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Editorial

At EPRI we believe strongly that our public interest mission is
to provide society with a broad portfolio of technology options
for generating, delivering, and using electricity in ways that are
safe, reliable, affordable, and environmentally responsible. As we
look to the future, this is best achieved through collaborative
programs in research, development, and demonstration that will
enable society to address such hugely important environmental
challenges as global climate change and water sustainability.

This edition of the Journal includes articles on two important
zero-carbon power generation technologies: renewables and
nuclear power. Previous editions have covered such technologies
as energy efficiency, advanced coal, carbon capture and seques-
tration, and plug-in hybrid electric vehicles (PHEVs). EPRI’s
recent Prism analysis (see www.epri.com) concludes that society
will need all of the above-mentioned technologies to enable the
electricity sector to meet the increasing demand for electric
power, while slowing, stopping, and eventually reversing the
projected increase in its CO, emissions.

But the electricity sector can do more than just reduce its own
emissions. A two-volume report issued by EPRI this summer
provides an environmental assessment of the impact of PHEVs
on greenhouse gas (GHG) emissions and air quality in the
United States. The study analyzed nine scenarios, in which
PHEVs achieve a lesser or greater share of the U.S. vehicle mar-
ket and the electricity sector achieves varying levels of CO,
intensity. All nine scenarios result in net annual GHG emissions
reductions—ranging from 4.5 billion tons to 14.5 billion tons
of CO, equivalent by 2050.

This result should not be surprising. Numerous studies by
EPRI and others have consistently shown that the tighter the
cap on GHG emissions across the whole economy, the greater
will be the percentage of electricity used, relative to other forms
of end-use energy.

Water sustainability is an issue throughout the United States
and in most areas of the world where population pressures are
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Technology Tools: The Importance
of a Full Tool Box

mounting. As one of the major users of water, the electricity
sector must take a leadership role in developing new tech-
nologies that can help conserve this essential but limited
resource. The article titled “Running Dry at the Power Plant”
provides an excellent summary of the challenges and EPRI’s
collaborative programs to develop and help implement the
needed technologies.

I stated at the beginning that it is EPRI’s public interest mis-
sion to provide society with technology options. With technol-
ogy needed to address everything from climate change to water
sustainability, one size does not fit all. We need a diverse set of
tools. Research in renewables clearly shows that various states,
regions, and nations must have the flexibility to use those tools
and resources that best meet their needs.

And now, PHEV research shows us that even the cars and
trucks we drive can provide an important technology option—
another tool for solving our energy and environmental
challenges.

Society needs every technological tool at its disposal. Our job
at EPRI is to help fill up the tool box!

R

Steven Specker
President and Chief Executive Officer

To access the PHEV study on line, visit the EPRI web site
(www.epri.com) and search by the following report numbers:
1015325 (effects on greenhouse gas emissions) and 1015326
(effects on air quality).
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Contributors

KEY BEDARD O'CONNOR MULFORD

Renewables: A Promising Coalition of Many (page 6)
was written by science writer John Douglas with technical assis-
tance from Tom Key, Roger Bedard, and Dave O’Connor.

Tom Key, technical leader for renewable and hydropower gen-
eration, started in 1989 at EPRI-PEAC, which became part of
EPRI in 2005 with the restructuring of the Institute’s subsid-
iaries. Previously he worked at Sandia National Laboratory,
specializing in the compatible interface of end-use equipment
and distributed power systems. Key earned a BS in electrical
engineering from the University of New Mexico and an MS in
electrical power engineering and management from Rensselaer

Polytechnic Institute.

Roger Bedard leads EPRI’s research on ocean energy and solar-
thermal technology. He came to the Institute in 1997 from
Alstom Robotics, where he served as vice president of program
management, specializing in robotics applications for nuclear
waste cleanup. Earlier he managed the Mars Rover and terrestrial
solar-thermal electric programs at the Jet Propulsion Laboratory
and managed business development for distributed solar receiv-
ers at Acurex Corporation. Bedard received a BS in mechanical
engineering from the University of Rhode Island and an MS in
the same field from UCLA.

Dave O’Connor, a senior project manager for combustion per-
formance, heads the Institute’s activities on biomass energy
conversion. He joined EPRI in 1986, focusing primarily on fuels
and asset management tools for fossil-fired plants. Earlier he
worked for six years at Bechtel Group as a research engineer,
providing analysis and testing services for coal-based energy

ventures. O’Connor has a BS in mining engineering from the
South Dakota School of Mines and Technology.

VINE GOLDSTEIN

In Pursuit of a Nuclear Renaissance (page 16) was writ-
ten by science writer Alice Clamp with technical information

from Tom Mulford and Gary Vine.

Tom Mulford, manager of EPRI’s Advanced Nuclear Technology
(ANT) Program, is responsible for overall technical, administra-
tive, and financial management, as well as strategic development
and industry integration of ANT activities. He joined EPRI in
1991, having been previously employed by General Electric
Nuclear and by NUTECH Engineers/International. Mulford
has a BS in mechanical engineering from San Jose State Univer-
sity and has completed extensive postgraduate studies in the field.

Gary Vine, exccutive director for federal and industry activities
in EPRI’s Nuclear Sector, joined the Institute in 1981 to manage
safety analysis and response at the Nuclear Safety Analysis Cen-
ter. From 1987 to 1988, he served in Washington, D.C., as the
first EPRI liaison to the Nuclear Management and Resources
Council—a predecessor of the Nuclear Energy Institute. Earlier,
Vine served for over 11 years in the U.S. Navy submarine pro-
gram. He received a BS degree in physics and mathematics from
the U.S. Naval Academy and an MS in physics from the U.S.
Navy Postgraduate School.

Running Dry at the Power Plant (page 26) was written by
science writer Brent Barker with technical information from
Robert Goldstein.

Robert Goldstein is technical executive for EPRI’s water and
ecosystems research. He joined the Institute in 1975 to work on
environmental/ecological issues. Goldstein previously worked for
six years as a systems ecologist at Oak Ridge National Labora-
tory. In addition to a BA from Queens College, he has a BS in
engineering and MS and EngScD degrees in nuclear science and
engineering from Columbia University.
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EPRI lost its strongest advocate and most
incisive and independent voice with the
recent passing of Chauncey Starr, the
Institute’s founder. Chauncey died at
home on April 17, the day after talking
with many old friends and current col-
leagues at an EPRI event celebrating his
95th birthday. Although physically frail,
he held the assembly rapt for several
hours with sharp insights into the value
and challenges of science and technology,
strong opinions on the state of the world,
and fascinating anecdotes from his color-
ful career. “Chauncey was a very rare
individual—an inspiration to the staff
and a sort of corporate conscience for us
all,” says EPRI president Steve Specker.
“I've been fortunate to have his counsel in
my time at EPRL.”

The Early Years

Chauncey began his career in an aca-
demic setting, focusing on materials
research at Harvard and MIT after earn-
ing his PhD in electrical engineering
from Rensselaer Polytechnic Institute in
1935. His natural bent for practical ap-
plication led him to several years with the
Navy Department’s Bureau of Ships,
where he investigated ways to protect
vessels from underwater mine explosions,
and then to a key position with the
wartime Manhattan Project. Working
with E. O. Lawrence and J. Robert
Oppenheimer, Chauncey directed the
construction and operation of the calu-
tron magnetic centrifuge, which was at
the center of the government’s uranium
enrichment program.
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After the war, Chauncey turned his
attention to the use of nuclear energy for
the betterment of society—a goal that
remained a lifelong personal passion. In
1946 he started a 20-year tenure as gen-
eral manager, head of research, and presi-
dent of what became North American
Rockwell’s Atomics International divi-
sion. He returned to academia in 1966
for 7 years as dean of the School of Engi-
neering and Applied Science at UCLA.
The formation of EPRI came next—a
challenge that called on the entirety of his
scientific, business, and leadership skills
and secured his reputation as a visionary

of the first rank.

Inventing the Institute
The great New York—Northeast blackout
of 1965 had a chilling effect on the elec-
tric power industry. By 1971, in response
to serious public concern about the long-
term reliability of the U.S. electric power
system, Congress was considering cre-
ation of a new federal agency to conduct
electricity-related R&D, funded by a tax
on kilowatthours sold. The industry,
acting through its Electric Research
Council (ERC), proposed its own alterna-
tive, charging Carolina Power & Light
CEO Shearon Harris with finding some-
one capable of framing a formal, indus-
try-funded electricity R&D program—
someone Harris said would “need to be
an internationally respected scientist with
uncommon administrative ability.” He
found his man in Chauncey Starr.

But it wasn't Chauncey’s resume,
impressive though it was, that closed the

Chauncey Starr
1912-2007

deal; rather it was a succinct, three-page
letter to ERC’s selection committee in
which Chauncey laid out a structure and
philosophy for EPRI that defined its
purposes, potentials, public status, and
role in technology development and
national planning. It was a vision that
was stunning in both its details and its
broadest ideals. Independence, complete
objectivity, thoroughness, and intellectual
integrity would be the foundation of the
Institute’s effectiveness. And far from
constraining its focus to aiding equip-
ment suppliers in their development of
new hardware, as some had proposed,
EPRI would deal with a scope of issues
commensurate with the most wide-reach-
ing concerns and benefits of the electric-
ity enterprise, including environmental
and social issues.

Chauncey’s plan for how EPRIs re-
search would be organized and adminis-
tered was also unconventional, and far
more ground-breaking and innovative
than it may appear today. As David Saxe,
EPRIs first director of administration,
pointed out in a 1992 interview, “It was
the first large industrywide R&D consor-
tium anywhere in the world, and there
just weren't any patterns to follow.” One
crucial issue was whether EPRI would
have its own laboratories for conducting
research—the standard model employed
by GE, Bell Labs, and other industrial
giants. Firmly believing that the most
important asset of an effective research
organization is its intellectual capital
rather than its buildings and equipment,
Chauncey opted instead for a “virtual”



laboratory: EPRI would keep the intellec-
tual activity under its control with its
own staff, while the physical activity was
contracted out. This plan not only
avoided large capital costs but also
allowed the Institute to tap the expertise
of the preeminent experts in any techni-
cal field, anywhere in the world.

An Original Thinker

Attracting intellectual capital was one of
Chauncey’s particular talents, and he
mentored dozens of colleagues, young
and old, with a natural, informal style
that inspired insight, innova-
tion, and original thought. As
one long-time co-worker put
it, “Chauncey was thinking
outside the box long before the
rest of us knew there was a
box.” David Saxe was more
specific: “He doesn’t like struc-
ture, he doesn’t like rules. Any
time a rule gets in the way of
accomplishing something he
thinks is sensible or important,
he is completely impatient
with the rule—and with any-
body who cites the rule rather
than the objective. He just
goes to the heart of the matter.
He is the goal-oriented leader par excel-
lence.” Indeed, Chauncey’s steadfast
opposition to the constraints of conven-
tion echoed in his final words of advice
the day before he died: “My simple guide,
‘disregard all organization charts,” is my
95th-birthday legacy to EPRIL.”

While Chauncey’s iconoclastic outlook
goes a long way in explaining his creativ-
ity and inspirational powers, it alone does
not account for the intellectual qualities
people found most impressive—the clar-
ity, incisiveness, and logical thrust of his
thinking. As Starr protégé and later EPRI
president Richard Balzhiser observed,
“Chauncey has an exceptionally quick
mind; he’s better with half the facts than
most people are with all the facts.” The

true power of his thinking, many believe,
was not a matter of what he thought but
of how he thought—a topic Chauncey
himself weighed in on from time to time:
“It is important for individuals and soci-
eties to have ways of filtering out wishful
thinking, fantasies, and social myths. The
way I do this is to not operate intuitively;
I don’t close my eyes and commune and
wait for the right

answer. [ try to go

back to fundamen-

tal principles and

derive the answer

RON MAY

through a series of

analyses and evalu-

ations of options.

I don’t accept other people’s values per se.
I want to know why the values are there,
what their origins are, and what they
mean, and then I accept those that make
sense to me.”

The Starr Legacy

The scope of Chauncey’s interests was
bounded only by the limits of his curios-
ity—which is to say, there were no bound-
aries at all. He published over 400 papers
in his career on a tremendous range of
topics: energy supply and demand, fuels
and waste disposal, nuclear weapons
proliferation, energy education policies,

resource conservation, and national
energy policy, to cite a few. A seminal
1969 article in Science, “Social Benefits
versus Technological Risk,” is widely
considered to have crystallized the funda-
mentals of risk analysis as a basis for
public policymaking.

His decades of important work brought
Chauncey dozens of major awards and

honorary affiliations, includ-
ing the French Legion of
Honor, the United States
Energy Award, the National
Medal of Technology, the
American Physical Society’s
George E. Pake Prize, and the
National Academy of Engi-
neering’s Arthur M. Bueche
Award. But despite the oppor-
tunity to rest on these many
laurels, Chauncey refused to
do so. At 95, he was still in the
office five days a week from ten
o’clock until five or so, work-
ing on his next project, or as
he put it, “my current four
projects.” One of these, the
SuperGrid, is a fundamental
rethinking of the U.S. electric
power generation and delivery
infrastructure, involving super-
conducting electricity trans-
mission, hydrogen production
and distribution, and a coast-
to-coast backbone of advanced subterra-
nean nuclear power plants.

The SuperGrid is a concept that
Chauncey knew he would never live to
see built, but as a staunch believer in the
long view, he wasn't bothered a bit: “An
individual, or a generation, involved in
creative activity may get immediate plea-
sure from it,” he said, “but the real ben-
efits flow to the succeeding generations.
The only justification for society’s sup-
porting R&D is to make the world better
for the future—to create an intellectual or
technological endowment for our chil-
dren and their children.”
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A Promising Coalition of Many







he importance of renewable energy

resources has been recognized—

and repeatedly rediscovered—since
ancient times. By the first century, water-
wheels were driving the bellows of blast
furnaces to create cast iron in China, and
the Greek engineer Hero had described a
wind-powered organ. Archimedes report-
edly used solar energy concentrated by
mirrors to set Roman warships afire dur-
ing the siege of Syracuse in 212 BC, and in
1839, a very young Edmund Becquerel
discovered the photovoltaic effect. Even
the Model T car was originally designed to
run on either ethanol or gasoline, and
Henry Ford actually constructed an etha-
nol fermentation plant to supply the fuel.

So why aren’t we using more wind, solar,
and biomass energy today? And what role
are such renewable resources likely to play
in the future? The answers to such ques-
tions are as diverse as the resources them-
selves—a group of largely unrelated tech-
nologies now being considered together
because of their potential importance in
helping limit carbon dioxide (CO,) emis-
sions, which contribute to global warm-
ing, and in reducing America’s dependence
on imported oil. As those concerns become
more urgent, the drive to deploy non-
emitting energy resources is accelerating
rapidly, but success will depend on a wide
variety of individual technology develop-
ment paths.

Estimates of the contribution renew-
ables will make to our energy future have
been made by many different organiza-
tions, and the results vary widely, depend-
ing on the studies’ assumptions and mod-
eling approaches (see sidebar, p. 10). Suill,
one premise common to all estimates is
that substantial research and development
efforts will be needed in order for renew-
ables to compete economically with other
energy sources, such as nuclear power and
coal plants with CO, capture and storage.
In some cases, such as wind, the main
problem is how to integrate an inherently
intermittent resource into an electricity
grid whose supply and demand must re-
main balanced within seconds and within
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Wind power is now competitive with conventional electricity generation in favorable locations.

Much of today’s research is focused on dealing with the intermittency of the wind resource and

integrating often-remote installations into the power grid.

very narrow voltage and frequency limits.
Reducing costs will be the primary issue
for photovoltaics, with several potential
breakthroughs already being explored.
And for biomass, fundamental questions
remain about what approach to follow and
which fuel stocks to use.

Wind: Tackling Barriers to

Grid Integration

With installed capacity in the United
States of more than 11 GW and annual
growth rates estimated by the American
Wind Energy Association at more than
25% a year, wind energy continues to
dominate renewable energy additions to
the electricity generation mix. Indeed, for
the last two years, wind has ranked second
only to natural gas in terms of contribut-
ing new generating capacity. Much of this
growth has been driven by steady improve-
ments in generation technology, which
have made the cost of electricity from
wind resources competitive with that from
fossil fuels in an increasing number of cir-
cumstances, both in this country and
worldwide. Two inherent barriers remain,
however, to the large-scale integration of

wind energy into utility networks: the re-
moteness of many windy areas, and natu-
ral fluctuations in the wind resource in
even the best locations. Recent progress
has been made in addressing both of these
problems.

Carrying power to load centers from
wind farms in remote areas often requires
construction of new transmission lines.
Under previously common regulations,
the addition of such lines raised a classic
chicken-or-egg problem: typically, wind
facilities weren’t built unless connection
with potential markets was assured, but
the necessary power lines tended not to be
added unless wind farms were already in
place. Specifically, in California, power
plant owners were required to pay all the
costs of connecting new plants to the grid,
which created a particular burden for small
wind farms. To resolve this dilemma, the
California Independent System Opera-
tor—with support from the California
Public Utilities Commission and the non-
governmental Natural Resources Defense
Council—requested the Federal Energy
Regulatory Commission (FERC) to allow
shifting part of the cost to consumers. In



January 2007, FERC issued a unanimous
decision saying that plant owners should
pay for their share of the line but that all
power consumers would assume the costs
of unused line capacity until the capacity
was fully subscribed.

The use of backup power or energy stor-
age can substantially reduce the problems
that resource intermittency brings to inte-
grating wind into the power grid, but both
of these options are relatively expensive
today. To address the wind variability issue
more cost-effectively, EPRI has been work-
ing with the California Energy Commis-
sion to develop and test regional and wind
plant—specific wind energy forecasting sys-
tems that will allow better coordination of
wind resources with a utility’s other gener-
ating options. The recently completed proj-
ect addressed both same-day and next-day
hourly forecasts of wind speed and energy
generation for the principal wind resource
areas of California. Especially in regions
with large concentrations of wind genera-
tion facilities, accurate forecasts are needed
both to support green power markets and
to assist system operators as they adjust
other generation and transmission resources
to follow load. In future work, EPRI is
planning to implement the new algorithms

in a real-time wind forecast workstation.

