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EDITORIAL

Enlightened and Endless Electricity

Renewables offer clean and sustainable electricity at costs that are becoming increasingly competitive
with those of fossil-derived electricity. However, renewables have been characterized as long on promise
and short on delivery. The failures have been highly visible, while the successes have neither made
headlines nor become common knowledge. Nevertheless, the government-subsidized, market-driven
approach of the eighties led to major advances in technelogy, particularly for wing turbines. Over the
past decade, costs for wind-derived electricity have dropped by a factor of 6, to about 5¢/kWh for sites
with very good winds (averaging about 16 miles per hour).

The rush to obtain government subsidies for renewables deployment led to dramatic technology
improvements, which were achieved through an Edisonian, trial-and-error approach. Trial and error has
its limitations, however, and today major advances require an approach based on fundamental principles. As
the two lead articles indicate, this approach is resulting in a new generation of photovoltaic cells and wind
power systems that are on the threshold of commercial availability. The development of this new gener-
ation of technology was driven by skill and excellence in materials, design, engineering, and electrenics.
Equally important, as the articles show, perseverance has been a key ingredient of success.

Collaboration among the stakeholders in renewables deployment is emerging as another
important ingredient, In fact, a remarkable spirit of cooperation between the U.S. Department of Energy
and EPRI provided the basis for a landmark agreement to accelerate the commercialization of the next
generation of wind turbines. The resulting Utility Wind Turbine Performance Verification Program will bring
together vendors, utilities, DOE, and EPRI to field-test a variety of advanced wind machines in different
climates.

While the renewables story is well over a decade old, we're only at the end of the beginning.
Cpportunities to increase electricity supply, improve service, and expand business are becoming
apparent to the visionaries. For example, J. W. Marshall, chairman and CEO of |daho Power, has recently
requested that his state's utility commission provide ldaho Power the opportunity to install, own, and
operate photovoltaic systems at the premises of remote customers instead of extending costly distribution
lines from the utility grid. Marshall and others have probably asked themselves a few simple questions:
Are there business opportunities for cost-effective technologies that are inherently environmentally attrac-
tive? Will the public continue to push for renewables deployment? Wil corporate image be enhanced by a
meaningful renewables program? Marshall's actions indicate his answers. We applaud his leadership
in pursuing a strategic path to enlightened and endless electricity.

James R. Birk, Director
Storage & Renewables Department
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Reburning for Cyclone Boller Retrofit
NO, Control

Two full-scale utility demonstrations of retrofit reburning
technology indicate that NO, emission reductions of
40-60% are possible with minimal impacts on boiler
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Enlightened and Endless Electricity

COVER STORY

A Growth Market in Wind Power

Progress in wind turbine technology has spurred
a revival of wind power projects across the coun-
try, with a growing number of utilities opting to
become directly involved.

FEATURES

Migh Hopes for High-Power Solar

With many technicai hurdles overcome, two
startup companies are pursuing commercial
production of generating systems based on
EPRI-developed high-concentration solar cells.

26 The Cost of Greenhouse Insurance

4 Wind

EPRI's Global 2100 economic model estimates
that near-term worldwide CO, emission reduc-
tion would be very expensive but that a more
strategic plan of transition could lower the cost
substantially.



A GROWTH MARKET IN WIND POWER

THE STORY IN BRIEF Progress in wind turbine technology has spurred a revival of
wind power projects across the United States. New confidence in the technology is
reflected in the fact that electric utilities are opting to own the turbines directly
rather than buying the power from independent wind farm developers. Recently imple-
mented government and regulatory incentives are expected to further propel utility
involvement. Wind power development is moving at an even more rapid pace in Europe,
where government subsidies and incentives have progressed steadily over the years.

Despite the advantage such subsidies have given to European companies, the dominant

U.S. wind turbine manufacturer has produced a turbine that has successfully competed

internationally. EPRI and the U.S. Department of Energy are collaborating on a new

program to help accelerate the commercialization of even more

advanced wind turbine technologies.
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OR A TIME DURING THE 1980s,

when wind turbines were going

up on the blustery ridges of Cal-

ifornia at a rate of nearly 2000
per year, it appeared as if interest in wind
power had reached its peak in the United
States. But arecent gust of activity among
utilities in different parts of the country
has signaled the beginning of what many
experts believe is a revival of wind power
projects—with interest even more wide-
spread than before, and with more inti-
mate involvement from utilities.

Hereare some examples of the attention
utilities have given to new wind projects
within the past year Northern States
Power Company has announced plans to
bring a total ot 100 MW of wind power on-
line by 1997. Puget Sound Power & Light
Company, in conjunction with three other
utilities, plans to bring SO MW of wind tur-
bines on:line by 1996 in the Pacific North-
west’s first largescale wind generating
project. The Bonneville Power Adminis-
tration has put out for bid 50 MW of wind
power it plans to bring on-line in 1996. Pa-
cific Gas and Electric Company, a major
player in earlier wind developments, has
filed for a permit to install 7 MW of next
generation wind turbine prototypes be-
tween 1994 and 1996. Miagara Mohawk
Power Corporation installed two turbines

near Lake Ontario in November—the first
utility-grade conimercial turbines in the
state of New York. And in the Midwest,
the unregulated subsidiary of Iowa-
Ilinois Gas and Electric Company has
formed a joint venture with the largest
US. wind turbine manufacturer to market
wind power to utilities in that region.
“[n the early 1980s we witnessed a surge
of utility involvement in wind power proj-
ects, but technological progress fell short
of expectations,” says Edgar DeMeo, who
oversees EPRI's program for solar and
wind power. “Now, 10 years later, tech-
nological progress has caught up with and
even exceeded the early expectations, and
as a result, the activity among utilities is
expanding more rapidly than ever be-

The power of wind on Buftalo
Aidge. Minnesota, prevents
this boy from falling over,
{Photo courtesy of John R.
Duntop)

A lone turbine in the pictur
esque mountains of Vermont
churns on despite its frigid

environment.

fore” DeMeo notes that today’s wind
power development is geographically
more widespread, too. “People used to
think wind power was something that
only Californians were into,” he says. “But
today, most of these projects are being un-
dertaken in other parts of the country.”
In a major departure from past prac-
tices, some of the utilities establishing new
wind farms plan to own the wind turbines
directly, rather than buying the power
from a developer who owns the machines.
DeMeo credits significant advances in
technology for this increased interest in
direct ownership. “The technology has
reached a sufficient level of maturity for
utilities to consider owning the turbines,”
he says. “Jt's not as risky as it was 10 years
ago, before the industry seftled on a pre-
ferred turbine size range and before we




Troops of wind turbines are as common as the California poppy on some Golden State hillsides.

WIND RESOURCES,
COAST TO COAST

While ample wind resources are
dispersed across the United States,

the prime location for wind farm

development is the central, Great

Plains region. The numbers on this

map represent the percentage of
the 1390 electricity needs of the

lower 48 states that could be met

through wind power, given the wind
resources availablein the specified
regions. For instance, North Dakota
alone has enough wind resources to
supply 36% of the electricity con-
sumedby the contiguous 48 states
in 1980. However, only a fraction of
this wind power potential can be
exploited economically.
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had the millions of hours of operating ex-
perience that have since offered critical
feedback to improve turbine reliability.”

Alsa, grawing public concern about the
environment has led to regulatory incen-
tives that are encouraging wind projects.
For example, the use of environmental ex-
ternalities in utility resource planning is
making renewable energy technologies
like wind power more attractive. The con-
fidence inspired by technological ad-
vances in wind turbines has prompted the
implementation of other types of financial
incentives, including a 1.5¢/kWh prisduc-
tion incentive, part of the federal energy
bill signed by President Bush in October.
In addition, EPRI and the U5, Department
of Energy (DOE) have initiated a major
program to accelerate the commercializa-
tior of wind turbines.

Taday there are more than 16,000 wind
turbines installed in this country —nearly
all of them in California—with an aggre-
gate power rating of nearly 1500 Mw.
These turbines generated some 2.7 billion
kWh i#f electricity in 1991, enough energy
to meet the residential needs of a city the
size of San Francisco. But this country’s
abundance of high-wind regions (those
with an average annual swind speed of 16
miles pur hour or higher) offiers the po-
tential for thousands of additiona! wind
prajects, According to a study conducted
for DIME by Battelle, Pacific Morthwest
Labaratery, if today’= wind turbine tech-
nology took full advantage of these high-
wind regions, it could generate 20% of the
country's electricity. With the anticipated
improvements in wind turbine technol-
ogy, an even griater contribution could be
achievid, says DeMleo,

hany of the best locations for wind
projiects lie vutside California, with Mon-
tana, Wyoming, Morth Dakota, South
Dakota, and Minnesota possessing a large
chunk of the choice wind regioms. The
Mortheast also ilaims considerable wind
resources. In all, about 14 states possess
wind energy potential that is equal to or
greater than that of California,

To own or not to 2‘”1?

Except for one wind power installation in
Hawaii, all of the major utility-zcale wind

projects have been undertaken by indepen-
dent developers who in turn sell the elec-
tricity to utilities. This is largely becausi
in the past wind turbine technology wak
still in the research and development phase.
Also, the financial incentives offered by
the federal and state governments were
available only to nonutility developirs
(i.e., independent power privduciers).

But much has changed since then. Per-
haps most significantly, the major L.S.
wind turbine manufacturer, US. Wind-

power, has developird a variable-speed
turbine with support from members of the
Variable-Speed Wind Turbine Develop-
ment Alliance, established by EFRI and
joined by Miagara Mohawk and Pacific
Gas and Electric. Thi* breakthrough tur-
bing, the first prototype of which was
field-tested in the spring of 191, i= ex-
pected to produce electricity for a record
low cost of 5¢/kWh, given an average an-
nual wind =peed of 16 miles per hour. The
new turbine is capable of producing elec-
tricity at varying rotor speeds. By rontrast,
virtually all cither turbines on the market
must operate at constant rpm to produce
utility-grade (60-Hz ac) power. Because
the extra torque generated by wind gusts
must be absorbed by the drivetrains of
constant-speed wind turbines, they re-
quire heavier designs than comparable
variable-zpred meodels.

While a few other variable-speed tur-
bines have been developed in recent years,
L.S. Windpower's maodel offers a much
mere advancied electronic  syatem—in-
cluding asephisticated contraller and con-
verter—that does not send objectionable
current distortions back onto the ulility
line. Because of itz variable-speed capa-

bility, the new machine is rated at 350-450
kW. According tir Kingsley E. Chatton,
president of Kenetech/Windpower, the
manufacturing arm of U% Windpower,
the machine operates at wind velocities
ranging from 9 to 60 miles per hour, Last
summer U.S. Windpower undertook a ma-
jor program, testing 22 of the new ma-
chines at the Altamont Pass in California.
Data gathered from the tests are provid-
ing statistical information on the turbine
operating and maintenance requirements
and are helping te improve the technol-
ogy’s design. Any improvements will be
incorporated intss commercial units to be
installed in the fall of 1993.

US. Windpower’s achievement nut
only has pushed utility turbines beyond
the R&D lovel, it has bumped them into a
cost-effective price range for utilities. And
with the availability of many turbines on
the market now routinely running at or
above 95% (compared with 30-60% in the
early 1980s), then are a number of advan-
tages to utilities’ owning the machines. To
start with, points out Earl Davis, EPRI's
manager of wind power integration, util-
ity mwnership is cheaper because utilities,
which have acciess to much more capital,
can get lower financing rates than the
smaller, independent developers and en-
trepreniurs, who are viewed as a riskier
investment. In addition, because more
middlemen are involved in financing the
projects of independent dewelopers, their
up-tront financing costs are greater and
add to the tital installed cost. In the end,
the cost of energy from a wind power
plant owned by an independint power
praducer could be 30-40% greater than
that of energy from the =ame plant if
owned by a ulility.

Morthern States Power, which in Au-
gust announced its plans to install 100 MW
of wind generation, plans to own the first
25 MW. The remaining 75 MW will be put
out to bid and may be owned by ™SSP or
by an independent pinwver producer, savs
Glynis Hinschberger, the utility's manager
of energy resource planning. “The reasin
we want tie swn the initial black of tur-
bines is to get some operating experience
for ourselves,” Hinschberger says. "We
have experience with other generation

EPRIJOURNAL Decemper 1992 9



B ecause only a handful of electric
utilities in the country have actu-
ally ownid their own wind turbines,
there is a limited amount of docu-
mented experience available for utili-
ties to take advantage of. Earl Davis,
EPRI's manager of wind power inte-
gration, is working to fill this knowl-
edge gap, in part by developing a
primer on wind farm development.
This handbook is scheduled to be pub-
lished next year.

“Certainly utilities have a number of
challenging issues to deal with if they
want to own their owu turbines,” says
Davis. “Bul there are a number of ben-
efits as well, including the ability to
have greater control of the turbine op-
erations and of the way this energy re-
source is going to be integrated with
their other generation sources.”

Davis recommends that utilities con-
sidering direct ownership of wind ma-
chines first thoreughly measure their
wind rescurces to determine what
wind conditions prevail in the areas of
specific interest to them. Mext, they
should analyze available turbine tech-
nology te find out which machines are
most appropriate fer their weather con-
ditions. Before making any commit-
ment to install the technology, utilities
sheuld examine the potential for snow,

Some Advice on Wind Farm

ice, heavyrainfall, tornadoes, and other
extreme weather conditions that may
affect the maintenance and operation of
the turbines. Also important is investi-
gating whether any endangered or sen-
sitive species inhabit potential wind
farm sites. According to Davis, utilities
should address existing land use as
well, taking inte account whether a
given site has been cultivated and
whether there are houses nearby.
Land ownership is another issue te
consider. There are several options. A
atility might buy one large block of
land to accmmmodate several clusters
of wind turbines, er it might purchase
only the specific ridges on which the
turbines would be located. Similarly,
the utility could lease the entire parcel
or just those sections needed for tap-
ping the wind resources. A third option
is leasing the “wind rights” to the land,
which weuld allow the present ewner
of the land to continue using it while

simullaneously offering the utility the
rights to install wind turbings, access
roads, transmission lines, and other
equipment required to operate and
maintain a wind farm.

During the preliminary, feasibility
phase of a wind farm project, the util-
ity should lay out a plan to collect the
electricity produced by the turbines
and transmit it to the utility grid, says
Davis. In additien to the technical con-
sideratiens, the utility must look at the
staffing requirements for the wind
plant, determining where and how it
will be operated and how to monitor
its performance. Because many wind
plants are located in remote areas, of-
ten a local office must be established.
Finally, the utility should establish a
performance verification program to
determine the percentage of the avail-
able energy that is actually captured
and to identify ways to improve the en-
ergy production.

Workers erect two wind turbines near Lake Ontario

for Niagara Mohawk Power Corp.




Development

Davis stresses that utilities need to
get professional assistance from ex-
perts they may not have in-house, such
a= wind energy meteorologists. “Wind
energy meteorology is a new specialty,”
Davis says. “A very limited number of
people have had the opportunity for
experience in this arca.” Al Manning,
former president of Hawaiian Electric
Renewable Systems (HERS), agrees,
noting that boundary-layer meteorolo-
gistz, who specialize in the interactions
between terrain and the air masses
above it, should be involved in the
early planning phases. HERS is a sub-
sidiary of Hawaiian Electric Industrices,
the only utility in the country with ex-
perience in owning substantial wind-
powered generation capacity.

Since the mid-1980s, Hawaiian Elec-
tric Industrie= has owned and operated
over 12 MW of wind capacity. Ac-
knowledging an announcement in Oc-
tober ef thi= year that HERS plans to
shut down its major wind installation,
consisting of 16 wind turbines en
Oahu, because of chronic mechanical
problems and poor financial perfor-
mance, Manning noted the significant
differences between these projects and
thase being pursusd by utilities today.
One of the turbines to be shut down is
the largest horizontal-axi= wind tur-
bine in the world, a 3200-kW machine
installed in |987. The remaining 15 are
600-kW units. “These machines were
the only ones of their kind in the
world,” Manning says. “When parts
were needed for these turbines, we fre-
yuently had to have them made.”

Having replacement parls custom
made meant that the machines were
out of commission for relatively long
periods. In addition, the turbines were
much more expensive to start with—
about four to five times the cozt of tur-
bines en the market today, Manning

says. The crane required lo erect the
biggest machine was larger than any-
thing available from the construction
industry in llawaii; it had to be
shipped frem the LS. mainland and re-
turned after the installation was com-
pleted. “These turbines were created
when the industry was still experi-
menting with turbine size,” say=s Man-
ning. “Today's turbines offer a mor re-
aliztic capacity range.”

Two types of forums arit available to
utilities that are interested in learning
more about wind power technotogy
and logistice. The Utility Wind [nferest
Group, which receives support from
EPRI and the US. Department of En-
ergy, helps keep its members intormed
on the status of wind turbine technol-
ogy and produces brochures on the use
and development of wind power. Cur-
rently, 12 utilities from across the coun-
try beling to the interest group. Also
helpful are the Advisory Councils for
Wind Energy, through which utilities
that are seriously pursuing wind
power can exchange experiences and
information on issues-—such as system
integration, wind resource valuation,
and land use—that nust be addressed
throughout the wind farm develop-
ment process. At present there are two
of these advizory councils, one for the
“orthwest and one for the Southwest.
Davie is exploring the possibility of es-
tablishing =imilar coungils for the Mid-
west and Mortheast regions of the
country.

