/ Liquid Molten salt Volumetric
steam sodium (nitrates) air

Flux (MW/m?)
- Average 0.1-0.3  0.4-0.5 0.4-0.5 0.5-0.6
- Peak 0.4-0.6 1.4-25 0.7-0.8 0.8-1.0
Fluid outlet 490-525 540 540-565  (700-1000)
temperature
(°0)

3.5.2 Experience in central receiver systems

Although there have been a large number of STE tower projects,
only a few have culminated in the construction of an entire ex-
perimental system. Table 3.4 lists systems that have been tested all
over the world along with new early commercial plants. In general
terms, as observed, they are characterized as being small demon-
stration systems between 0.5 and 10 MW, and most of them were
operated in the 1980s ([6], [36], [55]). The thermal fluids used in
the receiver are liquid sodium, saturated or superheated steam,
nitrate-based molten salts and air. All of them can easily be rep-
resented by flow charts, where the main variables are determined
by working fluids, with the interface between power block and the
solar share.

The set of experiences referred to has served to demonstrate the
technical feasibility of the CRS power plants, whose technology is
sufficiently mature. The most extensive experience has been col-
lected by several European projects located in Spain at the premises
of the Plataforma Solar de Almeria [55] and the 10 MW Solar One
[56] and Solar Two plants [57] in the US. At present, water/steam
and molten salts are the heat transfer fluids being selected for the
first generation of commercial plants.

3.5.3 Water/Steam Plants from PS 10 Project to
Superheated Steam

Production of superheated steam in the solar receiver has been
demonstrated in several plants, such as Solar One, Eurelios, and
CESA-1, but operating experience showed critical problems
related to the control of zones with dissimilar heat transfer coef-
ficients like boilers and superheaters [55]. Better results regard-
ing absorber panel lifetime and controllability have been reported
for saturated steam receivers. The good performance of saturated
steam receivers was qualified at the 2-MW Weizmann receiver that
produced steam at 15bar for 500 hours in 1989 [58]. Even though
technical risks are reduced by saturated steam receivers, the out-
let temperatures are significantly lower than those of superheated
steam, making applications where heat storage is replaced by fossil
fuel backup necessary.

PS10, the first commercial CRS plant in the world, adopted the
conservative scheme of producing saturated steam to limit risk
perception and avoid technology uncertainties. The 11 MW plant,
located near Seville in South Spain, was designed to achieve an an-
nual electricity production of 23 GWh at an investment cost of less
than 3500€/kW. The project made use of available, well-proven
technologies like the glass-metal heliostats developed by the Span-
ish INABENSA company and the saturated steam cavity receiver
developed by the TECNICAL company to produce steam at 40 bar
and 250°C [43]. The plant is a solar-only system with saturated
steam heat storage able to supply 50 minutes of plant operation
at 50% load [6]. The system makes use of 624 heliostats of 121 m?
each, distributed in a North-field configuration, a 100-m high
tower, a 15 MWh heat storage system and a cavity receiver with
four 4.8 x 12 m tubular panels. The basic flow diagram selected
for PS10 is shown in Fig. 3.16. Though the system makes use of a
saturated steam turbine working at extremely low temperature, the
nominal efficiency of the power block (30.7%) is relatively good.
This efficiency is the result of optimized management of waste
heat in the thermodynamic cycle. As summarized in Table 3.5, the
combination of optical, receiver and power block efficiencies lead
to a total nominal efficiency at design point of 21.7%. Total an-
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TABLE 3.4 POWER TOWERS IN THE WORLD (ONLY PS10, PS20 AND GEMASOLAR ARE COMMERCIAL

GRID-CONNECTED PROJECTS)
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Project Country Power (MWe) Heat transfer fluid Storage media Beginning operation
SSPS Spain 0.5 Liquid Sodium Sodium 1981
EURELIOS Italy 1 Steam Nitrate salt/water 1981
SUNSHINE Japan 1 Steam Nitrate salt/water 1981
Solar One U.S.A. 10 Steam Oil/rock 1982
CESA-1 Spain 1 Steam Nitrate salt 1982
MSEE/Cat B US.A. 1 Nitrate salt Nitrate salt 1983
THEMIS France 2.5 Hitec salt Hitech salt 1984
SPP-5 Russia 5 Steam Water/steam 1986
TSA Spain 1 Air Ceramic 1993
Solar Two US.A. 10 Nitrate salt Nitrate salt 1996
Consolar Israel 0.5% Pressurized air Fossil hybrid 2001
Solgate Spain 0.3 Pressurized air Fossil hybrid 2002
PS10 Spain 11 Water/steam Saturated steam 2006
PS20 Spain 20 Water/steam Saturated steam 2009
Gemasolar** Spain 17 Nitrate salt Nitrate salt 2011
* Thermal

** Project under construction.

nual efficiency decreases to 15.4%, including operational losses
and outages. PS10 is a milestone in the CRS deployment process,
since it is the first solar power tower plant developed for commer-
cial exploitation. Commercial operation started in June 21st 2007.
Since then the plant is performing as designed. The construction
of PS20, a 20 MWe plant with the same technology as PS10, fol-
lowed. PS20 started operation in May 2009. With 1,255 heliostats
(120 m? each) spread over 90 ha and with a tower of 165 m high,
the plant is expected to produce 48.9 GWh/year.

Saturated steam plants are considered a temporary step to the
more efficient superheated steam systems. Considering the prob-
lems found in the 1980s with superheated steam receivers, the cur-
rent trend is to develop dual receivers with independent absorbers,
one of them for the preheating and evaporation and another one for
the superheating step. The experience accumulated with heuristic

Solar receiver Steam

algorithms in central control systems applied to aiming point strate-
gies at heliostat fields allows achieving a flexible operation with
multi-aperture receivers. The company Abengoa Solar, developer
of PS10 and PS20, is at present designing a superheated steam re-
ceiver for a new generation of water/steam plants [59].

China also has selected superheated steam for the first tower
construction (Dahan) of 1 MW located in Yanqing, 65 km North
of Beijing. It is a small project promoted by the Chinese Ministry
of Science and Technology and the Chinese Academy of Science.
The water/steam receiver is a joint development with Korea.

But the most advanced strategy is the program announced by the
BrightSource Industries (Israel) Ltd (BSII), is that it has already
built a demonstration plant of 6 MWth located at the Neguev des-
sert in June 2008 [44]. The final objective of BSII is to promote
plants producing superheated steam at 160 bar and temperature of

Steam Turbine
40 bar, 11.0MWe
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FIG. 3.16 BASIC SCHEME OF PS10 SOLAR THERMAL POWER PLANT WITH SATURATED STEAM AS THERMAL FLUID
(Source: Abengoa Solar, S.A.) (All rights reserved on Figure 3.16 to Abengoa Solar, S.A. © 2010)
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TABLE 3.5 ANNUAL ENERGY BALANCE FOR THE PS10 PLANT AT NOMINAL CONDITIONS

Nominal rate operation

Optical efficiency

Receiver and heat handling efficiency
Thermal power to storage

Thermal power to turbine

Thermal power/electric power efficiency
Total efficiency at nominal rate

77.0% 67.5 MW > 51.9 MW
92.0% 51.9 MW > 47.7 MW
11.9 MW
35.8 MW
30.7% 35.8 MW > 11.0 MW
21.7%

Energetical balance in annual basis

Mean annual optical efficiency

Mean annual receiver & heat handling efficiency
Operational efficiency (start-up/stop)

Operational efficiency (breakages, O&M)

Mean annual thermal energy /electricity efficiency
Total annual efficiency

64.0% 148.63 GWh - 95.12 GWh
90.2% 95.12 GWh - 85.80 GWh
92.0% 85.80 GWh = 78.94 GWh
95.0% 78.94 GWh-> 75.00 GWh
30.6% 75.00 GWh-> 23.0 GWh
15.4%

565°C (named DPT550). With those characteristics, they expect
up to 40% conversion efficiency at the power block for unit sizes
between 100 and 200 MW. The receiver is cylindrical, dual and
with a drum. The first commercial Project under development in
California is Ivanpah Solar in California of 400 MW and expected
to commission in 2012, followed by a 1.8 GW unit more in Califor-
nia and 400 MW unit in Nevada [2]. Planned conversion efficiency
from solar to electricity is 20%.

The combination of recent initiatives on small heliostats, com-
pact modular multi-tower fields and production of superheated
steam may be clearly visualized in the development program of the
company eSolar. This company proposes a high degree of modu-
larity with power units of 46 MW covering 64 ha, consisting of
16 towers and their corresponding heliostat fields sharing a sin-
gle central power block. With replication, modularity sizes up to
500 MW and upward may be obtained [60]. Within the develop-
ment program of STE in the US, eSolar has four plants totalizing
334 MW [2]. Figure 3.17 depicts the first two modules of 2.5 MW
each installed in 2009 by eSolar in Lancaster, California, and al-
ready in operation. It can be observed that each receiver has two
independent cavities and the heliostat layout consists of identical
arrays to maximize replication and modularity that clearly penalizes
optical efficiency and cosine factor. Each tower is associated with
12,180 flat heliostats of 1.14 m? each and a single 46 MW com-
mercial plant would contain 194,880 heliostats [45]. The receiv-
ers are dual-cavity, natural-circulation boilers. Inside the cavity,
the feedwater is preheated with economizer panels before entering
the steam drum. A downcomer supplies water to evaporator panels
where it is boiled. The saturated water/vapor mixture returns to the
drum where the steam is separated, enters superheater panels, and
reaches 440°C at 6.0 MPa. Each receiver absorbs a full-load power
of 8.8 MWth. Overall plant efficiency expected by eSolar would be
23% solar to electricity [60].

3.54 Molten Salt Systems: Solar Two and
Gemasolar
For high annual capacity factors, solar-only power plants must
have an integrated cost-effective thermal storage system. One such
thermal storage system employs molten nitrate salt as the receiver

heat transfer fluid and thermal storage media. To be usable, the
operating range of the molten nitrate salt, a mixture of 60% sodium
nitrate and 40% potassium nitrate, must match the operating tem-
peratures of modern Rankine cycle turbines. In a molten-salt power
tower plant, cold salt at 290°C is pumped from a tank at ground
level to the receiver mounted atop a tower where it is heated by
concentrated sunlight to 565°C. The salt flows back to ground level
into another tank. To generate electricity, hot salt is pumped from
the hot tank through a steam generator to make superheated steam.
The superheated steam powers a Rankine-cycle turbine. The col-
lector field can be sized to collect more power than is demanded by
the steam generator system, and the excess salt is accumulated in
the hot storage tank. With this type of storage system, solar power
tower plants can be built with annual capacity factors up to 70%.
As molten salt has a high-energy storage capacity per volume (up
to 500-700 kWh/m3), they are excellent candidates for solar ther-
mal power plants with large capacity factors. Even though nitrate
salt has a lower specific heat capacity per volume than carbonates,
they still store 250 kWh/m>. The average heat conductivity of ni-

FIG. 3.17 FIRST EXPERIMENTAL EXAMPLE IN THE
WORLD OF A MULTITOWER SOLAR ARRAY CORRE-
SPONDING TO ESOLAR’S SIERRA SOLAR GENERATING
STATION WITH TWO FULL-SIZED HELIOSTAT FIELDS IN
LANCASTER, CALIFORNIA (Source: eSolar)



trates is 0.52 W/mK and their heat capacity is about 1.6 kJ/kgK.
Nitrates are a cheap solution for large storage systems.