Parabolic trough systems are considered the most reliable and least
costly of today’s solar-thermal electricity (STE) technologies. The
Nevada Solar One plant—a 64-MW installation that lines up 760
parabolic concentrator arrays—began generating power in June.

(photo: Acciona Group)

Meanwhile, the
Council—the research arm of the U.S.

National Research

National Academy of Sciences—has pub-
lished a report, Environmental Impacts of
Wind Energy Projects, that proposes guide-
lines for evaluating the trade-offs between
the benefits of new projects and their po-
tentially negative impacts on the environ-
ment. Of particular concern is the death
of birds and bats from collisions with the
spinning blades. The report concluded that,
at the current level of U.S. installed wind
capacity, there is “no evidence of signifi-
cant impacts on bird populations,” with
the possible exception of certain raptors
that collide with older wind energy ma-
chines in one area of California. Neverthe-
less, the report recommends development
of a more-extensive knowledge base that
regulatory agencies can use to evaluate
potential problems—an effort that would
entail more-careful tracking of bird and
bat populations to assess behavior, migra-
tion corridors, and other factors that could
affect the risk of collisions.

Solar-Thermal Power:
Renewing the Promise
Solar-thermal electricity (STE) is back. In
spite of successful demonstrations of vari-
ous STE technologies in the 1980s and

Montoya)

early 1990s, the idea of concentrating solar
power to heat a working fluid and gener-
ate electricity with a turbine or engine was
largely ignored during the turbulent era of
energy industry restructuring,.

That has now changed, and more than a
gigawatt of STE central station power
plants are now in various stages of plan-
ning and early construction around the
world. This shift is due not only to altered
circumstances but also largely to the recog-
nition that in multi-megawatt plants, STE
provides the lowest-cost solar electricity
available today. Advances in key plant
components, as well as parallel advances in
materials science, thermal storage, and
computerized controls, have reduced the
wholesale cost of electricity to close to
10¢/kWh for a large STE plant under the
most favorable circumstances (see Further
Reading, EPRI Report 1012731). Addi-
tional cost reductions are expected from
plant scale-up and increased component
production volume.

Actually, STE never entirely went away.
The 354-MW Solar Energy Generating
Station (SEGS) in Californias Mojave
Desert—built in stages—has been provid-
ing electricity for roughly two decades and
is still the world’s largest solar power plant.

This facility uses long, trough-shaped mir-

Sandia National Laboratories is evaluating solar dish-Stirling STE

systems at its National Solar Thermal Test Facility in Albuquerque. The
dish units, which are automated to track the sun, concentrate heat on
a Stirling engine, which drives an electric generator. (photo: Randy
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Estimating Future Renewable Generation

While the technical capabilities of renewables and their contribution
fo the electricity generation mix are both growing steadily, estimating
how much growth will be achieved—and by when—remains ex-
tremely difficult. Many uncerfainties could affect the outcome, includ-
ing possible mandatory restrictions on carbon dioxide emissions, in-
froduction of a federal renewable portfolio standard (RPS), variations
in fuel prices, offerings of deployment incentives, and changes in the
rate of demand growth. The projections of renewable generating ca-
pacity presented in this arficle represent an assessment of current
trends and expected technical potential, not predictions of what will
actually happen in the future.

The following table, which compares estimates drawn from sev-
eral sources and based on a range of assumptions and modeling
approaches, illustrates the point. The NEMS model, produced by
DOE's Energy Information Agency [EIA] and published in its Annual
Energy Outlook (AEO), provides a baseline projection of 40 GW of
additional renewable capacity by 2030 under a business-as-usual
scenario that assumes no major changes in government requirements

or incentives.

Renewable
(of.T-1. 141,72

Source of
Estimate

Description
of Estimate

Renewable capacity excludes conventional hydropower.

EPRI's technical feasibility estimates for CO, reduction (Prism
model) also exclude external economic factors but assume substantial
research and development activities and a balanced portfolio of
hightech generation technologies; under these assumptions, the
analysis projects a possible 70 GW of new renewable capacity by
2030. Another EPRI assessment, based on the National Electric Sys-
tem Simulation Integrated Evaluator (NESSIE) model, considers the
effects of fuel prices and CO, cosfs in its analysis; NESSIE projects
a renewables capacity of 155 GW if natural gas prices are high
and CO, constraints are imposed on electricity.

The NESSIE projections are relatively close to the projections for a
15% federal RPS. In contrast, significantly higher esfimates come from
renewables advocacy groups; their assessments were recently pub-
lished in Outlook on Renewable Energy in America, from the Ameri-
can Council on Renewable Energy (ACORE). This outlook assumes
the practical use of a very large portion of the country’s natural re-
newable assefs, focusing on the abundance of the resources rather

than on technical and economic constraints.

Renewable
Energy

Method/Conditions/Assumptions

EIA and EPRI use a 50% capacity factor to convert between energy and capacity.

EPRI JOURNAL



rors with a parabolic cross section to focus
sunlight on receiver tubes filled with syn-
thetic oil. This heat transfer fluid is
pumped through a series of heat exchang-
ers to produce superheated steam that
powers a conventional turbine-generator.
Natural gas can be used to provide up to
25% of the system output, enabling the
system to generate dispatchable power
when solar energy is not available.

Largely because of this experience, para-
bolic trough systems are considered the
least expensive, most reliable STE tech-
nology for near-term deployment, and sev-
eral new projects are under way. The Ne-
vada Solar One plant, for example, went
on-line in June near Boulder City, Nevada,
covering a 350-acre site with 760 parabolic
concentrators. The 64-MW plant, built
and owned by Solargenix Energy, a subsid-
iary of Spain’s Acciona Group, will sell
electricity to Nevada Power Company and
Sierra Pacific Power Company under a 20-
year power purchase agreement. Among
the technological improvements that have
been developed since SEGS and incorpo-
rated into Nevada Solar One, better insu-
lation will limit the plant’s reliance on nat-
ural gas to only 2% of its backup power.
Other major parabolic trough generating
plants are expected to begin operation over

Silicon photovoltaic systems engineered for low maintenance and
long-term environmental exposure are being used increasingly on
commercial buildings worldwide. This 457-kW array was installed on
the roof of the Lufthansa terminal at Munich Airport in 2002. (photo:

BPp.lc.)

the next two years, including installations
in Spain, Morocco, Algeria, Egypt, and
Mexico.

Another STE technology that was suc-
cessfully demonstrated more than a decade
ago has also recently been revived. Central
receiver systems, or solar towers, use a field
array of heliostats—large, flat mirrors that
track the sun—to focus light onto a central
receiver on top of a tower in the center of
the array. In 1992, EPRI worked with the
Department of Energy (DOE) and a group
of utilities to demonstrate the use of mol-
ten salt as a heat transfer fluid and energy
storage medium in a 10-MW power tower
in southern California. Lessons learned
from this project are now being applied to
the development of similar systems else-
where in the world.

A major advantage of both trough and
central receiver systems is that their energy
storage capabilities make them the most
flexible of solar technologies. Current stor-
age times of up to 18 hours enable such
power plants to be dispatchable with load
factors of 65-75%. Spain is currently the
leader in solar tower development, with an
11-MW plant near Seville now being
brought on-line in stages and two other
projects planned for the near future. Mean-
while, Pacific Gas and Electric Company

has signed a memorandum of understand-
ing with Bright Source Energy to purchase
at least 500 MW of power, beginning in
2010, from a series of power tower projects
to be built in California.

To help support further development of
these and other STE concepts, EPRI has
formed the international Solar Thermal
Electric Project (STEP), currently in col-
laboration with Electricité de France, Salt
River Project, Energias de Portugal, and
Public Service Company of New Mex-
ico. STEP will model the cost and per-
formance of various solar-thermal technol-
ogies, design novel applications, compare
similar plant designs, and critically ana-
lyze vendor claims. The ultimate goal is to
provide utilities with improved informa-
tion and analytical tools, including engi-
neering and economic models, for evaluat-
ing available STE applications, as well as
to offer participants an opportunity to
define and collaborate on demonstrations
of new technologies. EPRI is also working
on STE programs with DOE and the
National Renewable Energy Laboratory
and with global cooperative programs,
such as the International Energy Agency’s
SolarPACES organization, to coordinate
technology development activities and

minimize redundancy.

Thin-film photovoltaic cells, manufactured by depositing semiconduct-

ing materials on an inexpensive substrate, can be integrated with
conventional building materials such as roofing tiles. In this 85-kW
installation, CIS PV cells form an entire side of a business center in

Wales. (photo: Shell Photographic Services, Shell International Ltd.)
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Photovoltaics: Breakthroughs
Worthy of the Name

More than a century passed between dis-
covery of the photovoltaic (PV) effect and
its first practical application in a power-
producing solar array—on the Russian
Sputnik 3 satellite in 1958. For years after-
ward, PV arrays remained so expensive
that their use was restricted to such highly
specialized applications. Since the 1970s,
however, the price of photovoltaics has
declined dramatically as efficiencies have
improved and production volume has in-
creased. By the late 1990s, installed capac-
ity of grid-connected applications world-
wide exceeded that of remote, off-grid
installations, fundamentally changing the
view of PV as a niche market. The first
gigawatt of cumulative installed capacity
was reached in 1999; total installed capac-
ity now exceeds 5 GW.

The price of electricity produced by PV
still needs to fall substantially before the
technology can achieve widespread adop-
tion as a conventional means of generation
without subsidies. DOE estimates that the
cost per installed watt of PV capacity must
be reduced significantly to compete with
fossil and nuclear generation. To meet this
challenge, DOE has established a goal of
reducing the average installed cost of all
grid-tied PV systems to $3.30/W in 2015,
from a median value of $6.25/W in 2000.
The result, according to DOE, would be a
reduction in the average wholesale cost of
electricity generated by PV systems from
the current 25¢/kWh to 9¢/kWh without
subsidies.

For point-of-use generation, however,
the economic competitiveness of PV sys-
tems is considerably different. As with any
point-of-use generation technology, roof-
top PV avoids the delivery cost and there-
fore can compete at a higher levelized cost
of electricity. If substantial installation in-
centives are offered, as is the case in many
states, a rooftop system in a residential or
small commercial application may be able
to compete at a cost of electricity 50%
higher than would be acceptable for a cen-
tral station generator. Because of this dif-
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ference, some customers in favorable loca-
tions are already investing in PV rooftop
systems to lower their utility bills.

Although part of the anticipated cost
reduction in PV systems would probably
occur anyway because of evolutionary
improvements and increasing production
volume, a far sharper drop in cost may
result from fundamental breakthroughs in
the underlying technologies. Such break-
throughs, based on use of new materials
and nanotechnologies, represent the third
generation of PV development.

About 95% of all PV installations still
use first-generation  technology—cells
made from crystalline silicon, which are
relatively efficient but very expensive. Usu-
ally a single crystal is drawn from a pool of
molten silicon, or polycrystalline silicon is
formed by cooling the molten material. In
either case, the resulting block must be cut
into wafers to produce cells, a process that
is time-consuming and wastes a significant
amount of the expensive material. Some
manufacturers skip the sawing step by pul-
ling ribbons of silicon from the melt or by
solidifying thin layers on a ceramic sub-
strate, but so far these alternatives have not
resulted in significant cost savings. Indi-
vidual PV cells made from crystalline sili-
con can achieve efficiencies of 20-25% in
a laboratory setting, but commercial mod-
ules typically have efficiencies of 13-16%.
If sunlight is concentrated on such cells,
efficiency can be more than doubled, but
the market for concentrating photovoltaics
(known as CPV) is still emerging, mostly
in large-scale applications.

Second-generation, thin-film PV cells
are formed by depositing silicon or other
semiconducting materials in layers less
than 1% as thick as those in traditional
solar cells onto an inexpensive substrate
used to provide structural support. So far,
record thin-film cell efficiencies have run
in the 16-19% range, and module effi-
ciencies of around 13% have been achieved.
Commercial production, barely a decade
old, is growing rapidly as potential cost
savings are realized. Further improvements

in thin-film technology are ultimately

expected to enable it to replace crystalline
silicon as the workhorse of the PV indus-
try, particularly as the cells are integrated
with conventional building materials, such
as roofing tile.

Opver the long term, however, technolog-
ical breakthroughs based on the use of new
materials and nanotechnology are expected
to create a third generation of PV modules
with efficiencies much higher than those
typically
from about 15% to more than 50%. Spe-

achievable today—increasing
cifically, third-generation solar cells would
substantially reduce one or more of the
generic energy losses that affect both crys-
talline silicon and thin-film devices today.
For example, creating multiple layers of
cells would enable each to absorb a differ-
ent part of the solar spectrum. Alterna-
tively, optical frequencies could be shifted
inside a cell to transform the solar spec-
trum in ways that increase absorption. The
use of nanometer-sized “quantum dots”
has been shown to produce more electrons
for each photon of sunlight than bulk
materials, and the energy of each electron
might also be collected more efficiently. In
addition, progress has been made in con-
structing carbon nanostructures that could
potentially lead to new kinds of highly effi-
cient PV cells.

In February of 2007, EPRI responded
to growing utility interest in both central
and distributed solar power by creating the
Solar Electric Interest Group (SEIG). Two
recently published reports are available
that provide an update on the status of PV
technology (EPRI Report 1010412) and
examine the feasibility of achieving high-
efficiency PV breakthroughs (EPRI Report
1012872). A major conclusion stated in
both reports is that it is technically possible
that PV resources will contribute about
10% of new U.S. capacity within 25 years.
This conclusion is based on the assump-
tion that at least one of the third-genera-
tion concepts just described will achieve
commercialization in the coming decades,
producing a three- to five-fold increase in
module efficiency and a dramatic increase
in economic competitiveness. To help ac-



celerate the development process, EPRI
has joined with Electricité de France in a
joint research program that looks at three
of the most promising new high-efficiency
PV cell concepts.

Ocean Power: Harnessing
Tides and Waves

Energy derived from the motion of ocean
tides or waves has several potential advan-
tages over other renewable resources, in-
cluding higher power density, greater pre-
dictability, and closer proximity to major
load centers. EPRI has established two
collaborative programs to demonstrate
ocean energy conversion in North Amer-
ica, involving 17 electric utilities, 2 fed-
eral agencies, several U.S. state and Ca-
nadian provincial agencies, and more than
30 technology developers. Already sever-
al participants have announced plans to
build ocean energy demonstration plants,
and approximately 40 preliminary permit
applications have been filed with FERC,
following publication of EPRI feasibility

studies.

Tidal In-Stream Energy Conversion (TISEC) has been studied favorably for
application at seven promising sites in North America. Verdant Power’s
Free-Flow turbine is shown being transported for installation in New

York’s East River in late 2006. (photo: Kris Unger/Verdant Power, Inc.)

Tidal In-Stream Energy Conversion
(TISEC) is leading the way, largely because
the underlying technology is very similar
to that of wind turbines, but with devices
driven by moving water instead of moving
air. As a result, TISEC turbines can benefit
from decades of experience in refining and
scaling up wind energy machines, includ-
ing the use of advanced composite materi-
als, power electronics, and underwater con-
struction techniques used in offshore wind
installations. In addition, because tides can
be predicted years into the future, TISEC
generators can sell electricity as firm power
to the electricity grid, thus reducing the
need for costly reserve power.

In 2005-2006, EPRI performed TISEC
feasibility definition studies for seven
promising locations in North America,
using designs for both demonstration- and
commercial-scale plants. A major conclu-
sion of these studies was that, depending
on location, plant size, and various finan-
cial assumptions, the wholesale cost of elec-
tricity for a TISEC generator at these sites
would be in the range of roughly 5-12¢/

kWh, making it competitive at the lower
end with wind and well below the cost of
trough solar-thermal technology. The stud-
ies also showed that the capacity factors of
TISEC plants would be somewhat higher
on the East Coast than on the West Coast
because of lower diurnal inequalities—i.e.,
the difference between succeeding strong
and weak tides.

Turbine designs of several very different
types are currently being considered for
TISEC application. An open-rotor turbine
on a horizontal axis with 5.5-meter-diam-
eter blades, for example, forms the basis of
the Roosevelt Island Tidal Energy Project
in New York City’s East River. The first
two of six turbines were installed in De-
cember 2006, and the 18-month experi-
mental project will focus particularly on
fish-turbine interactions and other poten-
tial environmental concerns. In contrast,
the tidal project at Race Rocks in British
Columbia uses a rotor assembly with an
open center and no driveshaft or gearbox,
mounted inside a duct that accelerates the
water flow. This turbine was deployed in

The Pelamis wave energy converter is a string of floating cylinders

linked by hinged joints. The wave-induced motion of these joints pumps
high-pressure oil through hydraulic motors that drive electric generators
to produce power. (photo: Ocean Power Delivery Ltd.)
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September 2006 and is expected to be fully
operational by mid-2007. Other designs,
including a turbine with helical blades, are
also undergoing preliminary tests, but it’s
still too early to tell which technologies
will eventually be the most successful.

Wave energy conversion lags somewhat
behind TISEC, largely because the tech-
nology has no synergistic technological
base, such as wind turbines, to draw on.
Rather, a variety of designs are compet-
ing for initial attention, including heav-
ing buoys that pump water to a generator,
oscillating water columns in fixed struc-
tures that compress air for a turbine, and
a snake-like series of floating cylinders
whose movement generates electricity by
means of hydraulic motors in the joints. A
2004 EPRI feasibility study showed that
the potential wave energy resource in
North America is considerably larger than
the tidal resource. The study concluded
that the cost of electricity from wave
energy at a commercial scale in promising
locations would now be in the range of
11-13¢/kWh, but that the cost could be
expected to fall as more experience is
gained. The main technical challenge is
expected to be maintaining a high level of
equipment reliability and plant availability
for long-term energy production in a diffi-
cult environment.

Currently there are only a few mega-
watts of wave energy capacity deployed
worldwide, and the first commercial, 30-
MW plant is being installed in Portugal.
The only wave project in the United States
is a 40-kW buoy at the Kaneohe Marine
Base in Hawaii. The first full license appli-
cation for a domestic commercial wave en-
ergy plant was filed with FERC in Novem-
ber 2006, for a 1-MW installation at
Makah Bay, Washington. Several prelimi-
nary permit applications have also been
filed for other Pacific Coast locations.