“One message we are trying to get
across is that utilities do not havie to re-
peat the mistakes others have already
made. We have learned frim past ex-
perience and can help our members
through the process. They do not have

to de thi= on their own." Davis en-
courages utilities who need assistance

to contact him at (415) 855-2256. [ea);

technologies, and we'd like to get more
with this one. If this is a technology we're
going to be relying on in the future, we'd
like to get some idea of how it warks.”
Melanie Granfors, spokeswoman for
Puget Sound Pewer & Light, says Muget
and the other utilities involved in the Pa-
citic Morthwest project (Idaho Power,
Portland General Electric, and PacifiCorp)
chose to own the turbines simply “becausze
it was the least-cest option.” Explains
Granfors, “lt was less expensive to own

the turbines than te purchase power from
them.” Benton County Public Utilily Dis
trict has been invited to join the praject,
but at press time the utility had not re-
sponded with a final answer. While details
of the agreement with the turbine manu-
facturer, US. Windpawer, are still under
negotiation, the utilities plan to contract
with the company to operate and main-
tain the turbines for a certain period early
in the project. The plan is for utility staff
members to gain experience with opera-
tion and maintenance befure taking over
these responsibilities.

Regardless of whether utilities inter-
ested in wind power own their turbines
directly or purchase power from develop-
ers, they face some major challenges. One
of these is the issue of land use. Unlike the
carly wind power develepers in Califor-
nia, who had access to large tracts of
land —typically measuring 2-10 square
miles and owned by a single farmer—the
Midwest utilities are dealing with smailer
tracts, very similar to those in Europe,
which have been divided into several sec-
tions (typically four owners for every
square mile of farmland). Whereas the
California land is generally used far dry
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farming and cattle grazing, the Midwest
sites have been planted with crops, a use
thal can pose some obstacles to the instal-
lation of turbines and access roads. Davis
views the Eurepean utilities” experience as
a valuable complement to U.S. experience
and is working with EPRI members to
make the best use of knowledge gleaned
from the everzeas industry.

Incentives: the ups and downs

Substantial tax credits at both the state and
federal levels played a crucial role in Cal-
ifornia in offsetting what was viewed as
the considerable financial and technical
risk of early utility-scale wind turbine de-
velopment. While these credits were not
available to utilities, independent devel-
opers were eligible to receive them, and
the incentive did much to encourage the
installation of wind turbines. Turbine= be-
gan spreuting up in the late 1970s, pri-
marily in California but also in other parts
of the country. Many of these early ma-
chines were prototypes, and testing and
engineering were typically performed in
the field. The resulting high failure rate
tarnished the reputation of wind power.
hlevertheless, buoyed by support from the
federal and state governments, and en-
couraged by tentalive interest from some
utilities who viewed wind as a future op-
pertunity, the initiation of wind projects
continued.

In 1985 the federal tax credits expired,
followed a year later by California’s tax
credits. However, significant improve-
ments in turbine technology, together with
the continuation of anothér type of incen-
tive in California, knewn as Standard Of-
fer 4 contracts, made possibli the financ-
ing and inatallation of theusands more
turbines, even in the face of falling fousil
fuel prices. Standard Offer 4 contracts es-
sentially guaranteed a minimum price for
wind energy over a period of years, en-
abling wind farm developers to obtain the
financing they needed. As more turbines
went up, much-needed operating experi-
ence was gained, system reliability im-
proved, and the cost of installed projects
decreased dramatically, frem more than
$2000/kW in the early 1980s to about half
that by the end of the decade. This
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brought the cost of wind energy dewn
from 25-30¢/kWh to 7-9¢/kWh, assum-
ing an average annual wind speed of 16
miles per hour. Starting in the mid-1980s,
no further Standard Offer 4 contracts were
issued. As a result, the installation rate
slowed considerably, causing some ob-
servers te wonder whether the gelden age
of wind power had already come and
gone.

Technological progress is the engine
driving teday’s activity in wind power.

But new types of incentives are beginning
to come ta life, and they are expected to
add fuel te the wind power movement.
Largely reflecting a revival of interest in
and commitment to renewable energy
technologies, the incentives are propelled
primarily by environmental concerns, but
also by a desire for national energy stabil-
ity—an interest that was reinforced dur-
ing the recent war in the Persian Gulf.
Among other factors that are making
wind power attractive fer more utilities is
the need to use environmental externali-
ties in developing plans fer future power
generation,

Environmental externalities are impacts
—both positive and negative—that are
not reflected in the market prices of gen-
eration options. For instance, releases of
carbon dioxide and nitrogen oxides are
with
burning coal. Such externalities might be
added to the cost ef using coal, or instrad
a credit might be given to renewable en-

negative externalities associated

ergy tesources, such as wind power, for
not generating such emissiens. As a result,
utilities, which typically use a least-cost
method for selecting future generation,
will take these factors into account, since

they are reflected in the bottom-line figure
for each option. Wew York, Wisconsin,
Vermont, and Oregon are just seme of the
states whose utilities are including exter-
nalities in the generation planning pro-
cess. Other states, like Minnesota, have
adopted different incentives, including
sales and property tax exemptions.

Meanwhile, the federal government has
renewed its own incentives. In October
President Bush signed an energy bill that
includes a 1.3¢/kWh production incen-
tive. For investor-owned utilities this in-
centive comes in the form of a tax credit.
For tax-exempt utilities {including munic-
ipals and cooperatives), it comes in the
form of a payment, dependent on the an-
nual appropriations of the U.S, Congress,
The incentive will go to the awners of
wind plants that are brought on-line be-
tween January 1, 1994, and June 30, 1999.
The credit will be available for the first 10
years of a wind plant’s operation and will
be adjusted annually for inflation. As
Davis points out, this production incen-
tive may further encourage utilitics to
purchase their own turbines, since they
are the ones likely to benefit most. For in-
stance, a 1.5¢/kWh credit on a 40-Mw
project, which would typically produce
100,000,600 kWh per year, would result in
tax savings of $1.5 million. Private devel-
opers weuld be unlikely tis reap the full
benefits of such a tax break, since thedr tax
bills are typically well under $1 million,
which is less than the allowable tax credit.
An investor-owned utility’s tax bill, en the
ether hand, may well amount to several
million dollars, so the tax credit is a good
financial incentive for utilities—a benefit
that also flows through to the customer by
reducing energy costs.

Winds of Europe

The use of incentives in European coun-
tries has= proceeded at a much more even
pace, illustrating a steadily increasing
commitment to wind power. And while
the world’s attention in the 19805 was
fixed on the hills of California, it appears
that Europe will soon steat the show and
far surpass the United States in turbine in-
stallations, According to Michael Marvin,
director of government and public affairs



for the American Wind Energy Associa-
tion, “By the end of the decade, unless
current trends change, Europe will domi-
nate world production of wind-generated
electricity.”

Government policies are the driving
force behind Europe’s increased commit-
memnt to wind power. The ministries of en-
ergy, environment, and research and in-
dustrial development in various countries
have established long-term energy and en-
vironmental policy plans. Combined, the
European programs call for the installa-
tion of at least 4000 MW of wind capacity
by the year 2000. The United States, mean-
while, has set no national goals for the im-
plementation of wind technology. Among
the European countries expected to be
most active in wind power this decade arc
England, Denmark, Germany, and the
Netherlands. Significant activity will also
be occurring in Alberta, Canada.

The OEM Development Corporation,
which compiled a soon-to-bepublished
EPR! report {TR-101391) on wind technol
ogy in Europe, points out that the Euro-
pean commitment to wind projects in the
1990s more than doubles the 1600 MW of
wind capacity that exists in the United
States. “While some of these goals may
not have the force of law, it is clear that
European governments are serious about
wind and are attempting to give this and
other renewables every chance to be im-
plemented on a significant scale,” accord-
ing to jamie Chapman, author of the OEmM
report. The European Wind Energy Asso-
ciation projects the installation of 11,500
MW of wind capacity by 2005, 25,000 MW
by 2010, and 100,000 MW by 2030.

What’s prompting European countries
to leap so confidently onto the wind band
wagon? They are reacting to factors simi-
lar to those propelling the U.S. market for
wind power: uncertain oil prices, misttust
of nuclear power (a growing unease that
was precipitated by the Chernobyl acci-
dent), and increasing damage to the en-
vironment from the use of fossil fuels.
DeMvo of EPRI points out that environ-
mental concems clearly dominate. “A
number of European countries have come
to the conclusion that they need to do
something not only to reduce acid rain but

to minimize greenhouse gases as well.
Wind is a favorite option for them because
most of the European countries have good
wind resources and because of the status
of the technology.”

DeMeo sums up the difference between
the European and the US. perspectives to-
day as follows: “In this country, utilities
are trying to decide whether they should
use wind power and under what condi-
tions it is going to make sense. In the Eu-
ropean countries, the decision to use wind

power has already been made by the gow
ernment and the people, so the question
the utilities there face is fiow they are go-
ing to use it, not whether they are going to
use it.”

One strength of the European move-
ment is that it represents many sectors
of society, including government bodies,
utilities, academic institutions, and manu-
facturers. The Commission of the Eurce-
pean Communities and the national gov-
ernment programs are the major forces
supporting advances in the technology—
facilitating and even mandating the in-
volvement of utilities, demonstrating new
turbines, and stimulating the market. Of
great significance with respect to utility
participation, European utilities—unlike
their counterparts in the United States
during the 1980s—have been allowed to
receive tax credits and other financial in-
centives.

The European government programs
have also been of major benefit to Euro-
pean turbine manufacturers. In fact, so
strong is governmental support that sub
sidies have led to the development 0f ma-
chines far more expensive than those pro-
duced in the United States. While U.S.-

manufactured turbines now cost less than
$1000/kW installed, European machines
typically cost 50% more and weigh about
twice as much. Although European tur-
bines may not be cost-competitive with
American-made modecls, some of them of-
fer extremely attractive features, points
out DeMeo. In particular, he says, several
machines produced by Danish manufae
turers offer high reliability, and a German
manufacturer has produced a variable-
speed turbine similar to US. Wind-
power’s. The heavy subsidies in Europe—
inspired by governmental desire to foster
domestic industry—certainly make the
European market hard to break into. But
U.S. Windpower did just that last summer,
winning a bid to sell 25 MW of wind
power to a utility in Holland.

Competition on the rise

While U.S. Windpower clearly dominates
the wind power market in the United
States, other domestic manufacturers are
producing advanced turbines that are ex-
pected to become competitive within the
next few years. In fact, the U.S. Depart-
ment of Energy, through its Advanced
Wind Turbine Program, is sponsoring the
development of five turbines in an effort
to provide wind power for 5¢/kWh, as-
suming sites with an average annual wind
speed of I3 miles per hour, by 1995.

Among the most promising machines in
the DOE program is R. Lynette & Associ-
ates’ two-bladed turbine, rated at a ca-
pacity ef 275 kW. A very lightweight ma-
chine, it is expected to weigh about half as
much per kilowatt as most of the three-
bladed commercial turbines available to
day. Because the machine is so light, it
should be inexpensive to build. It employs
advanced blades, designed by DOE’s Na-
tional Renewable Energy Laboratory, that
increase energy capture. The control sys-
tem takes advantage of the aerodynamic
nature of the blades, so they automaticalty
stall in high wind to ensure that the max-
imum power rating is not exceeded. This
machine is to be available for initial com-
mercial delivery in 1994.

Another promising machine selected for
funding through the DOE program is
Northern Power Systems’ turbine, which
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THE WORLD ACCORDING TO WIND POWER

Currently the United States has
the bulk of the world's wind
power capacity, accounting for
68% of all installed capacity in
1992. But experts project that by
the end of the decade, Europe
will be the dominant force in wind

Wind farm at the outer harbor of Zeebrugge, Belgium

United States

power, accounting for 62% of the Europe 2500 MW (38%)

total installed wind power capac- 4000 MW (62%)
ity worldwide. Aggressive gov-
ernment programs that set
national goals for wind turbine
installation and subsidize wind
power projects are the driving
force behind Europe's increased
commitment to wind power.
Other countries, such as India,

Europe

United States 750 MW (32%)

1600 MW (68%)

o &

have also installed wind turbines,
but their activity is negligible in

comparison with U.S. and

European involvement.
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is expected to provide 250 kW of capacity.
Also a two-bladed, lightweight design,
this lurbine empioys aileron controls and
a teetering rolor, which allows the blades
tit rock back and forth o adapt to uneven
wind pressures. The ailerons, similar to
those on the wings of an airplane, repre-
=ent a major advance in wind turbine tech-
nology. The adjustable tlaps can regulate
how fast the rotor spins and are used to
control the starting and stopping of the
machine, This turbine is expucted to be
commercially available in 1995.
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DOE's Advanced Wind Turbine Pro-
gram, established in 1490, i= a major part
of a larger federal wind program and i=
intended to bolster the Us. industry. “We
believe a strong manufacturing base with
multiple players will lead
healthy industry,” says Ron Loose, dinec-
tor of the federal Wind Energy Program.

toward a

“We feel that for wind to be accepted by
utilitics a& a domestic energy ption, we
must have a diverse supply of quality do-
mestic turbines.”

To turther advance the develapment of
emerging turbine technologies, EPRI and
DOE have established the Litility Wind
Turbine Performance Werification [Pro-
gram. Lreated through a memorandum of
understanding signed by the two organi-
zations in September, the program aims to
accelerate wind power commercialization
and facilitate utility invelyement. The
program'’s long-term objective is to ensure
the commercialization, by the year 2003,
of field-verified, state-uf-the-art, ulility-
grade wind power systems capable of de-
livering electricity for 4¢/kWh (in 1942
dollars), given 13-mile-per-hour winds=.
This represents a more than 20% decrease

in the cost of energy produced by today’s
state-of-Llhe-art technology.

Arrangements established through the
memorandum of understanding call for
DOE—as is consistent with its Adwanced
Wind Turbine Program—to fund the de-
velopment and initial testing of advanced
wind turbinesz. EPRI and the participating
utilities will provide the testing ground
for the turbines. Four utilities are each eu-
pected to install and operate 20 or more
commercial prototype turbines, including
at least 10 of each turbine ty pe. EPRI is cur-
rently seeking members from different
parts of the country to act a= host utilities
for the program and is encouraging inler-
ested utilities to get others involved as
COSPUNSOTS.

The machines will be deployed and
evaluated for three years, enough time to
allow a thorough assessment of their
energy cost and suitability for large-scale
application. The turbine testing will git
under way in 1984, As DeMen points out,
thit data gathered will provide valuable
experience and feedback on the turbines’
operating performance and maintenance
requirements—the kind of information
required before a major installation. The
program’s capital expenses are wxpectied
to run about 510 million per host utility
site, with half to be provided by the host
and the remainder by EPRI, partner util-
ities, and DOE. EPRI's portion includes
an estimated $1.5 million for basic pro-
gram support, excluding tailored collabir
raticm funds that are available to member
utilities

Althwugh [XIE = sponsoring the Lesting
of LiE. machinery only, EPRI funds are
available for both fareign and US. tur-
bines. The decizion on which machines to
employ is left to the hosl utilities. Cur-
rently available machines are eligible for
the prisgram, bul the major emphasis will
be on emerging turbines. Mevertheless, as
DeMeo points sut, most «af the existing
turbines have been field-tested only in
Lalifornia and Hawaii. “When you get
into the vast cxpanses of Wyoming with
10 feel of snow on the ground, wind tur-
bini# performance is a whole different
story.”

“The early commercialization of a prod-

uct is critical lo its success,” says Davis,
noting that the program will help maru-
facturers riceive early orders fer commer-
cial turbines and thus help to drive down
the cost of the machinery. “An equally im-
portant objective,” he says, “is to allow pi-
oiteering utilities to gain experience in op-
erating turbings without having to assume
the entire risk associated with a new
power generation technology.”