Several molten salt development and demonstration experi-
ments have been conducted over the past two decades in the US
and Europe to test entire systems and develop components. The
largest demonstration of a molten-salt power tower was the Solar
Two project, a 10-MW power tower located near Barstow, CA.
The purpose of the Solar Two project was to validate the techni-
cal characteristics of the molten-salt receiver, thermal storage, and
steam generator technologies, improve the accuracy of economic
projections for commercial projects by increasing the capital, op-
erating, and maintenance cost database, and distribute information
to utilities and the solar industry to foster a wider interest in the
first commercial plants. The Solar Two plant was built at the same
site as the Solar One pilot plant and reused much of the hardware
including the heliostat collector field, tower structure, 10 MW tur-
bine and balance of plant. A new, 110 MWh, two-tank molten-salt
thermal storage system was installed, as well as a new 42 MWth
receiver, a 35 MWth steam generator system (535°C, 100 bar), and
master control system [61].

The plant began operating in June 1996. The project success-
fully demonstrated the potential of nitrate-salt technology. Some
of the key results were: receiver efficiency was measured at 88%,
the thermal storage system had a measured round-trip efficiency
of over 97%, and the gross Rankine-turbine cycle efficiency was
34%, all of which matched performance projections. On one oc-
casion, the plant operated around-the-clock for 154 hours straight
[62]. On April 8, 1999, testing and evaluation of this demonstra-
tion project was completed and subsequently was shut down.

To reduce the risks associated with scaling up hardware, the
first commercial molten-salt power tower should be approximately
three times the size of Solar Two. One attempt to prove scaled-up
molten-salt technology is the Gemasolar project being promoted by
Torresol Energy, a joint venture between the Spanish SENER and
MASDAR initiative from Abbu Dhabi ([63], [64]). Table 3.6 sum-
marizes the main technical specifications of Gemasolar project.

With only 17 MWe, the plant is predicted to produce 112 GWh,/
year. A large heliostat field of 304,750 m? (115 m? each heliostat)
is oversized to supply 15-hour equivalent heat storage capacity.

TABLE 3.6 TECHNICAL SPECIFICATIONS AND DESIGN
PERFORMANCE OF THE GEMASOLAR PROJECT

Technical specifications

Heliostat field reflectant surface 304,750 m?>
Number heliostats 2650

Land area of solar field 142 ha
Receiver thermal power 120 MWth

Tower height 145 m

Heat storage capacity 15 hours

Power at turbine 17 MWe

Power NG burner 16 MWth
Operation

Annual electricity production 112 MWhe

Production from fossil (annual) 15%

Capacity factor 74%
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The plant is designed to operate around-the-clock in summertime,
leading to an annual capacity factor of 74%. Fossil backup cor-
responding to 15% of annual production will be added. The lev-
elized energy costs are estimated to be approximately $0.16/kWh.
Gemasolar might represent a breakthrough for STE technology.
Construction works started in November 2008 and commercial op-
eration is scheduled for May 2011.

3.6 DISH/STIRLING SYSTEMS

3.6.1 Dish—-Stirling Technology: Subsystems and
Components

Dish-Stirling systems track the sun and focus solar energy onto
a cavity receiver, where it is absorbed and transferred to a heat
engine/generator. An electrical generator, directly connected to
the crankshaft of the engine, converts the mechanical energy into
electricity (AC). To constantly keep the reflected radiation at the
focal point during the day, a sun-tracking system continuously ro-
tates the solar concentrator on two axes following the daily path of
the sun. With current technologies, a 5 kW, Dish—Stirling system
would require 5.5 m diameter concentrator, and for 25 kW,, the
diameter would have to increase up to 10 m. Stirling engines are
preferred for these systems because of their high efficiencies (40%
thermal-to-mechanical), high-power density (40-70 kW/liter), and
potential for long-term, low-maintenance operation. Dish—Stirling
systems are modular, i.e., each system is a self-contained power
generator, allowing their assembly in plants ranging in size from a
few kilowatts to tens of megawatts [65].

The concentrator is a key element of any Dish—Stirling system.
The curved reflective surface can be manufactured by attached
segments, by individual facets or by stretched membranes shaped
by a continuous plenum. In all cases, the curved surface should
be coated or covered by aluminum or silver reflectors. Second-
surface glass mirrors, front surface thin-glass mirrors or polymer
films have been used in various different prototypes.

First-generation parabolic dishes developed in the 1980s were
shaped with multiple, spherical mirrors supported by a trussed
structure [66]. Though extremely efficient, this structure concept
was costly and heavy. The introduction of automotive industry
concepts and manufacturing processes has led to optimized com-
mercial versions like the 25-kW SunCatcher system developed by
the company Stirling Energy Systems (Fig. 3.18) that has earned
the world’s highest recorded peak efficiency rating, 31.25%, for
converting solar energy-to-grid quality electricity. Another good
example of the latest developments in Dish—Stirling systems is the
10-kW Eurodish prototype. The Eurodish concentrator consists of
12 single segments made of fiber glass resin. When mounted, the
segments form an 8.5-m diameter parabolic shell. The shell rim is
stiffened by a ring truss to which bearings and the Stirling support
structure are later attached. Thin 0.8-mm-thick glass mirrors, are
glued onto the front of the segments for durable and high reflectiv-
ity around 94% [67].

As in central receivers and parabolic trough absorbers, the re-
ceiver absorbs the light and transfers the energy as heat to the
engine’s working gas, usually helium or hydrogen. Thermal fluid
working temperatures are between 650°C and 750°C. This temper-
ature strongly influences the efficiency of the engine. Because of
the high operating temperatures, radiation losses strongly penalize
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FIG.3.18 ROW OF DISH-STIRLING SYSTEMS (STIRLING ENERGY SYSTEMS SUNCATCHER) OF 25 KW EACH AT THE MAR-
ICOPA SOLAR PLANT IN ARIZONA (Source: Stirling Energy Systems)

the efficiency of the receiver; therefore, a cavity design is the opti-
mum solution for this kind of system.

Two different heat transfer methods are commonly used in
parabolic dish receivers [68]. In directly illuminated receivers, the
same fluid used inside the engine is externally heated in the re-
ceiver through a pipe bundle. In indirect receivers, an intermediate
fluid and a heat pipe is used to decouple solar flux and working
temperature from the engine fluid. The phase change guarantees
good temperature control, providing uniform heating of the Stir-
ling engine [69].

Stirling engines solarized for parabolic dishes are externally
heated gas-phase engines in which the working gas is alternately

Hieat Heat

I

Compressar Turbi l

Work (compressor)

heated and cooled in constant-temperature, constant-volume pro-
cesses (Fig. 3.19). This possibility of integrating additional exter-
nal heat what makes it an ideal candidate for solar applications.
Since the Stirling cycle is very similar to the Carnot cycle, the theo-
retical efficiency is high. High reversibility is achieved since work
is supplied to and extracted from the engine at isothermal condi-
tions. The clever use of a regenerator that collects the heat during
constant-volume cooling and heating substantially enhances the fi-
nal system efficiency. For most engine designs, power is extracted
by kinematics of the rotating crankshaft connected to the pistons
by a connecting rod. An example of a kinematic Stirling engine
is shown in Fig. 3.20. Though theoretically, Stirling engines may
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FIG. 3.19 IDEAL STIRLING CYCLE PRESENTS ISOTHERMAL COMPRESSION AND EXPANSION PLUS A REGENERATOR

THAT LEADS TO A HIGH THERMODYNAMIC EFFICIENCY



have a high life-cycle projection, the actual fact is that today their
availability is still not satisfactory, since an important percentage
of operating failures and outages are caused by pistons and moving
mechanical components. Availability is, therefore, one of the key
issues, since it must operate for more than 40,000 hours in 20-year
lifetime, or ten times more than an automobile engine. One option
to improve availability is the use of free-piston designs. Free-piston
engines make use of gas or a mechanical spring so that mechanical
connections are not required to move reciprocating pistons. Appar-
ently, they are better than kinematic engines in terms of availabil-
ity and reliability. The most relevant program in developing dishes
with free-piston technology is promoted by the company Infinia.

3.6.2 Dish—Stirling Developments

Like the other CSP technologies, practical Dish—Stirling de-
velopment started in the early 1980s. Most development has been
concentrated in the US and Germany, though developed for com-
mercial markets they have been tested in a small number of units
[70].

The first generation of dishes was a facet-type concentrator
with second-surface mirrors that already established concentration
records (C = 3000), and had excellent performances, though their
estimated costs for mass production were above $300/m>. Their ro-
bust structures were extremely heavy, weighing at 100 kg/m? [55].
The 25 kW Vanguard-1 prototype built by Advanco was operated
at Rancho Mirage, California, in the Mojave desert in production
mode for 18 months (February 1984 to June 1985). This system
was 10.7 m in diameter with a reflecting surface of 86.7 m* and
a 25 kW PCU made by United Stirling AB (USAB) model 4-95
Mark II. This engine had four cylinders with a 95 cm? cylinder dis-
placement. The working gas was hydrogen at a maximum pressure
of 20 MPa and temperature of 720°C. Engine power was control-
led by varying the working-gas pressure. McDonnell Douglas later
developed another somewhat improved dish system making use
of the same technology and the same engine. The dish was 10.5 m
and 25 kW. The 88 m? parabolic dish consisted of 82 spherically
curved glass facets. Reported performances and efficiencies were
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FIG.3.20 KINEMATIC STIRLING ENGINE V-161 OF 10 KWE
MANUFACTURED BY SOLO KLEINMOTOREN WITH PIS-
TONS SITUATED IN V AND CONNECTED TO A TUBULAR
ARRAY HEAT EXCHANGER (Source: Solo Kleinmotoren)
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similar to those of Advanco/Vanguard [66]. The project was fro-
zen for several years until in 1996, Stirling Energy Systems (SES)
acquired the intellectual and technology rights to the concentra-
tor and the US manufacturing rights to what is now called the
Kockums, 4-95 Stirling engine-based PCU [65]. The re-designed
25-kWe system named SunCatcher is being qualified in a com-
mercial basis at the Maricopa Solar Plant in Arizona (Fig. 3.20).
The plant totalizes 1.5 MW with 60 dishes and is in operation since
January 2010. Commercialization is expected in California with
two large plants of about 800 MW each.