Meanwhile, another key barrier to large-
scale commercial development of ocean
energy in the United States is regulatory.
At present, both types of ocean energy
conversion systems would have to go
through the same licensing process that
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was designed more than half a century ago
for conventional hydroelectric plants—
although TISEC and wave energy conver-
sion do not require any dam or water im-
poundment. FERC is waiving the license
requirement for relatively small experi-
mental ocean energy plants, but commer-
cial projects are not able to move ahead as
rapidly as those in other countries.

Biomass: Improving
Power Options
Biomass fuel is the oldest renewable energy
resource, going back to cave dwellers and
their log fires. Literally before there was
home, there was hearth. Even today, bio-
mass represents the single largest source of
electricity from non-hydro renewable re-
sources, fueling more than 9700 MW of
generating capacity. Most of this biomass
comes from forest product and agricul-
tural residues, with the
raw material fired directly
in a power plant boiler—
either by itself or as a sup-
plement to fossil fuels,
particularly coal. The use
of municipal solid waste
for power generation is
also growing.

In addition, biomass
provides the only renew-
able alternative for pro-
ducing liquid transporta-
tion fuels, a prospect that
has become the focus of
much government-funded
research. Indeed, the cur-
rent Bush administration
has established a goal of
replacing 30% of gasoline
used in the United States
with biofuels by 2030. So
far, most of the liquid bio-
fuel for U.S. transporta-
tion has been in the form
of ethanol, produced by
conventional fermentation
of plant sugars from crops
such as corn. Since redi-
recting this much agricul-

tural output places pressure on the supplies
of crops—particularly corn—available for
food, considerable research is now devoted
to finding better ways of producing etha-
nol from other plant materials. The cellu-
lose fibers that hold plants erect, for exam-
ple, could provide a much more abundant
source of ethanol, but the conversion pro-
cess is still quite expensive.

While the ethanol biofuel issue has cap-
tured most of the headlines, the electric
power industry has focused largely on find-
ing ways to use biomass directly for power
generation; these options include the cofir-
ing of biomass in fossil fuel boilers, bio-
mass gasification as a very-low-emission
alternative, direct biomass firing, and com-
busting biogas from landfills and anaero-
bic digesters. Additionally, utilities have
interest in bio-based combined-heat-and-

power opportunities, assessments of local

Wood chip residues from Vermont forests and sawmills supply the
bulk of the fuel for Burlington Electric Department'’s 50-MW
McNeil generating station. Biomass can be fired directly, as at
McNeil, or gasified before combustion for very low emissions.
(photo courtesy National Renewable Energy Laboratory)



resources, and characterizations of unusual
biomass supplies. To aid in these efforts,
EPRI has formed the Biomass Interest
Group (BIG), which provides participants
with technology assessments on key devel-
opment issues for materials handling, bio-
mass delivery, and environmental perfor-
mance. It is anticipated that government
funding of biomass-to-power research will
remain at a very low level and that EPRI
will therefore continue its leadership role
in communicating and demonstrating tech-
nology advances in this area.

Additional research is especially needed
in the near term to help biomass gain mar-
ket share in power generation and in the
long term to develop new biomass tech-
nologies with very low emissions. In par-
ticular, the current fleet of coal-fired plants
could be evaluated for the potential to
make use of biomass to cofire active units
and to repower units slated for retirement
in order to provide early reductions of net
emissions. Longer-term reductions could
result from increased public-private R&D
collaboration on biomass gasification
aimed at achieving higher performance

and lower cost.

Supporting “Green” Energy

Renewable energy technologies are play-
ing an increasingly important role in the
effort to limit global climate change by
shifting to low- and non-emitting energy
resources, particularly as concerns also rise
over finding ways to reduce U.S. depen-
dence on imported petroleum. Some two
dozen states now have renewable energy
requirements, and consumer interest in
the use of clean and diversified energy
resources is clearly growing. Meanwhile,
utilities are faced with increasingly com-
plex technical issues related to integration
of more renewable energy into their power
systems. EPRI is responding to these trends
and needs by investing in further techno-
logical development in areas of particular
interest to the industry and by providing
strategic information to its members on
emerging technologies. In the past, EPRI
has made major contributions to renew-
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able energy technology, including the
development of power electronics for vari-
able-speed wind turbines, high-efficiency
cells for CPV in central plant applications,
and fish-friendly turbines for hydroelectric
facilities. Now, as renewable energy tech-
nologies are being developed and deployed
on a large scale throughout the world,
EPRI is focusing on how to address more-
specific issues involved in utility adoption
of these technologies.

“EPRI is uniquely situated to help its
members assess the performance of renew-
able generation systems and resolve prob-
lems not being effectively addressed by
vendors,” says Tom Key, technical lead for
renewable and hydropower generation.
“In particular, we offer members vital per-
formance and cost data in our Renewable
Energy Technical Assessment Guide, oppor-
tunities to join renewable interest group
activities, and regular updates on the sta-
tus of technological developments around
the world. The Institute will also contin-
ue its support of collaborative research in
carefully selected areas of concern to our
members.”

This article was written by John Douglas,
science and technology writer. Background
information was provided by Tom Key (tkey@
epri.com), Terry Peterson (tpeterso@epri.com),
Roger Bedard Jr. (rbedard@epri.com), Dave
O’Connor (doconnor@epri.com), and Charles
McGowin (cmcgowin@epri.com).
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Nuclear




[n pursuit of a
Renaissance

The Story in Brief

Virtually every credible plan for
dealing with climate change
includes increases in the use of
nuclear power—the only non-
emitting technology currently
capable of producing electricity
at multi-gigawatt scale. Advanced
reactor designs are available to
support such a resurgence, but
getting new plants built will require
substantial work on technical,
regulatory, and business issues, as
well as renewal of a diminished
nuclear manufacturing and

construction infrastructure.



ising and volatile fossil fuel prices

and growing concern about green-

house gas emissions are driving a
“nuclear renaissance” around the world.
Plant construction activities are proceed-
ing in 12 countries, and development plans
in the United States are closer to com-
mercialization than they've been in almost
30 years. A recent report by the Intergov-
ernmental Panel on Climate Change cites
nuclear power as one of the key mitigation
technologies for dealing with greenhouse
gas emissions on a global scale.

EPRI, too, has looked closely at climate
change mitigation options. At the request
of its board of directors, EPRI examined
the technical potential for reducing carbon
dioxide (CO,) emissions in the U.S. elec-
tricity sector. EPRI found that no one
technology would be a so-called silver bul-
let. But within the portfolio of technolo-
gies needed to significantly reduce climate
impacts, nuclear energy loomed large.
According to EPRIs analysis, significant
nuclear expansion—64 gigawatts of new
capacity by 2030—could avoid approxi-
mately 260 million metric tons of CO,
emissions annually from the U.S. electric-
ity sector. Additional nuclear power pene-
tration worldwide, estimated by some to
be five to ten times as many gigawatts,
would produce commensurately larger
reductions.

The impetus to limit CO, emissions is
increasing around the world. While the
Kyoto Protocol has not been successful
in uniting all nations under a common
framework for addressing climate change,
it has sustained international pressure to
reduce greenhouse gas emissions. The Eu-
ropean Union has been a leading force in
the climate change debate, implementing
a multinational trading scheme for CO,
emissions. China, which recently surpassed
the United States as the world’s largest
CO, emitter, has also increased its aware-
ness of and participation in international
climate change discussions. Nuclear power
is growing in China, and the country has
stated it wants 16% of its electricity to
come from renewables by 2020.
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Pressure to limit CO, emissions is
mounting in the United States as well.
Some states and regions are already impos-
ing limits on such emissions, and numer-
ous corporations, institutions, and finan-
cial groups are pressing Congress to pass
emission-control legislation. Clearly, ex-
pected legislative action on CO, and other
greenhouse gases has helped promote in-
terest in non-emitting energy sources, such
as renewable energy and nuclear power.
But in practical terms, what impact might
such limits have on the decision to build a
new nuclear plant? The question is com-
plicated by uncertainty over what regula-
tory approach might be adopted—a car-
bon tax or an emissions cap-and-trade
system, for example—and about how such
a system would be administered.

Still, the seeming inevitability of federal
legislation has electric utilities taking a
fresh look at the impacts of carbon con-
straints on the cost-competitiveness of new
plants. “In our financial modeling, we've
looked at something as small as a $10-per-
ton tax, and it has an enormous impact
when we do the least-cost supply option
forecast,” says Randy Hutchinson, Entergy
Nuclear’s senior vice president, nuclear
business development and new plant activ-
ities. “Nuclear power plants become much
more competitive with other baseload
options such as coal when a tax is included
in the analysis.”

Recent EPRI economic modeling of the
U.S. electricity sector’s potential to reduce
greenhouse emissions compares different
technology scenarios—including limited
versus significant construction of new
nuclear and advanced clean coal plants—
out to 2050. Initial results emerging from
this analysis indicate that costs to the U.S.
economy of CO, emissions abatement are
dramatically lower in scenarios where a full
array of advanced technologies are devel-
oped, available, and aggressively deployed.
A substantially expanded nuclear power
fleet plays a large role in such scenarios.

Running such economic scenarios will
be important for a company’s commit-

ment to new plants, but as Eugene Gre-

check, vice president for nuclear support
services at Dominion, points out, many
company boards are looking beyond the
details of coming mandatory carbon lim-
its: “Boards tend to look further into the
future, and won't wait for a mandatory
cap. They realize that we need to start plan-
ning now for how to address carbon con-
trols of some type.” Bryan Dolan, Duke
Energy’s vice president for nuclear plant
development, expresses a similar bottom-
line view, held by many in the industry:
“Anything imposing additional carbon con-
straints on the legislative front may sway
decision-making more toward nuclear.”

Nuclear’s status as a CO, non-emitter is
also changing minds among some long-
time opponents of the technology. Patrick
Moore, a cofounder of Greenpeace, told
the U.S. House Appropriations Subcom-
mittee on Energy and Water Development
at a September 2006 hearing that in the
1970s he believed “nuclear energy was syn-
onymous with nuclear holocaust.” But a
lot has changed in the 35 years since then,
he said. “Nuclear energy is the only large-
scale, cost-effective energy source that can
reduce CO, emissions while continuing to
satisfy a growing demand for power—
cleanly and safely.”

The environmental community is far
from united in supporting a nuclear renais-
sance, but the change of position from
activists such as Moore reflects a broader
rethinking of the nuclear option among
opinion leaders and the public at large.
Opver the past five years, opinion polls have
consistently shown increasing public ac-
ceptance of the technology, encouraged by
major coverage in virtually all the national
newspapers and newsmagazines on the

greening of nuclear power.

Building on Success

While the ability to generate emission-free
electricity will certainly help promote pub-
lic acceptance, renewed interest in new
nuclear plants is just as grounded in the
fundamentals of the power business, says
Tom Mulford, manager of EPRI’s Ad-
vanced Nuclear Technology Program. “The



current U.S. nuclear fleet is extremely safe
and reliable, and it’s currently operating at
a capacity factor of more than 90%. A
number of financial analysts have con-
curred that the nuclear resurgence is tied
largely to the sustained high performance
of the existing reactor fleet.”

Attention to nuclear safety remains par-
amount among plant staff as well as the
public. Analysis by EPRI—and measure-
ments of specific safety metrics set by the
industry and the Nuclear Regulatory
Commission (NRC)—confirm the ever-
improving safety record of the U.S. nuclear
fleet. In addition, EPRI research suggests a
link between reliability and safety, indicat-
ing that the nuclear fleet is operating not
only at high capacity, but with an unprec-
edented level of safety.

Mulford also points out that nuclear
energy is one of the lowest-cost energy
sources available today, particularly for
baseload power. In the United States, for
example, electricity production costs in
2005 for nuclear power were 1.72¢/kWh,
according to the Nuclear Energy Institute
(NEI), compared with 2.21¢/kWh for
coal and 7.51¢/kWh for natural gas. More-
over, nuclear fuel costs are not volatile and
account for only a small portion of overall
production costs, thus providing excellent
overall price stability. Andy White, presi-
dent and CEO of GE-Hitachi Nuclear
Energy, puts it this way: “A 50% increase
in fuel costs for a natural-gas-fired plant
raises operating costs by about 38%. For a
coal-fired plant, operating costs go up by
about 20%. For a nuclear plant, a 50%
increase in fuel costs increases operating
costs by only 3%.”

Reliability and efficiency improvements
have enabled nuclear plants to boost elec-
tricity production at individual sites, and
ongoing operational advances could in-
crease output even further. Electricity de-
mand will grow much faster than gains in
nuclear plant efficiency, however. The De-
partment of Energy’s Energy Information
Administration (EIA) projects world elec-
tricity demand to increase 85% by 2030,
with the strongest growth in emerging
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substantially improved reliability for the existing nuclear fleet. The NRC confirms that safety records

have also improved steadily over this period. (source: NEI)

economies. In the United States, the EIA
expects electricity demand to surge by
45% over the next 25 years. This increase
translates into a need for nearly 350,000
MW of new electric generating capacity,
much of it baseload—coal-fired and nu-
clear power plants. About 60,000 MW of
new generating capacity will be required

in the next 10 years alone, according to
the EIA.

Considering this need and the capabili-
ties of today’s technologies, it’s clear that
new nuclear capacity must provide a sub-
stantial portion of the coming decades’ gen-
eration mix. “Were not saying that nuclear
energy is the only answer,” says Domin-
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ion’s Grecheck. “Solar, wind, and other re-
newables have a role to play, but they’re
not currently practical on a large scale.”

Cost and Risk

Most nuclear utilities and vendors identify
the same challenges to building new
nuclear plants, and not surprisingly, the
overriding issues come down to cost and
investment risk. Given the U.S. indus-
try’s experience in the 1970s and 1980s,
when licensing and construction delays
led to escalating costs, building new nu-
clear plants is a tremendous risk manage-
ment exercise, notes Richard Myers, vice
president of policy development at NEI
“Numerous nuclear utilities are preparing
license applications for new plants, but
no company will make a commitment to
build a new plant unless it has a high level
of confidence in the cost and schedule. We
are trying to identify all the project risks
and make sure they’re mitigated and man-
aged and properly hedged,” he says.

One key challenge is the need to con-
firm competitive capital costs for new nu-
clear plants. “Vendors need to provide firm
costs to their customers,” says Buzz Miller,
senior vice president for nuclear develop-
ment at Southern Nuclear. “Most new
plants will be built in regulated states in
the southeastern United States. We need
pricing at a level of certainty that will be
acceptable to our public utility commis-
sions.” Southern is preparing a license ap-
plication for two new AP1000 units at the
Plant Vogtle site, and it needs to convince
the Georgia Public Service Commission
(PSC) that these units will be cost-com-
petitive with other generating sources,
including coal and natural gas. Southern is
working with Westinghouse, the AP1000
vendor, and expects to have the figures it
needs to support a submittal to the PSC
in mid-2008, which would result in PSC
certification around December 2008. Ven-
dors recognize that most of their custom-
ers are regulated, says Ed Cummins, vice
president of licensing and standardization
for Westinghouse. “We are trying to pro-
vide a degree of firmness in price that
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would permit them to interact with their
public utility regulators.”

Similarly, Dominion is working with GE
Energy on pricing for the Economic Sim-
plified Boiling Water Reactor (ESBWR),
while Constellation expects to have 70—
75% of ArevaInc.’s U.S. Evolutionary Pow-
er Reactor (EPR) at a fixed price, exclud-
ing labor, by late 2009 and early 2010.
TXU, which has selected Mitsubishi’s U.S.
Advanced Pressurized Water Reactor, ex-
pects production costs based on the US-
APWR to be competitive in Texass de-
regulated market within the next year or
two.

GE Energy’s White admits that the
company is working with estimates at
present, but he expects to have “locked
down the engineering-procurement-con-
struction (EPC) contracts” by the end of
2008. “One question is where commodity
prices will be during a 2010-2015 con-
struction timeframe,” he says. Areva is
closer to pricing certainty than it was a
year ago, says Ronald Affolter, vice presi-
dent for EPR deployment. Ongoing con-
struction of an EPR plant in Finland has
helped the company better understand the
potential costs of a U.S. plant.

Advanced modeling tools can provide
insight into nuclear project costs. In a pro-
gram sponsored by EPRI, Westinghouse
developed a virtual reality construction
model of the AP1000 reactor design to
assess the impact of two drivers of plant
construction costs—the cost of financing
during construction and the substantial
skilled craft labor needed on-site during
construction. The virtual reality model
identified opportunities for reducing both
cost drivers by establishing parallel con-
struction paths using modules and inte-
grating construction sequence review into
the design process. According to EPRI, the
model should reduce construction times
for advanced reactors by 10%.

Standardization

Many of the risk factors that nuclear com-
panies must deal with are beyond their
control. One issue that is clearly within

the industry’s control is standardization:
standardization of design requirements,
standardization of resulting advanced de-
signs, and standardization of operations.
The industry has devoted significant time
and resources to this issue over the past
few decades. In the 1980s and 1990s,
EPRI led efforts to create a standardiza-
tion framework that would guide new
plant development and deployment. The
Utility Requirements Document (URD)
captured user requirements for advanced
reactor designs that utilities reached con-
sensus on and that the reactor designers
and the NRC could accept. The nuclear
industry’s Strategic Plan to Build New
Nuclear Power Plants, an annual report
updated each year through the 1990s, laid
the foundation for efforts of both reactor
vendors and utility consortia to maintain
cost-effective standardization in new plant
projects under development today.

The URD is a living document, with
periodic revisions to reflect technology
advances and lessons learned from operat-
ing plants. EPRI, through its technology
transfer capabilities, is sharing information
from R&D activities in a number of areas,
including radioactive waste, materials,
water chemistry, systems engineering and
design, human factors engineering, instru-
mentation and control, electrical cabling,
equipment qualification, and seismic
design. Updates in these areas are being
shared continually with utilities and ven-
dors and will be documented in a subse-
quent URD revision.