Marvin af the American Wind Energy
Association believes the EPRI-DOE pro-
gram witl help pack much-needed powir

into the LS, turbine-manufacturing nmws-
cle. According to him, “U S Windpower’s
brizakthrough was only the beginning.
fMow we'll begin to ser some more com-
petition emerge, | think the mid-nineties
are going to be a tremendously exciting
time for the wind power industey, The
bist in wind = vet lo come.” |

Further reading

Wikty Wind \oterest Greun Grochures, Economic Lessons
from a Oecage of Expenence. Avugusl 1981 Amernca
Takes Sloch of a Vast Epergy Resource, February 1392
tegpatng an Ever Changmg Resource July 5932

Assessment of Wind Power Slation Perlormance atvd Re-
nabity Prepared by R Lynelle & Assogiates Ine Jund
1992 EPR) TR-100705

An Assgssment of itwe Avadatle Winay Laug Area ang
Wmo Engrav Patennal i the Contrguous Uniteo States
Prapared lor ihe US Oepartment of Energy by Baislie
Facific Northwest Lamoratery August 1931 PNL-7789

‘Excellenl Farecas! ton Wind  EPRY Journatl Vol 15 No 4
(Jure 1990) jx2 141-25

Sitng Guidelines for Uttty Applicatron of Wmd Turbnes
Prapared by Batielle. Paciic MNarlhwest Laborstory Jan-
uary 1883 EFR} AP-2795

Background wtormation for (his arlicle was provided Oy
Eart Daws and Edgar DeMeo, Generalon & Storage
Division
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THE STORY IN BRIEF In the 'm’iﬂ-a'i, researchers at

Stanford University surprised the solar research commu-
nity with the highest solar cell efficiencies that had yet
been seen in the laboratory. But tough challenges stood in
the way of making the cells both durable and affordable.
Many of the hurdles have now been overcome, and two
startup companies are pursuing commercial solar gener-
ating systems based on the technology developed through
EPRI and utility support. Still, experts say interim markets
may be needed on the path to utility-scale power gen-
eration to ensure the technology’s eventual commercial

competitiveness.




by Taylor Moore

IGHCONCENTRATION SOLAR
PHOTOVOLTAIC CELLS ARE
NEARING COMMERCIALIZA-
TION, building on the success
of EPRIsponsored work at Stanford Uni
versity in the mid-1980s that achieved a
world-record sunlightto-electricity con
version efficiency of over 25%. Developers
have since made major progress in clear
ing the technical and manufacturing
hurdles that separated laboratory cell pro-
totypes from durable, field-deployable
power-generating systems. As a result,
two startup firms are planning to become
commercial manufacturers of sun-track-
ing systems based on the technology. Re-
search managers at the Institute say that
within the next few years, such systems
will likely meet the cost and performance
targets set by EPRI over a decade ago for
practical and economically competitive
utility-scale power generation.

Full-size, prototype modular arrays fea-
turing two different design approaches to
using the concentrator technology under
EPRI license are planned for installation
next year. The arrays are to be installed at
the PVUSA (Photovoltaics for Utility-Scale
Applications) solar demonstration site lo-
cated in Davis, California, and operated
by Pacific Gas and Electric Company
(PG&E). One of the companies pursuing
the technology—AMONIX, Inc.—is lead-
ing the commercialization of a new, low-
cost integrated array design for which a
patent was issued to EPRI earlier this year
EPRI plans to begin construction of a pro-
totype integrated array at Georgia Power
Company’s Shenandoah solar demonstra-
tion site late this year, and AMONIX plans
to supply another integrated array to the
PVUSA project.

In contrast to simpler—but less effi-
cient— large-area, fla t-plate solar modules
{which typically operate at a fixed tilt fac-
ing south and convert some indirect as
well as direct sunlight into electricity),
concentrating systems use Fresnel lenses,
parabolic mirrors, or heliostats along with
sensors and motors to actively track and
focus sunlight onto small cell areas. Con-
centrating systems generate up to 500
times more current per unit of cell area
than flat-plate systems do. Some of the
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area that would be taken up by high-cost
ciells in flat-plate systems s devated to
lower-cost lenses er mirrors in the con-
centrator technalogy.

Becauss concentrating systems are more
efficient, they require relatively few high-
power arrays to equal the output of a large
field of flat-plate systems. High-concen-
tration photavoltaics (HCPV) has  long
been a leading candidate among solar
technologies to provide an economically
competitive generation option that could
make a zignificant contribution to the bulk
power supply.

The story of EPR!’s effort in HCPV is one
of 2 sustained commitment to a simple vi-
sion, according te Jim Birk, director nf the
Storage & Renewablies Department in the
Generation & Storage Division, “The vi-
sion is that the technology, with its small,
highly efficient cells, has the intrinsic char-
acteristics tir achieve economic viability to
complement its inherent environmental
attractiveness.

“EPRI's commitment, which is probably
unmatched in length of time by any urga-
nization involved with photovoltaics out-
side of Japan, has allowed remarkable
progress, albeil not always at a steady or
predictable rate,” adds Birk. “Since the
inceplion of the HCPY program, the key
driving factors have changed from the
cost and availability of fossil fuels to a
grawing ricognition that renewables ane
becoming cost-competitive supply expan-
sion options that are relatively free from
environmental concerns. Also changed are
the markets, poszible ownership of gener-
ating systems in the future, the political
and regulatory environments, and fediral
support and emphasis. HiCPV is one of
thizse technologii= that's been driven by
the simple concept that a clean, cost-effec-
tive, sustainable resource will find major
application in energy supply regardless of
how the utility industry changes.”

Complementing EPRI's  commitment,
fivit cosponsoring utilities — Arizona Pub-
lic Service, Georgia Power. the Loz Ange-
les Department of Water & Power, PG&E,
and Southern Californta Edison—have
contributed to the effort beyond their EPRI
dues, “These utilities have plaved a key
advisory and funding role since the mid-

18 EPRIJOURNAL December 1932

dle of the 1980s," saws Edgar DeMeo,
EPRI's program manager for solar pow-
er. “Most havee stayed with the program
through the inevitable ups and downs,
And collectively they provide a region-
ally diverse test-bed for the technology as
it evolves.”

A solar cell on a chip

EPRI's =olar concentrator cell technology
grew from research that began in 1976
at Stanford University. Led by Richard
Swanzon of the Department of Electrical
Engineering, the researchers used exten-
sive computer musieling of the funda-
mental physics of a silicon photovoltaic
device tor eventually design and make a
cell about 1 im? in area and only 75-100
pm thick. The new design maximized the
creatien of pairs of charge carriers {(elec-
trons and holes) by incoming light pho-
tons and minimized their recombination
in the material in order to produce the
greatest flow nf current possible.

Originally designed for 500x sunlight
concentration, the cell had sperating tem-
perature limits and related ceoling re-
quirements that resulted in a small active
area. But the cell's size and microelec-
tronic design made it amenable to volume
manufacturing by the same techniques
used to make dozens of integrated-circuit
chips on a single silicon wafer 3 to 6 inches
in diameter. The larger the wafer, the
lower the production cost of each device
made on it.

The Stanford puint-contact ceil was a
back-contact device in which thousands of
alternating, microscopic contact points on
the bottom surface collected the current
generated from light that entered through
the top surface. Antireflective coatings
and texturing on the top and a reflective
battom layer helped trap light inside the
bulk silicon to generate maximum current.
A top layer of very pure silicon dioxide
served to passivate the surtace of the bulk
silicon and prevent electron-hole recombi-
nation.

By the mid-1980s, Swanson and his as-
sociates were producing limited numbers
of cells in the laboratory with 'V conver-
sion efficienciem of just nver 28% —efti-
ciencies that were confirmed by the US.

Department of Energy’s Sandia Mational
Laborateries PV measurement facility.
Higher efficiencies have since been re-
ported by other developers for more ex-
otic and costly gallium arsenide-based
cells. (Chriginally designed for space
power applications, even such advanced
technologies could eventually find their
way into terreatrial power application.)
But the EPRI-Stanford efficiencies, which
are within a few percentage points uf the
theoretical limit for a silicon-only device,
still stand as a world record.

A semiconductor device maker in Cali-
fornia’s Silicon Valley — Acrian, Inc.—was
contracted by EPR! to demionstrate the fea-
sibility of manufacturing the point-contact
cell in a pilot production facility. Concur-
rently with work on the cell, in the early
19805 EPRI had begun a supporting ef-
fort l=d by Black & Veatch on the desigh

EPRI HCPV

TECHNOLOGY DEVELOPMENT:
FROM LABORATORY

TO MARKET ENTRY

EPRI's high-concentration photovol -
taic technology originated in work
proposed by Stanford University in
1976. Related hargware develop-
ment for prolotype modules and
arrays was initiated In parallel in the
early 1880s through the U.S. Depart-
ment of Energy's photovoltaics pro-
gram, By the mid-1980s, Stanford
researchers had achieved a world-
record sunfight-lo-electricity peak
silicon celi conwersion efficiency of
28% at 100 suns ilumination. But
concurrently, instability and perfor-
mance degradation began to be
observed in early production cells. A
refocusing of the researchin the late
1980s produced technical soiutions
that have resultedin cell designs Lhat
arestable and 25% efficient. Two
companies are now pursuing com-
mercialization of the technology
under EPRI license, using difterent
cell and system design approaches.



and development of the surrounding cell
package, the Fresnel-lens-topped moduli
housing, and the array structure. Over the
years, several prototypes of module and
array designs — forerunners of the present
integrated array —have been field-tested
at utility demonstration sites in Arizona,
California, and Georgia.

The early module design called for
mounting individual cell on electrpde as-
semblies that were then bonded to copper
contacts and fitted with secondary optical
elements to help the Fresnel lenzes con-
centrate light ento the cells. Forty-eight
cells, each fitted with copper heat spread-
er= on thie underside, were mounted in the
bottom of a deep-drawn aluminized steel
pan. The module was then covered by two
24-cell, moldid-acrylic Fresnel lens par-
quets to become the building block for 60-
module, 18-kW arrays mounted on mo-
torized pedestals. It would take 560 such
arrays spaced over 60 acres tin tistal 10 MW
of peak-rated power, or 5600 arrays spread
over 600 acres to make 100 MW.

An work prigressed through the T950s,
“we gained a lot of experience and knowl-
edge about the kinds of problems that can
be encountered when trying to produie

Laboratory

cell R&D 7%

Hardware
development

Product
development

industry
transfer

Commercial
ventures

1975 1980

Prestabilized efficiency (100 suns)

these cells in a high-volume manufactur-
ing environment,” says Frank Dostalek, an
EPRI project manager. Yet the feasibility of
large-scale manufacturing of concentrator
cells uzing the standard semiconductor
processing techniques of photolithogra-
phy, diffusion, and metallization was
clearly demonstrated.

What wa= not anticipated, and what
forced a majur refocusing of the technol-
ogy development effort in the late 1980s,
was the disturbing observation of perfor-
mance instability and digradation in early
production cells that had undergone ex-
tended illumination testing. Some cells
lost as much a= 15-20% of their output
power within the first few days of expo-
sure to sunlight —and as much az 40%
within a few months. For a while, the out-
look for the FPRI-Stanford high-concentra-
tiom solar cell seemad dark.

The stability problem sent Stanford re-
searchers back to the drawing board and
their thmee-dimensional mudel of cell
physics to figure out what was going on.
EPRI also convenid a number of meetings
of experts, including a panel of scientific
advisors, for input and insight. it was a
full year after the instability was first ob-

served before researchers worked out a
theoretical understanding of the perfor-
mance degradation and successfully im-
plemented a technical solution.

Early into the problem, experts had
noted similarities between the efficiency
los= in the concentrator cell —fabricated
from high-purity, low-defect crystalline
silicon—and the loss of power output
with prolonged exposure to light in thin-
film =olar modules fabricated from non-
crystalline, amorphous silicon. (Other
groups in the photovoltaics community
and EPRI’s solar R&D program were al-
ready addressing the latter problem.) But
as theories about the concentrator cell’s
instability evolved, it became clear that
the phenomena in the two cell technolo-
gies were distinct. The so-called Staebler-
Wringki performance loss experienced by
amorphious silicon is now understood to
be caused by light-induced bonding di
fects creatid throughout the material. In
contrast, the degradation in this concen-
lrator cell appearird to occur as a result of
somitthing going on only at the interface
between the cell’s passivation layer of sil-
icon dioxide and the bulk silicon.

The passivation layer was added on the

Stabilized efficiency (100 suns)
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top surface of the cell because it was be-
lieved to tie up dangling covalent bonds
of atoms at the edge of the bulk silicon
that would otherwise form sites for elec-
tronthole recombination and thus limit
current collection. When the cell was an-
nealed at a high temperature, hydrogen
was added to the passivation layer to tie
up more dangling bonds at the interface;
unfortunately, the hydrogen bonds are
weak and easily broken.

According to the theory developed by
the Stanford team, photons of the ultra-
violet (1;v) component of solar radiation
entering the silicon cell carry enough en-
ergy to create energized, or hot, electrons
that are injected from the bulk silicon into
the silicon dioxide. The injection pro-
cess breaks many of the weak hydrogen
bonds at the silicon-silicon dioxide inter-
face. Electrou-hole recombination then in-
creases as the surface loses passivation,
and conversion efficiency drops.

(n work funded by EPRJ, the Stanford re-
searchers developed a twofold solution to
the stability problem. First, they improved
the passivation layer, producing a <lean,
dry layer that reduces mechanical stress at
the interface and thereby limits defects
and related recombination. Second, they
diffused a shallow layer of phosphorus
(n-type) dopant into the cell surface. The
shallow-doped l!ayer creates an electric
field that repels positive charge carriers
tholes} away from the passivation inter
face and thereby prevents further recom-
bination.

Although the diffusion of additional
dopant makes for a stable device, it un-
fortunately robs the cell of 2 to 4 percent-
age points in efficiency. Improved sta-
bilization techniques now under devel-
opment are expected to restore this lost
efficiency.

“The stability probtem is under control.
Two solutions have been implemented
and others may exist,” says Frank Good-
man, another EPRI project manager in-
volved with the concentrator cell effort.
“We’ve had approximately 200 cells under
test for an extended period, including
three modules for over two years and a
fourth module for a year. No efficiency
degradation has been observed. The ear-
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lier cells would start to degrade right
away.”

Onward and upward

Both of the startup firms to which EPRI has
provided funding and management sup-
port to pursue commercialization of the
solar concentrator technology —AMONIX
and SunPower, Inc.—have implemented
their own solutions to the stability prob-
lem, and both have developed their own
design concepts for incorporating the
high-efficiency cells in high-efficiency sys-
tems. EPRI has awarded each firm its first
large production order for 2000 cells.

SunPower says it is able to consistently
make 21%-efficient, stable cells by using
shallow dopant diffusion but hopes soon
to eliminate it and reclaim the lost effi-
ciency. Richard Swanson, the founder, vice
president, and director of technology for
the Sunnyvale, California, company, notes
that SunPower is exploring recent prog-
ress in the related area of complementary
metal oxide semiconductor, or CMQOS,
technology with the hope of developing
an improved, stable oxide laver that is re-
sistant to damage by hot electrons.

“Since the microelectronics industry has
a similar problem, we have a hunch we
can borrow from their practice and get a
rugged, stable oxide that will allow us to
eliminate the shallow-doped layer,” he ex-
plains. Very recent results indicate success
in making small quantities of cells with ef-
ficiencies of 24--25% and improved passi-
vation. Monitoring of the stability of these
cells has just begun.

A combination of oxide layers that are
resistant to hot-electron damage is the so-
lution that AMONIX has already hit upon,
although the company chooses to say no
more than that. The Torrance, California,
firm is building on its background and e x
perience in making highperformance
semiconductors, including microwave
transistors and transmitters and also radi-
atiorrhardened power semiconductors for
space applications. AMONIX is pursuing
solar manufacturing for terrestrial as well
as space applications.

“From our experience making radia
tionhardened space devices, we figured
that the process of UV damage, although

much less intense, must be similar So we
thought the remedy might be similar,”
says Vahan Garboushian, president of
AMONIX. “1 can only say that we did not
utilize conventional techniques to solve
the stability problem.”

Garboushian says AMONIX is able to
produce stable, 25 %efficient cells today in
what it calls a foundry manufacturing er
vironment. Rather than building its own
customized wafer fabrication line to pro-
duce the solar cells, AMONIX has designed
the cell for high-volume, low-cost pro-
duction by any of several manufactur-
ers of integrated circuits. “This approach
gives us instant access to production for
which the cost curve is very well estab-
lished,” says Garboushian. “It has short
ened the development period and given
us production capacity without incurring
very high capital costs.” Compared with
earlier manufacturing designs, as many as
four of seven circuit-masking steps are be-
ing eliminated.

In the new AMONIX concentrator cell
design, the active area (1.2 ¢cm?) is about
double that of the early EPRI-Stanford
point-contact device, But because devel-
opers believe a lowercost system may re
sult from operating at a lower concentra-
tion to relax optical tolerances and mini-
mize heat dissipation difficulties, the new
cell is designed to operate at 260x comn
centration. This counters much of the ef-
fect of the increased cell area, so normal
full-power output (about 6.25 W at 25°C)
is only slightly higher than with the early
cells. AMONIX has produced more than
1000 stable concentrator cells under EPRI
contract since 1990, with typical cell effi-
ciencies of 24%. The goal is 26%-efficient,
stable cells in highwvolume, low-cost pro-
duction,

EPRI and other researchers have recog-
nized for some time that the establishment
of volume manufacturing of cells at an af-
fordable cost was only one step toward the
ultimate goal. The other parts of the HCPV
system design needed improvement to re-
duce costs and make the system more
readily manufacturable. As it stood in the
late 1980s, the system was too complex to
become a low:cost product. There were
too many pieces to put together in too
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i . i , . Molded-acrylic
Fresnel lenses designed for 250X sunlight concentration. Made of moided acrylic, the lenses in Fresnel lens parquet
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many steps— the individual cell packages
(48 to a module), the modules (60 to an ar-
ray), and the array itself.