In Europe the most important development is the EuroDish sys-
tem. The EuroDish project is a joint venture undertaken by the
European Community, German/Spanish Industry (SBP, MERO,
Klein+Stekl, Inabensa), and research institutions DLR and
CIEMAT. The engine used in the EuroDish is SOLO Kleinmo-
toren 161. Two new 10-kW EuroDish units were installed at the
Plataforma Solar de Almeria, Spain, early in 2001 for testing and
demonstration. In a follow-up project called EnviroDish, additional
units were deployed in France, India, Italy and Spain to accumulate
operating experience at different sites. The peak system efficiency
was first measured at 20%. The estimated annual production of
a EuroDish system operating in Albuquerque, New Mexico, is
20,252 kWh of electricity with 90% availability and an annual ef-
ficiency of 15.7% [65]. SBP and the associated EuroDish indus-
try have performed cost estimates for a yearly production rate of
500 units per year (5 MW/year) and 5000 units per year, which
corresponds to 50 MW/year. The actual cost of the 10-kW unit
without transportation and installation cost and excluding founda-
tions is approximately US$10,000/kW. The cost projections at pro-
duction rates of 500 and 5000 units per year are US$2,500/kW and
US$1,500/kW, respectively based upon replication of automotive
mass-production processes.

3.7 TECHNOLOGY DEVELOPMENT
NEEDS AND MARKET
OPPORTUNITIES FOR SOLAR
THERMAL ELECTRICITY (STE)

From the 1970s to the 1990s the development of solar thermal
electricity technologies remained restricted to a few countries and
only a few, though important, research institutions and industries
were involved. The situation has dramatically changed since 2006
with the approval of specific feed-in-tariffs or power purchase
agreements in Spain and the US. Both countries with more than
6 GW of projects under development and more than 1 GW in oper-
ation at the end of 2010 are undoubtedly leading the commerciali-
zation of STE [2]. Other countries such as India, China, Australia
and Italy adopted the STE process. Subsequently a number and va-
riety of engineering and construction companies, consultants, tech-
nologists and developers committed to STE are rapidly growing.

A clear indicator of the globalization of STE commercial de-
ployment for the future energy scenario has been elaborated by the
International Energy Agency (IEA). This considers STE to play
a significant role among the necessary mix of energy technologies
for halving global energy-related CO, emissions by 2050 [5]. This
scenario would require capacity addition of about 14 GW/year (55
new solar thermal power plants of 250 MW each). However, this
new opportunity is introducing an important stress to the developers
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of STE. In a period of less than 5 years, in different parts of the
world, these developers of STE are forced to move from strategies
oriented to early commercialization markets based upon special
tariffs, to strategies oriented to a massive production of compo-
nents and the development of large amounts of projects with less
profitable tariffs. This situation is speeding up the implementation
of second generation technologies even though in some cases still
some innovations are under assessment in early commercialization
plants or demonstration projects. The projected evolution of Lev-
elized Electricity Costs of different STE technologies is depicted
in Fig. 3.21. LEC value may be reduced an additional 30% when
moving to future sites with very high Direct Normal Irradiance.
The reduction in electricity production costs should be a con-
sequence, not only of mass production but also of scaling-up and
R&D. A technology roadmap promoted by the European Indus-
try Association ESTELA [7] states that by 2015, when most of
the improvements currently under development are expected to
be implemented in new plants, energy production boosts greater
than 10% and cost decreases up to 20% are expected to be
achieved. Furthermore, economies of scale resulting from plant
size increase will also contribute to reduce plants’ CAPEX per
MW installed up to 30%. STE deployment in locations with very
high solar radiation further contributes to the achievement of cost
competitiveness of this technology by reducing costs of electric-
ity up to 25%. All these factors can lead to electricity generation
cost savings up to 30% by 2015 and up to 50% by 2025, reaching
competitive levels with conventional sources (e.g., coal/gas with
stabilized Electricity Costs <10€c/kWh). Similar projections are
published in another recent roadmap issued by the IEA [71].
Other roadmaps coordinated by R&D centers expect larger influ-
ence of innovations (up to 25%) in cost reduction [72]. Some of
the key general topics on medium to long-term R&D proposed by
the STE community are [22]:
Build confidence in the technology through:

e pilot applications based on proven technologies;

¢ high reliability of unattended operation;

e increased system efficiency through higher design tempera-
tures;

e hybrid (solar/fossil fuel) plants with small solar share.

Reduce costs through:

e improved designs, materials, components, subsystems and
processes;
e exploitation of economies of scale.

Increase solar share through:

e suitable process design;
e integration of storage.

In all cases, R&D is multi-disciplinary, involving optics, materi-
als science, heat transfer, control, instrumentation and measure-
ment techniques, energy engineering and thermal storage.

3.7.1 Trough and Linear Fresnel Power Plants
To further reduce costs and increase reliability in next genera-
tion PTC and LFR technology, the following are expected:

e Lighter and lower-cost structural designs including front sur-
face mirrors with high solar-weighted reflectivity of about
95%.

e Development of high-absorptance coatings for tube receivers
(96% and higher) able to work efficiently at over 500°C.

e Development of medium temperature thermal energy stor-
age systems (Phase Change Materials, molten salts, concrete)
suitable for solar-only systems;

e Continued improvement in overall system O&M, including
mirror cleaning, integral automation and largely unattended
control;

e System cost reductions and efficiency improvements from
substituting water for synthetic oil as the heat-transfer fluid
(Direct Steam Generation technology)

3.7.2 Power Tower Plants

Power tower R&D in the United States, Europe, and Israel is
concentrated in the two most relevant subsystems with regard to
costs: heliostat field and solar receiver. The following improve-
ments are expected:

Improvements in the heliostat field as a result of better optical
properties, lower cost structures, and better control. Improvements
in materials should be analogous to those for trough collectors.

EDJE
-3
= 030 <
'Eﬂ.ﬂ H‘H‘
z o B
ﬁum M .
— S
-_--h.__ S S
W oas -"'-._':'-_ "-...__H‘H‘
% aw f— ¢ o
Eu.rr. -_"_"-—'=|:1
0 < T T T
il s o] A0 Year

FIG.3.21 EVOLUTION OF LEVELIZED ELECTRICITY COST FOR STE TECHNOLOGIES BASED UPON TECHNOLOGY ROAD-

MAPS AND INDUSTRY



In general terms, optical performance and durability of existing
heliostats is acceptable (95% availability and beam quality below
2.5 mrad), therefore, R&D resources should focus basically on cost
reduction.

Development of water/superheated steam and advanced air-
cooled volumetric receivers using both wire-mesh absorbers and
ceramic monoliths is the subject of various projects. Dual-aperture
receivers for water/steam and volumetric receivers for air still need
further development for scale-up, materials durability and thermal
efficiency.

Heat storage is another key issue for CRS development. The
new developments in air-cooled receivers have led to the devel-
opment of advanced thermocline storage systems making use of
packed-bed ceramic materials. This system has shown excellent
performance for small units of a few MWh but pressure losses and
design restrictions appear when size is increased.

Finally, more distributed control architectures, system integra-
tion and hybridization in high-efficiency electricity production
schemes should be developed as already mentioned for trough
systems.

3.7.3 Dish/Engine Power Plants

Several dish/engine prototypes have operated successfully dur-
ing the last 20 years in the US and Europe, but there is no large-
scale deployment yet. This situation may change soon with some
existing commercialization initiatives. The use of dishes for stand-
alone or grid-support installations will reach near-term markets as
costs drop to less than 12¢/kWh. This lower cost can be achieved
through:

e improvements in mirrors and support structures, improve-
ments in hybrid heat-pipe and volumetric receivers coupled
to Stirling and Brayton engines, and development of control
systems for fully automatic operation; and

e improvements in system integration by reduction of parasitic
loads, optimization of startup procedures, better control strate-
gies, and hybrid Stirling-Brayton operation.

3.8 NOMENCLATURE AND UNIT
CONVERSIONS
bar Unit of pressure equal to 100 kilopascals
CLFR Compact Linear Fresnel Reflector
CRS Central Receiver System
CSPp Concentrating Solar Power
DE Dish Engine
GEF Global Environmental Facility
GW Gigawatt (10° Watts)
GWh Gigawatt-hour (10° Wh)
Ha/MW Hectares per MW
HTF Heat Transfer Fluid
1IEA International Energy Agency
ISCCS Integrated Solar Combined Cycle System
kJ/kgK kiloJoule per kilogram and Kelvin
kW kiloWatt (10° Watts)
kWh/m? kiloWatt-hour per cubic meter
LFR Linear Fresnel Reflector
m meter
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m square meter
mbar millibar
mrad milliradian
MW Megawatts (106 Watts)
MWe Megawatts electric (1 0° Watts)
MWth Megawatts thermal (106 Watts)
NSO Nevada Solar One
O&M Operation and Maintenance
PCM Phase Change Material
PTC Parabolic Trough Collector
PV Photovoltaics
R&D Research and Development
SEGS Solar Electricity Generating Systems
SHP Solar Heat and Power
SPG Solar Power Group
STE Solar Thermal Electricity
TWh TeraWatt hour (10> Wh)
W/mK Watts per meter and Kelvin
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4

SOLAR ENERGY APPLICATIONS IN INDIA

4.1 INTRODUCTION

India has a population of 1.1 billion people (1/6th of the world
population) and accounts for less than 5% of the global primary en-
ergy consumption. India’s power sector had an installed capacity
of 159,650 MW [1] as on 30th April, 2010. The share of installed
capacity from different sources is shown in Fig. 4.1.

The annual generation was 724 Billion units during 2008-2009
with an average electricity use of 704 kWh/person/year. Most states
have peak and energy deficits. The average energy deficit is about
8.2% for energy and 12.6% for peak [1]. About 96,000 villages are
unelectrified (16% of total villages in India) and a large proportion
of the households do not have access to electricity.

India’s development strategy is to provide access to energy to all
households. Official projections indicate the need to add another
100,000 MW within the next decade. The scarcity of fossil fuels
and the global warming and climate change problem has resulted
in an increased emphasis on renewable energy sources. India has a
dedicated ministry focussing on renewables (Ministry of New and
Renewable Energy, MNRE). The installed capacity of grid con-
nected renewables is more than 15,000 MW. The main sources
of renewable energy in the present supply mix are wind, small
hydro- and biomass-based power and cogeneration. In 2010, India
has launched the Jawaharlal Nehru Solar Mission (JNSM) as a part
of its climate change mission with an aim to develop cost-effective
solar power solutions.

Most of India enjoys excellent solar insolation. Almost the en-
tire country has insolation greater than 1900 kWh/m?/year with
about 300 days of sunshine. Figure 4.2 shows a map with the
insolation ranges for different parts of the country. The high-
est insolation (greater than 2300 kWh/m?*/year) is in the state of
Rajasthan in the north of the country. The solar radiation (beam,
diffuse, daily normal insolation) values are available at different
locations from the handbook of solar radiation data for India [2]
and at 23 sites from an Indian Meteorological Department (IMD)
MNRE report [3].