Standardization implies industrywide
resolution of common issues. “The utili-
ties that are expected to submit combined
construction and operating license appli-
cations to the NRC are basing their appli-
cations on several different reactor designs,”
says EPRI’s Mulford. “While these reactors
have a host of specific design differences,
there remain a number of issues that are
generic to more than one design, such as
seismic issues and digital instrumentation
and control. Addressing these issues in a
collaborative fashion ensures continuity
with the URD and enables lessons learned



Snapshot of Advanced Reactors

Unlike today’s nuclear plants, the reactors proposed for new plants have standardized
designs with innovative safety features. Two reactors being considered for consfruc-
tion—the Westinghouse AP1000 and General Electric’s Economic Simplified Boiling
Water Reactor (ESBVVR)—are advanced, “passive safety” designs that rely on natural
forces such as gravity for plant safety, rather than on pumps or fans. Both employ a
modular design. Three other reactors under consideration—Areva’s Evolutionary Power
Reactor (EPR), General Electric’'s Advanced Boiling Water Reactor (ABVWR), and Mit-
subishi’s U.S. Advanced Pressurized VWater Reactor (US-APVWR])—are evolutionary de-

signs. Although based on current plants, these reactors have enhanced safety features.

The Westinghouse AP1000, o 1000-MWV pressurized water reactor (PWR), has sig-
nificantly fewer components than today’s PVWRs. It has 50% fewer valves, 35% fewer
pumps, 83% less pipework, and 87% less control cable. In addition, the design reduces
by 45% the amount of building materials required. The reactor’s safety system uses grav-
ity, natural circulation, and compressed gas fo ensure emergency core cooling and em-
ploys no pumps, fans, diesels, chillers, or other rotating machines in safety applications

that could malfunction or lose power in an emergency.

General Electric’s ESBWR, a 1500-MW boiling water reactor (BWR), has reduced
the number of systems by 25% and confains 25% fewer pumps and valves and 25%
less piping and cabling than conventional designs. lts natural circulation and passive
safety features eliminate the need for safety system pumps and safety diesel generators.
For example, the ESBVWR has a gravity-driven cooling system for the reactor and a pas-
sive confainment cooling system that removes heat by means of four low-pressure natural

circulation loops, each with a heat exchanger.

Areva’s EPR, an evolutionary PVWR designed by Framafome ANP, incorporates sim-
plified safety systems that improve accident prevention and protection against external
hazards. It features a robust confainment structure consisting of two cylindrical walls—
an inner presiressed wall with a steel liner and an outer reinforced-concrefe wall, each
with a separate dome. The EPR being deployed in the U.S. market has been designed
fo use 7% less uranium fuel per kilowatthour, reducing the cost of electricity generation.
The first EPR is under construction in Finland; construction of a second EPR will begin in
France by the end of 2007 .

General Electric’s ABWR employs a more compact design than the current BWR, in-
creasing safety and reducing consfruction cosfs. All major equipment and components
have been engineered for improved reliability and ease of mainfenance —including
such features as vessel-mounted reactor internal pumps and finemotion control rod
drives. This design was certified by the NRC in 1997. The first two ABVWRs went info
commercial operation in Japan in 1996 and 1997 at the Kashiwazaki-Kariwa site.

Two ABWRs are under construction in Taiwan af the Lungmen site.

Mitsubishi’s US-APWR, an evolufionary design with active safety features, is a
1700-MWV reactor. Twenty-three versions of the basic Mitsubishi design are now oper-

ating in Japan.

ESBWR

ABWR
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A new licensing process established by the NRC in 1989 will help utilities avoid the expensive

delays and redesigns that plagued nuclear plant construction in the 1970s. Applications for

combined construction and operating licenses (COLs) are expected to be submitted for over a

dozen new U.S. nuclear plants by the end of 2008. (source: NEI)

New Nuclear Plant Sites

Number

Company Site Design of Units
1 Amarillo Power Amarillo, TX EPR 1
2 AmerenUE Callaway, MO EPR ]
3 Constellation (UniStar consortium)  Calvert Cliffs, MD, plus two other sites ~ EPR 3
4 Dominion North Anna, VA ESBWR 1
5 Duke Cherokee County, SC AP1000 2
6 Entergy River Bend, LA ESBWR 1
7 Entergy (NuStart consortium) Grand Gulf, MS ESBWR 1
8  NRG Energy,/STPNOC Bay City, TX ABWR 2
9 Progress Energy Harris, NC AP1000 2
10 South Carolina Electric & Gas Summer, SC AP1000 2
11 Southern Company Vogtle, GA AP1000 2
12 Texas Utilities Comanche Peak, TX US-APWR 2
13 TVA (NuStart consortium) Bellefonte, Al AP1000 2

from the existing fleet to be reflected in
new plant designs, minimizing risks in
critical areas such as materials and equip-
ment reliability.”

Financing and Loan
Guarantees

As multi-billion-dollar investments, nu-
clear power plants present a formidable
financing challenge. In a number of coun-
tries, government support, government
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ownership, and/or high electricity prices
can make the large investment more palat-
able, but the hefty price tag invariably
raises the level of scrutiny.

In the United States and other countries
with deregulated wholesale markets, pri-
vate development, ownership, and opera-
tion further accentuate the investment
challenge. A new nuclear plant would rep-
resent an extremely significant part of a
company’s total value, according to Do-

minion’s Eugene Grecheck: “We're at the
critical stage, and companies need to work
on financing packages right now.” Mike
Wallace, president of Constellation Ener-
gy’s generation group, agrees, adding: “We
cant get past this barrier without loan
guarantees. We haven't begun construction
of a nuclear plant for 25 years, when there
were more than a few financial problems;
the risks of putting up a new plant with a
new design in today’s business environ-
ment cant be adequately described or
costed out. If banks are going to under-
write the debt for such a plant, theyre
going to require that somebody guarantee
the loan.”

In the United States, the Energy Policy
Act of 2005 provides several incentives for
new nuclear plants, including loan guaran-
tees. Under the legislation, the Depart-
ment of Energy guarantees up to 80% of
the project cost to support the develop-
ment of innovative energy technologies
that avoid, reduce, or sequester air pollut-
ants or greenhouse gases. Uncertainties have
recently arisen, both about congressional
appropriations for the guarantees and
about the DOE guidelines that define how
the policy act incentives will be adminis-
tered; while these issues are currently unre-
solved, industry experts remain confident
that government-backed loan guarantees
will be available for new nuclear plants.

The financial community understands
the business case for new nuclear, says
Caren Byrd, executive director of Morgan
Stanley’s Global Utility and Power Group.
“We see the need for new capacity and
understand how companies have been hurt
by the volatility of natural gas, which has
been difficult on investors. Also, more
investors are environmentally sensitive and
want to invest in environmentally friendly
projects. But the most important factor is
economics. The financial community is

waiting to be convinced on that.”

Plant Licensing

Most U.S. nuclear power plants were li-
censed during the 1960s and 1970s. Plants
were issued a construction permit based



Challenges for Existing Plants

While most plans for dealing with climate change include substantial
increases in new nuclear power, addressing the climate issue will also
require confinued operation of existing nuclear plants around the
globe. Sustained contributions to CO, reductions are projected fo call
for operating lifetimes of af least 60 years for the world’s nuclear
fleet.

This vote of confidence is reassuring to nuclear power proponents,
but it is not a guarantee that nuclear’s future is secure. “To ensure safe,
costeffective operation for 60 or more years, nuclear plants must ad-
dress a number of challenges associated with the plants’ physical in-
tegrity and staffing,” says Ken Huffman, EPRI technical director, plant
technology. “In particular, planfs must continue fo resolve materials
degradation issues, ensure sustained equipment reliability, address
equipment obsolescence and supply chain issues, and provide a
trained workforce to replace refiring employees and maintain plant
performance at the high levels necessary for economic operation.”

The industry’s ability fo recognize and react to emerging materials
issues has been clearly demonstrated. For example, much has been
learned about the performance of materials in the primary systems of
existing nuclear power plants, especially in relation to BVWR recircula-
tion piping, PVWR steam generator tubing, and PVWR vessel head pen-
etrations. Nevertheless, as plants enter their fourth, fifth, and sixth de-

cades of operation, new materials-aging issues can be expected that
will require rapid response. This response will depend on the avail-
ability of robust and sensitive detection technology and on a work-
force attuned to subtle indications and with a detailed awareness
of system and materials performance under various operating
conditions.

The crosscutting nature of these challenges—spanning fechnical,
operational, and management concerns—calls for optimization strate-
gies that encompass the tofal nuclear plant assef. Scenario-based
studies performed by EPRI highlight several societal and environmental
benefits that would accrue from optimization strafegies at existing nu-
clear plants: significant economic benefits from higher plant capacity
factors and extended plant life, greater CO, reductions compared
with other proven large-scale generation sources, and provision of a
bridge between the current nuclear fleet and the startup of significant
nuclear “new build” plants.

"The incremental value of increased nuclear plant performance and
output—in comparison with inifial performance —is estimated to be on
the order of two frillion dollars in the United States alone,” says Huff-
man. Extending these benefits to plants around the world would sub-
stantially amplify the economic value while sustaining nuclear power's

ability to reduce global CO,, emissions.

on a preliminary design, but safety issues
were not fully resolved until the plant was
essentially complete—a process flaw that
led to a “design as you go” construction
process with substantial rework that had
major financial implications. The other
critical flaw in the old process was the fact
that the public did not have access to the
details of the design or an opportunity to
comment until construction was almost
finished. To address this problem in the
United States, the NRC established a new
licensing process in 1989, which was af-
firmed and strengthened by Congress as
part of the 1992 Energy Policy Act.

The new process has three components:
approval of standard reactor designs, early
site permits (ESPs), and combined con-
struction and operating licenses (COLs).
The ESP enables nuclear utilities to obtain
public input and NRC approval for a nu-
clear plant site before committing to build

a plant. The use of approved, standardized
designs is intended to eliminate the ad hoc
redesigns and construction delays that
plagued projects in the 1970s. The process
also gives the public an opportunity to
comment on the design before it is
approved. The public is given another
opportunity for comment at the COL
stage, when a particular certified design is
matched to a preapproved site. When the
NRC grants a COL, it signifies resolution
of all safety issues associated with both the
site and the plant.

While these improvements are encour-
aging, the nuclear and financial communi-
ties are awaiting clear signs that the NRC’s
new process will be effective and efficient.
As Morgan Stanley’s Byrd points out, “On
paper, the process makes sense, but it
hasn’t been tested.”

The NRC’s ability to handle the new

plant licensing workload will certainly need

to be demonstrated. But another key point
for utilities will be the COL application
itself—essentially the need to understand
what review criteria and implementation
measures the NRC will use in assessing
COL applications. Some companies have
begun preparing applications without
knowing “what they need to look like,”
but the majority are awaiting the official
release of the regulatory guide for the ap-
plication contents, expected this summer.

NETI’s Adrian Heymer, senior director
for new plant development, says that the
NRC is doing the right things to encour-
age an efficient process, with emphasis on
standardization of submittals and reviews.
In addition to encouraging all applications
for a specific design to be as standardized
as possible, the NRC is promoting stan-
dard processes and technical issue resolu-
tions across different designs. The NRC
also has advocated the creation of design-
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centered working groups among utility
applicants, with corresponding NRC staff
organizational teams, each responsible for
reviewing all applications for a given de-
sign. “Once the NRC has reviewed and
approved the reference plant submitted by
the working group,” Heymer says, “it is
our understanding that the NRC will then
check the next application for the same
design and focus on site-specific differ-
ences. It should be possible to achieve sig-
nificant efficiencies and improvements
in the schedule after the reference plant
review.”

Because the end-to-end permitting and
approval process is untested, disciplined
navigation will be essential. Tools devel-
oped from past and current activities can
guide the way. To help utilities select a
suitable site for a new nuclear plant, EPRI
developed a siting guide and an early site
permit model program plan. The guide
describes a four-step process that addresses
the full range of issues important to siting,
while the ESP model program plan identi-
fies the tasks needed to prepare an ESP
application. EPRI also has developed a
combined construction and operating li-
cense model program plan, which identi-
fies the activities needed to supply the in-
formation required for a COL application.
The program plan describes the interfaces
between the vendor, the ESP holder, the
architect-engineer, and other entities in-

volved in preparing a COL application.

Getting the Plants Built

Although modest nuclear plant construc-
tion has continued around the world for
much of the past 25 years, the population
of manufacturers capable of supplying nu-
clear equipment has diminished because
of the limited number of projects. The
decades-long hiatus in North American
plant orders has had a withering effect on
what was once a vibrant nuclear manufac-
turing base in the United States. As a re-
sult, the first batch of new plants is likely
to face bottlenecks in availability of key
components. Increased demand will even-

tually lead to greater manufacturing capac-
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ity, but not surprisingly, vendors see the
supply chain as a major challenge.

At present, only one company in the
world—]Japan Steel Works (JSW)—man-
ufactures the ultraheavy forgings needed
for nuclear plants. “JSW currently has the
capacity to produce about 42 ultralarge
forgings a year; each new plant will require
between two and nine of these forgings,
depending on the design,” says NEI’s
Heymer. According to Entergy Nuclear’s
Hutchinson, a reactor pressure vessel has a
lead time of 48 months from the placing of
the order to the shipment of the vessel.
“ISW’s throughput is six to eight pressure
vessels a year, maximum, so for the first
plant orders, this will be a pinch point.”
For this reason, vendors are already talking
with JSW about their future needs. GE
Energy has entered into a reservation
agreement with JSW, securing a specific
number of forging allocations for the next
few years. Westinghouse and Areva are also
in the JSW queue.

GE Energy’s White says that JSW is
planning to expand its manufacturing ca-
pacity to serve the larger expected demand,
but he believes that in the longer term,
multiple suppliers will enter the market.
Currently, says Westinghouse’s Cummins,
“it’s a chicken-and-egg situation. If suppli-
ers are assured of a market, they will assess
capacity and expand to meet the demand;
if they are not assured, they will wait to
make an investment. There will be short-
ages or constraints in the supply chain as
we build the initial plants, but they will
disappear over time. I think there will be
alternatives to JSW.”

Pressure vessels are not the only concern.
To identify choke points, vendors are sys-
tematically looking across the entire sup-
ply chain, noting the numbers and types
of components needed and looking at
what is available. Components that are
especially critical to reactor safety must be
manufactured under a special process of
rigorous quality assurance to achieve the
designation “nuclear grade.” As NRC
Chairman Dale Klein told the House
Appropriations Subcommittee on Energy

and Water Development in March 2007,
“The NRC is working with regulators in
other countries to ensure the legitimacy
and quality of components manufactured
internationally.”

A limited workforce of both craft work-
ers and construction managers could lead
to additional bottlenecks in new plant
construction, particularly in Europe and
the United States. There are shortages of
skilled pipe fitters, welders, journeymen,
sheet-metal workers, carpenters, and tech-
nicians. “Having seasoned project manag-
ers and experienced people to oversee the
craft workers will be critical to building
plants on time,” says NEI's Heymer. The
U.S. nuclear industry is working with sev-
eral federal agencies, as well as community
colleges, to ensure the availability of a
skilled workforce. “We'll have to train
people, and we'll have to import people,”
says Westinghouse’s Cummins. Some util-
ity executives see a similar shortage in their
own organizations and expect at least some
of the experienced project managers to
come from other countries.

Labor availability concerns highlight the
importance of effective training—equip-
ping employees with the requisite knowl-
edge and skill to successfully perform in a
cross-discipline environment. As new pet-
sonnel enter the nuclear workforce, train-
ing must accelerate the learning process
without compromising the demonstrated
proficiency levels required for nuclear
workers.

The availability of skilled craft workers
in the United States will not be a big issue
when only two or three plants are under
construction, says GE-Hitachi’s White.
“But if 6, 10, 12 plants are being built
simultaneously, it will be difficult to get
craft labor.” One factor that may ease the
demand for skilled craft workers is the use
of modular construction. Building mod-
ules in a controlled environment—a fac-
tory or a shipyard—could raise productiv-
ity, says White. “It also could avoid sucking
up all the labor supply in the area of the
plant site.”

Task proficiency evaluation (TPE), a



Spent Fuel Storage: A Showstopper?e

In 1987, Congress directed the U.S. Department of Energy fo study
Yucca Mountain, Nevada—a remote desert location—as the site for
a potential repository for geologic disposal of used nuclear fuel and
high-level radioactive waste. DOE's study of the site was delayed until
1992, in part because of the refusal of Nevada to issue the environ-
mental permits needed for surface-disturb-
ing work. After a decade of scientific study,
the sife was approved by Congress in
2002.

Construction of the repository, originally
scheduled to open in 1998, has been re-
peatedly delayed because of funding con-
straints and DOE management issues. Op-
position from the Nevada congressional
delegation has played a role in DOE bud-
get cuts for the project. DOE was fo begin
accepting used fuel from the nafion’s nuclear
power plants in 1998 but failed to do so. This failure led to numerous
lawsuits by the industry against the federal government for breach of
contracts that DOE had signed with electric utilities. DOE now plans
fo submit a license application to the Nuclear Regulatory Commission
in 2008 fo build the repository, which is not likely to open before
2021. Used nuclear fuel is now safely stored af nuclear plant sites.
Although the NRC has defermined that used fuel could be stored

safely at plant sites for 100 years, onsite storage was never infended

as anything other than a temporary solution.

Is used fuel an obstacle to new plant construction@ Most nuclear
utilities and vendors do not think so. “VWe don't see the management
of used fuel as a showstopper fo moving forward,” says Duke Energy's
Bryan Dolan. Adds Southern Nuclear's Buzz Miller, “li's not a safety
issue. It's a political issue, a contractual is-
sue.” To this point, EPRI commissioned stud-
ies in 2003 and 2004 fo assess the risk of
moving used fuel from the fuel pool into on-
site dry storage. The results indicated that
the annual risk of a cancer fatality to an in-
dividual living within 100 to 300 mefers of
a plant's loading, onsite transfer, and dry
storage operations is essentially zero.