Confident that it had the challenge of
making the cells in hand, AMONIX went
on to join with other EPRL contractors on
a new, low-cost integrated array concept
that eliminates parts as well as process-
ing and assembly steps. Indeed, some of
AMONIX’s earliest stable cells have been
delivered to EPRI contractors involved in
development work for the HCPV inte-
grated array. Originally developed for
EPR! by Cummings Engineering, the con-
cept involves automated attachment of
24 solar cells on a single, printed circuit
board-type panel consisting of three lam-
inated layers: an aluminum substrate, an
electrically insulative layer, and an elee
trically conductive layer. Separate parts of
the conductive layer form the positive and
negative conductors, with each sovlar cell
spanning a gap in the layer and secured
by contacts. The design eliminates cell
packages and modules, ancl the cells
backside contact requires only a single
solder-mounting step.

A total of i68 such panels form the bot-
tom portion of a box-beam array structure.
Above each panel, forming the top surface
of the array, are Fresnel lens parguets in
a 4 x 6 matrix. The array is then set on
a two-asis pedestal with computerized
tracking control. “We've adapted the ear-
lier design and eliminated the modules, so
we gu from cell panels to full arrays in
fewer steps,” says EPRI’s Dostalek.

The integrated array invilves one-quar
ter the number of parts of the earlier de-
sign, meaning substantially reduced mass,
which allows the surface area to be in-
creased by 50% to about 150 m®. This
boosts peak-rated power to 25 kW per ar-
ray. Also, most ot the welding has been
elimineted in favor of screws, rivets, and
other features that increase ease and speed
of assembly.

AMON!X’s Garboushian and EPRI man-
agers say that the now-patented array de-
sign shows strong promise for enabling
the concentrator teclmology to achieve
an installed system cost of $2/W in sub-
stantial manufacturing volume. Work in
preparation for installing and testing the
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tirst prototype of the new integrated array
at Georgia Power’s Shenandoah site be-
gan this fall, and installation could be
completed by mid-1993: researchers hope
to have 1 kW of active cells (9 panels) on
test in the array by early next year.

Meanwhile, AMONIX has formed an al-
liance with EPRI contractors Cummings
Engineering and Scientific Analysis to
commercialize the EPRI technology and in-
tegrated array design. The company has
begun limited domestic and international
marketing. Its next contract is to supply an
integrated array to the PG&E-led PVUSA
project, which is cosponsored by other
utilities, DOE, and EPRI.

Packing them in:
another approach

Not only is SunPower working to regain
the cell efficiency lost as a result of the in-
tevim doped-layer solution to the stability
problem, it is proceeding with its own,
very different approach to using the con-
centrator cell technology. EPR] and Sandia
have jointly sponsored cell development
work at SunPower, but the company con
tinues to search for a business partner that
can capitalize further development of its
system concepts. SunPower believes its
designs, which combine elements of solar-
thermal receivers with high-concentration
photovoltaics, promise the lowest-cost
electricity generation for large bulk power
applications.

SunPower has developed a design for a
10-kW dish collector featuring segmented,
parabolic mirrors to direct and concen-
trate light, as well as a design for a larger,
200-kW tower-mounted central receiver
faced by a field of reflecting heliostats. At
the focal point in each of these system de-
signs are dense arrays of closely spaced
concentrator cells capable of operating at
20-30 W/cm? and requiring active cooling
by water circulation on the back side.

SunPower’s dense array designs are
based on 150-W modules that consist of 10
monolithically interconnected back-con-
tact solar cells formed on a single 4-inch
wafer, along with a substrate, cover glass,
and a cold plate that circulates the ceolant.
The firm has built its own pilot produc-
tion facility for cell and system manufac-

turing, It believes that in large-scale pro-
duction it can bring the installed system
cost of its technology in a central receiver
configuration down to around $2/W of
rated power.

SunPower has tested an early module
prototype at Sandia’s solar-thermal test fa-
cility, recording efficiencies as high as 22%,
A 1-kW demonstration dish is under test
outside SunPower’s headquarters. For a
nominal 10-kW dish, the receiver would
consist of 72 modules grouped in a 6 x 12
matrix that is positioned at the focal point
of a group of segmented, parabolic mir-
rors. A 200-kW central receiver would re-
quire some 6 to 7 ft* of modules, mounted
on a tower above a field of heliostats.

The company says it believes that helio-
stats, which have benefited from extensive
development under the federally spon-
sored solar-thermal technology program,
offer the lowest-cost means of concentrat-
ing sunlight for solar plants of more than
a few megawatts of rated power. For now,
however, SunPower is {ooking for a part-
ner to help fund the remaining develop
ment of its 10-kW dish receiver. The com-
pany has a contract to supply the 'VUSA
project with two prototypes.

In addition lo developing its own }ICPV
systems, the company could also become
a cell and component supplier to other PV
system integrators, points out Swanson.
SunPower recently began commercially
offering 21%-efficient, nonconcentrating,
35-cm? flat-plate solar cells based on the
£PRI-Stanford technology and intended
for specialty applications.

Swanson says he is “very optimistic on
the technical side” aboul the future of
HCPV technology. But, he adds, “the issues
now are more of financing the develop
ment and of whether there is going to be
a market for the technology. Our particu-
lar system s really designed forlarge-scale
power plants, and that market ts very un-
certain. There is not much pressure, eco-
nomic or otherwise, on utilities right now
to build such plants at a premium price.”
He believes that other PV technologies are
better suited than ICPV to serve emerg
ing niche and international markets.

Swanson recalls that as a result of gov-
ernment-sponsored development in Lhe
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late 19705, several early, high-cost concen-
trator arrays rated at 200-300 kW were in-
stalled some 10 years ago at several sites,
including the Phoenix, Arizona, airport
and sites in Saudi Arabia. “The systems
we're talking about today are actually
smallér scale. So progress with the tech-
nology has been painfully slow. And it’s
=till going to be a long haul.”

Keeping the technology moving

Despite the recent technical success that is
fueling cautious optimism, the future of
HCPV technology is not assured. Unlike
flat-plate technologies, HCPV has not had
the early niche markets—for example, in
consumer products and remote power
systems— that have kept some PV manu-
facturers in business and have provided a
foothold in emerging international mar-
kets while efficiency improvements or cost
reductions were pursued. (Somi of the
companies active in HCPV technology got
their start making high-power =olar con-

Clean room for device fabrication
and process development

Helioslat field and power tower test site

HCPV TECHNOLOGY
DEVELOPMENT AT SANDIA

verters for satellites, a field where the
profit margin may be high but the volume
is low and the market potential is limited.)
In the absence of early product revenues,
it has been difficult for HCPV companies
to attract sufficient capital to sustain R&D
or to launch manufacturing in sufficient
volume to produce a low-cost product.
Researchers are confident that the in-
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stalled system cost for HUPV technology
will fall to $2 or less per watt of peak-rated
power for systems with efficiencies of
15-20% if large-volume production is
reachied later in this decade. However,
there are new doubts about when there
will be enough firm market demand for
the systems to justify the investment nec-

essary to achieve such production.
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In addition to EPRI's iong-running development effortin HCPV, the U.S. Department of Energy has for many years sponsored HCPV and solar-

thermal technology development programs at Sandia National Laboratories in New Mexico. The Sandia program includes various laboratory testing

and measurement facilities, as well as field test areas that are used in a coordinated effort with program contractors who are pursuing commercial

designs tor HCPV cells, collectors, and systems. SunPower is among the participants in Sandia's program. A prototype of its dense array has been

tested at the solar power tower and heliostat field of Sandia’s solar-thermal test facility.



HCPV manufacturers have high hopes
that their technology will eventually find
widespread application around the world
at a variety of deployment scales. Estab-
lishing a footheld in some nonutility mar-
kets in the near term could bt crucial to
bringing production costs into the com-
petitive range. Yet HCPV manufacturers
realize that the rest of the world is look-
ing to the U.S. utility market to demon-
strate thit technology’s value and reliabil-
ity under the most demanding service
conditionz. And unlike the case feor ather
PV technologies, the U.S, utility market for
HCPV may be limited to the Sunbelt states.

The technology may be on a clear path
to mieting the manufacturing cost and ef-
ficiency goals established over a decade
aga—goals that were designed to lead to
costs of 6-8¢/kWh for PV-generated elec-
tricity. Bul a decade of excess availability
of natural gas and low eil prices (com-
pared with the 19704) has helped raise the
near-term hurdle for economic competi-
tiveness for photovoltaics =till  higher.
Even i high-perfermance, 20%-efficient
HEPV systems were commercially avail-
able now for52000/kW, in mast cases ulil-
ities, under regulatory mandates to pur-
sue least-cost supply planning, have sev-
eral morc-economic options for meeting
or managing peak and intermediate elec-
tricity demand. Developers of the tech-
nology understand that the installed cost
will eventually have to be driven below
$2/W lor significant use in bulk power
generation to occur.

Still, says DoeMleo, “more than 50 LS
utilities today are finding many smalt-
scale applications for conventional photo-
voltaics as remate power sources in their
own operations or for supplemental cus-
tomer =ervice. Litiliies are gaining in-
creasing familiarity with and appreciation
for the technology, which many see as
having tremendous potential in the long
run,

"Utilities such as PG&E are considering
instalting PV in =small amounts for distri-
bution feeder support. Even utilities Lhat
do not have good solar resources recog-
nize that if I'V can become economically
competitive and begin to make a signifi-

cant contribution to the nation’s bulk

power supply elsewhere in the ceuntrv
over the next decade, that could displace
some fossi! fuels, leaving mere available
in the market than there might be other-
wise.”

HCPV technology has held on for more
than a decade while government- and
EPRI-sponsored research programs contin-
ued pushing it toward now-eutdated cost
and etficiency goals that were et when
rapidly rising fossil fuel prices made the
arrival of econiimic competitiveness seem
much closer at hand. The technology has
almost reached those goals, but now the
timing and =ize of the market for HCPV
have become les= certain. Mevertheless,
EPRI’s Birk believes that “HCPV may prove
to be an invaluable option for utilities who
dis not wish to He their future exclusively
to conventional fuels, with the conconi-
tant uncertainty in long-térm availability,
cost, and governmental policy.”

Beyond the protolype development and
demenstration test units planned over the
next few years, how to best austain the
technology is now becoming a focus for
both EPRIs =olar concentrator program
and the larger cffort managed by Sandia
Slational Laboratories for DOE. Over the
next tivo years, Sandia will be winding
down contract werk with about eight cell
and system manutacturers that have been
involved in a 5124 million cofunded ef-
fort begun in 1990 —the Concentrator Ini-
tiative Program.

In addition to SunPower, the solar cell
manufacturers involved in Sandia’s pro-
graom include Solarex, a subsidiary of
Amoco; Applied Solar Energy Corpara-
tion; and Hughes Aircratt’s Spectrolab
subsidiary (originally a manufacturer of
solar cells for satellite power). Alex Maish,
a Sandia project leader, says they are all
working with manufacturers of terrestrial
collectors to conunercialize the concentra-
tor technology.

“The technology itself is very exciting,
and it is encouraging that ail of the com-
paties we've been working with are com-
mitted to commercializing their products.
They are still making great strides boti
technically and in the business sense of
becoming viable companies. But wheth-
er they will succred in commercializing

the technology depends on many factors,
some of which are beyond the conirol of
Sandia or even these companies,” says
Maish.

Tom Bickel, Sandia department man-
ager for photovollaic technology, adds
that “Sandia and EPRI need to expedite the
development of concentrater technology
and help the startup companies identify
near-term markets.” In fact, the two orga-
nizations have begun exploring ways to
puiol rezources to further advance the con-
centrator lield as well as ather areas in
photoveltaics. “We look forward to work-
ing more closely with EPRI to try to get
this technology up and running,” says
Bickel.

In sum, both the technical status of
HCPV technology and its prospects have
advanced substantially over the past sev-
eral years, according to EPRI's DeMeo.
“Because af the performance demon-
strated in components so far and the
prospects through
streamlining that is just beginning,” he
says, “thiz could be the first £V technol-

for cost reduction

ogy to enter the bulk power arena. The
key challenge for all of us in the con-
centrator community —industry, govern-
ment, and utilities —is to build a bridge
to utility-grade power through market en-
try efforts to provide early experience, gen-
erate revenue, and reduce system costs.
We will know within the next five years
whitther this challenge can be met.” |

Further reading

A Summary of Recent Advances m the EPR! High-
Concentration Photovoltac Fregram, Vols 1 and 2. intenian
report tar RP1415-3. prepared by Daedalys Assoclales,
March 1992 EPRI TR-100392

Devatopment Efforts on Silicon Solar Calls Final report for
RP790-2. prepared ky Stanford Universily February 1992
EPRI TR-100403

“Qpening ihe Deor tor Utilty Photevollaice * EPRf Journal
ol 12 No, 1 {Janvary-Fabruary 1987} pp 4-15

Background inlormatien o7 thig ariicle was provided by
Edgar DeMeo, Frark Dostalek and Frank Goegman, Gan-
aralien & Siorage Division
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# RECEMT YEARS THERE HAS BEEM
GROWIMNG COMCERN that the accu-
mulation of greenhouse gases in the
earth’s atmosphere may lead to unde-
sirable changes in global climati. This con-
cern has led to a number of proposals,
both in the United States and internation-
ally, to set physical targets for limiting
greenhouse gas emissions. With carbon
dioxide (CO,) believed to be responsible
for over half of the human contribution to
greenhouse gas emissions, the energy sec-
tor plays an important role in strategies to
address potential climate change.

Sensible greenhouse policy requires bal-
ancing benefits and costs. Fossil fuels pro-
vide# more than 90% of the world's com-
mercial energy. Before committing to a
path that would require a major restruc-
turing of the werld’s energy system, there-
fore, decizion makers must addres= two
questions: What would reductions in
emissions buy in terms of rirduced envi-
renmental damage? And what would be
the price tag?

Meither question has a straightferward
answer. At present, huge gaps remain in
our understanding of the physical and bi-
ological precesses that influence the cli-
mate system. There is growing agreement
that increased concentrations of green-
house gases will lead to global warming —
but the estent, tim# frame, and regional
impacts remain unclear.

Considerable uncertainty also persists
regarding the costs of measures to limit
emissions. Proponents of immadiate con-
trols argue that ample low-cost alterna-
tives to carbomn-intensive fuels ane readily
available. All that is needed, they say, is
the political will to enginser thit transitien
to a low-carbon economy.

Many economists, however, are less san-
guine about the costs of emission abate-
ment. If economically attractive aptions
are available, they argue, what is prevent-
ing thes# alternatives from automatically
entering the marketplace? They also fear
that a rapid transition away from carbon-
intensive fuels would be extremely costly.

These differing opinions present a di-
lemma for policymakers, since a case
ceuld be made for or againat emission re-
ductions. Addressing the issue is like de-
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ciding whether tiv purchase an insurance
policy: If the cost is negligible and the
risks are considered great, there is little
reason not to buy. But if the insurance pre-
mium is expensive—that i, if there is a
significant price tag attached to limiting
the emission of man-made greenhouse
gases—then it may be worthwhile to pur-
sue alternatives to immediate cutbacks.
These alternatives include an intensified
commitment to research that could reduce
climate uncertainty and research that could
lead to the development of new energy
supply and conservation technologies.

A series of recent studies conducted
with EPRI funding has focused on devel-
oping a better understanding of the costs
of limiting carbon emissions. The results
of this research were recently published in
Buying Greerhouse Insturance: The Econoniic
Costs of Carbon Dioxide Emission Liniits
(MIT Press, 1992) by Alan Manne of Stan-
ford University and Richard Richels of
EPRL

Richels summarizi= some of the main
tindings about the costs of limiting carbon
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emissions like this: “The bad news is that
if significant emission limits ame required,
the coxts are likely to be substantial —per-
haps as large as several percent of the an-
nual gross domestic product. The good
news is that the size of the ultimate biil
can be significantly reduced through suc-
cessful R&D in both the supply and de-
mand sides of the energy sector.” Richels
notes that timing will also be critical.
“Forcing a rapid transition away frim fos-
sil fuels would be wvery expensive. If it
turns out that substantial riductions in
CO, emissions are called for, it's important
that time be allowed for a managed tran-
sition.” Finally, he stresses the importance
of eleciricity during such a transition.
“Our analysis points to increased electri-
fication as the least-cost way to reduce car-
bon emis=ions from the energy sector in
the long run.”

Buying greenhouse “insurance”

The whole greenhouse issuw = fraught
with uncertainty—about what climati
changes might actually resuit from in-

The cost 1o the

Uniteg States of reducing carbon emissions by 20% depends

strongly on assumptions about technologicat deveiopment. Here,

the base case corresponds roughly to histarical trends for the

introduction of new energy technologies and energy efficiency

improvements. Under the optimistic scenario. low-cost, carbon-
free energy alternatives become available
more rapidly, and there is a lower overall
demand for energy. The pessimistic case
assumes just the opposite.

1.0 =
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Base case Optimistic



creasing carbon emissions, when these
changes might occur, and what their ef-
fects might be. The atmospheric models
used to forecast climate have several im-
portant shortcomings, including poor spa-
tial reselution, inadequate accounting for
faedback mechanisnts, and insufficient
treatment of such factors as variations in
solar output, volcanic activity, and the
earth’s reflectivity. Nevertheless, these
models generally indicate that a doubling
of atmospheric greenhouse gas concentra-
tions frem their pre—Industrial Revolution
levels—expected within the next century
unless extraordinary measures are taken
to reduce emissions —would increase av-
erage global temperatures by 1.5-4.5°C
(27-8.1°F).