4.2 STATUS AND TRENDS

Figure 4.3 shows the different end uses for energy. For solar en-
ergy applications the two distinct routes are solar photovoltaics (PV)
and solar thermal. An overview of solar PV [4, 5] and solar thermal
[5-7] reveals steady growth and developments in applications.

The Indian PV industry started in 1976 with the research and
development efforts of Central Electronics (CEL). In the 1980s,
public sector undertakings like CEL, Bharat Heavy Electricals and
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Udaya Semiconductors manufactured solar cells in India. Since
1992, the manufacture of solar cells was liberalized. At present,
the solar cell and module manufacture is predominantly driven by
large private sector companies like Tata BP Solar, Moser Baer [8].
Figure 4.4 shows the trend in growth of production capacity of
cells and modules. A large part of the PV manufacturing capacity
(70% or more) caters to the international market. At present, in the
established PV plants, the capacity utilization of installed produc-
tion capacity is above 90%. During 1999-2009, India’s PV module
production has increased from about 11 MW/year to about 240
MW!/year (a compound annual growth rate of 36 % per year).

Figure 4.5 shows the cumulative deployment of PV modules
produced in India. It can be seen that exports accounted for 525
MW (66%) of the total module production. PV applications in-
clude solar lanterns, solar home lighting and street lighting, solar
power plants (isolated-off grid) and grid-connected systems, and
PV for telecom applications. Almost all the commercial PV capac-
ity is based on crystalline silicon. Recently, Moser Baer has set
up an 80-MW capacity line for manufacture of amorphous silicon
modules.

Solar thermal systems are indigenously available for water heat-
ing, drying and cooking. Figure 4.6 shows the trend in the growth
of the cumulative installed capacity of flat plate collectors in India.
The actual installation of solar hot water systems was about 3.5
million m? in March 2010 [10]. The installed solar hot water col-
lectors in India are about 3.5 m*/1000 people in India as compared
to the world average of 30 m*1000 people. Cities like Bangalore
and Pune have a large number of solar hot water installations in
domestic buildings.

4.3 GRID CONNECTED PV SYSTEMS

The progress of grid connected PV systems in India was slow
till 2008. The capacity of the largest grid connected PV system in
2008 was 239 kW. The average capacity factor of grid connected
PV systems was 14% in 2002-2003. Recent efforts to provide a
preferential tariff for solar PV and the launch of the JNSM has
resulted in an increased emphasis on grid connected PV systems.
In December 2009, two MW scale grid connected PV plants were
installed at Jamuria, Asansol, West Bengal (Fig. 4.7) [9] and
Anmritsar in Punjab resulting in an increase in the present installed
grid connected PV power to 6 MW. In 2009-2010, a total of 8 MW
of grid connected PV plants were installed taking the total grid
connected PV capacity to 10 MW.

The largest grid connected system in India is a 3 MW system at
Yalesandra in Kolar district in Karnataka (Fig. 4.8) (commissioned
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in June 2010) [11] at a cost of Rs. 590 million (14 million US $).
The system has twelve 250 kW inverters supplying power to the
grid at 11 kV level. The cost of electricity generation is estimated
to be Rs 16.9 /kWh and the plant occupies an area of 15 acres. A
simulation of the output of 1 MW peak rated power plant located in
different regions of India reveals the effect of varying solar insola-
tion and ambient temperature [12]. The annual generation from a
1 MW peak plant varies from 1752 MWh in Rajasthan (cost of gen-
erated electricity Rs13 or US 26 ¢/kWh) to 1462 MWh in Kolkata
(Rs 16.5 or US 33 ¢/kWh) [12].

4.4 VILLAGE ELECTRIFICATION
USING SOLAR PV

It is difficult to obtain accurate data on the number of village
electrification systems using solar PV that are operational in the
country. Table 4.1 provides an estimate of different systems in se-
lect states. Many systems are 4- to 6-hour grids only meeting the
residential loads during the evening. Systems can be single phase
AC or three-phase AC. Table 4.2 provides an estimate of the ca-
pacity factor of a few sample village electrification systems. An
analysis of sample systems [7] reveals that the average cost of sup-
ply can be reduced by 25% (average value Rs. 32/kWh) or more
through optimal sizing and distribution planning.

There are several examples of successful solar PV distributed
generation systems in the islands. For example, the nine solar mini-
grids in the Sunderbans installed by the West Bengal Renewable
Energy Development Agency have a total peak rating of 345 kW
and meets the needs of 1750 consumers. An example of a 26 kW
peak system in the Sundarbans (battery capacity 2 V, 800 Ah) had
a capital cost of Rs 10.6 million Rupees and supplied 120 users
[13]. The users paid a fixed monthly connection charge of Rs1000.
The model used in the Sunderbans was to have a fixed monthly
charge irrespective of use but couple it with loads limiters for each
connection. Village co-operatives would be responsible for plant

operation and bill collection. Some of these systems are trying out
prepaid metering [13].

Figure 4.9 shows a schematic of a solar PV power system along
with typical voltage values. One of the main issues in an isolated
system is matching the supply with the demand. Figure 4.10 shows
the load profile measured on a typical PV village electrification
project. Several attempts have been made to improve the capacity
factor and the economic viability by linking with a constant/base
load. In many of the island grids solar photovoltaic systems have
been hybridised with the existing diesel micro-grids. BHEL has
installed a 50 kW (peak) PV system along with a diesel engine
generator and battery storage (two 75-kVA diesel generators) at
Bangaram island in Lakshwadeep in 2006 [15]. The system oper-
ates as a 24 hour power supply for the island.

4.5 SOLAR THERMAL COOKING
SYSTEMS

In India, the first solar cookers were developed by the National
Physical Laboratory in 1954 with a circular parabolic reflector fo-
cussing on to a cooking pot. Subsequently, box type solar cookers
were developed in 1961. It is estimated that about 0.5 million solar
cookers have been installed in the country [17, 18]. Most of these
cookers are used for supplementary cooking.

In the early 1990s, solar dish cooker for community application
(Scheffler cooker) was developed and manufactured in India. The
aperture area of the dish is about 7 m?. The automatically tracked
parabolic reflector is located outside the kitchen and reflects the
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incident solar energy through an opening in its mouth wall. A sec-
ondary reflector is used to focus the solar radiation on to the cook-
ing vessel. Figure 4.11 shows a schematic of a Scheffler cooker.

Table 4.3 lists some of the large community installations of solar
cooking in India. The cooking system installed at Tirumala Tirupati
Devasthanam at Tirumala in Andhra Pradesh (see Fig. 4.12) is
considered to be one of the world’s largest solar cooking system,
consisting of 106 automatically track parabolic concentrator’s gen-
erates steam. This system was installed in 2002 with a capital cost
of Rs. 11 million. The system generates 4 tonnes of steam per day
180°C (10 kg/cm2 pressure). Government provided 50% subsidy
for this plant. It is estimated that the savings are around 118,000 L
of diesel per year.

In 2006, 300 community solar dish cookers (2.3 m diameter)
were installed in tribal school in Maharashtra. The project cost was
Rs. Eight million and estimated LPG savings was 110 kg annually
resulting in a payback period of 6 years [19].

Solar concentrator systems generating steam seem suitable for
community kitchens, hotels. The technology is available though
the payback period for LPG replacement is about 6 years.
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4.6 SOLAR THERMAL HOT WATER
SYSTEMS

Solar thermal hot water heaters are a manufactured, installed
and serviced by indigenous manufacturers. There are 56 Bureau of
Indian Standards (BIS) approved manufacturers of flat plate collec-
tors and 23 MNRE approved manufacturers (assemblers) of evacu-
ated tube-based systems in the country. The actual installation is
about 3.5 million m? in 2010 [9]. The cost of a typical 100 litres
per day household system is about Rs 20,000 (US 500%). Most of
the manufacturers are small and medium size companies with no
single manufacturer having more than 15 % share [22]. Figure 4.13
shows a 25,000 Ipd solar water heating system installed at a student
hostel at the Indian Institute of Technology Bombay at Mumbai
23]. The residential sector accounts for 80% of the total solar water
heater demand. Other potential users are hotels and hospitals.

A framework was proposed for estimation of potential of solar
water heating systems for a target area and a country [24, 25]. The
framework has been applied to Pune and extrapolated to get the
potential of solar water heating in India. The estimated potential
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FIG. 4.6 GROWTH OF SOLAR WATER HEATING SYSTEMS IN INDIA [4]

of solar water heating in India is 60 million m* leading to annual
electricity savings of 12.2 billion kWh, The potential estimated is
used for the synthesis of S-curve for solar water heating systems
(Fig 4.14). The payback periods for hotels and hospitals range be-
tween 2 and 4 years while the payback is higher for single house-
holds due to the discrete sizes of solar water heaters available,
morning peak hot water usage patterns.

Figure 4.15 shows an estimation of the impact of electric water
heaters on the load curve for Pune in Maharashtra [26]. It can be seen
that electric water heating contributes significantly to the morning
peak of the utility. Solar water heaters can effectively reduce morn-
ing peak. The MNRE provides an interest subsidy for end-users and a
capital subsidy for government institutions. Some state governments
(Delhi) also offer a capital subsidy. Some municipalities like Banga-
lore, Thane, and Kalyan are making solar water heaters compulsory
for new housing units, hotels, and hospitals.

FIG. 4.7 1 MW SPV POWER PLANT INSTALLED BY WEST
BENGAL GREEN DEVELOPMENT CORPORATION LIMITED
AT JAMURIA VILLAGE IN ASANSOL, WEST BENGAL [9]

4.7 SOLAR THERMAL SYSTEMS FOR
INDUSTRIES

Many industries have low-temperature process heat requirements
(hot water, steam) which is ideal for the application of solar ther-
mal systems. In India, there have been several installations of flat
plate and evacuated installations of flat plate and evacuated tubu-
lar collectors for preheating boiler feedwater and low-temperature
process heating.

FIG. 4.8 3 MW SYSTEM AT YALESANDRA IN KOLAR DIS-
TRICT IN KARNATAKA [11]
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TABLE 4.1 SAMPLE ISOLATED SOLAR PV POWER PLANTS IN INDIA
Name of the plant PV capacity Inverter Battery Battery Connected Number of Plant capacity
(kWp) capacity capacity voltage (V) load (kW) households factor (%)
(kVA) (Ah)

Dound-II, Chattisgargh 1 1.5 200 48 0.3 25 5.8
Latdadar, Chattisgargh 2 3 400 48 0.7 30 7.1
Chatal, Chattisgargh 3 5 400 48 0.7 24 4.4
Gudagarh, Chattisgargh 4 5 800 48 1.2 60 6.3
Sura, Udaipur, 17.25 15 1200 120 5.0 50 7.3
Rajasthan

Nurda Village, Jharkhand 28 20 1200 120 9.5 350 8.5
Anandgarh, Bikaner, 34.5 2*15 2*#1200 120 10 50 7.5
Rajasthan.

Source: http://mapunity.org/projects/gvep and Rajasthan Renewable Energy Corporation (RREC).