Some in the indusiry do think that dis-
posal of used fuel is an issue, says Ed Cum-
mins from Wesfinghouse. He says that
could offect the number of new plants built. Opponents to new nu-
clear plant construction offen point to the legislative limit on used fuel
to be stored at Yucca Mountain. A 2006 EPRI study, however, dem-
onstrates that the technical capacity of Yucca Mountain as a reposi-
fory is actually four fo nine times the legislative limit. This additional
capacity would enable two fo four fimes the existing U.S. nuclear in-
stalled capacity fo operate for 60 years, with all used fuel stored af

Yucca Mountain.

workforce approach advanced by EPRI in
conjunction with utilities, trade unions,
and labor suppliers, defines the key knowl-
edge and skills required to perform specific
tasks. In developing the TPE program,
EPRI has created a bank of written and
practical skill assessment tests for many of
the defined tasks given to craft personnel.
To further streamline personnel use and
productivity on multiple projects, the pro-
gram is also working to share information
on individuals who have successfully dem-
onstrated specific task skills.

Looking Ahead

Superior plant designs, streamlined licens-
ing approaches, and strong coordination
among utilities, vendors, suppliers, indus-
try associations, and regulators are key

ingredients to a resurgent nuclear indus-
try, regardless of where the plant is being
builte. The interdependent nature of
nuclear plant operation creates a commu-
nity in which lessons learned and collabo-
ration continuously guide process improve-
ments. As more nuclear plants proceed
from design certification through licens-
ing, procurement, construction, and pre-
service inspection and testing to operation,
capitalizing on these global strengths will
be paramount. Sustaining this engagement
over the lives of the plants will ensure that
nuclear power can remain a reliable non-
emitting electricity source.

Although the nuclear industry has
gained significant momentum over the
past few years, the nuclear renaissance is
still in its earliest stages. The full scope and

success of the renaissance will be realized
only over time, as operating licenses are
issued in many more countries around the
world, as financing is secured, as founda-
tions are being poured, and as a new gen-
eration of nuclear power plant personnel
begin delivering emission-free electricity
to the grid—from Mississippi to Mumbai.
Building on the opportunities embedded
in the climate change issue, and appreciat-
ing the sobering responsibility associated
with nuclear power generation, the indus-
try is poised to move the renaissance from
abstraction to reality.

This article was written by Alice Clamp.
Background information was provided by Tom

Mulford (tmulford@epri.com) and Gary Vine
(gvine@epri.com).
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eventy-five percent of the water
S used in the western United States

begins as snowpack stored in the
high mountains. As the days lengthen into
spring and summer, the runoff feeds the
region’s great watersheds and rivers, where
it is captured and stored a second and third
time in an extensive infrastructure of dams
and reservoirs. From there the water is par-
celed out in increasingly complex formu-
las to farmers and ranchers, to cities and
municipalities, and to wildlife and the
environment. While the supply of fresh
water in the West appears to be declining,
population continues to grow, bringing
with it not only increasing competition for
water but the search for a long-term sus-
tainable solution.

Over the next 25 years, the United States
will add 70 million people, with most of
the population growth concentrated in the
water-short areas of the Southwest, the Far
West, and even the Southeast. Los Angeles
may have been the harbinger of desert
urbanization. The city was built on the
presumption of fresh water: the city rea-
soned that if it imported water in abun-
dance, people would follow and the desert
would bloom. The strategy worked. Today,
greater Los Angeles stretches out to cover
nearly 5000 square miles of irrigated land.
Similar scenarios are now playing out in
some of the country’s fastest-growing cities
—Las Vegas, Phoenix, and Salt Lake—
despite the prospect of long-term drought
looming over the West. Snowpack levels
are down throughout the mountain region,
and with warmer temperatures, the spring
runoff now begins 10 days earlier on aver-
age. Meanwhile, to sustain its growth tra-
jectory, Las Vegas is trying to bring ground-
water 280 miles from the northern valleys
of Nevada despite opposition from local
farmers and ranchers, and the booming
exurbs of Salt Lake have proposed a 120-
mile pipeline to tap into Lake Powell, which
is now at its lowest level since 1973.

Water Sustainability

Water sustainability is not just a western
concern. It is an issue throughout the
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United States and in most areas of the
world where population pressures are
mounting. According to the Government
Accountability Office, 46 states expect
water shortages over the next 10 years;
some of the shortages will be statewide,
others will be more localized. Few new res-
ervoirs have been built in recent years, in
part because of environmental opposition
and in part because there is little unsub-
scribed water left. Surface water supplies
in the United States have not increased
in 20 years, forcing suppliers to pump
more groundwater to meet demand. This
is bringing the water issue to a head, as
groundwater supplies all over the country
are declining sharply. According to a report
to Congress from the Department of En-
ergy’s Energy-Water Nexus Committee,
“Some regions have seen groundwater lev-
els drop as much as 300 to 900 feet over
the past 50 years because of the pumping
of water from aquifers faster than the nat-
ural rate of recharge.” In the Chicago/Mil-

waukee area, demand has exceeded precip-
itation, and groundwater levels are declin-
ing as much as 17 feet per year in some
locations. In the High Plains, groundwater
levels have been reduced by 100 feet; in
Houston, by up to 400 feet; and in Tuc-
son/Phoenix, by 300-500 feet. On Long
Island, stream flows are declining and salt
water is moving inland. Even in the water-
rich Pacific Northwest, the groundwater
level has declined by 100 feet.

Viewed as a problem of sustainability,
the long-term challenge for water supply is
to maintain steady growth in living stan-
dards without compromising the ability of
future generations to meet their own needs
and aspirations. Natural waters serve many
functions: They provide water supply for
domestic and industrial uses; for energy,
mining, and transportation; for agricul-
ture; and for recreation. They also supply
habitats for wildlife and aquatic life. Sus-
tainability requires keeping these compet-
ing needs in balance, managing our water
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Water Shortage in the United States

The degree of water shortage in an area can be defined as the total freshwater withdrawal
divided by the available precipitation (precipitation minus evapotranspiration), expressed as a
percentage. Freshwater withdrawals already exceed precipitation in many parts of the country,
with the most dramatic shortfalls in the Southwest, in the High Plains, in California, and in Florida.

(source: Solley et al./EPRI)



U.S. Freshwater Consumption

- Irrigation (80.6%)

_— Domestic (7.1%)
_— Commercial (1.2%)
—— Industrial (3.3%)
Thermoelectric (3.3%)
Mining (1.2%)
Livestock (3.3%)

While thermoelectric power generation accounts for roughly 40% of U.S. freshwater withdrawals,

much of this volume is used in once-though cooling systems, which return most of the water to the

source after use. Thus, power plants actually account for only about 3% of total consumption.

(source: Solley et al.)

resources more efficiently and more holis-
tically, finding innovative ways to conserve
and recycle water to meet growing demand,
keeping water in streams and water bodies
to protect the natural environment, and pre-
paring for possible changes in temperature
and precipitation from climate change.
Sustainability will require a major recon-
sideration of our water infrastructure and
management practices, according to Bob
Goldstein, EPRI’s technical executive for
water and ecosystems: “Our water infra-
structure was designed for a future that is
now in our past. We have three major
forces driving future water usage and qual-
ity—population pressures, environmental
protection, and uncertainty about future
climate—and our existing infrastructure
and inherited management practices are
not based on any of these three. As Yogi
Berra once said, “The future ain’t what it
used to be.” Consider the Colorado River
Compact. It was designed at a time—the
early twentieth century—that we now rec-
ognize from a historical perspective to have
been an extremely wet era in terms of run-
off. You total the existing allocations and
the sum is greater than the river flow.”
According to the report of the fourth In-
tergovernmental Panel on Climate Change,

precipitation patterns are likely to move
northward, and areas prone to drought,
such as the Colorado watershed, are likely
to become more arid as the twenty-first
century progresses. Some hydrologists
foresee the snowpack in the Sierra Nevada
declining by 25% by 2050, forcing large-
scale constraints on water consumption
in California. Nobody knows for certain
which areas of the country are likely to be-
come substantially wetter or drier, because
the predictive capabilities of climate mod-
eling are still too imprecise. Nevertheless,
long-term planning is beginning, and it
is apparent that moving fresh water over
longer distances will be easier than relo-
cating populations, businesses, and indus-
tries. This transport will almost certainly
require larger regional compacts among
multiple jurisdictions to manage water-
sheds on a shared basis and to help resolve
the political complexities of one region’s
subsidizing another’s water demand.

As one of the major users of water, elec-
tricity generation will be required to do its
part and, given its technical potential, to
take a leadership position in water conser-
vation. Far and away the largest use of water
by power plants is for cooling—that is, for
condensing the steam flowing out of the

turbine-generator and using the water to
carry the rejected heat into the atmosphere
via cooling towers or by using a water body
for once-through cooling. Other major uses
of water in the power plant include flue-
gas scrubbing, ash sluicing, boiler makeup,
gas turbine inlet cooling, dust control, and
“housekeeping” activities.

Power and Water Issues

Until the early 1970s, most power plants
were located next to a sizable body of water
or a major river to ensure adequate water
for cooling. These plants used once-through
cooling, a process that simply borrows the
water, uses it to condense the steam from
the turbine, and then returns it to the orig-
inal water body some 20°F warmer. While
highly efficient for cooling, the process has
the potential for a twofold impact on
aquatic life: fish entrainment and impinge-
ment at the front end of the process, and
thermal discharge at the back end. Newer
units have typically employed evaporative
cooling towers in a process known as wet
cooling, which withdraws less than 5% of
the water needed for once-through cool-
ing. As a result, fish entrainment is mini-
mized and thermal discharge significantly
reduced. There are, however, potentially
significant local and environmental trade-
offs with cooling towers, including dis-
charge of waterborne pollutants used to
control scaling and fouling, release of par-
ticulates in air emissions, salt drift, noise,
and aesthetic issues.

Over 30% (by capacity) of today’s fleet
of thermoelectric power plants still utilize
the once-through cooling process. The
result is that power generation accounts
for roughly 40% of freshwater withdrawals
in the United States—a figure comparable
to the withdrawal level of U.S. agricul-
ture—whereas it accounts for only about
3% of the country’s water consumption. It
is critical to recognize, however, that
although the once-through plant con-
sumes only a small fraction of the water it
withdraws, it needs the withdrawal to
operate. Hence, under drought conditions,
a generating plant may have to be shut
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down or severely curtailed in operation
because of its inability to withdraw a suffi-
cient amount of water to meet its thermal
discharge permit.

According to John Maulbetsch, a cool-
ing systems expert and EPRI consultant,
“We increasingly read and hear that water
is too precious to waste on cooling power
plants. This can be debated. However, we
need to realize that power plants can have
a major impact on local water availability.
A 1000-MW power plant with wet cooling
consumes approximately 10,000 gallons of
water a minute through evaporation. When
this requirement is imposed on a region
that already anticipates shortages for agri-
cultural and municipal needs, it is clearly
disruptive and the subject of controversy.”

In recent times, water has become a
more contentious siting issue for power

production—notably in the Southwest,

but elsewhere as well. In Idaho, for exam-
ple, two proposed power plants were
opposed by local interests because of the
impact on a key aquifer. The governor of
Tennessee imposed a moratorium on the
installation of new merchant power plants
because of cooling constraints. In response
to these situations, and in some cases to
expedite the siting process, some power
producers have moved beyond evaporative
cooling towers to the newer and more
expensive dry-cooling technologies. One
of the premier installations of dry cooling
is at the 1600-M'W Mystic generating sta-
tion situated on Boston Harbor; the driv-
ing concern in this case was the protection
of aquatic life, not water availability.

In the future, says Maulbetsch, “The
competition for water will require electric-
ity generators to address conservation of
fresh water. There are a number of avenues

The Break-Even Cost of Water

to consider. One is to use dry-cooling and
dry-scrubbing technologies. Another is to
find innovative ways to recycle water with-
in the power plant itself. A third is to find
and use alternative sources of water, includ-
ing wastewater supplies from municipali-
ties, agricultural runoff, brackish ground-
water, or seawater.” He points out that
all of these approaches alter the econom-
ics of power generation. Dry technologies
are usually more capital intensive and typi-
cally exact a penalty in terms of plant per-
formance, which in turn raises the cost of
power generation. On the other hand, if
the cost of water increases in response to
greater demand, the cost differences be-
tween dry and wet technologies will be
reduced.

Dry and Hybrid Technologies

More than 60 power generation facilities

Engineers evaluating the design of a power plant cooling system will
typically try o estimate the so-called breakeven cost of water—the
point where the tofal lifetime cost of dry cooling equals the total cost
of wet cooling. The capifal cost of a dry system will typically run four
times the cost of a comparable wet system but can be offset by de-
cades of reduced water consumption and the reduced associated
Ccosts.

Water costs include the cost of acquisition or purchase, the cost of
delivery, and the cost of treatment and discharge or disposal. Each of
these costs can vary by an order of magnitude, depending on plant
location, water source, and the requirements of the local jurisdiction.

The cost of acquiring water depends on the geographic region and
on whether water use is oversubscribed or undersubscribed in the lo-
cal area. It also depends on whether the water is purchased outright
on an annual basis, or whether the user is able to buy the water rights,
which entitle the owner fo an agreed number of acrefeet of water per
year in perpetuity. Water rights law is complex and varies dramati-
cally from sfate fo state, and the cost range is large. In New Mexico,
freshwater costs have increased to $70 per acrefoot for plant cooling
water. In California, where the cost of water is quite high, plants can
pay up fo $400 per acrefoot for reclaimed water (90% of freshwater
costs).

The costs of transporting water from the source to the power plant

site include the capital cost of the pipeline and the operating costs for
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pumping the water. Installation costs are affected by the length of the
pipeline and the route. Routes through urban areas can double or tri-
ple pipeline costs.

Treatment includes the initial cleanup for in-plant use and preparing
the used water for discharge or disposal. Costs are primarily for chem-
icals, power, maintenance, and labor. The level of treatment required
for the disposal of water and/or freatment solids can vary widely; if
the plant must operate in a zeroliquid-discharge mode, costs will be
at the high end of the range.

The complete cost picture for water acquisition, delivery, and treat-
ment is shown in the table. The range represents an order-ofmagni-
tude difference between low fotal cost and high cost. At the exireme,
the high cost represents an unlikely combination of negative factors—
poor-quality water requiring lengthy uphill pipeline transport to a zero-

discharge site. Future costs could be significantly higher.

U.S. Water Costs ($/1000 gal)

Minimum Llow Medium High
Acquisition <$0.01  $0.05 $0.15 $0.50
Delivery <$0.01 $0.13 $0.57 $1.20
Treatment,/ Disposal $0.10 $0.25 $1.00 $4.00
TOTAL ~$0.10  $0.43 $1.72 $5.70
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A once-through cooling system takes water directly from a source—a river,
lake, or ocean—uses it to condense exhaust steam from the turbine, and
then returns the water to the original source about 20°F warmer. Roughly
30% of U.S. thermoelectric capacity still uses once-through cooling.

in the United States now use
dry cooling in lieu of conven-
tional wet cooling. Most are rel-
atively small units, but there are
sizable units (>300 MW) using
air-cooled condensers in Cali-
fornia, Massachusetts, Nevada,
Wyoming, and New York.

The principal components of
a conventional wet-cooling sys-
tem are the condenser, the wet
tower, and the circulating water
system. The turbine exhaust
steam flows over the outside of
the condenser tubes, where it
gives up its heat to the water
inside the tubes. The warm
water in the tubes is then piped
to the cooling tower. From there
it lows downward through the
packing, or “fill,” which is de-
signed to break the water up
into small droplets or spread it
out into a thin film to maximize

Condensed steam to boiler

Makeup

Air-Cooled Condenser

Exhaust steam
rom turbine
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Ambient air Ambient air

Condensed
steam to boiler

Dry-cooled plants feed turbine exhaust steam into the large ducts of
an air-cooled condenser. As the steam passes down through the
condenser’s finned tubes, ambient air blown through the structure
condenses it and carries off its heat, working much the same way as
a automobile radiator. Dry-cooling systems typically exact a penalty

on power plant efficiency.

Wet-Cooling Tower
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In a wet-cooling system, hot water from the plant’s condenser is piped
to the top ofa cooling tower, where it flows downward through fill
material cooled by ambient air. Addition of makeup water is necessary

to replace water lost by evaporation and blowdown.

the surface area exposed to the

cooling air, which is drawn
through the tower by a large fan
or by natural convection. Evap-
oration typically carries off 85—
90% of the heat, and convec-
tion dissipates the remaining
10-15%. Roughly 2% of the
cooling water is lost through
evaporation, requiring continu-
ous addition of makeup water.
Since evaporation results in the
buildup of dissolved solids in
the circulating water, a portion
of the water is discharged as
“blowdown” to limit the con-
centration of these solids and
prevent the formation of min-
eral deposits, which can inter-
fere with the transfer of heat
from the condenser to the cool-
ing water.

Where water is at a premium
or its use restricted, the major
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Hybrid Cooling

Wet-Cooling Tower

To Boiler

Turbine

Air-Cooled Condenser

Hybrid cooling systems, which combine an air-cooled condenser with a wet-cooling tower, can

offset the efficiency disadvantage of all-dry systems. The wet system is used only on the hottest

days of the year, when dry systems are least efficient. Hybrids can economically reduce the

water that would be required by all-wet systems by as much as 80%.

alternative to wet cooling is dry cooling,
which uses an air-cooled condenser (ACC).
In a dry system, the steam from the tur-
bine is carried in large ducts to the ACC,
where the heat is transferred directly to the
air passing over the surface. In much the
same way cars, refrigerators, and electron-
ics expel their heat, the ACC uses a large
number of external fins to increase the sur-
face area exposed to the cooling air.

The ACC is normally designed in the
shape of an A-frame, with steam entering
along the apex and condensing as it passes
downward through finned tubes. There is
a key engineering advantage in keeping the
steam duct as short as possible to minimize
steam pressure losses. As a result, the ACC
is normally located near the turbine build-
ing itself.

Dry cooling offers distinct advantages in
terms of dramatically reducing water con-
sumption while increasing flexibility in
power plant siting. The capital cost of dry
cooling is considerably higher than that of
wet cooling, however, and the dry process
typically exacts a penalty on power plant
performance on the order of 2% (annual
average for an optimized system). For a few
hours on the very hottest days of the year,
efficiency penalties from dry cooling can
rise to more than 20%, requiring more fuel
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and increasing greenhouse gas emissions.