Possible consequences might include
changes in crop preductivity around the
world, migration of forest ecosystems, a
rise in sea level, and extinction of spme en-
dangered species. Mone of these impacts
is certain, however. Altheugh a grewing
amount of research is being done, infor-
mation absut impacts is still at a rudi-
mentary stage, and the environmental,
economic, and social consequences of
global warming remain uncertain.

In such a context of great uncertainty
and potential risk, there have been a vari-
cty of proposals to buy “insurance”
against global warming by reducing
greenhouse gas emissians as soon as pos-
sible. At the United Nations Conference
on Environment and Development —the
so-called Earth Summit— held in Rio de
Janeiro earlier this year, the United States
and more than 150 other countries signed
the Framework Cenvention en Climate
Change, committing themselves to adopt
policies to control greenhouse gas emis-
sions but setting no specific deadlines.

One policy mechanism frequently sug-
gested as a way to bring about emission
reductions is the carben tax. Such a tax
weuld be levied on the combustien of fu-
els according to their carbon emission in-
tensity, in effect raising the cost ef energy
consumption to end users, Coal would be
particularly penalized, since it produces
21% mare O, than oil per unit of energy
consumption and 76% mare than natural
gas. The size of the carbon tax that would

st (trilkions of deliars)

20% reduction
by 2010

be needed to bring about specific emission
reductions has been hotly debated, how-
ever, as have the cost and availability of
noncarbon alternatives and the speed with
which demand-side efficiency can be im-
proved. In the absence of a carbon tax or
similar restrictions, in many countries coal
would most likely maintain its dominant
role, particularly in the nonelectric energy
sector, owing to the depletion of supplies
of conventional oil and gas during the
coming century.

Manne and Richels have focused on the
costs of reducing carbon emissions and
have examined some of the energy supply
and demand issues involved in imple-
menting such reductions, With EPRI fund-
ing, they have developed a computer
maedel of CO,-energy-economy inlerac-
tions called Global 2100. This model can
analyze the effects of specific carbon emis-
sion quotas for cach of five major geopo-
litical regions and simulate their effects on
regional economieg. An energy technol-
ogy assessiment submodel makes it possi-
ble to evaluate the effects of intreducing

The cost of carbon constraints fs very
sensilive to tha time allowed for transition. Base case
assumplions include a 20% reduction in carbon emissions
belween now and 2010—a refatively short pesiod for the
penetration of new technolonies inlo the markeiplaca, Deferring
the target date by 10 years would reduce the cumulative cost by

about 25%. Waiting 20 years would lower

the cost by about 40%. (All cosls are
cumulative through 2100 and are disceunted

10 1990 at 5% per year.)

20% reduction
by 2020

20% reduction
by 2030

new technologies, including the effects of
the speed at which they replace older,
more carbon-intensive technologies. Us-
ing Global 2100, the researchers have also
explored the costs associated with various
carbon tax and technology-forcing strate-
gies that might be adopted here and
abroad.

Much of their recent werk has focused
on assessing the costs of the so-called
globa! stabilization scenario, currently be-
ing considered al a number of inlerna-
tional meetings. This scenario assumes
stabilization of global emissions at 1990
levels, Richels notes that “there is clearly
ne unigue fermwla fer achieving glebal
stabilization of emissions. Most proposals
recognize the need for some growth in CO,
emissions in developing countries, where
per capita emissiens are very low in com-
parison with developed ceuntries.” One
widely discussed preposal involves hav-
ing developed ceuntries cut back emis-
sions by 20% and letting levels in de-
veloping counlries increase modestly —
which weuld result in net global emission
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Global Implications of Carbon Limits

o determine the international ef-
fects of carbon constraints, Alan
Manne and Richard Richels have ana-
lyzed the proposal to stabilize global
carbon emissions by imposing a 20%
cutback in industrialized nation= while
allowing developing countriez to in-
crease emissions by 50%. Even with
this differential to allow for faster eco-
nomic growth, developing countries
would eventually pay a higher price in
terms of reduced gross domestic prod-
uct (GDP). For the United States and
other industrialized nations, the cost of
emission controls would run between
1% and 3% of annual GDP for most of
the century. The costs to China and
other developing countries would rise
to 5-6%.
“The costs are higher for develop-
ing countries because their economies

Parcaniags of Aggiegets DR
La
|

2030

are growing faster,” explains Richels.
“Both population growth and eco-
nomic expansion will continue te put
upward pressure on the energy de-
mands in these countries. And the cost
of any restriction on carbon emissions
will fall most heavily on countries,
such as China, that are hoping to fuel
economic expansion with an energy re-
source base dominated by coal.”
Global patterns of CO, emissions will
also shift significantly under the as-
sumptions of this analysis. In 1990, the
industrialized nations accounted for
64% of total emission=; their contribu-
Lion i= expecled Lo drop to 30% by 2100.
Since economic growth rates are con-
siderably higher in the develeping
countries, those countries will also
have higher growth rates in energy
consumption and carbon emissions. [

T E R R R AR R N

2050 2070 2080

Rest of world
China

Commonwealth of
Independent States

United States

OECD

A GLOBAL PERSPECTIVE The relative economic burden of stabilizing global carbon emissions will differ significantly among various
countries and regions of the world. For a scenario in which developed countries reduce emissions by 20% and daveloping countries are
permitted a 50% increase over the next century, the annual gross domestic product (GOP) losses to the United States would be about
2.5%, and other industrialized nations {OECD) would lose about 1.5%. China and other developing countries, however, would eventually
be penalized by 5-6% of their annual GDP because of rapid economic growth rates and, in some cases, greater dependence on coal
resources.
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stabilization. Manne and Richels exam-
ined this proposal extensively as part of
the recent Energy Modeling Forum Study
at Stanford University.

Paying the premium

The cests of reducing greenhouse emis-
sions —that is, paying the premium for
greenhouse insurance— would indeed be
substantial if the United States [ollowed
the scenario just described. By the time the
targeted 20% reduction in emissions was
achieved in 2010, the resulting annual
loszes in the U.S. gross domestic product
(CDP) would exceed 1%. By 2020 this an-
nual penalty would rise to a stable level
of 2.5%. Adding up the losses ever all the
years from 1990 to 2100, Manne and
Richels found that their present value
would be $1.4 trillion (discounted to 1990
at 3% per year).

According to the analysis, GDP losses
for other industrialized countries follow-
ing the 20% reduction scenario would be
similar (in percentage terms) to those of
the Linited States, but many develeping
countries would ultimately be more se-
verely affected economically even il they
were allowed a modest increase m their
carbon emissions over the next century
(see sidebar).

Manne and Richels also examined the
size of the carbon tax that would be nec-
essary to bring about emission changes of
this magnitude, The purpose of the carbon
tax would be to raise the price of fossil fu-
els sufficiently that consumers would
switch to less carbon-iniensive alterna-
tives. Richels notes that a tax on the order
of $135 perton of carbon would he needed
in the United States by the year 2080
because, “with the limited availability
of low-carbon alternatives, consumers
would be willing to pay a high price to
burn fossil fuels.” The tax would have tn
climb even higher —up te $300 per ton—
in the early decades of the next centtiry,
owing to the exhaustion of low-cost gas
resources and inexpensive sources of con-
servation. Eventually the tax would stabi-
lize at approximately $200 per ton as a va-
riety of carbon-free alternatives become
available. A recent study by the US. De-
partment of Energy shows huw a carbon

EFFECT OF A CARBON TAX The cosl added to various fuels by imposing a
carbon emission tax would depend on their relative carbon content. Coal would

be penalized most; natural gas, least. The cost additiens shown here represent

a tax of $100 per ton of carbon.

Added Cost
Fuef Base Cost Added Cost {% of base)
Crude Qil $16.01/bbl $12.19/bbk 73%
Gasseline $9.98/gal $0.26/gal 27%
Heating oil (distillate) $0.89/gal 80.29/gal 33%
Wellhead natural gas $1.81/tkct $1.49/1cf 82%
Resigential natural gas $5.87/tct $1,50/tct 25%
Minemouth coal $23.02/short ton $55.33/short ton 240%
Utilwy coal $33.51/shan ton $55.33/short ton 165%
Electricity 6.5¢/kWh 1.76¢/KWh 27%

Saurce: U.S Department af Energy.

tax of $100 per ton would affect the price
of various fuels (see table),

The Manne-Richels analysis is based on
what the authors believe to be realistic as-
sumptions about the potential for supply-
and demand-side imprevements in the en-
ergy secter during the coming decades.
However, they stress that technology fore-
casting is a tricky business, and they show
the sensitivity of their findings to alterna-
tive sets of assumptions. Richels notes, “If
one subacribes to a more pessimistic view
of the future, the costs can be considerably
higher.”

The century-long cumulative costs ef re-
ducing carbon emissiens under base case
assumptions would be $7.4 trillion. Tn a
mere pessimistic scenario, high energy de-
mand and greater dependence on carbon-
intensive fuels would combine to increase
discounted losses to over $3.5 trillion. Al-
ternatively, under a scenario with highly
optimistic projections about the potential
for supply enhancements and efficiency
imprevements, discounted losses would
be much lower— about $200 billion.

Jt is important to note that under a
global emission stabilization plan, actual
anmospheric concentrations of L0, weuld
continue to increase, albeit more slowly
than in the past. Thus, achieving stabi-
lization of emissions cannot be seen as the
“solution” te greenhouse issues. The more
aggressive goal of stabilizing atmospheris
concentrations of CO, would require much
more drastic and expensive global ac-
tien—a cutback in emissions of about
70%, according to the Intergovernmental
Panel on Climate Change, Stabilizing at-
mospheric concentrations is the stated ob-
jective of the United ®ations Framework
Convention on Climate Change, which
President Bush signed in Rio last Junre.

A guestion of timing

A major reason that the cests of reducing
carbon emissions are likely to be high in
the scenarios just discussed is that the tar-
get date set for achieving a stable 20% re-
duction 15 2010—a relatively short time
compared with either the rate of techno-
logical development or the rate at which
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major energy facilities are replaced. In an-
other recent study, Manne and Richels
asked, What if the United States had more
time to manage the transition away from
fossil fuels? What would be the effect im
total costa? What would be the effect tn
total emissions?

When Manne and Richels analyzed
these questions, they found that a 10-year
delay in achieving emission targets would
lower the total cost by about 23%; a 20-
vear delay would lower the cost by about
40%. “This result should come as no sur-
prise,
quired for large-scale deployment of new
energy supply technologies is typically
measured in decades. Widespread adop-

"

comments Richels. “The time re-

tion of higher-efficiency end-use technol-
ogies also takes time, since these are of-
ten embedded in long-lived structures or
factories,

equipment—such as houses,

and automobiles—that will not be ri-
placed instantaneously. The process can be
accelerated, but only at a substantial cost.”

The effect of such deferrals ean cumula-

tivie US. carbon emissiens aver the niext

century would be small, according to the
analysis. Moving the target date by 10
years would increase total emissitns for
the century by only 3-4%, while a 20-
vear delay would result in an increase of
about 9%.

A perspictivie on the potential climate
impact of delay is provided by Michael
Schlesinger and Xingjian Jiang of the Uni-
versity of [llinois, writing in the March 21,
1991, issue of Matwre. Lsing a variety of
scenarios for reducing carbon emissions,
these resvarchers found that a 10-year de-
lay in implementation would still lead to
achieving about 95% of the reduction in
warming in the year 2100. The researchers
conclude, “This indicates that the penalty
is small fora 10-year delay in initiating the
transition to a regime in which green-
house gas emissions are reduced.”

In addition tir providing more time for
market penetration of new technologies, a
more managed transition away from fos-
sil fuels wiould also give scientists more
time to reduce some of the climate-related
uncertainties that now pose a dilemma for

Even without

constraints, carbon emissions from the electric energy sector are
expected to virtually disappear by the end of the next century.
Conversely, those from the nonelectric sector are expected to
increase as high-carbon synthetic fuels are needed to replace
diminishing resources of oil and natural gas. Increased

5 electrification is thus likely to be the most cost-

effective path toward a iess carbon-
intensive economy.
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policymakers. Specifically, the Global 2100
madel indicates that even relatively small
improvements in the ability to predict cli-
mate consequences could yield substantial
dividends, and that the value uf additional
infarmation could be more than 5100 bil-
lion for the United States alone. The ben-
efitz come from being able to chart the best
course of action for the energy sector and
to belter focus precautionary steps in the
face of uncertainty.

The value of Rﬂ)

Technological development continues 1o
provide one of the bright spots in the
analwsia of the greenhouse issue. Lom-
pared with the cost ot either a carbon cun-
straint or the potential impacts of global
warming, the cost of thi# R&D needed to
produce new energy technologies is small
indeed. Without trying to specify which
technologies are most likely to succeed,
the Manne-Richels analysis dramalically
illustrates how important their overall
cuntribution could be.

On the demand side, technological im-
pritvvements inffer the promise of higher ef-
ficiency and a further decoupling of eco-
nomic growth from energy consumption.
Manni= and Richels found that further in-
vestment in this area could have an enor-
mous pavoff. For esample, doubling the
rate of exogenous (not price-induced) ef-
ficiency improvements could nearly haive
the costs of a carbon constraint.

The biggest long-term payoff will come
from successful R&D on the supply side.
As crude oil reserves are depleted, coal-
bazed synthetic fuels will become com-
petitive. But such synthetic substitutes
prisduce twice a= much CO, per unit of
useful energy as il and would thus be
penalized severely by a carbon constraint.
The development of lowar-cost renswable
fuels, such as ethano! produced from bio-
mass, could provide a noncarbon alterna-
tive, but serious questions remain about
the &ize of their potential contribution be-
cause of such factors as competing uses
for land and water resources. The possible
contribution of renewable fuels in the car-
bon-constrained analysis was assumed to
be 10 quads per year. A= a paint of refer-
ence, in 1990 the total US. primary energy



consumption was 82 quads per year, and
oil imports were running at an annual rate
of {5 quads. If the contribution from low-
cost renewables could be doubled, how-
ever, the cumulative cost of reducing car-
bon emissions could be lowered by mare
than one-third.

Fortunately, there are a number of
promising carbon-free electricity-generat-
ing altermatives. Among thisse new tech-
nologie= are direct solar conversion, wind,
advanced nuclear reactors, and biomass
conversion. Without trying to predict the
contributions of specific technologies,
Manne and Richels estimate thal if the cost
of electricity from carbon-free alternatives
could b# made competitive with that of
electricity from new coal-fired power
plants, the cost of a carbon constraint
could be reduced by more than one-third.

The role of electricity

In their analysis, Manne and Richels as-
sume that environmental concerns will
eventually stimulate the development of
economically competitive alternatives to
coal-fired power plants. As a result, they
project that the electricity sector will grad-
ually become less carbon-intensive, even
in the absence of measures to limit CO,
emissions, Thisis not the case for the non-
electric energy sector. As mentioned ear-
lier, when conventional oil resources are
exhaustid, they are all likely to bi re-
placed with even more carbon-intensive
synthetic fuels. This means that—in the
absence of measurez te limit CQ, emi=
sions — thie nonelectric sector is likely to
become more carbon-intensivi: over time.

“What this tells us is thal if we are
really serious about bringing down total
carbon emissions, electrification should be
an important part of the strategy,” savs
Richels. “Electric and nonelectric energy
can be substituted for one another in
many markets. Electric heat pumps, for
example, offer an alternative to residential
oil burners. Electric vehiclis offer an al-
ternative lo the internal combuztien en-
gine, Such interfuel substitution could
lower carbon emissions. But economically
competitive, long-term alternativis to
coal-fired power generation must be avail-
able in sufficient quantities to make a dif-

ference. Again 1 want to emphasize the
importance of timing: the transition to a
more electricity-intensive energy economy
based on carbon-free generation can't be
accomplished overnight.”

Informing the debate

Manne and Richels stress that their work
focuses on the size of the insurance pre-
mium,. Proponents of immediate controls
argue that even a high cost of reducing
CO, emissions may be cheap in compari-
son with the damage wrought by climate
change. Given the uncertainty surround-
ing the whole greenhouse issue, the ques-
tion of costs associated with climate
change is impossible to answer with any
degree of precizion, and it was not within
the scope of the Manne-Richels analyses.
One of the few economists who has ven-
tured out on this shaky analytical limb is
Wiiliam Mordhaus of Yale University, who
concludes bluntly, “The economic impact
upon the US. economy of the climatic
changes induced by a doubling af Ce,
concentrations i= likely to bismal)” (“Eco-
nomic Approaches to Greenhouse Warm-
ing,” in Global Warming: Econamic Policy
Responses, edited by Rudiger Dornbusch
and James M. Poterba and published by
MIT Press, 1991). His analysis assumes that
only about 3% of the U.S. national income
is derived from activities with a potential
to be severely affected by climate change,
and that another 10% could be moderately
affected. On the basis of these assump-
tions, he estimates that a doubling of CO,
would produce a change of only about
ong-guarter of one percent of the national
income.