A solar pond of 6000 m* was constructed at Bhuj in Gujarat to pro-
vide process heat to a dairy in 1990 to 1991. Table 4.4 provides a
few examples of industrial solar flat plate water heating systems in
the country.

A system of imported line focussing parabolic concentrators for
producing process steam at 150°C and 100 kg/hour was installed
at a silk factory in Mysore in 1987 [27]. Scheffler dishes have been
used to generate saturated steam at 5 bar (20 dishes of 12.64 m?)
in a demonstration project supported by the Ministry of New and
Renewable Energy at the Global Hospital and Research Centre,
Mount Abu. The overall efficiency reported was about 28%.

A Fresnel paraboloid dish (ARUN160) [28] with two-axis tracking
has been developed by Clique and has been installed at Mahananda
dairy at Latur in Maharashtra (Fig. 4.16). This is a 160-m? dish that
is used to replace steam fed from a 1-tonne/hour boiler. Figure 4.17
shows a schematic of its integration into the dairy utility system. The
boiler can be used as a backup for days where there is inadequate en-
ergy from the solar system, resulting in a reliable heat supply system
without any need for storage. Solar dryers have been used in India for
different crops, food products and timber. It is estimated that more than
10,000 m? of dryers are operational in the country [21]. Solar cooling
systems have also been demonstrated based on vapour absorption cy-
cles with lithium bromide-water. A 25-TR (tonnes of refrigeration)
solar air conditioning plant with a collector area of 280 m” has been
installed in Ahmedabad [21]. The capital cost is Rs. 5.8 million with
the solar component accounting for Rs. 4 million.

TABLE 4.2 ISOLATED SPV POWER PLANTS IN INDIA [14]
S. no. State PV Capacity No. of power
(kWp) plants

1 Maharashtra 5 2

2 Chattisgargh 1-6 108

3 Rajasthan 5-34 83

4 Jharkhand 28 1

5 Orissa 2 11

6 Haryana 10 -

7 Mizoram 25 1

8 UP (NTPC) 11.9kW 1

9 West Bengal 25 kW 15

Installed capacity (As on 31/01/2009): 2.8 MWp
Total number of SPV power plants: 230 nos.

A municipal hospital of the Thane Municipal Corporation in
Kalwa, near Mumbai has installed a 160 tonnes of Refrigeration plant
based on solar thermal energy has been commissioned in 2010. This
has 184 Scheffler dishes to generate 700 kg/hour of steam that runs
vapor absorption refrigerator to generate chilled water at 7°C. The
project is developed by Sharada Inventions Nasik at a cost of Rs. 40
million. The system has agro residue-based briquette fired boilers as
a back up to generate steam on cloudy days or days with low solar
insolation. The estimated annual electricity savings is about 1 million
kWh with money savings of Rs. 4.5 million. The payback period is
about 9 years. The Government has provided a capital subsidy of Rs.
12.4 million reducing the payback period to about 6 years. The system
also has a solar dehumidifier developed by IIT Bombay.

4.8 SOLAR THERMAL POWER

GENERATION

India has limited experience in solar thermal power generation.
There was a demonstration 50 kW line focussing parabolic col-
lector demonstration plant (imported) at the solar energy centre at
Gwalpahari (near Delhi) by the Ministry of New and Renewable
Energy. Due to maintenance problems the unit was derated and
then combined with a biomass gasifier system.

An integrated solar combined cycle plant with a 35-MW so-
lar component (based on line focussing parabolic collectors) was
planned at Mathania in Rajasthan in early 1990s. However, this
plant was not installed due to problems in obtaining multi-lateral
funding. Demonstrations units based on imported paraboloid dishes
have been installed near Hyderabad (20 kW rating) and at Vel-
lore (10 kW rating). At present, there are no grid connected solar
thermal power plants in operation in the country. The launch of the
JNSM has resulted in an increased interest in solar thermal power
generation.

There are several indigenous manufacturers who are developing
solar concentrator systems that generate steam either through para-
bolic trough concentrators (KIE Solatherm), Fresnel paraboloid
dish (Clique), Scheffler (Gadhia solar) or Compact Linear Fresnel
Reflectors (KG Design Services, Coimbatore). An energy sector
manufacturing company Thermax also has planned demonstration
projects for solar power generation based on CLFR and parabolic
concentrator technology.

MNRE has funded a national solar thermal power plant cum
testing facility. This is planned as a consortium led by the Indian
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Institute of Technology Bombay, Mumbai with the Solar Energy
Centre and several industry partners (Tata Power, TCE, L&T, KIE
Solatherm, Clique). The facility is to be located at the Solar En-
ergy Centre at Gwalpahari (near Delhi) and will supply 1 MW of
electricity to the Haryana grid (during sunshine hours). The plant is
expected to be operational in 2011 and will enable testing of solar
components and systems. It is planned to develop a simulator for a
solar-based power plant and validate with the prototype plant. The
unique feature of this facility is its ability to integrate and test dif-
ferent medium and low-temperature solar concentration technolo-
gies. The objective of this facility is to promote the development of
cost-effective solar thermal power plants in the future in India.

There is an ongoing research project at IIT Bombay, supported
by MNRE, to develop 3 kW Stirling engine for solar applications.
At present, there are no indigenous Stirling engine suppliers. In
Pune, there is a group working on integration of solar dishes with
a steam engine at the 10-kW level.

SOLAR LIGHTING AND HOME
SYSTEMS

Solar lighting systems in India were developed in the 1970s.
As per the MNRE, there are about 580,000 solar home lighting
systems, 790,000 solar lanterns (Fig. 4.18) and 88,000 solar street
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FIG. 410 LOAD PROFILE TAKEN OVER A DAY (5 KW
SYSTEM) [14]

lights installed in the country. It is estimated that there are 72 mil-
lion households in India which use kerosene for lighting in rural
India. This represents the target potential for solar lighting sys-
tems in the country. Table 4.5 provides specifications of some of
the solar PV lanterns and home systems available commercially in
India. Innovative financing schemes that enable rural households
and low-income users to afford solar lighting and home systems
have been implemented by companies like SELCO and a few non-
government organisations. At present, a 90% capital subsidy is
available for solar home systems in remote areas. In India, it is
estimated that 3600 million liters of kerosene are used for domestic
lighting [29]. Replacing kerosene-based lighting with solar light-
ing systems will result in significant savings in annual kerosene
subsidy and carbon dioxide emissions.

4.10 SOLAR MISSION AND FUTURE OF

SOLAR IN INDIA

The Jawaharlal Nehru Solar Mission (JNSM) was announced by
the Indian government in 2009 and formally launched in January
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FIG.4.11 SCHEMATIC OF A SCHEFFLER COOKER [21]




TABLE 4.3 LARGE SOLAR COOKING INSTALLATIONS

IN INDIA [4,20]
S. no. Location Cooking Collector area
capacity
people/day
1. Sri Sai Baba 40,000 73 reflective dishes

Sansthan, Shirdi, of 16 m” each

Maharashtara (1168 m?)
2. Brahmakumaris 600 75 m*
training centre,
Hubli
3. Brahmakumaris 2000 265 m?
Ashram, Gurgaon,
Haryana
4. Brahmakumaris 10,000 800 m?

Ashram, Talleti,
near Mount Abu
5. Rishi Valley 500 94 m?
School, Chitoor
District, Andhra

Pradesh
6. Tirupalli in 15000 106 collectors of
Andhra Pradesh 9.2 m? each
(975 m?)
7. Auroville, 1000 15 m diameter
Pondicherry, solar bowl
Tamil Nadu concentrator

2010. Table 4.6 shows the targets set by the JNSM. It is expected
that 20 GW of grid connected solar power will be established in
India till 2022. 20 million solar lighting systems is the target set for
2022. Incentives have been announced for rooftop solar PV sys-
tems including a generation-based incentive. For off grid systems,
a capital subsidy and a 5% interest soft loan have been offered. The
capital subsidy is about Rs 70 to 90/W peak and about Rs 2100 to
6000/m? for different solar thermal concentrator systems. The sub-
sidy is estimated to be 30% of the market cost. An amount of Rs

o

-

FIG.4.12 SOLARCOOKING SYSTEM AT TIRUMALA TIRUPA-
TI DEVASTHANAM, ANDHRA PRADESH [20]
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FIG. 413 SOLAR WATER HEATING SYSTEM AT IIT
BOMBAY, MUMBAI [23]

43370 million has been approved for implementation of the mis-
sion till 2013 (1 billion US$) for 1000 MW of grid connected solar
(at the 33 kV level), 100 MW of solar plants at the low tension/
11 kV level and 200 MW of off-grid solar plants.

The National Thermal Power Corporation (NTPC) one of the
largest public sector generation companies in the world has a fully
owned subsidiary the NTPC Vidyut Vyapar Nigam Ltd. (NVVN).
NVVN has been designated as the nodal agency to purchase solar
power fed to 33 kV and above and is expected to bundle solar power
with coal-based power. The power sold through NVVN can be
used to meet the renewable purchase obligations of different Indian
utilities. The Central Electricity Regulatory Commission has noti-
fied a renewable based preferential tariff that is based on a capital
cost of Rs 170 million/ MW for solar PV and a capacity utilization
factor of 19% and a capital cost of Rs 130 million/MW for solar
thermal and a capacity utilization factor of 23%. This results in an
effective preferential tariff of Rs 18.4/kWh for solar photovoltaics
and a preferential tariff of Rs 15/ kWh for solar thermal.

Solar water heaters for low-grade heating are already viable for
residential and commercial applications. These are now ready for
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widespread diffusion and market penetration. Application engi-
neering and optimal sizing is needed to have a larger number of
installations in hotels and hospitals. Changes in the building codes
and a regulatory push will enable their faster adoption. A recent
study supported by the MNRE has proposed that utilities provide
a rebate of Rs 75/m? for solar collectors installed to offset electric
water heating [35] since it results in electrical energy savings and
peak power savings.

Solar thermal systems in industry have a significant potential to
replace/reduce oil-fired steam generation. At present a few demon-
stration systems based on dish (ARUN160) and Scheffler technolo-
gies have been installed. It is expected that these technologies along
with CLFR would effectively diffuse into the industrial steam market.
Technology development and cost reduction efforts are needed in or-
der to penetrate the industrial steam market.

For solar thermal power generation a large number of agree-
ments have been signed with many of the international suppliers
in the states of Gujarat and Rajasthan. By 2012, it is expected that
India will have several grid connected solar thermal plants. Indig-
enous technology development and operating experience is likely

TABLE 4.4 INDUSTRIAL APPLICATIONS OF SOLAR
FLAT PLATE SYSTEMS [22]
Comments
Panchmahal dairy, 20,000 Ipd 80°C 236 flat plate
Godha preheating boiler collectors storage
feed water 20,000 litres
savings 110 litres/
day furnace oil
Synthokem Labs 10,000 Ipd boiler 16% reduction
Pvt. Ltd., feed water preheat  in energy cost, 2
Hyderabad years payback
Kangaroo Industries,  Electroplating
Ludhiana 100 Ipd
GFTCL Kakinada 120,000 1pd 1309 collectors,
Boiler feedwater Payback period 5
preheating years

FIG. 4.16 ARUN160 AT MAHANANDA DAIRY, LATUR,
MAHARASHTRA [28]

to promote the next generation of solar thermal power plants in
the country. MNRE and Department of Science and Technology
are supporting solar research and training efforts that will enable
development of cost-effective solar thermal systems.