The capital and operating cost disadvan-
tage of dry cooling can be partially offset,
however, by the elimination of most water-
related costs. These include the costs of
acquisition, delivery, treatment, and dis-
charge and the cost of fish and marine life
protection. Sometimes it is not the cost or
availability of water that is driving the
decision to choose dry cooling, but rather
licensing delays because of concerns of the
community or agency over competing uses
of water.

The capital costs of cooling systems are
specific to the size and type of plant, but
the installation of dry cooling can cost
more than four times that of wet cooling
in hot, arid regions, dropping to a factor of
three in regions with cooler climates. This
is because dry systems are more inefficient
in hotter climates. For example, the capital
cost of a dry-cooling system for a 500-MW
combined-cycle plant could run $21 mil-
lion to $26 million, compared with $6
million to $7 million for a wet-cooling sys-
tem, depending on the location.

Wet- and dry-cooling systems can be
combined into hybrid systems to gain the
advantages of both and offset the disad-
vantages of each. A hybrid system can be
used, for example, to substantially reduce

the makeup water consumed in wet cool-
ing without incurring the large increases in
heat rate (and thus decreases in generating
capacity) associated with all-dry systems.
The capital costs tend to fall midway
between the all-dry and all-wet systems.

Hybrid systems designed for maximum
water conservation are essentially dry sys-
tems with just enough wet-cooling capa-
bility to prevent significant deterioration
in power plant efficiency during the hot-
test days of the year. Sometimes these sys-
tems are referred to as dry/wet-peaking
cooling tower systems. When temperatures
rise, the wet-cooling system is turned on,
improving heat rates and generation capac-
ity. These systems can economically reduce
the amount of water that would be required
by all-wet systems by as much as 80%.

In-Plant Conservation

The ongoing drive to conserve water has
been extended to a wide variety of innova-
tive processes to recover, recycle, and reuse
the water already in use in the power plant.
This approach calls for treating the water
to isolate and remove the contaminants
that invariably build up as the plant sys-
tems and subsystems perform their func-
tions, and sending the recovered water
back into use. The goal is to reduce the
amount of fresh water required for makeup
at the front end and to reach a point of
minimized water use or even zero dis-
charge at the back end.

Different uses in the plant have different
requirements for the purity of the water.
Maulbetsch says, “In general, if water is to
be treated for reuse, it is preferable to treat
it completely for the highest level of use
and then let the water cascade down to
lower-quality uses, rather than clean it up
just a little bit for an intended intermedi-
ate use.”

He points to one of the most highly
integrated water-recycling operations, now
in use at Public Service of New Mexico’s
San Juan generating station in the Four
Corners area. Six streams of wastewater
exit the plantand go through multipronged
treatment before reentering operations.



Boiler feedwater requires the highest qual-
ity, and the wastewater used for this pro-
cess goes through both distillation and
demineralization processes before heading
off to the boiler. The intermediate-quality
distilled water is sent to the cooling tower.
And the lowest-quality water is sent di-
rectly from the wastewater pond to the
limestone preparation operation. With
this integrated process, 97.5% of the water
consumed is evaporated in the tower or
goes up the stack; less than 1% ends up in
the evaporation pond for disposal.
Comparable technologies are being de-
veloped for conserving the water used for
flue gas scrubbing and ash handling, and
more-experimental techniques are expected
to recapture some of the water exiting in
the cooling tower plume or escaping up
the stack. In the traditional operation of a
flue gas scrubber, the sulfur dioxide is
removed from the flue gas by spraying a
limestone slurry into the gas stream. The
SO, reacts with the calcium in the slurry to
form calcium sulfate or sulfite, which falls
to the bottom as a wet solid. Some of the
water is separated out in a recycle tank and

Dry cooling has obvious advantages in water-constrained regions but may be a good choice

elsewhere as well. For example, the Mystic generating station on Boston Harbor chose a dry

system over once-through cooling to avoid concerns over possible impacts on aquatic life.

sent back to the scrubber; some is lost
through evaporation up the stack; and the
remainder stays with the wet solids, which
are either landfilled or used commercially
for materials such as gypsum wallboard.
One option for reducing the amount of
water lost through traditional scrubbing

Water Needs for U.S. Thermoelectric Power
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The efficiency of U.S. water use has improved substantially over the last half century. While the

volume of water withdrawn for power plant needs has increased by a factor of 5 since 1950, the

amount of power generated has grown even fasfer—by a factor of 15. As a result, the water

withdrawn per megawatthour has decreased by more than two-thirds. (source: Limno-Tech, Inc.)

involves cooling the flue gas before scrub-
bing. Reducing the stack gas temperature
by 25°F can reduce evaporative losses by
15-20%. Another option for some plants
is an alternative SO, dry-scrubbing process
in which an alkaline reagent is atomized
and sprayed into the hot flue gas to absorb
the SO,. About 20% less water is used in
this process than in wet scrubbing, and the
residue comes out as a dry product that is
airborne, rather than as a wet solid. The
dry material in the flue gas is captured by
a particulate control device, typically a
baghouse.

Alternative Sources of Water
Alternative water supplies offer significant
opportunities for power plants to limit
their use of fresh water. Potential sources
include municipal effluent, wastewater
from industrial operations, water brought
up by oil and gas production, and agricul-
tural runoff, as well as brackish ground-
water and seawater. According to the De-
partment of Energy, “With wastewater
reclamation and desalinization growing at
rates of 15% and 10%, respectively, non-
traditional water consumption could well
equal freshwater consumption in the U.S.
within 30 years.”

Municipal wastewater undergoes exten-
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sive treatment in the 25,000 municipal
effluent facilities in the United States. Typ-
ically, the treated water is then discharged
into waterways or allowed to percolate in
disposal ponds. Only about 8% of the 32
billion gallons per day (BGD) of treated
“gray water” is reclaimed or recycled. Gray
water represents one of the largest untapped
resources of relatively clean water for the
future, and its use is projected by DOE to
grow from 2.6 BGD in 2006 to 12 BGD
by 2015.

Mike DiFilippo, a recognized power in-
dustry water chemist, says that municipal
wastewater was first used for power plant
cooling over 40 years ago. “Initially, only a
few plants in California, Texas, and Florida
used municipal effluent for cooling,” he
says. “But in the past 10 years, the use of
this resource has increased dramatically, and
hundreds of plants are using municipal
effluent today. There are several zero-dis-
charge or near-zero-discharge plants using
municipal effluent in the Southwest.” Zero
liquid discharge (ZLD) plants have no
water discharge to a receiving water body.

DiFilippo points out that the technical

and economic issues in using municipal

wastewater vary by plant and location:
“Depending on the plant and the final dis-
position of the plant’s wastewater stream,
the use of municipal effluent can be rela-
tively simple. At plants where municipal
effluent is used in lieu of fresh water and
where cooling tower blowdown can be dis-
charged directly, municipal effluent is
often incorporated easily into plant opera-
tions. In these scenarios, the plant metal-
lurgy must be compatible with the treated
effluent. At ZLD plants, municipal efflu-
ent is generally more costly to use, but this
depends on the freshwater source.”

Some of the pioneers in using municipal
wastewater include Burbank Power and the
Delta Energy Center in California, South-
western Public Service in Texas, Lakeland
Electric in Florida, Public Service Electric
and Gas in New Jersey, AES Granite Ridge
in New Hampshire, and the Palo Verde
nuclear generating station in Arizona.

At Palo Verde, gray water has been used
for cooling the three-unit, 3875-MW
plant for over 20 years. The gray water is
pumped 35 miles from Phoenix, put
through an additional (tertiary) stage of
treatment, and then stored in a large (760-

U.S. Nonagricultural Water Consumption

N
o

w
(@]
|

Wastewater Reuse

w

o
I

Projected Water Consumption (billion gal/d)
Y
)

Fresh Water

1995 2005

2015

2025 2035

Alternative water supplies offer significant opportunities for power plants to limit their use of fresh

water. Nonagricultural water consumption is expected to double in the next 30 years, and most of

the increase will come from treated wastewater. (source: DOE)
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million-gallon) lined reservoir. The treat-
ment process is elaborate. Effluent is put
through trickling filters to reduce ammo-
nia content and adjust alkalinity. Clarifiers
are used to remove phosphates and magne-
sium. Chemicals are used to reduce the
level of calcium carbonate, which other-
wise would tend to cause a buildup of
scale. Finally, gravity filters are used to
remove any remaining suspended solids.

There are large brackish groundwater
aquifers throughout much of the interior
United States. Texas alone, for example,
has an estimated 2.5 billion acre-feet of
such water, the equivalent of a thousand-
year withdrawal at a level equal to 10%
of current U.S. freshwater consumption.
Treatment costs can range from $1.50 to
$3.00 per 1000 gallons, depending largely
on salinity, which varies greatly by region
from 1000 parts per million (ppm) to
20,000 ppm. Brackish groundwater can
also contain high levels of scale-causing
compounds, such as carbonate, sulfate,
and silica.

Seawater has been used for power plant
cooling for decades along the coasts. Its use
today is estimated at around 60 BGD.
Salinity levels are quite high but are offset
by low levels of carbonate, sulfate, and sil-
ica, which cause scaling. The real impedi-
ment to future use of seawater is the eco-
logical impacts, including the entrainment
and impingement of various organisms at
the intake structure, the effects of the ther-
mal effluent streams, and the public’s grow-
ing desire for industry-free coastlines.

Another option is use of produced water,
a byproduct of oil, gas, and mining opera-
tions. “On average, a barrel of oil brings up
about six barrels of produced water, repre-
senting a significant source for the future,”
says DiFilippo. “The quality varies greatly
by region and by local geology, with salin-
ity levels ranging from 500 ppm to over
400,000 ppm. Produced water can also
have high levels of organics and soluble
hydrocarbons, and water from mining
operations may contain heavy metals and

naturally occurring radioactive materials.”



R&D Priorities

The U.S. power industry and our entire

society are facing more and more pressure

to use less and less water. According to

Bob Goldstein, “As a society, we should

manage this issue proactively, intensively,

and in an integrated manner. A key is to
approach the issues not only on a facility-
by-facility basis—a power plant, a munici-
pal treatment center, a bottling plant—but

also holistically, recognizing that water is a

shared community resource. Every sector

of the economy and society has a stake in
sustainable water use.”

Goldstein points out that whether the
industry pursues water management pro-
actively or reactively, it still needs the tools
that science and technology can provide.
EPRI is developing a comprehensive $35
million R&D strategy based on business
and economic considerations for the power
industry. The strategy includes five pri-
mary elements:

e Developing and applying an engineer-
ing and economic framework for evalu-
ating new water-conserving power plant
technologies

e Improving dry and hybrid cooling
technologies

¢ Reducing water losses in cooling towers

e Effectively using degraded water sources
for plant operations

® Developing water resource assessment
and management decision support tools
One key element of the strategy is to

reduce the hot-weather loss of cooling effi-

ciency for air-cooled condensers. A second
is to recapture water now lost as vapor

from cooling towers. A third is to build a

decision support framework for water

management that takes into account the
physical flow of water throughout an entire
watershed; this would be an extension of

EPRI’s pioneering work in watershed

assessment and management with respect

to acid rain, eutrophication, and bioaccu-
mulation of mercury in fish.

Goldstein envisions that EPRI will im-
plement the power industry’s R&D strat-
egy through partnering with government
entities and other stakeholder groups.

The Palo Verde nuclear generating station near Phoenix has been using treated municipal

effluent—so-called gray water—to meet its plant cooling needs for over 20 years. The effluent is

stored on-site in a 760-million-gallon lined reservoir.

Over the last several years, EPRI has pub-
lished a dozen reports resulting from its
studies of electric power and water sustain-
ability. A significant portion of this work
was cofunded by DOE, the California En-
ergy Commission, and EPRI’s Technology
Innovation Program. EPRI has also worked
closely with the national energy laborato-
ries on the Energy-Water Nexus Report to
Congress, the Energy-Water Nexus Re-
search Roadmap, and the ZeroNet Re-
search Initiative and has collaborated with
Electricité de France on creating and test-
ing risk management tools to address the
impacts of climate change on water avail-
ability for electric power generation.

This year, a new study—with the sup-
port of EPRIs Technology Innovation
Program; EPRI’s Environment, Genera-
tion, and Nuclear sectors; and Electricité
de France—will examine the application of
air-cooled condensers to nuclear plants, the
coupling of an ammonia cycle to a steam
cycle to increase water-use efficiency, and
the means of reducing wind interference
with the operation of dry-cooling towers.

The U.S. electric power industry, in part-
nership with EPRI, is at the forefront of
addressing the issue of managing water at
its facilities. It has pioneered the use of
alternative sources of water, designed and

operated plants that minimize water use,
and where practical, employed the use of
dry and hybrid systems for cooling. In the
face of growing national demands for fresh
water, the power industry will continue to
pursue its commitment to reducing water
consumption.

This article was written by Brent Barker.
Background information was provided by

Robert Goldstein (rogoldst@epri.com) and
John Maulbetsch (maulbets@sbcglobal.net).
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. Technology at Work

EPRI Helps KCP&L Improve
Transformer Management
Kansas City Power & Light is facing a
challenge common to many utilities:
managing fleets of aging substation trans-
formers that were installed during the
1960s and 1970s and are approaching the
end of their design life. During the *80s
and ’90s, the failure rates of these
“boomer generation” transformers
were low and predictably steady
from year to year. With advancing
age, however, the transformer
fleet’s failure rate has become more
difficult to predict and thus more
of a challenge for allocating
resources and making sound deci-
sions about repair and replace-
ment. KCP&L sought a fresh
approach to managing its aging
transformer fleet—an approach
that would offer a better way to
predict failures, maximize return
on investment, and help develop business
cases to illuminate the costs and benefits
of transformer management options.
Chris Kurtz, KCP&Ls manager of substa-
tion construction and maintenance,
found the approach he was looking for in
a supplemental project offered by EPRI’s
Substations Program.

The project’s first phase aimed to
improve the accuracy of transformer
failure prediction. Researchers analyzed
data for a 50-MVA dual-winding unit,
one of KCP&Ls standard transformers
for area supply substations. The data
included the transformer manufacturer,
the date of manufacture, and operating
data such as loading records, maintenance
history, diagnostic test results, location,
and age at time of failure. The project
team then used the data to formulate and
feed a probabilistic model that predicted
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future failure rates for that specific class of
transformer. The results included the
probable lifespan of units that had already
failed and been repaired—an important
piece of information, since KCP&L com-
monly opted to repair transformers rather
than go with the higher-cost option of
purchasing a brand-new unit.

Phase one demonstrated the feasibility

and potential of this approach. Early
modeling showed, for example, that the
lifespan of a repaired transformer is much
shorter than that of a new transformer.
What was still needed, however, was the
capability to use this approach to develop
business cases that would provide a quan-
titative basis for transformer management
decisions. To that end, phase two of the
project refined the mathematical models
and expanded them to include a second
class of transformer, a 30-MVA single-
winding design that is KCP&Ls current
standard. The project team then com-
bined the failure prediction modeling
with financial analysis to evaluate several
strategies: continuing the present practice
of rebuilding failed transformers, replac-
ing all failed units with transformers of
improved design, proactively replacing

Member applications of EPRI
science and technology

existing rebuilt units, and using diag-
nostics or other means to facilitate
life extension.

The study showed that replacing failed
transformers with a new design was
clearly the preferred option, resulting in
far fewer failures and projected savings of
$7 million to $15 million, depending on
the interest rate. Moreover, the
project team was surprised to
learn that the preferred new
design was not an improved 30-
MVA single-winding transformer,
but rather a new 50-MVA single-
winding unit that was more com-
patible with the utility’s existing
substation facilities. “We're mak-
ing better business decisions today
than we would have if we had not
done this project,” says KCP&Ls
Kurtz. “And the study findings
came at an opportune time:
recent increases in transformer
prices would have made the repair option
more tempting if the business cases hadn’t
demonstrated that buying new trans-
formers saves a lot more money in the
long run.”

A key lesson from the project is that
acquiring sufficient transformer data
presents a significant technical hurdle.
Since most utilities have relatively small
populations of the same transformer
type, it is difficult to generate statistically
valid decision support data. To address
this challenge, KCP&L is participating
in another EPRI supplemental project to
develop an industrywide equipment
performance database (IDB) for trans-
formers. The IDB will provide a means
of sharing data confidentially among
participating utilities to support risk-
informed asset management decisions.
Drawing on a broad cache of utility



experience, the data will be statistically
valid and will include equipment design,
operational and maintenance history, and
failure mode. Decision makers will be
able to run analyses on the basis of spe-
cific transformer class, make, model, age,
application, and risk profile.

The methodology and new database
will allow any utility to benefit from
KCP&L project results, helping provide a
rational, quantitative basis for asset man-
agement decisions that improve reliabil-
ity and benefit the company’s bottom
line. And as Kurtz points out, the risk
characterization methodology is not
limited to transformers: “This approach
could readily be used for other types
of high-dollar assets throughout the util-
ity environment.”

For more information, contact Bhavin

Desai, bdesai@epri.com.

PSE&G Transfers Experts’
Knowledge With EPRI
Methodology
Public Service Electric & Gas, like many
utilities, is swimming against a demo-
graphic tide. Seasoned employees are
retiring and taking their knowledge and
experience with them. Hiring new
workers helps stem the loss of some
skilled personnel, but PSE&G is espe-
cially concerned about losing the rare,
mission-critical knowledge residing in
the minds of just a few power system
experts. These veteran engineers possess
a deep and broad understanding of
PSE&G’s complex power system—both
the equipment installed in the early 20th
century and the latest microprocessor-
based devices. With their knowledge
and historical perspective, these veterans
have developed special ways of analyzing
and solving problems—ways that are not
taught in schools or found in books.
Capturing and transferring such
knowledge is inherently difficult, and
commonly used approaches are seldom
effective. Training and mentoring, for

example, take years, and such person-to-
person transfer doesn't make knowledge
broadly accessible or preserve it for future
generations. Unstructured attempts at
knowledge capture—such as asking
departing experts to write down what
they know—typically fail to impart the
decision processes that experts use when
evaluating complex technical problems.