Thesze results are quite preliminary, and
much additional work i= needed. In de-
scribing his estimates, Murdhaus cautions
that because ctirrent studies tend to omit
potentially important effects, his estimate
has a large margin of uncertainty. te also
notes that the impact might be higher in
somi developing countries —those more
dependent sn an agricultural economy, for
example. But he observes that the climate
sensitivity of these countries will decrease
sharply during the next century as they
continue to industrialize.

Although the electric piwer industry is

likely to be among the sectors of the U5
economy most affectitd by reductions in
carbon emissions, Manne and Richels ex-
plored a much broader range of implica-
tions. As a consequence, the results of
their research have been widely cited in
a variety of national and intemational
greenhouse palicy studies, including the
President’s Economic Repert to Congress,
the Mational Academy af Scienci= study
of climate change, the Intergovernmental
Panel on Climate Change repiart prepared
for the Earth Summit, and various De-
partment of Energy reports. Such recogni-
tion has helped focus the attention of pol-
icymakers on the potential costs of carbon
constraints and the importance of electri-
fication in any strategy for mitigating the
greenhouse effiect.

“Our goal,” concludes Richels, “is to
help inform the debate by focusing on an
area that has received insufficient atten-
tion. Without better information on the
cost of emission abatement, it is difficull
fiar policymakers to assess the frasibility
of alternative proposals and to determine
which measures might be most cost-effec-
tive. We've tried to provide such insights
without taking sides in the policy debate
itself.” a

Background intormation tor this article was provided by
Richard Richelz, Integrated Energy Systems Dlvision
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EPRI Dedicates
Mobile Simulator

t a ceremony held on October 29,
A EPRI and Duke Power Lompany
dedicated the Duke-EPRI mabile simula-
titr, designed for fossil plant nperator
training and centrols engineering. Abiut
100 utility prople attended the evint, in-
cluding operators, éngineers, and trainers

from across the country.

Jointly developed by EPR] and Duke
Power, the mobile simulator—housed in
two 32-foot trailers that can travel to spe-

cific sittm—will be available for the use of
all EPRI mermbers starting next fall. At the
dedication ceremony, the simulator re-

ceived a technology achievement award
from the Society for Computer Simulation.
The facility was developed to help opera-
tors become proficient with the advanced
computer control systems (called oft con-
trmis) that are replacing conventional,
hard-panel control systems (called hard
controls) in power plants acress the coun-
tri. The simulator i= also geared toward
hirlping engineers analyze, design, debug,
and fine-tune control #ystems before they

are implemented. Using the mobile simu-

—_——

T

tator can save utilities several million dol-
lars. Duke Power estimates that it will
zave 5176 million over the next 15 years
through improved controls engineering
and the implementatiom of aimulator-
based training for cantnial room operators,
maintenance technicians, and plant engi-
neers.

Like many other utilities today, Duke
Power is replacing all its old pneumatic
and analog power plant control systems
with distributed contro! systems. This is a
significant transition for plant operators.
The old control systems featured long
panels with switches, dials, lights, and
gages. By cnntrast, the new system offers
a plant operator accems to everything
through a few computer monitiirs with
touch-scrien capability. “Rather than 20
feet of control board, this person is going
to be operating through a 20-inch CRT,”
says Roy Fray of EPRI, manager of simu-
lators and training.

Utilities have been replacing their old
contrel systems with digital,
electraonic technolougy aince
the early 1930s. Conventional
simulators designed to train
fossil plant operators were
costly for utilities, running
about 52 millisn to $4 million,
Fray says. Personal computer
technelegy and modern mod-
ular modeling have helped
bring down the cost of sim-
ulater technology to about
$500,000 tex $700,000.

The Duke-EPRI simulator can be used to
train operaturs alnrady working with the
advancid electronic cimtrol systems, as
well as those who are about to make the
trangition. And a= Fray points out, it can
even be programmed to simulate conven-
tional control systems, so new operators
can be trained to use those systems.

One advantage of the Duke-EI'RI simu-
lator is that it can simulate several differ-
ent facilitivs. By contrast, a conventional
simulator can =imulate onl¥ a single plant.
Becausis of this advantage, the new simu-
lator technology makes it economically

feasible to train a diverse group of pow-

R ——— ——— -

er plant employees in widely scattered
plants. Among other benefits, better-
trained operators can save fuel during
unit startups; startups can be speeded up,
allowing more time for generation; and
unit trips and downtime can be reduced.
“We expect our operators to be able to pay
more attention to what the plant instru-
mentation tells them abisut the health of
the plant and te be abls to take timely
action to eénsure that small problems
rémain small and large problems never
occur,” says M. D. McIntosh, vice presi-
dent of Duke’s Fossil/Hydro Generation
Department,

EPRI has full-time use of the Duke-EPRI
mubile simulator for two years, beginning
in the fall of 1993. After that, the [nstitute
will have access to this simulator fiar 1000
hisurs a year. EPRI plans to maks the sim-
ulator available to wther member utilities
for operator training, training program
development, control system design and
validation, and simulator development,
among other applications. In fact, the In-
stitute recently issued a request for mem-
ber utilities to host the mobile simulatur,

EPR! Contacts: Roy Fray, (415) 855-2441,

-

and Rown Gricbenow, (704) 875-5666

Indoor Air Quality info
at Users’ Fingertips

or electric utility personnel and others
tho need timely information on the
concentrations of indoor pollutants (CIP),
a comprehensive, easy-to-use database is
now available that enables rapid searches
of relevant literature. The C1P Database,
which runs on IBM PC-compatible com-
puters, provides information on indoor air
quality issues and research drawn from
peer-reviewed articles; government, EIRI,
and Mational Technical Information Ser-
vice reports; and conference proceedings.
Besides providing general information,
the databaze guides the user in finding
specific information through a series of
search parameters. It allows a utility to rib-
tain information on indoor air quality on
the basis of building type and other fac-

tors in its srrvice territory. A user’s man-
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ual presents instructions for installing and
using the database, as well as a tutorial to
help the user become familiar with the
procedures for conducting bibliographic
and summary section searches. The cur-
rent version of the CIP Database, 4.0
{order number SwW-100533), & available
through the Electric Power Software Cen-
ter, (214) 655-8483. ® EPRI Contact: Jolm
Kesselring, (415) 855-2902

New Calendar Makes Plan-
ning Easier for Members

or the first time in its history, EPRI is

distributing a comprehensive calendar
of its meetings and conferences to mem-
ber utilities and other interested parties in
the scientific community. The first issue of
the Lalendar of Events was released in
Movember through EPRI's Technical Infor-
mation Profile (TIP) System, which now
has 18,000 subscribers.

The calendar will be issued quarterly
and will provide an overview uf meetings
planned over a 32-month period. Explains
Pam Turner, conferences supervisor at
EPRI, the calendar “provides a tool that al-
lows our member utilities to budget and
plan in advance.” It presents information
on all kinds of EPRI events across the
United States, including conferences, fo-
cus group meetings, workshops, and
training courses sponsoted by EPRI's
many research centers.

The calendar offers a detailed list of
events—arranged according to the spon-
soring division within EPR1—that includes
specific dates (when available) and contact
names and phonit numbers. [t alzo gives a
brief description of each division as an aid
in locating meetings of interest.

The calendar is part of a broader initia-
tive under way at EPRI to centralize infor-
mation on EPRI events and to track more
closely the attendance at meetings and
workshopa. As of Movember, all meet-
ing information is gathered hy
EPRY's Corporate Communica-
tions Division, which has set
up a database that other parts
of the Institute can access. For
instance, EPRIMET,
tute’s electronic

the insti-
information
and communications network,
draws information for its on-
line calendar of events from the
Curporate Communications Di-
vision’s database. (Since this
on-line calendar also includes
meetings that are planned
within too short a time frame to make it
into the listings distributed through TIP,
EPRINET remains the best source for up-
to-the-minute calendar information.)

The calendar presented in the EPRI Jaur-
nal also will draw from the Corporate
Communications Division’s database but
will continue to announce only major
events. To subscribe to the EPRI Calendar
of Events or to ather publications distrib-
uted through the TI? System, contact Dar-
lane Morgan at (415) 855-2859. ®

Video Introduces Magnetic
Field Research Facility

PRI has releassd an 11-minute video
Ethat introduces the Institute’s state-
nf-the-art Magnetic Field Research Facility
in Lenox, Massachusetts. This facility, the
only one of its kind in the world, was es-
tablished to provide a better understand-
ing of the nature of residential magnetic
field sources

Operated by General Electric for EPRI
and its membuers, the facility simulates a
small segment of a residential neighbor-
hood, including a 1200-foot overhead dis-
tribution ling (with nine transformers) and
an uninhabited house that draws power
from the line. Within the house are typi-
cal wiring and grounding arrangements,
which researchers can easily reconfigure

to produce a wide variety of currents and
magnetic fields typically found in resi-
dential neighborhaods.

EPRI uses the research facility to mea-
sure and evaluate magnetic fields and to

determine economical, practical ways to

manage the fields. The Institute also en-
courages utility engingers to attend train-
ing courses at the tacility to learn how to
measure and analyze magnetic field data.
Member utilities are invited to submit
technical problems related to magnetic
fields for further research. A number of
outside groups have taken advantage of
the expertise available at the facility; state
health officials, appliance manufacturers,
electric utility regulatars, wire inspectors,
foreign utility representatives, and U.S.
Department of Energy personnel are
among those who have visited the lab.

In addition tar thee facility, the new video
describes a nationwide magnetic field
measurement survey conducted by EPRI
This survey is the foundation for a com-
prehensive program that EPRI is develop-
ing to predict the strength of magnetic
fields under a variety of residential wir-
ing configurations. The video al=o covers
methodz of analyzing possible madifica-
tion® to new and existing electric systems,
discusses different options for magnetic
field management, and cites specific EPRI
tools available to help, such as Field Star™
1000, a hand-held magnetic field measur-
ing and recording device.

A member utility can order the video
through its manager of EPR! technology
transfer. ®

e S S5
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RESEARCH UPDATE

Combustion NO, Control

Reburning for Cyclone Boiler Retrofit NO, Control

by Angelos Kokkinos, Environment Division

itle Iv of the 1990 Clean Air Act Amend-
ments calls for a two-million-ton re-
duction in emissions of nitrogen oxides
(NO,), relative to 1980 levels, by a target
date of 2000. A significant portion of this re-
duction will be accomplished by requiring
fossil-fuel-fired power plants to meet more-
stringent imitations on NO, emissions. Com-
pliance dates depend on boiler type, with
cyclone boilers unaffected as yet but poten-
tially subject to Phase 2 emission limitations
beginning January 1, 2000. Moreover, under
Title | of the 1980 amendments, boilers of any
type (including cyclones) located in ozone
nonattainment areas could be required 10
install NO, controls by May 31, 1995
Cyclone boilers are designed to reduce
fuel preparation costs, minimize furnace
size, and decrease the fly ash content of the
flue gas They burn crushed coal—typically
smaller than 0.25 mch in diameter—and
thus do not require pulverizers to prepare
the coal for combustion. Combustion occurs
within  water-cooled horizontal cylinders.
called cyclenes, attached to the sides ef the
boiler These cyclones are designed to

create high-turbulence, high-temperature
(3000-3400°F) combustion conditions suf-
ficient to transform coal ash to molten slag,
thereby reducing the fly ash content of the
flue gas.

Cyclone bailers can be sized smaller than
pulverized-coal-fired boilers with the same
heat output, but they typically produce
higher NO, emissions. While cyclone boilers
represent only about 9% of the coal-fired
generating capacity built in the United
States before the implementation of the
1971 New Source Performance Standards,
they produce approximately 14% of the NO,
emissions from these pre-NSPS units. Stag-
ing the cyclone combuslion process 10 fe-
duce NO, emissions is not a practical op-
ticn, because this can change the physical
and chemical properties of the ash—thus
promoting boiier tube corrosion, altering
slag flow characteristics, and leading ta in-
creased unburned carbon (UBC) levels and
fly ash emissions.

Figure 1 is a sectional side view of a cy-
clone beiler modified for reburning opera-
tion. With reburning, 10-25% of the total

— — 1

ABSTRACT Reburning represents a promising retrofit combustion NO,

contro!l technology for cyclone boilers. It involves the injection of natural gas,

oil, or coal into the boiler above the main combustion zone in amounts equiv-

alent to 10-25% of the total heat input. This creates a fuel-rich reburn zone

in the middle region of the boiler in which NO, is converted to environmentally

benign molecular nitrogen. Two full-scale utility demaonstrations—one using

natural gas as the reburn fuel, the other using coal—indicate that NO, emis-

sion reductions of about 40-60% are possible with minimal impacts on boiler

operation.
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heat input to the hoiler is introduced through
ports located above the cyclones to create
a fuel-nich secondary combustion zone —
the reburn zone. The reburn fuel does not
burn in a well-defined flame but combusts
uniformly throughout the reburn zone. Hy-
drocarbon radicals are formed as interme-
diate products in the process, and these
radicals react with NO,, chemically reduc-
ing it to molecular nitrogen.

To enhance the mixing of fuel and turnace
gases and the reduction of NO, without sig-
nificantly increasing oxygen availability, re-
circulated flue gas can be added in the re-
burn zone. A third combustion area, known
as the burnout zone, is created by injecling
completion air above the reburn fuel ports.
This step s necessary because oxygen lev-
els in the reburn zane are purposely insuf-
ficient for complete combustion.

Demonstration program

Pilot- and full-scale tests cosponsored by
EPRI indicate that reburning can reduce NO
emissions by 40-80% without producing
undesirable side effects, such as increased
UBC and carbon monoxide (CO) ievels. The
technology is applicable only 1o units that
are tall enough to provide sufficient time for
both the reburn and final burnout processes
to be completed (at least 1.5 seconds be-
tween the uppermost cyclone and the fur-
nace outlet). An engineering feasibility study
indicated that most cyclone boilers satisfy
this criterion.

Pilot-scale tests using natural gas, oil. and
pulverized coal as the reburn fuel were con-
ducted on a 6-MBtu/h coai-fired cyclone
boiler at Babcock & Wilcox Company’s Al-
liance Research Center. NO, emission re-
ductions ranged from 40% to 75%. Reduc-
tions were highest when natural gas was
used as the reburn fuel and lowest when
coal was used. The effects of reburning on



combustion efficiency and corrosion were
insignificant with each of the three reburmn
tuels.

NO, emission reductions in the 40-60%
range have been achieved in EPRI-cospon-
sored full-scale reburning demonstrations
at Ohio Edison's Niles Unit 1 and Wiscon-
sin Power & Light's Nelson Dewey Unit 2.
Natural gas was used as the reburn fuel
in the recently completed two-year demon-
stration at Niles 1, a pressurized 110-Mwe
natural circulation reheat boiler burning an
eastern bituminous coal, Pulverized coal
is being used as the reburn fuet at Nelson
Dewey 2, a 100-Mwe pressurized boiler
currently burning an Indiana bituminous
{Lamar) coal. This demonstration is in its first
year of cperation,

In general, the amount of NO, destroyed
by rebuming depends on the following
factors:

0 The air-to-fuel ratio in the reburn zone. Re-
sults indicate that a stoichiometric ratio of
0.85-0.95 in the reburn zone optimizes NO,
reductien. (At this air-to-fuel ratio, the arr is
85-95% of the amount needed for com-
plete combustion of the fuel.)

0 The type of reburn fuel. More-volatile, low-
nitrogen-content fuels (cil and natural gas)
reduce NO, more effectively than less-
volatile, higher-nitrogen fuels (coals).

o0The length of time lurnace gases remain
In the reburn and burnout zones (residence
time), Longer residence times allow com-
plete mixing of furnace gases with the re-
burn fuel and the completion air. Minimum
residence times are generally 0.5 second
for the reburn zone and 06 second for the
burnout zone.

o Temperature NO, reduction is maximized
if the reburn zone temperature is as high as
possible without hampering combustion in
the primary zone, and if the burnout zone is
as cold as possible without inhibiting car-
bon burnout.

Natural gas reburning at Niles 1

The natural gas reburning system at Niles
1 was installed in the spring of 1890. The
system includes five reburn fuel ports and
four burnout air ports. Key reburn zone
components include a natural gas pipeline
and associated control valves, a flue gas
recirculation fan, ductwork and associated

contral dampers, and gas re-
burn nozzle assembties. Key
turnout zone compaonents in-
clude ductwork, associated
control dampers, and windbox
and nozzle assemblies, ihrough
which completion air is injected
into the turnace. Portions of the
furnace waterwall have been
replaced to accommodate the
burpers and air ports.

Operating procedures for the
reburning system were devel-
oped during optimization test-
ing in the summer and early fall
of 1990. The system I1s oper-
ated in an automatic load-fol-
lowing mode by means of a
pregrammable controller con-
nected to the boiler's main
control system. Final excess air
levels are slightly higher than
those for cyclone coperation
without reburring.