In solar photovoltaics, the incentives provided in the JNSM
are likely to see the growth of the domestic market — both grid
connected — large and rooftop and off grid applications. India is
likely to significantly increase its production capacity of cells and
modules. Based on the applications and announcements made by
solar PV companies, it is expected that the cell and module capac-
ity would increase to more than 1000 MW per year by 2012. India
has a research based on capabilities in materials, amorphous sili-
con, thin films, and new solar cell concepts. This is being supported
by the MNRE and the Solar Energy Centre. A National Centre
for Photovoltaics Research and Education has been planned at IIT
Bombay to facilitate and enhance PV research. The entry of com-
panies like Moser Baer who have a track record of innovation and
cost reduction is likely to drive down costs.

The Indian government has announced its intent to support solar
energy in country through the JNSM and has provided financial
support for solar implementation. There exists a manufacturing
base in the country that can take up this mission. This needs to be
supported by a critical mass of researchers and technology devel-
opers. It is important to assess the actual performance of imple-
mentation and cost reduction of solar technologies supported by
the JNSM. The mainstreaming of solar technologies will depend
on the innovations and technology solutions provided that will re-
duce costs and improve reliability. An enabling policy environ-
ment has been provided by the JINSM. India has a rapidly growing
energy sector. If technology developers, researchers, and industry
take up the challenge and develop cost-effective solar solutions,
India can have an increasing solar share in the future energy mix.
Under such a scenario, India has the potential to be a solar manu-
facturing hub for the world.
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4.11 CONCLUSION

The conditions for solar energy in India are similar to the condi-
tions prevalent in other countries of South Asia — Nepal, Bangla-
desh, Pakistan and Sri Lanka. All these countries have electricity
shortages and a large proportion of the population without access
to convenient energy sources. In Bangladesh, about 70% of the
households are not connected to the grid. There have been a growth
in the deployment of solar home systems (solar PV systems 40 W
to 75 W) and solar flat plate water heating systems in Bangladesh
and Nepal. In Bangladesh, an NGO Gramee Shakti has been instru-

FIG.4.18 COMMERCIALLY AVAILABLE SOLAR LANTERN
[33]

mental in innovative financing for Solar Home systems resulting in
a total deployment of 220,000 Solar Home Systems. In Sri Lanka,
the Japanese Government has provided assistance of 860 million
Yen (INR 350 million) to set up a 400 kW grid connected PV plant
at Hambantota.

In India, there is a well-developed indigenous industry for solar
flat plate heater and solar PV cells and modules. The capability for
concentrated solar thermal and solar thermal-based power genera-
tion is being developed through a few R&D projects. The attractive
tariffs being provided under the JNSM is expected to encourage
leading international suppliers to set up solar thermal power plants

TABLE 4.5 SPECIFICATIONS OF SOLAR PV LANTERNS
AND SOLAR HOME SYSTEMS [30-32]

S. PV Light Battery Cost
no. Module
Solar lanterns
1. 10 Wp 7 W CFL 12V,7 Ah Rs 3300
2. 5 Wp 5 W CFL 6V,5Ah Rs. 1600
3. 3 Wp 2.5 W LED 6V,45Ah Rs. 1600
Small home systems
1. 18 Wp 1 CFL (9 W/ 12 V,20 Ah  Rs. 8000
11'W)
2. 37 Wp 2 CFL (9 W/ 12V,40 Ah  Rs. 13000
11 W) or
1 CFL and DC
Fan
3. 50 Wp 9Wand 11'W 80 Ah Rs. 18000
CFL, portable
4-B/W TV
4. 74 Wp 2 CFL, 1 DC 12V, 75/80  Rs. 28000
Fan, 1 B/W Ah
TV
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TABLE 4.6 JNSM TARGETS [34]
S. no. Application segment Target for Target for Target for
Phase I Phase 11 Phase IIT
(2010-2013) (2013-2017) (2017-2022)
1. Solar collectors 7 million m> 15 million m? 20 million m?
2. Off grid solar applications 200 MW 1000 MW 2000 MW
3. Utility grid power, including roof top 1000-2000 MW 4000-10000 MW 20000 MW

in India. Several collaborative projects in solar energy are being
proposed. In India, there is an Indo-UK collaborative research
project with multi-institutions in both countries to study the stabil-
ity and field performance of PV cells, modules and systems in both
countries. A joint Indo-EU research programme plans to support
collaborative research projects in solar energy between EU, and
Indian research organisations and industry. The US has planned
to set up a Joint Centre for Solar Energy research between leading
US and Indian research agencies and companies and is currently
evaluating different proposals submitted by interested organisa-
tions in both countries.

The potential growth and untapped demand for energy and the
availability of good solar insolation makes the Indian sub-continent
an emerging solar market. The challenge however is to devise cost-
effective solution that fit the customers’ ability to pay.
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SOLAR ENERGY APPLICATIONS:
THE FUTURE (WITH COMPARISONS)

Luis A. Bon Rocafort and W.J. O’'Donnell

5.1 HISTORY

5.1.1 Awakening

Solar energy can trace its roots to the early 19th century, when
in 1838 French physicist Edmund Becquerel [1],[2] published his
findings about the nature of materials being able to turn light into
energy. He discovered the photovoltaic effect while experimenting
with an electrolytic cell made up of two metal electrodes. Bec-
querel found that certain materials would produce small amounts
of electric current when exposed to light. At the time this was an
interesting discovery that was not appreciated.

Twenty years passed before Auguste Mouchout [1], a French
mathematics teacher, designed and patented the first machine that
generated electricity using the sun. Mouchout began his work with
solar energy in 1860. He produced steam by heating water using a
glass-enclosed, water-filled iron cauldron. Mouchout then added a
reflector to concentrate additional radiation onto the cauldron, thus
increasing the steam output. He succeeded in using his apparatus
to operate a small steam engine.

At the 1878 Paris Exhibition, he demonstrated a solar generator
that powered a steam engine, similar to the one shown in Figure 5.1.
This engine included a mirror and a boiler that drove an ice-maker
that produced a block of ice. Later in 1869, Mouchot wrote one of
the first books devoted to solar energy: “Le Chaleur Solaire et les
Applications Industrielles.” Mouchout’s work help lay the founda-
tion for our current understanding of the conversion of solar radia-
tion into mechanical power driven by steam.

The next promising discovery concerning solar technology came
from an Englishman who while developing a method for continu-
ally testing an underwater telegram cable used selenium and noted
that the conductivity of the selenium rods decreased significantly
when exposed to strong light. Willoughby Smith [2], an electrical
engineer, discovered the photoconductivity of selenium, which led
to the invention of photoelectric cells.

Shortly after, William Adams [5], [6] wrote the first book about
Solar Energy called: “A Substitute for Fuel in Tropical Coun-
tries.” With the use of mirrors, Adams and his team were able to
power a 2.5 horsepowered steam engine, bigger than Mouchout’s
0.5 horsepowered steam engine. His design, known as the Power
Tower concept is shown below in Figure 5.2 in a more current
setting.

Charles Fritts [2] created the first working solar cell in 1883 turn-
ing the sun’s rays into electricity. Fritts coated the semiconductor

material selenium with a thin layer of gold. The resulting cells had
a conversion efficiency of about 1% due to the properties of sele-
nium, which in combination with the material’s cost precluded the
use of such cells for energy supply.

The first solar energy system for heating household water on
rooftop was developed by Charles Tellier [2] in the late 1880’s.
This concept is shown in Figure 5.3. He used a non-concentrating
solar motor for refrigeration much like a solar heat pump. The
solar water heater that is employed today largely in warm cli-
mates originated in the late 19th century. Further advancements
in solar refrigeration at that time were halted, Tellier’s efforts
concentrated on refrigeration while transporting across the
oceans.

At the turn of the 20th century, in 1904, Henry Willsie recognized
one of the fundamental limitations of solar power generation as be-
ing the inability to generate power without sunlight. He developed
a concept to store generated power and use it at night. His meth-
od consisted keeping the water warm at night by storing it in an
insulated basin. Tubes were then inserted into the heated water,
and sulfur dioxide flowed through the tubes, transforming it into a
high-pressure vapor, which operated an engine. Two small power
plants were built using this method.

The next big advancement for solar energy came at the hands
of Calvin Fuller, Gerald Pearson and Daryl Chaplin [2] of Bell
Laboratories who accidentally discovered the use of silicon as a
semi-conductor, which led to the construction of a solar panel with
an efficiency rate of 6% in 1954. The first practical means of col-
lecting energy from the sun and turning it into a current of electric-
ity was at hand. The invention of the solar battery resulted in a
major improvement in the ability to harness the sun’s power into
electricity.

In 1958, Vanguard I [8] was launched; it was the first satellite
that used solar energy to generate electricity. Photovoltaic silicon
solar cells provided the electrical power to the 6.4-inch, 3.5-pound
satellite, demonstrating the potential for solar energy to generate
reliable power. An illustration showing the solar cells used in the
satellite is shown in Figure 5.4.

Throughout history discoveries of little consequence have a way
of becoming more as time passes on. Solar energy has been on a
quest for a long time, to demonstrate to us as a society the potential
there is in harnessing the sun’s rays for power, and ultimately for
our survival. Solar energy has to become part of our solution in the
grand scheme of our energy supply make up.
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FIG.5.1 SOLAR STEAM ENGINE [4]

5.1.2 Revival

Every time a shortage of fuels is encountered, be it raw materi-
als, processing capacity shortage, or transportation interruptions, a
push for renewable energy sources and technologies emerge until
the short term problem is solved. This cycle is not new, and will
continue until permanent solutions are found. It seems that every
time the cycle emerges, the duration of the push for new technol-
ogy is prolonged. In the future, this cycle will be long enough to
achieve a satisfactory solution that does not involve finite fuel re-
sources.

The cost of producing energy using solar radiation has come
down significantly over the last century, but the biggest hurdle,
the availability of sunlight will always limit solar energy technol-
ogy until an adequate advancement in energy storing technologies
is found. Improving efficiencies in production, transmission and
delivery systems, along with improvements on appliances and
electrical equipment will help reduce our power needs. Using an
improved infrastructure will help increase the efficiency and reli-
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FIG. 5.2 POWER TOWER (Courtesy of DOE/NREL, Credit —
Sandia National Labs)
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FIG. 5.3 ROOFTOP HOUSEHOLD WATER HEATER [7]

ability of the power grid. Some reexamination of the traditional
concepts concerning power generation and delivery must be re-
vised in order to take advantage of the non-traditional methods of
power generation (solar, wind, wave, etc.). Local on-site genera-
tion and storage must be a part of any plan that will succeed in the
future. Better use of energy by appliances and other equipment
must be implemented to reduce energy losses due to inefficiencies.
Site specific power generation plans that take advantage of the lo-
cal strengths available must be considered and a system designed
that can help lower the load on the national grid system.