PSE&G turned to EPRI’s Human
Performance Technology Program to find
a more effective way to preserve such
knowledge and make it widely available
to company personnel. The EPRI pro-
gram has developed tools and a unique
streamlined process for achieving just
this end. The process has three steps: it
identifies the knowledge to be captured,
it determines which tools in the exten-
sive toolbox would be the most effective
at capturing the identified expertise,
and it uses the tools to create knowledge
modules that can be easily transferred
to others.

EPRI worked with PSE&G to apply
the process to capture the specialized
knowledge of retiring experts in the areas

of system protection and pipe-type cables.

After identifying PSE&G’s expectations
and objectives, the EPRI team met with

each expert in a series of structured inter-
view sessions to elicit their knowledge
and identify additional knowledge

resources. The team also interviewed the

prospective users of the captured knowl-
edge to determine their actual needs.

The interview sessions helped illumi-
nate the knowledge transfer challenges in
each area. The system protection expert,
for example, had an intimate historical
understanding of the system’s relay pro-
tection scheme and drew upon that
knowledge when troubleshooting or
analyzing events. Thus, the knowledge
modules the EPRI team developed for
this area included both text—an overview
of asset management functions and an
“analysis of events” document that
describes the expert’s thought processes—
and an Excel spreadsheet matrix that
includes relay protection schemes, types
of equipment protected, and voltage
levels, as well as historical information for
specific protection schemes.

For the pipe-type cable case, the expert
had a “big-picture awareness” of the
PSE&G underground transmission net-
work that enabled him to diagnose
problems with an accuracy that eluded
less-experienced operators. To capture
this capability, the team developed a series
of concept maps—graphical representa-
tions of knowledge that depict con-
cepts and the relationships among
them. The concept maps represent the
big-picture perspective and outline
step-by-step thought processes for
diagnosis that senior experts had
acquired over many years of experience
with the PSE&G underground trans-
mission system.

PSE&G is in the process of placing
these knowledge modules on the
company’s intranet to provide field
personnel with fast access to expert
information that will help them solve
problems. The company intends for
the new knowledge web sites to be live,
working documents that PSE&G engi-
neers will continually populate with new
knowledge as it is obtained.

For more information, contact David

Ziebell, dziebell@egri. com.
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- International

Nuclear Research

Priorities for the

Twenty-First Century

The perspective that international mem-
bers bring to EPRI strengthens the value,
scope, and applicability of nuclear
research activities and provides insight
into new research directions that have
global impact. As part of this evolving
international collaboration, EPRI and
Electricité de France (EDF) jointly hosted
EPRI’s Nuclear Power Council (NPC)
meeting in Paris in early June.

The meeting’s main purpose was to
discuss global research priorities related to
nuclear energy, enabling senior executives
to step away from day-to-day tactical
concerns and focus on long-term strate-
gies to support nuclear expansion. The
meeting included representatives from
more than 30 utilities responsible for
operating the majority of nuclear plants
in the United States, Europe, South
America, Africa, and Japan.

Material and Component Performance
During the meeting, NPC participants
concluded that continued long-term
performance excellence will require the
development and deployment of robust
predictive tools that are based on
improved understanding of fundamen-
tal degradation mechanisms. In particu-
lar, utilities emphasized the need for
monitoring and forecasting tools to
guide detection, repair, and/or replace-
ment decisions.

Acute issues that would benefit from
additional R&D include stress corrosion
cracking, transformer failures, thermal
fatigue, and high-cycle fatigue. Chronic
issues include boric acid corrosion of
steel, electric cable aging, underground
piping corrosion, concrete aging,

EPRI JOURNAL

embrittlement in cast stainless steel, and
component obsolescence.

Workforce Challenges
NPC participants discussed the difficulty
of maintaining high plant performance
levels while replacing a large proportion
of existing staff and concurrently educat-
ing and training the necessary workforce
to support new construction. EDE for
example, expects to replace 36% of its
workforce over the next seven years—a
turnover of more than 9000 people.
NPC participants offered several solu-
tions: developing technologies that reduce
plant staffing but may require new skill
sets, using R&D activities to attract
young people to the nuclear field to com-
plete their education and initiate training,
improving the capture and transfer of
expert knowledge, and enhancing interac-
tions with universities and technology
institutes to promote nuclear energy to
prospective engineers and skilled craft
workers. Employing a combination of
these options is seen as the best approach,
with the most-effective choices differing
from country to country.

Fuel Reprocessing

Presentations during the NPC meeting
addressed key technical issues associated
with fuel cycles, both open (spent fuel
storage and repositories) and closed (fuel
reprocessing and breeder reactors). Criti-
cal considerations included the availabil-
ity of uranium, the retrievability of fuel
from repositories, the matching of spent
fuel management with commercial reac-
tor deployment strategies, and public
acceptance. Participants proposed that an
independent review of reprocessing and
storage technologies be undertaken to
quantify the associated risks and costs.

Energy developments
around the globe

Advanced Nuclear Reactor Designs
Advanced nuclear reactor designs—such
as the Generation IV reactors proposed
for commercialization in 20 to 40 years—
feature a number of attractive capabili-
ties: enhanced safety systems, minimal
waste generation, proliferation resistance,
and for some designs, compatibility

with process heat recovery and hydro-
gen production.

While participating governments will
continue to be largely responsible for
moving Generation IV designs forward,
EPRI can provide oversight to ensure that
the new designs effectively integrate
improvements in passive safety and secu-
rity features, operating experience (e.g.,
materials), open licensing, reduced con-
struction time, and advanced fuel designs
and cycles.

Common Issues

The NPC meeting reiterated the small-
community nature of nuclear power. The
high degree of technical complexity and
considerable regulatory oversight associ-
ated with nuclear energy dictate that
plant owners face many issues from a
common vantage point. In such an envi-
ronment, increased international coopera-
tion is critical for all parties, adding per-
spective that is ultimately converted into
technologies and practices of value to the
entire community.

The seminar confirmed that EPRI is
well positioned to play a leadership role
in fostering this cooperation; one particu-
larly important task will be integrating
many of the solutions developed for
existing nuclear plant problems into
improved designs and associated operat-
ing and maintenance protocols for new
plants before, during, and after the con-
struction process.



. Technical Reports & Software

For more information, contact the EPRI

Customer Assistance Center at 800.313.3774
(askepri@epri.com). Visit EPRI's web site to

download PDF versions of technical reports

(www.epri.com).

Environment

Ammonia Impacts on Fly Ash Pond Metals
and Toxicity

1012536 (Technical Report)

Program: Mercury Metals and Organics in
Aquatic Environments

EPRI Project Manager: Richard Carlton

Effects of Fluctuating Temperatures on Fish
Health and Survival

1012545 (Technical Report)

Program: Section 316(a) and 316(b) Fish
Protection Issues

EPRI Project Manager: Robert A. Goldstein

Electric Transmission Right-of-Way Post-
Blackout Vegetation Management Strategies
1012551 (Technical Report)

Program: Rights-of-Way Environmental Issues in
Siting Development and Management

EPRI Project Manager: John Goodrich-Mahoney

ROW 2.0—Right-of-Way Environmental
Stewardship Bibliographic Database,

Version 2.0

1012555 (Software)

Program: Rights-of-Way Environmental Issues in
Siting Development and Management

EPRI Project Manager: John Goodrich-Mahoney

Mercury in the Environment

1012572 (Technical Report)

Program: Air Toxics Health and Risk Assessment
EPRI Project Manager: Leonard Levin

EPRI Regional Haze Research
1012575 (Technical Report)

Program: Assessment Tools for Ozone
Particulate Matter and Haze

EPRI Project Manager: Naresh Kumar

Application of Dense Non-Aqueous Phase
Liquid Containment Barriers at Manufactured
Gas Plant Sites

1012588 (Technical Report)

Program: MGP Site Management

EPRI Project Manager: James Lingle

Coal Tar and Bedrock

1012593 (Technical Report)

Program: MGP Site Management

EPRI Project Manager: Andrew Jay Coleman

Hybrid lon Exchange Material for the Removal
of Arsenic From Water

1012603 (Technical Report)

Program: Transmission and Distribution Soil and
Water Issues

EPRI Project Manager: Mary E. Mclearn

Program on Technology Innovation: A New
Dosimetric Basis for RF Exposure Compliance
Assessment

1013312 (Technical Report)

Programs: EMF Health Assessment and

RF Safety; Technology Innovation

EPRI Project Manager: Robert I. Kavet

Field Evaluation of the Comanagement of
Utility Low-Volume Wastes With High-Volume
Coal Combustion By-Products: LS Site
1014050 (Technical Report)

Program: Coal Combustion Products—
Environmental Issues

EPRI Project Manager: Kenneth J. Ladwig

Program on Technology Innovation: Economic
Analysis of California Climate Initiatives—An

Integrated Approach

1014641 (Technical Report)

Programs: Global Climate Change Policy Costs
and Benefits; Technology Innovation

EPRI Project Manager: Larry J. Williams

Program on Technology Innovation: Water
Quality Trading Program for Nitrogen
1014646 (Technical Report)

Programs: Watershed Management and Water
Resource Sustainability; Technology Innovation
EPRI Project Manager: Jessica Anne Fox

LARK-TRIPP RY2006, Version 1.0

1014695 (Software)

Program: PISCES —Plant Multimedia Toxics
Characterization

EPRI Project Manager: Naomi Lynn Goodman

MANAGES 3.0 Demo, Groundwater Data
Management and Evaluation Software,
Version 3.0

1014711 (Software)

Program: Groundwater Protection and Coal
Combustion Products Management

EPRI Project Manager: Kenneth J. Ladwig

Program on Technology Innovation: Evaluation
of the Scientific Evidence for a Toxicological
Interaction Between Lead and Methylmercury
1014727 (Technical Report)

Programs: Air Toxics Health and Risk Assess-
ment; Technology Innovation

EPRI Project Manager: Leonard Levin

Case Studies in Ash Pond Management,
Volume 2

1014752 (Technical Report)

Program: Integrated Facilities Water
Management

EPRI Project Manager: Richard Carlton

Assessment of Waterpower Potential and
Development Needs

1014762 (Technical Report)

Program: Hydropower Environmental Issues
EPRI Project Manager: Douglas A. Dixon

Structural Steel Attenuation of External
Magnetic Fields in Buildings

1014858 (Technical Report)

Program: EMF Health Assessment and RF Safety
EPRI Project Manager: Robert I. Kavet

Electric Energy Industry Workforce: Trends in
Motor Vehicle Crashes

1014880 (Technical Report)

Program: Occupational Health and Safety
EPRI Project Manager: Gabor Mezei

Generation

FAST 1.0—Flow Path Analysis for Steam
Turbines, Version 1.0

1004565 (Software)

Program: Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Alan Joseph Grunsky

Understanding Mercury Chemistry Via NEA
Model: Summary Results

1010352 (Technical Report)

Program: Integrated Environmental Controls
(Hg, SO,, NO,, and Particulate)

EPRI Project Manager: George R. Offen

Guidelines for New High-Reliability

Fossil Plants

1012203 (Technical Report)

Program: Boiler and Turbine Steam and Cycle
Chemistry

EPRI Project Manager: Barry Dooley
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Development of Model to Predict Stress
Corrosion Cracking and Corrosion Fatigue of
Low-Pressure Turbine Components

1012204 (Technical Report)

Programs: Boiler and Turbine Steam and Cycle
Chemistry; Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Barry Dooley

Development of Steam Phase Sensors
1012206 (Technical Report)

Programs: Boiler and Turbine Steam and Cycle
Chemistry; Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Barry Dooley

Boiler Water Deposition Model for Fossil-
Fueled Power Plants

1012207 (Technical Report)

Program: Boiler and Turbine Steam and Cycle
Chemistry

EPRI Project Manager: Kevin Shields

Fossil Plant Cycle Chemistry Instrumentation
and Control —State-of-Knowledge Assessment
1012209 (Technical Report)

Program: Boiler and Turbine Steam and Cycle
Chemistry

EPRI Project Manager: Barry Dooley

Simulated Boiler Corrosion Studies Using
Electrochemical Techniques

1012210 (Technical Report)

Program: Boiler and Turbine Steam and Cycle
Chemistry

EPRI Project Manager: Barry Dooley

Guidelines for Reducing the Time and Cost of
Turbine-Generator Maintenance Overhauls
and Inspections 2006

1012212 (Technical Report)

Program: Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Alan Joseph Grunsky

Avutomated Control System Tuning
Demonstration

1012254 (Technical Report)

Program: 1&C and Automation for Improved
Plant Operations

EPRI Project Manager: Aaron James Hussey

Large-Particle Ash Mitigation Methods
1012660 (Technical Report)

Program: Post-Combustion NO, Control
EPRI Project Manager: David R. Broske

2006 Workshop on Selective Catalytic

Reduction

1012665 (Technical Report)

Program: Post-Combustion NO, Control
EPRI Project Manager: David R. Broske

EPRIswitch and Other State-of-the-Art Power
Supplies and Controllers for ESPs

1012682 (Technical Report)

Program: Particulate and Opacity Control
EPRI Project Manager: Ralph F. Altman
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Electrostatic Precipitator Performance
Modeling of High-Carbon Ash Using
EPRI's ESPM

1012685 (Technical Report)

Program: Particulate and Opacity Control
EPRI Project Manager: Ralph F. Altman

Continuous Mercury Monitoring Guidelines
1012691 (Technical Report)

Program: Continuous Emissions Monitoring
EPRI Project Manager: Charles E. Dene

MIE 1.0—Gas Turbine Maintenance Interval
Estimator, Version 1.0

1012702 (Software)

Program: Combustion Turbine (CT) and
Combined-Cycle (CC) O&M

EPRI Project Manager: Leonard C. Angello

Gas Turbine Overhaul Plan (GTOP) for 11N2,
Version 1.0

1012711 (Software)

Program: Combustion Turbine (CT) and
Combined-Cycle (CC) O&M

EPRI Project Manager: John R. Scheibel

CTCC O&M Cost Analyzer 6.0—Combustion
Turbine/Combined-Cycle Operations and
Maintenance Cost Analyzer, Version 6.0
1012717 (Software)

Program: New Combustion Turbine/Combined-
Cycle Design, Repowering, and Risk Mitigation
EPRI Project Manager: Dale S. Grace

Renewable Energy Technical Assessment
Guide: TAG-RE—2006

1012722 (Technical Report)

Program: Renewable Energy Technology and
Strategy

EPRI Project Manager: Charles R. McGowin

Boiler and Heat Recovery Steam Generator
Tube Failures: Theory and Practice

1012757 (Technical Report)

Programs: Boiler Life and Availability Improve-
ment; Boiler and Turbine Steam and Cycle
Chemistry; Heat Recovery Steam Generator
(HRSG) Dependability

EPRI Project Manager: Barry Dooley

Evaluating and Avoiding Heat Recovery Steam
Generator Tube Damage Caused by Duct
Burners

1012758 (Technical Report)

Program: Heat Recovery Steam Generator
(HRSG) Dependability

EPRI Project Manager: Barry Dooley

Guidelines for the Nondestructive Examination
of Heat Recovery Steam Generators

1012759 (Technical Report)

Program: Heat Recovery Steam Generator
(HRSG) Dependability

EPRI Project Manager: Stan M. Walker

Guidelines for Obtaining and Using Operating
Experience at Fossil Power Plants

1012783 (Technical Report)

Program: Operations Management and
Technology

EPRI Project Manager: C. Wayne Crawford

Human Performance —Fossil Operations
1012786 (Technical Report)

Program: Operations Management and
Technology

EPRI Project Manager: C. Wayne Crawford

Management of Operational Limits
1012788 (Technical Report)

Program: Operations Management and
Technology

EPRI Project Manager: C. Wayne Crawford

SOAPP-CT Workstation, Version 8
1013298 (Software)

Program: SOAPP Software

EPRI Project Manager: Dale S. Grace

Demonstration of Automation on a Combined-
Cycle Plant

1013344 (Technical Report)

Program: 1&C and Automation for Improved
Plant Operations

EPRI Project Manager: Aaron James Hussey

FGD Chemistry and Analytical Methods
Handbook

1013347 (Technical Report)

Program: Integrated Environmental Controls
(Hg, SO,, NO,, and Particulate)

EPRI Project Manager: Charles E. Dene

The Grades 11 and 12 Low-Alloy Steel
Handbook

1013358 (Technical Report)

Program: Fossil Materials and Repair
EPRI Project Manager: David W. Gandy

Main Generator Rotor Maintenance
1013458 (Technical Report)

Program: Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Jan Stein

Plant Guide to Turbine Disk Rim Inspection
1013459 (Technical Report)

Program: Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Paul Zayicek

Torsional Interaction Between Electrical
Network Phenomena and Turbine-Generator
Shafts

1013460 (Technical Report)

Program: Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Jan Stein



Turbine Overspeed Trip Modernization
1013461 (Technical Report)

Program: Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Stephen H. Hesler

Turbine-Generator Auxiliary Systems,
Volume 2: Turbine Steam Seal System
Maintenance Guide

1013462 (Technical Report)

Program: Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Alan Joseph Grunsky

Hydropower to Hydrogen: Feasibility Study
1014383 (Technical Report)

Program: Hydrogen-Electric Economy

EPRI Project Manager: David Thimsen

Proceedings: Impacts of Fuel Quality on Power
Production

1014551 (Technical Report)

Program: Combustion Performance and

NO, Control

EPRI Project Manager: David C. O’Connor

Small-Scale, Biomass-Fired Gas Turbine Plants
Suitable for Distributed and Mobile Power
Generation

1014594 (Technical Report)

Programs: Coal Fleet for Tomorrow—Future
Coal Generation Options; Renewable Energy
Technology and Strategy

EPRI Project Manager: John Wheeldon

SOAPP-CT O&M Cost Estimator, State-of-the-
Art Power Plant Combustion Turbine/
Combined-Cycle Operations and Maintenance
Cost Estimator, Version 3.5

1014612 (Software)

Program: SOAPP Software

EPRI Project Manager: Dale S. Grace

Carbon Steel Handbook

1014670 (Technical Report)

Program: Fossil Materials and Repair
EPRI Project Manager: David W. Gandy

State-of-Knowledge Assessment of Residual
Oil Nickel Emissions

1014691 (Technical Report)