Short-term parametric tests
were conducted during Oclo-
ber-December 19380, These
focused on assessing the ef-
fectiveness of the reburning
system in reducing NO, emis-
sions, the impact of reburning
system operation on boiler and
plant operation and maintenance, and the
influence of system variables and compo-
nents on overall NO, removal,

After the completion of the short-term
parametric {esting, long-term tests were
conducted under typical load conditions,
ranging from full load (110 MW) down to
80 Mw. (Operating the reburning system at
lower loads would have resulted in slag tap-
ping problems.) The abjective of these tests
was to evaluate the effects of reburning on
NO, emissions and boiler performance un-
der normal, everyday operating conditions.

In the shorl-term parametric lests, the re-
burning system reduced NO, emissions by
30-70% at both full and partial loads—from
baseline levels ranging from 630 to 710
ppm. {All NO, emission data are corrected
10 3% oxygen.) i the long-term tests, NO,
reductions of 40-50% were achieved du-
ing normal boiler operation at a typical re-
burn zone stoichiometry of 0.9.

feeder

Cyclone

*'f Gravimetric

Figure 1 In a cyclone boiler modified for reburning, fuel
equivalent to 10-25% of the total heat input is injected into
a secondary combustion zone above the main zone. [n this
fuel-rich reburn zone, NO, is chemically reduced to molecu-
lar nitrogen. Supplemental air is injected Into a third 2one,
the burnout zone, to promote complete carbon combustion.

Completion
air port

Reburn
burner

combustion
zone

The impacts of the reburning system on
both the boiler and the balance-of-plant
eauipment were generally minimal. How-
ever, overall boiler efficiency did decrease
by approximately 0.7% as a result of the
higher hydrogen content of natural gas,
which increases flue gas moisture.

Waterwall heat absorption decreased by
about 5% because of lower cyclone load-
ing. but this was offset by a 5% increase in
convective-pass heat absorption, the result
of higher gas temperatures (about 30°F
higher at the furnace outlet). Both UBC and
CO ievels were virtually unchanged. As
would be expected as a result of burning
natural gas in place of coal, sulfur dioxide
emissions and particulate loading to the
unit's electrostatic precipitator decreased.

The reburming system was nitially de-
signed with flue gas recirculation {FGR) to
promote mixing of the natural gas reburn
fuel with the furnace gases. However, the
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Figure 2 Long-term test data on NO, emissions versus the
air-to-fuel ratio (stoichiometry) in the rebum zone at Niles 1.
Increasing the flow of the naturai gas reburn fuel at constant
overall excess air levels (i.e,, decreasing the stoichiometric
ratio) lowered NO, emissions under all ioad conditions tested.
For a given increase in natural gas flow, the reguction in emis-

sions was greatest at full load,

As indicated by the long-
term data in Figure 2, the
amount of reburn fuel—and
therefore reburn zone stoichi-
ometry—has a strong, linear
influence on emission perfor-

1 mance at both full and partiaf
o GOP 100-110 MW g0-100 Mw| loads. Stoichiometry was ad-
£ : justed by varying the natural
g 700 f I
B 10+ MW gas tlow from 0% to 18% of to-
S 600l . SgE— tal heat input. At constant ex-
£ cess ar, a fiow increase of
™ 500 [ about 9% corresponded 1o a
@
B 0.10 (10%) decrease n stoi-
E 400 I~ chiometry, which resulted in an
4 NOQ, emission reduction of ap-
o 300 |- ;
= proximately 200 ppm at full
200 L | | | | Ioad. The data indicate that re-
08 0.9 10 11 12 13

Reburn Zone Stoichiometry

lower temperature of the recircutated flue
gas reduced the temperature In the reburn
zone. resulting in excessive slag deposits
on the furnace walls. As a result, the re-
burning system was eventually redesigned
to eliminate FGR.

Testing to assess the influence of system
vanables and components on NO, reduc-
tion focused on reburn zone stoichiometry,
FGR flow, completion air flow and delivery,
and reburn fuel delivery,

burning is more cost-efiective
during full-load than partial-
load operation; that is. a given
increase in reburn fuel {and the
associated decrease in stoichiometry) resul-
ted in a larger NO, reducten at full load
{110+ MW) than at partial load (80-90 Mw).

Varying FGR flow from 3% to 11% of to-
tal flue gas flow (design limits for mixing pur-
poses) hagd no effect on NO, emissions. This
was due to the good mixing characteristics
at Niles 1 and indicates that the influence
of FGR on reburning system performance is
likely to be unit-specific.

Varying completion air mass flow and de-

livery (e.qg.. varying the (ilt and yaw angle of
the four completion air injectors and bias-
ing the flow to these injectors) had no effect
on NO, emission resuction, Varying the re-
burn fuel delivery parameters likewise had
no effect on NO, performance, but it did in-
fluence combustien completion and CO
£rmissions.

Pulverized-coal reburning
at Nelson Dewey 2

The pulvenzed-coal reburning system al
Nelson Dewey 2 was installed n the fall of
1991. The system includes four reburn fuel
ports and four burnout air ports. Key re-
burn zone components INClude a primary
air fan, ductwork ang associated dampers,
a pulverizer and associated components,
coal piping. a gravimetric feeder, coal-firing
burners, and FGR ductwork and associated
dampers In addition, a sla for the reburn
coal was installed. Key burnout zene com-
ponents Include air ports, ductwork, and as-
sociated dampers New furnace wall pan-
els were required to accommodate the
burners and air ports.

As at Niles 1, the control system has been
modified to include the contral of reburn
burners, FGR, and completion air flow. Para-
metric festing of the reburning system Is un-
der way; early results indicate that NO, re-
ductions will exceed the project goal of 50%
with no significant operating impacts.

State-of-the-Art Power Plant

Fossil Plants: Integrating New Technology and Design

by Stan Pace, Generation & Storage Division

uring the recent hiatus 1 new power
D plant construction in the United States,
research by EPR! and domestic and over-
seas manufacturers has produced major
advances in fossil fuel plant technology and
design. Anticipating utilities’ need for timely
information on these advances, EPRI initi-
ated a project to define state-of-the-an
power plant (SOAPP) designs and to trans-
fer SOAPP techrology and cost data to the
industry (RP3222-1). The project is devel
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oping a comprehensive camputer-based in-
formation system tor integrating proven fos-
sl plant equipment technology into new
units and retrofit projects,

The mroject will cover mulvenzed-coal,
combustion turbine, combined-cycle, circu-
lating-fluidized-Bed combustion, ang gasifi-
cation-combined-cycle systems, The initial
work is focusing on combustion turbine and
combined-cycle plants and on environmen-
tal technologies for pulverized-coal plants.

The SOAPP information system consists of
two key elements: technology modules and
the SOAPP workstalion. A technology mod-
ue s a stand-alone information software
product that serves nat only as an immedi-
ale technolowy transfer tool but also as a
building block for the SOAPP workstation
The project staff plans to develop as many
as 120 technology modules.

The SOAPP workstation provides inte-
grated access 1o the technology modules.



ABSTRACT /in a power generation market characterized by increasing

competition, utilities need to effectively apply cost-beneficial advances in fos-

sif piant technology and design that have come out of research sponsored by

EPR! and other organizations around the world. To support utilities in this ef-

fort, EPRI is developing a powerful computer-based information resource con-

sisting of an easy-to-use design and analysis workstation and a comprehen-

sive set of technoiogy modules. This system not only will provide detailed in-

formation on proven innovations for fossil plants but will help utilities integrate

these state-of-the-art technologies into new plants and retrofit applications.

Using this single workstation, utilities will be
able to screen fossil generation technole-
gies on the basis of their own project goals
and to evaluate alternative technology
strategies for various plant sizes, fuels, and
site requirements. They will also be able
to develop customized SOAPP conceptual
plant designs and conduct cost and per-
formance senstivity anatyses. Through this
process, utilities can plan for totally inte-
grated SOAPP facilities that they can confi-
dently specify, design, build, and operate —
thereby taking tull advantage of the tech-
nological advances now available,

A computer-based information
resource

The primary purpose of the SOAPP project
(s to provide a comprehensive, user-friendly
infarmation system to help utilities design
new and retrofit plants that offer increased
efficiency, availability, environmental com-
patibility, and cost-competitiveness. Tech-
nologies are selected for treatment in the
SOAPP technology modules primarily on the
basis of their potential for contributing to
these plant improvement goals.

Each technology moduie will contain the
following: a process descnplion (including
diagrams and a discussion of advaniages
and disadvantages), destgr-basis informa-
tion, (nformation on economics (including a
detailed cost breakdown), scheduling infor-
mation, a discussion of new versus retrofit
issues, a database on operating experience
with the technology. a list of references, and

a glossary. Screening madules will provide
fast access to al the technology modules
and will perform basic screening of these
technelogies in terms of applicability to a
given site.

Table 1 lists the project’s first 19 technol-
ogy modules. Three of these modules—
electrostalic precipitators, baghouses. and
cycle chemistry—are complete; the re-
maining 16 will be released for beta testing
by the end of 1992 and will be available in
early 1993, Later next year, 16 additional
technology modules will be completed,
along with the combustion turbine/com-
bined-cycle portion of the workstation.

For each type of fossil generation covered
in the workstalion, the project team is de-
veloping a base case SOAPP conceptual
design as well as associated capital and
operating cost estimates. These base case
designs will integrate many of the advances
described In the technology modules and
are intended to "push the envelope” of plant
performance, costs, and environmental
compatibility. A utility can use a conceptual
design as the starting point for a customized
design, selecting whatever technologies are
consistent with its goals and constraints.

n addition to integrating appropriate
technologies, the base case SOAFP con-
ceptual designs will include advanced con-
struction techniques—for example, pre-
assembly, ground assembly, and modular
construction. By making extensive use of
these technigues, the base case concep-
tual designs will facilitate plant construction,

lower costs, and shorten schedules,

The SOAPF werkstation will enable users
to input site-specific criteria, select any
combination of plant eguipment, and view
the effects on plant design, layout, cost, and
performance. Users wil be able o vary key
design criteria—including plant size, steam
conditions, duty cycle, fuel type, and emis-
sion limits—and assess the impacts on the
conceptual design. Changes that worksta-
tion users make in the plant design criteria
and in their technology selections will auto-
matically be propagated throughout the
drawings, cost estimates, and other con-
ceptual design documentation.

Innovative technology
transfer

The key to the technology transfer aspect
of the SCAPP project is the application of in-
novative software technclogies and a so-
phisticated but very friendly graphic user in-

Table 1
INITIAL SOAPP TECHNOLOGY
MODULES
Electrostalic precipitators®
Baghouses*
Cycle chemistry®

Flue gas desulfurization (FGD)
selection

Forced-oxidation limeflimestone
FGD

inhibited-oxidation FGD
Dry FGD
Conlinuous emissions momtonng

Pulverized-coal posicombustion
NO, control

Coal cleaning

Coal swilching and blending
Pulverized-coat burners
Steam bypass systems
Feedwater heaters
Feedwater pumps

Alr heaters

Combustion turbine selection

Combustion turbine comoustior
NO, conlrol sirategies

Combustion urbine postcombustion
NO, control

“Availabe now.
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Figure 1 Designed to take full advantage of the com-
puter medium, the SOAPP technology medules feature
sophisticated yet user-friendly displays that present
three levels of technical information. At the first level,
a graphic illustration gives an overview of the topic—
here, for example, reverse gas baghouses ({tcp).
Through icons, hypertext technology, and other on-
screen navigational tools, users can easily access
more-detailed information like that shown on the other
screens.

terface. An important concept in the devel-
opment of the SOAPP technology modules
and workstation is informaion visualization,
an approach that goes beyond the straight-
forward conversion of paper documents to
electronic medlia (although that is part of the
SOAPP effort) 1o include information design.

This approach is bbased on the realization
that significant gains in productivity can be
achieved by designing information to take
full advantage of the computer medium. It
features a standardized format for user ac-
cess, the use of visual aids and interactive
displays, and the extensive cross-linking of
information to create hypertext/hypermedia
and multimedia (i.e., audio and video) sup-
port. As a result of the system's innovative
design, a broad range of utility users will—
with minimal training—be able 1o access
a great variety and depth of information.
Users will literally have at their fingertips the
essence of hundreds of volumes of pub-
lished information.,

In the technology modules, technical in-
formation is presented at three levels, with
summary graphics at the first level and
more-aietailed information at the second
and third levels (Figure 1). This arrangement
aliows users to obtain a euick overview of
a major area (e.g., process description,
economics, scheduling), after which they
can selectively access more-detailed infor-
mation. In the workstation, a similar ap-
proach allows users to select various de-
sign criteria ang parameters in order to de-
velop customized plant designs.

Time-sensitive information—such as in-
formation on costs, equipment delivery
schedules, and operating experience—is
stored in calculation libraries and databases
used by the SOAPP workstation. These li-
braries and dataeases wil be updated reg-
ularly and made instantaneously available
to workstation users over a wide-area net-
work, EPRI's PowerServe,



Benefits to utilities

In the SOAPP project, innovative software
technologies are being used to create a
powerful workstation that can help utilities
understand the impacts of available tech-
nolegy improvements for existing ansl new
fossil plants. The waorkstation will screen
technologies to identify candidates appro-
priate for a given site; provide guidelines on
as many as 128 technologies; and supply
drawings, equipment lists, energy and ma-
terial batances, cost estimates, and sched-
ules for site- and utility-specific versions of
the SOAPP base case designs,

In addition ta making possible compre-
nensive technology evaluations, the werk-
station will offer dtillties the following impor-
tant benefits
g Readily available technical information.
Utilities continually seek ways to improve the
availability and accuracy of data on gen-
eration performance, cost, efficiency, and
scheduling for their pianning studies. The
SOAPP workstation will provide this informa-
tion quickly and economically. it will also
provide related design information that will
enhance reports and studies.

2 Reduced need for external support, Most
utilities strive to achieve self-sufficiency with-
out sacrificing guality and timeliness. The

SOAPP workstatien will give utilities the ca-
pakility to internally wenerate conceptual in-
formatien about fossil power plants.

o Economical investigation of what-if sce-
narios. Utilities will no longer have to over-
simplify screening studies that determine
the impacts of such attributes as unit size,
fuel quality, and emission limits, The SOAPP
workstation will make it possible for utilities
to pertorm detailed sensitivity analyses
and what-if scenarios guickly and cost-
effectively.

The SOAPP software is designed not only
for utility system pianners but also fer utility
engineers and managers. A utility engineer
might use it te develop conceptual designs,
information for siting studies, technical data
for licensing and permitting activities, or
technical input for generation planning. A
utility manager might use the software to
access design data and cother critical infor-
mation for submission to regulatory and i-
censing agencies or for use in presentations
to company management,

The SOAPP goals will be met only if utili-
ties understand the how and why of inte-
grating the latest technologies into power
plants, The state-of-the-art software tech-
nolegy and information visualization tech-
niques employed in the SOAPP workstation

and techrology modules should give utili-
ties the necessary knowledge and confi-
dence to optimize conceptual designs for
reliable, competitive power generation facil-
ities for the future.

The project team

A multidisciplinary contractor team, led by
Sargent & Lundy Engineers, is developing
the SOAPP workstation. Data for the individ-
ual technology medules are being collected
and deveioped ty a group of subcontrac-
tors selected for their expertise in specific
technical areas. The team also includes 11
host utilities, who not only provide guidance
on workstation development but also take
an active part in it. A project advisory com-
mittee with representatives of 24 utilities and
12 architect/engineering and equipment
supplier firms has been formed and meets
regularly.

To ensure the SOAPP project’s respon-
siveness and usefulness to members, EPRI
continues to invite utility participation in ad-
visory committee, users group, and site
study activities. For more information on the
project, contact Stan Pace at EPRI, (415)
855-2693, For a demonstration disk of the
SOAFP software, contact the EFRI Distribu-
tion Center, (510) 934-4212,

DSM and Residential Programs

Impacts of Appliance Efficiency Standards

by Phit Humme! and John Kesselring, Customer Systems Division

mprovements in design, materials, com-

ponents, and manufacturing methods
have yielded impressive efficiency gains for
home appliances, which currently account
for about 28% of U.S. electricity demand.
These mprovements—together with fed-
eral minimum efficiency standards, which
eliminate low-efficiency models from the
market-—have significantly altered the
spectrum of appliance efficiency options
available to consumers and, in turn, the op-
tions apen to utilities interested in demand-
side management (DSM},

Federal regulation of the energy effi-

ciency of appliances began in 1987 with the
enactment of the National Appliance Energy
Conservation Act. The NAECA, which has
been amended several times, specifies ef-
ficiency standards for 13 classes of home
appliances (Table 1), Each standard is in-
tended to achieve the maximum improve-
ment in energy use that the Department of
Energy determines to be technologically
feasibie and economically justified. n set-
ting a standard, DOE is to consider several
factors, including the results of product per-
tormance testing; the economic impact on
manufacturers; consumer savings in energy

costs throughout the product life; increases
in price or maintenance costs; and the to-
tal energy savings likely to result from im-
position of the standard.