Solar electric systems are now used to power many homes, busi-
nesses, holiday cottages, even villages in Africa. Solar cells can be
used to power anything from household appliances to cars and sat-
ellites. Solar technology is becoming increasingly cost-effective as
more distributors enter the market and new technologies continue
to offer more choices and new products. Technologies that can be
used to advance solar energy into the future are discussed in the
next section.
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FIG.5.4 VANGUARD I SATELLITE ILLUSTRATION



5.2 CURRENT TECHNOLOGIES

Solar technology can be divided into two categories; passive,
and active. Passive technologies tend to rely on scientific concepts
and phenomena to convert solar irradiation to power, while active
technologies use mechanical systems to augment the power pro-
duction. This enhancement can come at a cost to the efficiency of
the system. Passive technologies use the sun’s rays and scientific
concepts of thermal heat and mass transfer to either cool or heat
mediums like air or water. While the goal of active technologies is
to produce measurable power, which can then be transmitted, used
on demand, or stored in a battery for use when power can not be
generated.

5.2.1 Passive

Passive solar energy technology uses sunlight to generate en-
ergy without the aid of a mechanical system. The main goal behind
these types of technology is to convert sunlight or solar radiation
into usable heat (water, air, thermal mass), causing thermally in-
duced ventilation, or stored for future use. Passive solar technolo-
gies include direct and indirect solar gain for space heating, solar
water heating systems based on the natural convection, use of ther-
mal mass and phase-change materials for slowing indoor air tem-
perature swings, solar cookers, the solar chimney for enhancing
natural ventilation, and earth sheltering. Passive solar technologies
also include the solar furnace and solar forge, but these typically
require some external energy to power auxiliary systems that help
align their concentrating mirrors or receivers, which has shown
over time to be impractical and not cost effective for wide-spread
use. Energy used for space and water heating, however, have dem-
onstrated to be a good use of passive use solar energy.

5.2.1.1 Thermosiphon This method of passive heat exchange
is based on natural convection. Natural convection causes the cir-
culation of the fluid within a loop when the fluid is heated, which
causes it to expand and become less dense. The denser fluid, the cool
water, moves to the bottom of the loop, while the less dense fluid, the
hot water, will rise to the top of the loop. Convection moves heated
liquid in the system as it is replaced by cooler liquid returning by
gravity. This type of system could be used in moderate temperature
regions to pre heat incoming cold water for an instant water heater.
This would reduce the electrical demand on the instant water heater
and increase the overall efficiency of the system. A similar system is
shown in Figure 5.3.

5.2.1.2 Thermal Collectors Solar collectors can be non-
concentrating and concentrating. In non-concentrating collectors,
the collector area is the same as the absorber area. In these types the
whole solar panel absorbs the solar energy. Flat plate and evacuated
tube solar collectors are two types of non-concentrating solar collec-
tors that are used to collect heat for space heating or domestic hot
water. Flat plate collectors consist of a dark flat-plate absorber, a
transparent cover that allows solar energy to pass through but reduces
heat losses, a heat-transport fluid (air, anti-freeze, or water) flowing
through tubes to remove heat from the absorber, and an insulating
backing. Fluid is circulated through the tubing to transfer heat from
the absorber to an insulated water tank. This may be achieved di-
rectly or through a heat exchanger.

Evacuated tube collectors consist of evacuated glass tubes which
heat up a fluid in order to heat water, or to provide space heating.
The tubes are evacuated, that is under vacuum, such that convec-
tion and conduction heat losses are reduced. This allows them to
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heat up to temperatures that surpass those of flat plate collectors.
Tube collectors have an advantage over flat-plate collectors with
regards to the shape of the tube; since it is cylindrical the collector
surface will always be perpendicular to the sun.

5.2.1.3 Thermal Mass A thermal mass is a solid or liquid
body that has the capacity store heat during the day and then re-
leases the heat slowly when the heat source is removed. The use
of thermal mass has become popular in the world of building
design as an alternative to passively heating an interior space. Us-
ing a thermal mass will prevent extreme temperature fluctuations
during the day by serving as a thermal inertia, in other words, sof-
tens the temperature fluctuation experienced, by absorbing heat
during the day, and slowly releasing this heat at cooler tempera-
tures of the night, effectively heating the space. A thermal mass
will absorb heat from the surroundings, as long as the surround-
ing temperature is hotter than the mass, once the temperature
around the mass gets cooler, the thermal mass releases the stored
heat to the surroundings. This phenomenon is illustrated below in
Figure 5.5.

The use of thermal mass in building design, construction, and
rehabilitation has increased due to renewed interest in green con-
struction. Thermal masses can reduce the load on heating and cool-
ing systems, while increasing individual comfort.

Leadership in Energy and Environmental Design (LEED [10])
is a rating system for buildings that use criteria such as energy
savings, water management, among others to score how sustain-
able a building is. The LEED rating systems was created by the
U.S. Green Building Council (USGBC), and are internationally ac-
cepted benchmarks for design, construction, and operation of high
performance green buildings.

5.2.1.4 Solar Cooker A solar cooker is a cooking apparatus
that uses sunlight to cook food. Solar cookers by nature require
sunlight to perform and are usually reserved for outdoor use, but
with careful planning and design could be adapted to be used in-
doors, concept shown in Figure 5.6.

Use of optics and appropriate materials can ensure every home
in the future can prepare meals using this form of passive solar
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FIG. 5.6 INDOOR SOLAR COOKER DESIGN (Courtesy
DOE/NREL, Credit — Tsuo, Simon)

technology whenever possible, reducing the demand on the electri-
cal grid as well as on natural gas.

In order for a solar cooker to perform satisfactorily, they must use
some form of concentrated sunlight, by way of mirrors or reflective
metals, to direct the energy used to the cooking area. They must also
convert sunlight to usable heat. A solar cooker must also be ther-
mally insulated, that is once the heat is trapped inside the cooker,
and it should be insulated so that the heat does not escape.

Solar cookers can reach temperatures of 300°F. Although this is
significantly less than what can be achieved with your stovetop, or
conventional oven, it will still cook food. The catch is that it takes
longer to cook the food. Improvements in concentrating materials
and amplification of the suns rays could reduce the amount of time
required to cook the food using a solar cooker. Another limitation
is that the cooker must be used around the times when the sun is
highest in sky to take full advantage of the solar power.

The cooker can be used to warm food and drinks and can also
be used to pasteurize water or milk. Unlike cooking on a stove or
over a fire, which may require more than an hour of constant su-
pervision, food in a solar cooker is generally not stirred or turned
over, both because it is unnecessary and because opening the solar
cooker allows the trapped heat to escape thereby slowing the cook-
ing process. Air temperature, wind, and latitude also affect cook-
ing efficiency. Careful planning must be used when using a solar
cooker to ensure the food is prepared properly as to take advantage
of the cooking method.

5.2.1.5 Solar Chimney Using passive solar energy, improve-
ments can be made to the natural ventilation of buildings through
the use of convection heat transfer concepts. A solar chimney uses
solar energy to accomplish this. The solar chimney is not a new
concept, it is not even recent, and it has been implemented in the
past by Persians and Romans.

A solar chimney works by absorbing solar energy during the day
and heating the chimney and the air in it. This heated air wants to
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FIG. 5.7 SOLAR CHIMNEY [11]

move to higher elevations creating an updraft through the chimney
(similar to a thermosiphon). The movement of the air in the chim-
ney can be used to suck in air at the base of the chimney, which
would cause air drafts along the building to which the chimney is
attached. This can be used to circulate cooler air inside the build-
ing, as shown in Figure 5.7. Although this system is not ideal in
every location or climate, its concept can be applied on most new
construction to improve natural ventilation using simple heat con-
vection concepts.

A solar chimney can also be used in colder climates to circulate
hot air inside the building by reversing the flows into the structure,
or even devising a closed loop system that will help reduce the load
on your heating appliance. In hotter climates combining the solar
chimney technology with water can increase the cooling effect by
using evaporation cooling.

5.2.1.6 Solar Furnace A solar furnace is a structure used
to harness the rays of the sun in order to produce high tempera-
tures, usually for industrial applications. This is achieved using
a parabolic reflector, concentrating direct sun light, also known
as direct insolation, onto a focal point. The solar furnace con-
sists of an array of plane mirrors which in turn reflects sun light
onto a large curved mirror. After the rays bounce off both set of
mirrors they are then focused onto a small area that can reach
more than 6,000°F, useful for some industrial processes. The
solar furnace at Odeillo in the Pyrenees-Orientales in France is
shown in Figure 5.8.

5.2.2 Active

Active solar technologies are used to convert solar energy
into light, heat, ventilation, cooling, or to store heat for future
use. This type of solar energy generation uses electrical or me-
chanical equipment, i.e., pumps and fans, to increase system
efficiencies. Solar hot water systems that use pumps or fans to
circulate a working thermal fluid through solar collectors are
one type of active solar technology. Another type of active solar
technology used to convert sunlight to electric power is by use
of photovoltaic, or with concentrating solar power. The latter
focuses the sunlight to boil water which is then used to provide
power. Another concept that uses concentrating solar power is
the Stirling engine dishes which use a Stirling cycle engine to
power a generator.



ENERGY AND POWER GENERATION HANDBOOK e« 5-5

FIG. 5.8 SOLAR FURNACE IN FRANCE [12]

5.2.2.1 Photovoltaic Photovoltaic technology is an evolving
one. Currently, there are many competing technologies, such as
thin film, monocrystalline silicon, polycrystalline silicon, amor-
phous cells among others. The efficiency for these different tech-
nologies can vary from 5% — 18% depending on the technology. A
PV Power Plant using this technology is shown in Figure 5.9.

The earliest significant application of solar cells was as a back-
up power source to the Vanguard I satellite in 1958, which allowed
it to continue transmitting for over a year after its chemical battery
was exhausted. The successful operation of solar cells on this mis-
sion was duplicated in many other Soviet and American satellites,
and by the late 1960s, PV had become the established source of
power for them.

After the successful application of solar panels on the Vanguard
I satellite (see Figure 5.4), in the 1970s, photovoltaic solar panels
became more than back up power systems on spacecraft. Photo-
voltaic went on to play an essential part in the success of early
commercial satellites such as Telstar, and they remain vital to the
telecommunications infrastructure today. Branching out from the
aerospace industry, PV was adopted by electronics manufacturers,
builders and others.