Program: Combustion Performance and
NO, Control

EPRI Project Manager: Anthony Facchiano

Coal Distribution Assessment at Martin Lake
Unit 1

1014723 (Technical Report)

Program: Combustion Performance and

NO, Control

EPRI Project Manager: Jose C. Sanchez

Guidelines for Reducing the Time and Cost of
Turbine-Generator Maintenance Overhauls
and Inspections 2006, Volume 4: Turbine-
Generator Component Procurement
Specifications

1014729 (Technical Report)

Program: Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Alan Joseph Grunsky

Guidelines for Reducing the Time and Cost of
Turbine-Generator Maintenance Overhauls
and Inspections 2006, Volume 1: General
Practices

1014730 (Technical Report)

Program: Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Alan Joseph Grunsky

Guidelines for Reducing the Time and Cost of
Turbine-Generator Maintenance Overhauls
and Inspections 2006, Volume 5: Directory
and Engineering Database for Large Steam
Turbines

1014731 (Technical Report)

Program: Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Alan Joseph Grunsky

CatReact, Version 1.1a

1014740 (Software)

Program: Post-Combustion NO, Control
EPRI Project Manager: David R. Broske

Program on Technology Innovation: Detection
of Circumferential Cracking in Weld Overlays
on Boiler Tubes

1014741 (Technical Report)

Programs: Combustion Performance and

NO, Control; Technology Innovation

EPRI Project Manager: Jose C. Sanchez

2007 EPRI Heat Rate Improvement Conference
Proceedings

1014799 (Technical Report)

Program: Combustion Performance and

NO, Control

EPRI Project Manager: Jeffrey Stallings

Program on Technology Innovation: Redesign
of the Alden/Concepts NREC Helical Turbine
for Increased Power Density and Fish Survival
1014810 (Technical Report)

Programs: Hydropower Environmental Issues;
Hydropower Emerging Issues and Technologies;
Technology Innovation

EPRI Project Manager: Douglas A. Dixon

Electrochemical Corrosion Potential (ECP) of
Hollow Copper Strands in Water-Cooled
Generators

1014813 (Technical Report)

Program: Steam Turbines, Generators, and
Balance-of-Plant

EPRI Project Manager: Jan Stein

Proceedings: Eighth International Conference
on Cycle Chemistry in Fossil and Combined-
Cycle Plants with Heat Recovery Steam
Generators, June 20-22, 2006, Calgary,
Alberta, Canada

1014831 (Technical Report)

Programs: Boiler and Turbine Steam and Cycle
Chemistry; Heat Recovery Steam Generator
(HRSG) Dependability

EPRI Project Manager: Barry Dooley

Biodiesel Co-Firing—Field Demonstration
Results

1014844 (Technical Report)

Program: Renewable and Hydropower
Generation

EPRI Project Manager: Anthony Facchiano

Nuclear

Verification and Validation of Selected Fire
Models for Nuclear Power Plant Applications
1011999 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Robert Kassawara

Automated Eddy Current Data Analysis
Software, Version 3.0

1013366 (Software)

Program: Nuclear Power

EPRI Project Manager: James M. Benson

Automated Analysis of Rotating-Probe Eddy-
Current Data

1013386 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: James M. Benson

BWRVIP-168: BWR Vessel and Internals
Project, Guidelines for Disposition of Inacces-
sible Core Spray Piping Welds in BWR
Internals

1013390 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Robert G. Carter

BWRVIP-169: BWR Vessel and Internals
Project, Testing and Evaluation of BWR
Supplemental Surveillance Program (SSP)
Capsules A, B, and C

1013399 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Robert G. Carter

BWRVIP-170: BWR Vessel and Internals
Project—NDE Development 2006
1013405 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Jeff Landrum

BWRVIP-166: BWR Vessel and Internals
Project, Report and NRC Correspondence
DVD-ROM, Version 12.2006

1013406 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Randal Stark
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BWRVIP-172: BWR Vessel and Internals
Project, Crack Growth in High-Fluence BWR
Materials

1013407 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Rajeshwar Pathania

BWRVIP-154, Revision 1: BWR Vessel and
Internals Project, Fracture Toughness in High-
Fluence BWR Materials—Progress Report for
2005-2006

1013408 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Anne Genevieve Demma

AREVA Poolside Measurements of BWR
Channels in 2005-2006

1013426 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Erik Mader

Spent-Fuel Transportation Applications:
Longitudinal Tearing Resulting From Transpor-
tation Accidents—A Probabilistic Treatment
1013448 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Albert J. Machiels

Criticality Risks During Transportation of
Spent Nuclear Fuel

1013449 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Albert J. Machiels

Assessment of Accident Risk for Transport
of Spent Nuclear Fuel to Yucca Mountain
Using RADTRAN 5.5

1013450 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: John Kessler

Nondestructive Evaluation: Surface Examina-
tion of Nickel Alloy Welds, Phase II

1013451 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Pedro Felipe Lara

Nondestructive Evaluation: Conventional
Nozzle Inner Radius Generic Procedure and
Modeling Process Report

1013452 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Mark Dennis

Nondestructive Evaluation: Balance-of-Plant
Eddy-Current Centralized Certification
Program for the Power Industry

1013453 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Jeganathan
Maruthamuthu

Nondestructive Evaluation: Enhanced ID Pit
Sizing for Heat Exchangers

1013454 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Keniji J. Krzywosz

EPRI JOURNAL

Nuclear Maintenance Applications Center:
Switchgear and Bus Maintenance Guide
1013457 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Wayne Johnson

Nuclear Maintenance Applications Center:
Application Guide for Motor-Operated Valves
in Nuclear Power Plants, Revision 2 (replaces
TR-106563)

1013463 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: John F. Hosler

Plant Support Engineering: Aging and
Degradation Survey for Nuclear Service
Level | Coatings

1013465 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Timothy Eckert

Nuclear Maintenance Applications Center:
Large Flange and Casing Leakage
1013466 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Alan Joseph Grunsky

Nuclear Maintenance Applications Center:
Senior Craft Mentoring Skills and On-the-Job
Training Guidelines

1013467 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Ray Henson Chambers

Condition Assessment of Large-Diameter
Buried Piping, Phase 3—Field Trial
1013468 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Pedro Felipe Lara

Technology for Examination of Boiling Water
Reactor Bottom Head Drain Lines

1013469 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Albert J. Machiels

Plant Support Engineering: Guidance for
Replacing Heat Exchangers at Nuclear Power
Plants With Plate Heat Exchangers

1013470 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Timothy Eckert

Nuclear Maintenance Applications Center:
Troubleshooting Skills Development Guidelines
1013471 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: James P. Sharkey

Nuclear Maintenance Applications Center:
Guidelines for Addressing Contingency Spare
Parts at Nuclear Power Plants

1013472 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: James P. Sharkey

The Smartleak Sensor: A Novel Self-Powered
Clamp-on Flowmeter

1013473 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: John F. Hosler

Investigation Into Flow-Accelerated Corrosion
at Low Temperatures

1013474 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Albert J. Machiels

Plant Support Engineering: License Renewal
Electrical Handbook

1013475 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Gary John Toman

Plant Support Engineering: Nuclear Plant
License Renewal Commitments

1013477 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Neil Wilmshurst

Tensile Testing of Cell Classification 345464C
High-Density Polyethylene Pipe Material
1013479 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Albert J. Machiels

Design and Qualification of Cured-in-Place
Liners for the Rehabilitation of ASME Safety
Class 3 Piping Systems

1013480 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Albert J. Machiels

Alarm Management Requirements Based on
Electricité de France Experience

1013483 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Joseph A. Naser

Program on Technology Innovation: Guidance
for Selecting, Designing, and Implementing
2.5-D and 3-D Visualization Systems That
Benefit Utility Applications

1013484 (Technical Report)

Programs: Nuclear Power; Technology
Innovation

EPRI Project Manager: Joseph A. Naser

Revised Guidelines for Wireless Technology
in Power Plants

1013485 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Aaron James Hussey

Plant Application of On-Line Monitoring for
Calibration Interval Extension of Safety-
Related Instruments, Volumes 1 and 2
1013486 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Joseph A. Naser



Equipment Condition Assessment:
Cost-Benefit Guidelines

1013487 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Joseph A. Naser

Leading Business Performance Indicators for
Nuclear Power Enterprises

1013488 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Stephen Michael Hess

Use of EPRI/NRC-RES Fire Probabilistic Risk
Assessment (PRA) Methodology in Estimating
Risk Impact of Plant Changes

1013489 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Robert Kassawara

CAFTA 5.2, Demo Version
1014407 (Software)
Program: Nuclear Power

EPRI Project Manager: Frank J. Rahn

Effective Refueling Outage Preparation and
Execution Guidance

1014480 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Ray Henson Chambers

Nuclear Maintenance Applications Center:
Maintenance Work Package Training for
Nuclear Utility Personnel —Student Handbook
1014533 (Technical Report)

Program: Equipment Reliability

EPRI Project Manager: Lee Alvin Rogers

Hot Cell Examination of AREVA M5 PWR
Cladding and Assembly Components
Irradiated at Ringhals 4 up to 63 GWd/MTU
1014542 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Erik Mader

MULTEQ: Equilibrium of an Electrolytic Solution
with Vapor-Liquid Partitioning and Precipita-
tion—The Database, Version 5.0

1014602 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Keith Paul Fruzzetti

Effect of Bending Loads on Leakage Integrity
of Steam Generator Tubes

1014660 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Mary Helen Cothron

Impact of Non-Pressure Loads on Leakage
Integrity of Steam Generator Tubes
1014661 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Mary Helen Cothron

Operational Strategies to Reduce Class
B/C Wastes

1014707 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Sean P. Bushart

PWR Steam Generator Foreign Object
Exclusion Systems

1014722 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Mary Helen Cothron

BWRVIP-167: BWR Vessel and Internals
Project, Boiling Water Reactor Issue Manage-
ment Tables

1014753 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Randal Stark

Update on the Tools for Integrity
Assessment Project

1014756 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Mary Helen Cothron

Plant Support Engineering: Main Generator
End of Life and Planning Considerations
1014783 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Gary John Toman

Graphite Dust Deflagration

1014797 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Christopher Wood

Proceedings: 2006 ASME/EPRI Radwaste
Workshop

1014822 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Sean P. Bushart

Proceedings: 2006 EPRI International Low
Level Waste Conference and Exhibit
1014823 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Sean P. Bushart

Applicability of the Generic Equipment
Ruggedness Spectra (GERS) for Internationally
Manufactured Equipment

1014833 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Robert Kassawara

Nondestructive Evaluation: EPRI NDE Program
Mockup Catalog

1014843 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Greg Selby

Nondestructive Evaluation: Ultrasonic
Examination of Steam Generator Tube
Training Guide

1014860 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Steve Kenefick

Braidwood Leaking Fuel Root Cause Hot
Cell Investigation

1014864 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Erik Mader

Nondestructive Evaluation: EPRI NDE Program
Product Catalog, 2006 Update

1014866 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Greg Selby

BWRVIP-59-A: BWR Vessel and Internals
Project, Evaluation of Crack Growth in BWR
Nickel Base Austenitic Alloys in RPV Internals
1014874 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Robert G. Carter

Fuel Reliability Project: Boiling Water Fuel
Performance at Kernkraftwerk Leibstadt
1014876 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Erik Mader

BWRVIP-173: BWR Vessel and Internals
Project, Evaluation of Chemistry Data for BWR
Vessel Nozzle Forging Materials

1014995 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Robert G. Carter

BWRVIP-171: BWR Vessel and Internals
Project, Evaluation of Effectiveness of On-Line
NMCA on IGSCC—Results of the 2006 UT
Examination of Core Shroud Indications in the
OLNC Reference Plant

1014996 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Rajeshwar Pathania

Fuel Relocation Effects for
Transportation Packages

1015050 (Technical Report)

Program: Nuclear Power

EPRI Project Manager: Albert J. Machiels

Power Delivery

Electric Generation Expansion Analysis
System, Version 9.02B

1011221 (Software)

Program: Grid Operations and Planning
EPRI Project Manager: Peter Hirsch

Utility Line Inspections and Audits
1012443 (Technical Report)
Program: Power Quality

EPRI Project Manager: Bill Howe

PQDIF Application Guide

1012446 (Technical Report)
Program: Power Quality

EPRI Project Manager: Daniel Sabin
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Automated Evaluation of Power System
Harmonic Performance

1012447 (Technical Report)

Program: Power Quality

EPRI Project Manager: Daniel Sabin

Industrial Design Guide (IDG), Version 6.10
1012453 (Software)

Program: Power Quality

EPRI Project Manager: Bill Howe

Description of a Basic Vehicle Control Strategy
for a Plug-In Hybrid Vehicle

1012460 (Technical Report)

Program: Electric Transportation

EPRI Project Manager: Robert Graham

Plug-in Hybrid Electric Vehicle Data Collection
and Analysis Plan

1012462 (Technical Report)

Program: Electric Transportation

EPRI Project Manager: Robert Graham

Energy Consumption and CO, Emissions of
Plug-In Hybrid Electric Vehicles

1012468 (Technical Report)

Program: Electric Transportation

EPRI Project Manager: Robert Graham

Interoperability Test #9 of the Generic Interface
Definition (GID) Standards and the Common
Information Model (CIM)

1012494 (Technical Report)

Program: Grid Operations and Planning

EPRI Project Manager: David Becker

Third Power Delivery Asset Management
Conference Proceedings

1012497 (Technical Report)

Programs: Power Delivery Asset Management;
Enterprise Asset Management

EPRI Project Manager: Jeremy Bloom

Value Modeling and Measuring Key Perfor-
mance Indices for Power Delivery

1012502 (Technical Report)

Program: Power Delivery Asset Management
EPRI Project Manager: Jeremy Bloom

Information Technology for Enterprise
Asset Management

1012527 (Technical Report)

Program: Enferprise Asset Management
EPRI Project Manager: Jeremy Bloom

Communications Security Analysis for Control
System Networks: Preliminary Report
1013609 (Technical Report)

Program: Energy Information Security

EPRI Project Manager: Thomas Edward Kropp

Underground Cable Population Model

With Testing

1014754 (Software)

Program: Power Delivery Asset Management
EPRI Project Manager: Jeremy Bloom

EPRI JOURNAL

Improved Thermal Modeling Tools for
Substation Equipment

1014789 (Technical Report)

Program: System Approach to Increased
Transmission Capacity

EPRI Project Manager: Rambabu Adapa

Hazards of Step, Touch, and Transfer
Voltages DVD

1014839 (Technical Report)

Program: Overhead Transmission

EPRI Project Manager: George Gela

EPRI Underground Transmission Systems
Reference Book

1014840 (Technical Report)

Program: Underground Transmission
EPRI Project Manager: Steven Eckroad

Development of a Method to Introduce
Controlled Amounts of Moisture in PILC Cables
1014868 (Technical Report)

Program: Underground Distribution Systems
EPRI Project Manager: Matthew G. Olearczyk

Ice Bear Energy Storage Demonstration at
Hawaii Department of Education Operations
and Maintenance

1015190 (Technical Report)

Program: Advancing End-Use Energy Efficiency
and Technologies

EPRI Project Manager: Andra Mercedes Rogers

FAD 4.0 (Foundation Analysis and Design
Software)

1015204 (Software)

Program: Overhead Transmission

EPRI Project Manager: John Kar Leung Chan

Program on Technology Innovation: Grain
Growth in Lead Alloy Sheathing and lts
Influence on the Life of Lead-Sheathed
Power Cables

1015214 (Technical Report)

Program: Technology Innovation

EPRI Project Manager: Matthew G. Olearczyk

Technology Innovation

Program on Technology Innovation: A New
Dosimetric Basis for RF Exposure Compliance
Assessment

1013312 (Technical Report)

Programs: EMF Health Assessment and

RF Safety; Technology Innovation

EPRI Project Manager: Robert I. Kavet

Program on Technology Innovation: Economic
Analysis of California Climate Initiatives—An

Integrated Approach

1014641 (Technical Report)

Programs: Global Climate Change Policy Costs
and Benefits; Technology Innovation

EPRI Project Manager: Larry J. Williams

Program on Technology Innovation: Water
Quality Trading Program for Nitrogen
1014646 (Technical Report)

Programs: Watershed Management and Water
Resource Sustainability; Technology Innovation
EPRI Project Manager: Jessica Anne Fox

Program on Technology Innovation: Evaluation
of the Scientific Evidence for a Toxicological
Interaction Between Lead and Methylmercury
1014727 (Technical Report)

Programs: Air Toxics Health and Risk Assess-
ment; Technology Innovation

EPRI Project Manager: Leonard Levin

Program on Technology Innovation: Detection
of Circumferential Cracking in Weld Overlays
on Boiler Tubes

1014741 (Technical Report)

Programs: Combustion Performance and

NO, Control; Technology Innovation

EPRI Project Manager: Jose C. Sanchez

Program on Technology Innovation: Redesign
of the Alden/Concepts NREC Helical Turbine
for Increased Power Density and Fish Survival
1014810 (Technical Report)

Programs: Hydropower Environmental Issues;
Hydropower Emerging Issues and Technologies;
Technology Innovation

EPRI Project Manager: Douglas A. Dixon

Program on Technology Innovation: The Galvin
Path to Perfect Power—A Technical
Assessment

1014834 (Technical Report)

Programs: Intelligrid; Technology Innovation
EPRI Project Manager: Stan Rosinski

Program on Technology Innovation: The Galvin
Electricity Initiative Microgrid Workshop
1014835 (Technical Report)

Programs: Intelligrid; Technology Innovation
EPRI Project Manager: Clark W. Gellings

Program on Technology Innovation: Sonolumi-
nescence of Nano- and Submicron Bubbles
1014855 (Technical Report)

Program: Technology Innovation

EPRI Project Manager: Kenneth Barry

Program on Technology Innovation: Unleash-
ing Innovation—Metrics for Innovation
Management Workshop

1015177 (Technical Report)

Program: Technology Innovation

EPRI Project Manager: Stan Rosinski

Program on Technology Innovation: Grain
Growth in Lead Alloy Sheathing and lts
Influence on the Life of Lead-Sheathed
Power Cables

1015214 (Technical Report)

Program: Technology Innovation

EPRI Project Manager: Matthew G. Olearczyk
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