The use of PV in construction has led to some advances in sys-
tem integration, increase in efficiency of domestic appliances and
a shift in the design and architecture paradigm. Consideration of
how the different systems interact with each other and how to re-
use waste heat, waste water and refuse to generate power or reduce

FIG. 5.9 PV PLANT (courtesy of DOE/NREL, Credit — Steve
Wilcox)

power consumption is generating interest in a recent field known
as Green Construction. Some concepts in green construction use
building-integrated photovoltaic to cover the roofs or sides of an
increasing number of buildings to generate some of the power re-
quired for these buildings (see Figure 5.10 and Figure 5.11). If
sized correctly an energy neutral building could be achieved. An
oversized system could sell the extra power generated to the power
company or trade it for power at night when no power is generated
by the PV in the absence of energy storage methods.

The high cost of solar cells limited terrestrial uses throughout
the 1960s. This changed in the early 1970s when prices reached
levels that made PV generation competitive in remote areas with-
out grid access. Early uses included powering telecommunication
stations, offshore oil rigs, navigational buoys and railroad cross-
ings. The 1973 oil crisis had the effect of increasing the produc-
tion of PV during the 1970s and 1980s. Economies of scale which
resulted from increasing production along with improvements in
system performance brought the price of PV down tenfold in less
than 15 years.

FIG. 5.10 BUILDING INTEGRATED PV (Courtesy of DOE/
NREL, Credit-BP Solarex)
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FIG. 5.11 PV RESIDENTIAL SOLAR ARRAY (Courtesy of
DOE/NREL)

5.2.2.2 Concentrating Solar Power Concentrating photovol-
taic systems use sunlight concentrated onto photovoltaic surfaces
for the purpose of electrical power production. Solar concentra-
tors of all varieties may be used, and are often mounted on a solar
tracker to make sure the cell faces the sun as it moves across the
sky. Solar tracking increases flat panel photovoltaic output. The
concentrated sunlight coming from a concentrating mirror has
many uses, like the ancient legend that claims Archimedes used
polished shields to concentrate sunlight on the invading Roman
fleet and repel them from Syracuse. Something of a non-lethal
crowd control, before its time.

5.2.2.2.1 Parabolic Trough Auguste Mouchot used a parabolic
trough to produce steam for the first solar steam engine in 1866.
Concentrating Solar Power systems use lenses or mirrors and track-
ing systems to focus a large area of sunlight into a small beam or
focal point as shown in Figure 5.12 and Figure 5.13. The concen-
trated heat is then used as a heat source for a conventional power
plant. A wide range of concentrating technologies exists; the most
developed are the parabolic trough, the concentrating linear Fres-
nel reflector, the Stirling dish and the solar power tower.

Various techniques are used to track the Sun and focus sunlight.
In all of these systems, a working fluid is heated by the concen-
trated sunlight, and is then used for power generation or energy

FIG. 5.12 A LINEAR CONCENTRATOR POWER PLANT
USING PARABOLIC TROUGH COLLECTORS (Courtesy of
DOE/NREL)

FIG.5.13 CONCENTRATING SOLAR TROUGH (Courtesy of
DOE/NREL)

storage. A parabolic trough is made up of a parabolic reflector, a
receiver, and a working fluid. Sunlight hits the parabolic reflector
surface which concentrates light onto the receiver positioned along
the reflector’s focal line. The receiver is usually a tube located at
the parabola’s focal point, and it is filled with a working fluid. The
reflector usually tracks the sun during the daylight hours thus in-
creasing its solar input. Parabolic trough systems provide the best
land-use factor of any solar technology.

5.2.2.2.2 Fresnel Reflectors Concentrating Linear Fresnel Re-
flectors are Concentrating Solar Power plants which use many thin
mirror strips instead of parabolic mirrors to concentrate sunlight
onto two tubes with working fluid. In this configuration, flat mir-
rors can be used and a cheaper alternative to the parabolic concept
can be implemented on less space. A sample of this technology is
shown in Figure 5.14.

5.2.2.2.3 Stirling Engine A Stirling solar dish consists of a
stand-alone parabolic reflector that receives sunlight onto a receiver
positioned at the reflector’s focal point. The reflector may track
the Sun along one or two axes. The concentrated sunlight is used
to heat a working fluid in a Stirling Engine. It drives a Stirling
Cycle, although it could be used to boil water and produce steam
to drive a steam generator. Power output of this system depends on
the working fluid and the process of power generation. The Stirling
solar dish combines a parabolic concentrating dish with a Stirling
heat engine which normally drives an electric generator as shown
in Figure 5.15. The advantages of Stirling solar over PV cells are
higher efficiency of converting sunlight into electricity and longer
lifetime.

5.2.2.2.4 Solar Tower The Solar Tower concept uses solar col-
lectors to warm the air near the surface which is then channeled up
the central tower. Turbines are placed at the bottom of the tower
to make electricity from the updraft. The solar tower is an active
version of a solar chimney, shown in Figure 5.7, an old technique
for providing cooling to a home by creating a natural updraft from
heated air inside a chimney. The downside is the large amount of
space needed for this concept to function properly.

One of the most effective configurations has an 800 to 1,000
meter tower with a canopy of 2.5 km radius on the ground similar
to one shown below in Figure 5.16.

The land use factor for this technology is high, thus making this
alternative more attractive as the prices for traditional energy gen-
eration and delivery climbs. This technology can also be appropri-
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FIG. 5.14 LINEAR FRESNEL REFLECTORS (Courtesy of DOE/NREL)

ate for rural communities where the delivery of power is restrictive
in either cost or feasibility.

5.2.2.2.5 Solar Bowl A solar bowl is a spherical dish mirror
that is fixed in place like the one shown below in Figure 5.17. The
receiver follows the line focus created by the dish (as opposed to
a point focus with tracking parabolic mirrors). The receiver is on
trackers moving along the bowl maximizing the amount of direct
insolation it can absorb. It is similar to a solar engine, except that the
tracking mechanism is on the generator, thus making it smaller than
the one used on the dish. This setup is also less prone to weather is-
sues, and does not require a structure to support the dish.

5.3 STORING ENERGY

Solar energy is not available at night, making energy storage an
important issue in order to provide continuous power. Solar power
is an intermittent energy source, meaning that all available output

FIG.5.15 STIRLING SOLAR ENGINE (Courtesy of DOE/NREL,
Credit — Infinia Corporation)

must be used as it is generated, either by transmitting it for im-
mediate consumption, or storing it for later use when no output is
generated. Using Solar Energy to generate power can be done in
many ways, as shown in Section 5.2, the problem with Solar En-
ergy Generation, is that when no sun is available, little or no power
can be produced. It is possible, however, to generate more power
than it is needed when sunlight is available, and that power can ei-
ther be stored for use at night, or cloudy days, or it can be sold back
to the utility by way of net metering as shown in Figure 5.18.
Designing a system that optimizes storage involves many as-
sumptions, particularly on energy use, number of days without
sun, and design life of the system. Consider a traditional battery
system to be used in conjunction with PV panels to provide the
same level of power to a couple of secluded homes like the one
shown in Figure 5.19. For the secluded home in a location with
a low number of sunny days, the energy storing system could be
very expensive, compared to a secluded home whose location has
a high number of sunny days. The land use factor dedicated to the
solar power plant will be higher in a location with a low number of
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FIG.5.16 SOLAR TOWER CONCEPT [13]
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FIG.5.17 SOLAR BOWL [14]

sunny days. A higher land use factor is necessary to accommodate
more solar PV panels to generate extra power to store in the extra
battery storage to maintain the power throughout the longer period
without sunlight.

There are many energy storing methods in use today. Some of
these methods, like potential energy have been around for more than
a thousand years, others like batteries are more recent and both are
still being refined to improve system efficiencies. Methods for stor-
ing energy include; Batteries, Flywheel, Water (Hydro Reservoir),
Compressed Air, and Superconducting Magnetic Energy Storage.

5.3.1 Batteries

Batteries use a controlled chemical reaction that takes place in-
side a series of cells, which have a positive and negative electrodes
divided by a conductive electrolyte separator. When the battery is
connected to a load, positively charged ions will travel from the
negative electrode to the positive electrode, providing an electric
current that can be used to provide electrical power. Reverse this
process, and you can recharge a battery. The chemicals used vary
and impact the characteristics of the battery. For instance, a car
battery is usually made with lead acid, while a laptop battery uses
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FIG.5.18 SAMPLE ENERGY STORAGE USAGE [16]
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FIG.5.19 SOLAR PV AND BATTERY SYSTEM [15]

nickel cadmium, and electrical cars use some variation of the nick-
el metal hydride form.

The chemical makeup of the battery and its size have been
studied extensively by scientists to determine what combination
works best for specific uses. The lithium ion battery is currently the
newest battery technology around that packs a lot of energy into a
lightweight form. Although care must be taken so that this battery
does not overheat and explode, a phenomenon many early laptop
computer users faced when using lithium ion batteries.

5.3.2 Flywheel Energy Storage

Accelerating a rotor (flywheel) to high speeds and maintaining
that speed to create rotational kinetic energy is a method of storing
generated power. This would be the equivalent of a mechanical
battery. The energy is released when the flywheel turns a generator
which creates electricity using the rotational energy stored in the
flywheel. To store energy in the flywheel, the generator is reversed
thus creating a motor that spins the flywheel. This method of stor-
ing power is simple in concept, but has its difficulties in reducing
all the friction losses in the system to enable the appropriate use
of this technology. To reduce the friction losses, a combination of
a vacuum chamber and magnetic bearings are used. This energy

FIG.5.20 FLYWHEEL ENERGY STORAGE SYSTEM [17]



FIG.5.21 LA MUELA PUMPED STORAGE FACILITY [19]

storage has the advantages of safety, little maintenance and provid-
ing regular output of electricity (see Figure 5.20).

533 Water Energy Storage

Using water to store solar energy might seem cheap, but it really
depends on how you want to store the energy and then reclaim the
saved energy later. Using water as a thermal mass is cheap, but
limited in the uses for the reclaimed energy. Instead consider using
the generated power to pump the water to a higher reservoir, now
we have a flexible solution, although costly.

Using potential energy to generate power is not new; we have
had hydroelectric dams for a long time, and are proven very
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effective at generating power. Using excess solar energy to pump
water to a higher reservoir, which can later be used to turn genera-
tors on its way down to the lower reservoir, is a unique system of
energy storage. The land use factor for this type of system could
be very large, and the efficiencies are somewhat lower than other
energy storing technologies, but for some locations and large-scale
deployments it may make sense (see Figure 5.21).

5.3.4 Compressed Air

Another concept that uses potential energy is using compressed
air to turn turbines and produce electricity. The advantage of using
compressed air is that natural gas is used sparingly since the com-
pressed air drives the turbine. The air can be compressed using extra
power generated from an oversized system and stored underground,
under a cap rock. The compressed air is used later by releasing to
the surface where it can be used to drive a power generating system
(see Figure 5.22).

5.3.5 Superconducting Magnetic Energy Storage

This type of energy storing system stores energy in a magnetic
field. This type of system is composed of three parts: supercon-
ducting coil, power conditioning system and cryogenically cooled
refrigerator. One of the advantages of this system is that once the
coil is charged the current does not decay, mean