EPRI's Residential Program is working with
manufacturers 1o develop electric appii-
ances with efficiencies that exceed existing
and proposed standards. Such appliances
could lead to the adoption of even higher
standards. For instance, the microwave
clothes dryer being developed by EPRI
could prove efficient enough to push up
standards for clothes dryers, and EPRI-
sponsored weork on heat pump water
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ABSTRACT Federal efficiency standards for appliances limit the range
of models available on the market. Ulility energy efficiency programs often
encourage consumers to purchase the most efficient of the remaining options,
but more-stringent efficiency standards could have a significant impact on such
utitity efforts. Using long-run technology scenario forecasting, EPRI-sponsored
researchers studied ways in which the interplay of technological change, fed-
eral standards, utility efficiency programs. and market forces could affect fu-
ture energy markets for three major residential end uses: refrigeration, centraf
air conditioning, and waler heating. The researchers reached several impor-

tant conclusions about utility demand-side management efforts.

heaters could help raise standards for wa-
ter heaters,

In conneclion with inlegrated resource
planming. many utilities are evaluating their
DSM options As federal efficiency stan-
dards narrow the range of available amppli-
ance options, utility DSM planners must con-
sider the costs and benefits of offering In-
centives for consumers to purchase the
most efficient of the remaining options.
EPRI's DSM Program is examining the po-
tential impact of appliance efficiency stan-
dards on future load and on utifity DSM ef-
forts,

Technology scenario
forecasting

Technolegical changes, efficiency stan-
dards, and market forces wil mold future
residlential appliance ener@y markets. Long-
run technology scenaries previde a struc-
tured framework for studying these infiu-
ences and the limits they pface on DSM po-
tential. The scenarios take into account new
equipment designs, restrictions imposed by
efficiency standards, and incentives pre-
vided by DSM programs. They also exam-
Ine interactions between end uses, espe-
cially the relationship between improved ap-
phance efficiency and heatng and cooling
leasis.

Under EPRI contract, Regional Economic
Reseaich, Inc. (RER), used leng-run tech-
nology forecasting techniques 1o analyze
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the potential impact of appliance efficiency
standards on energy consumption and on
utility DSM efferts. As a support tool. RER
used EPRI's REEPS 2.0, the Residential End-

Use Energy Planning System, a software
package for developing end-use energy
forecasts. REEPS combines end-use and
technology data with key assumptions
about dynamic market mehavior to develop
information on energy sales, fuel and tech-
nology market shares, and appliance size,
efficiency, and use.

To construct long-run technology scenar-
i0S, analysts had to make expiicit assump-
tions aboul the development and introduc-
tion of advanced technolegy and about
changes in efficiency standards. Owing to
the complexity of the situation being stud-
ied, they made certain simplifying assump-
tions. For instance, since the number of spe-
cific appliance options available on the mar-
ket is toe large to be modeled in detall, the
researchers grouped models into represen-
tative design sets that together covered the
full efficiency spectrum over the torecasting
period. Then, taking into account scheduled
and anticipated minimum efficiency stan-
dards, te researchers determined the

Table 1
SCHEDULE FOR FEDERAL APPLIANCE EFFICIENCY STANDARDS

Appliance Class 1968
Clothes washersg ]
Clothes dryars .
Dishwashers ]

Refnigerators, reirigeralor-freezers,
freazers

Water heaters

Birect heating equipment
Kitchen ranges and ovens
Pool heaiers

Room ar conditioners

Central arr condiioners and
haat pumps

Spiit system

Single package
Furnaces

Central (> 45,080 Blu/h)

Small {<45,008 Btu/h)

Maobile home

Boiters
Fluorescent lamp ballasts
Televisions

1980 1991 1992 1993 19894 1996
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L ]
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L] L | ]
& |
@ n
] L
L] .
L]
=
]
w
L B
w
® ]
]

Note. A oullel maicales the effecliva dale of a cunent stendeid o of a futuse stanoard wnese vaiue nas
already been set A sguare indicates tha scheduled Hate far a new of upualed standard whose value
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least- and most-efficient options available
on the market during any given year n a
scenario. They also identilied polential DSM
largets —models typically n the upper por-
lion of the efficiency range (Figure 1), The
minimum level of appliance efficiency tar-
geted by DSM programs will change over
time, especially as future standards narrow
the range of available options.

Efficiency standards have an impact on
energy use only as new and replacement
appliances are purchased The average ef-
ficiency of new appliances purchased dur-
ing any year reflects the overall efficiency
range of the appliance options in that year,
the avaiiability of the various options, the
marketing strategies of suppliers, and the
decisions of home builders and consumers
A change in the averaee efficiency of the
existing stock of residential appliances oc-
curs gradually, because the average effi-
ciency at any point in time reflects appli-
ance lechnologres and purchase decisions
from the preceding decades. However, as
tow-efficiency units are removed from ser-
vice ang from the market and as more-effi-
cient models are purchased, the average
efficiency of the existing stock will nse, and
energy consumption per unit will fall, unless
there are offselting lrends lke increases in
appliance size and usage levels.

Te evaluate the implications of efficiency
improvements for utility sales and for po-
tentiai DSM programs, the analysts consid-
ered several other faclors, including the
thermal efficiency of homes and the appli-
cation #f add-on measures (e g. low-water-
flow devices) that do not nvolve major
equipment expenditures but are often cov-
ered by DSM programs. Finally, they con-
sidered several interrelationships between
efficiency and consumption, including
equipment-related nternai heat gans (i.e.,
appliance-generated heat and its effect on
heating and cooling loads) and interactions
belween usage and behavior {(e.g., the re-
bound eftect, or the customer's investment
of efficiency savings in increased energy
consumption)

Three end-use analyses

RER recenlly completed analyses of the in-
terplay of appliance efficiency standards,
DSM programs, and market forces for three

Figure 1 Framework for technolegy scenarios. The top curve represents the most efficient of the
models on the market in a given appliance class; the bottom curve, the least efficient. Utility DSM
programs encourage consumers to purchase models in the upper part of the available efficiency
range, taking into account lecal economics and buying patterns. When new efficiency standards
are introduced, low-efficiency models are forced off the market and DSM targets move upward.
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types of residential appliance: refrigerators,
central ar conditioners, and water heaters.

Refrigerator efficiencies have risen dra-
matically over the past decade, and new
units purchased In the next few years will
strongly outperform most umts in the exist-
ing stock. During the early 1990s, the infiu-
ence of DSM efficiency incentives on new
refrigerator purchases will be hmited by the
narrow and rapidly upward shifting effi-
ciency range defined by available model
options.,

Tre efficiency of refrigerators is ex-
pressed in terms of an energy factor thai in-
dicates the number of cubic feet refriger-
ated under lest conditions by 1 kWh per
day. According to manutacturers” shipment
datla. energy factors for new unils ranged
from 8o 9in 1991, The more stringent stan-
dard to take effect in 1993 will force the min-
imur efficiency level to an energy factor of
about 11, to be met through increased in-
sulation and compressor efficiencies. (Stan-
dards are specified according to the size
and features of the appliance. The energy
factor of 11 s tor a typical, frost-free 18-
cubic-foot model thal has a top-mounted
freezer and no through-the-door features.)

Once the 1933 standard 1s in place, DSM
programs aimed at the early replacement of
existing units can be expected to result in

some shori-term energy savings. Also, DSM
second-refrigerator buyback programs (i.e .
programs whereby utilities purchase from
consumers inefficient units being used as
second, auxiliary refrigerators) will remain a
source of energy savings. Beyond these,
the nature of DSM refrigerator programs will
largely depend on further technolegy de-
velopment.

EPRI's Commercial and Residential pre-
grams are jointly investigating the develop-
ment and application of new refrigeranis
having zero ozone-depletion potential If
such refrigerants prove feasible, they may
have an impact on refrigeration system ef-
ficiencies, bul it is toc early to determine
how such an impact would affect refrigera-
tor efficiency standards.

The RER researchers did construct a sce-
nario to examine another potential develop-
ment in refrigeration technology—the use of
vacuum panels instead of insulation. The
scenario assumes hat refrigeratars using
these panels and operating wih an energy
factor of 15 will become commercially avail-
able in the fate 1990s. With no further tight-
ening of nalional standards and withoul ag-
gressive DSM activity, the market share of
these units is expected to be low,

Overall, the REEPS national database
forecasts a sharp decline in first-refrigerator
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Figure 2 Scenarios for forecasting central air conditioning electricity consumption. Both the base
case and the DSM scenario are based on the 1992 federal efficiency standard, The analysis in-
dicates that by the year 2010, utility DSM efforts could reduce electricity consumption by 19 bil-
lion kWh from the base case. The introduction of a more stringent standard in 1999 would itse!f
result in a large decrease in consumplion, however. and hence limit the potential of DSM efforts,
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energy consumption, from about 1258 kWh
ger unit per year in 1990 to about 720 kWh
in 2010. Despite a2 22% increase in the num-
ber of households, the forecast calls for a
30% decline in refrigerator energy use n the
residential sector nationally. This decfine is
attributed mainly to the stringent 1993 na-
tional efficiency standard The associated
loss of internal heat gain from refrigerators
will add almost 8 billicn kWh to electric heat-
Ing loads by 2010 but will reduce electric
cooling loads by more than 3 billion kWh,
As a resuit, each 100 kWh in refrigeralor en-
ergy savings will be offset in part by a load
increase of about 8 kWh. The loss of refrig-
erator heat will also increase the use of nat-
ural gas and other fossil fuels tor heating by
3.5% in 2010.

The efficiency of central ar conditioners,
iike that of refrigerators, has increased sig-
nificantly over the last 20 years, However,
current federal standards do not appreach
the upper part of the available efficiency
range. as they do for refrigeralors, largely
because more-efficient air conditioning
units Include relatively expensive compo-
nents, such as variable-speed motors.
Given the large gap between the seasonal
energy efficiency ratio (SEER) of available
high-efficiency air conditioning units (> 16
BtuWh) and the 1992 federal standard (10
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Btu/Wh), there are options within the exist-
ing efficiency range for DSM programs to
target. Also, the market is first-cost sensi-
tive. Thus, depending on local ecanomics
and usage patterns, there is potential to sig-
nificantly reduce the amount of energy can-
sumed for residential air cenditioning

As shown in Figure 2, a base case sce-
nario using the 1992 standard projects that
electricity consumption for central air con-
ditioning will grow from about 80 billion kWh
in 1992 to more than 110 bilion kWh by
2010, reflecting the growth in housing stock,
the use of central air conditioning in most
new homes, and the installation of new units
in existing homes. According to a BSM sce-
nario also based on the 1992 standard. util-
ity programs 1o encourage the purchase of
more-efficient units could reduce energy
consumption for air conditioning by 17%.
Such programs could prove especially suc-
cessful in warm climates, where the heavy
use of air conditioners would quicken pay-
back on consumer investment. On the other
hand, if a standard at 2 SEER level of 12
Btu/Wh were imposed n 1399 as a result
of improvements in compressor efficiency or
other advances, the potential impact of DSM
programs in the year 2010 could be greatly
reduced.

improvements in residential building ther-

ma! efficiency prolong cooting effects and
so normally lower air conditioning use. The
thermal efficiency of homes is expected 10
improve by about 5% over the next 20 years
without DSM programs and national stan-
dards, Any additional improvement will
reduce the incremental value of more-
stringent efficiency standards for air condi-
tioners and of DSM efforts fo promote high-
efficiency models. Further, many DSM pro-
grams that help increase average appliance
efficiencies will also lower internal heat gains
from appliances., thus lowering cocling
{oads and reducing potential savings from
increases in cooling-equipment efficiency.

The third end use analyzed by RER was
water heating. The efficiency of electric re-
sistance waler heaters is close to technical
limits, and— unlike refrigerators and central
ar conditioners—they have limited poten-
nal for efficiency improvement. (Haat pump
water heaters have potential for dramatic ef-
ficiency improvement over electric resis-
tance units; efforts to improve their cost-
effectiveness are continuing.) In essence,
standards imposed n 1930 took electric re-
sistance walter healers with relatively inade-
quate insulation off the market, thus nar-
rowing the available efficiency range and
limiting the role of DSM programs that in-
volve the purchase of resistance units,

However, dtillties do promote add-on
measures that can still provide large water-
heating energy savings. For inslance, al-
though water heater jackets are a poor in-
vestment for owners of high-efficiency wa-
ter heaters, the use of such jackets on less-
efficient units provides quick payback 10
consumers and could result in energy sav-
ings of 4 billion kWh a year in 2010, even if
a mare stringent efficiency standard is in-
troduced in 1996, Other effective add-on
measures include the use of heat traps to
reduce standby losses (by minimizing the
mixing of water in pipes with water in the
tank) ang the use of low-flow shower heads
angd water aerators to reduce hot water fiow.
Utiiities can also help cut water-heating en-
ergy use by encouraging consumers to buy
water-efficient clothes washers ang dish-
washers and to reduce temperatures in
user-confrolled water heaters.

In summary, the RER analyses indicate
that new federal e ficiency standards for ap-



pliances will have an important impact on
electricity demand. By 2010, for example,
increased refrigerator efficiency is expected
to reduce residential glectricity consumption
by 3%. New standards will also strongly af-
fect utility DSM programs. Utilities therefore
need to evaluate their DSM programs conn-

stantly, especially when new efficiency
standards are anncunced or take effect.
EPRI will continue to apply technology sce-
nario ferecasting techniques and will use
the results to update dataeases for energy
forecasting tools and to revise such publi-
cations as Iimpact of Demand-Side Man-

agement on Fulure Customer Electricity De-
mand (CU-6953), For more Iinformation
about long-run technology scenario fore-
casting or REEPS, contact Phil Hummel at
(415) 855-2855. For information about resi-
dential appliance technology, contact John
Kesselring at (415) 855-2302.

Artificial Intelligence

Exploring Neural Network Technology

by Joseph Naser, Nuclear Power Division, and John Maulbetsch, Office of Exploratory & Applied Research

N eural networks—an emerging artifi-
cial intelligence technology—consist
of a number of simple, highly intercon-
nected data-processing units that sorme be-
lieve may approximate the complex system
of neurons and electrochemical signals
used by the human brain 1o process infor-
mation. There are stuctural similarities be-
tween artificial neural networks and biolog-
ical neurons (Figure 1), and neural networks
can successfully accomplish tasks that are
routine for humans but extremely difficult for
conventional computer software systems.
These tasks include recognizing patterns,
forming assaciations, making generaliza-
tions, anal learning from experience.
Neural network technology is already be-
ing used in such varied areas as explosives
detection, process contral, underwater ob-
ject identification, and loan approval evalu-
ation, Large-scale utility applications of
neural networks require a thorough under-

standing of their nature, capabilities, and
design.

In EPRI-sponsored investigations, re-
searchers are examining neural network
characteristics and evaluating such appli-
cations as control of power systems and
combustion processes, diagnosis of check
valve operating conditions, and recognition
and digitalization of hand-ettered text in
engineering drawings. Results to date illus-
frate the potential of neural networks for m-
proving these and other complex utility
operations.

Characteristics and structure

The most important characteristic of neural
netwaorks is their ahility to learn and adapt.
Conventional software systems are pro-
grammed with instructions and rules,
whereas neural netwerks define, or learn,
their own rules on the basis of examples
(“fraining" data). Although various training

ABSTRACT crniis funding several projects to explore neural network

technology, a form of artificial intefligence that some believe may mimic the

way the human brain processes information. This research seeks to provide

a better understanding of fundamental neural network characteristics and to

identify promising utifity industry applications. Results to date indicate that the

unique attributes of neural networks could lead to improved monitoring, diag-

nostic, and control capabilities for a variety of complex utility operations.

approaches exist, the process generally in-
volves feeding data into a network anal then
iteratively adjusting the network's internal
parameters to enable it 1o develop refation-
ships between data and to model the
process that produces the data, Once prop-
erly trained, neural networks can perform
the same tasks on data other than the train-
ing set and have the potential to adapt 10
changing conditions through a centinuous
self-optimization process.

Otner important attributes include robust-
ness and parallelism. Neural networks are
more robust than conventional computer
programs in their ability to handle noisy or
missing data or damage to components. As
a result, their performance degrades grad-
vally as data suality decreases or damage
increases, instead of catastrophically failing.
Parallelism provides the ability to perform
many operations at once, which i neces-
sary for scme real-time or data-intensive ap-
plications, It also enables a network to con-
sider many possible solutions to a problem
simultanecusly, whereas conventional soft-
ware can evaluate only one option at a time.
These advantages are attributaile primarily
to the structure and distributed functions of
neural networks.

Neural nets consist of two basic elements:
processing units, which are arranged in lay-
ers, and connections between units, which
are of variable weight, or relative influence.
Unlike conventiona! computer techniques,
which process information serially, neural
nets process information in a eistributed
way in a pattern of activation that spreads,
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Figure 1 In biclogical neural systems (left), electrochemicai signals travel from a transmitting neuron’s axon across a tiny gap to a receiving neu-
ron's dendrite. This gap, called a synapse, influences the receiving neuron’s response to the signal. In arificial neural networks (right), information
is processed in a lcosely analogous way. Signals pass between processing units (neurens) through connections (axons, dendrites); connection
weights (synapses) determine the efiecl of an input signal on the next processing unit.
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unit by unit, throughout the network

Each processor performs a single, sim-
ple operation on the information it receives
from inpul data or other units. Results are
then included as part of the network’s out-
put or are transmitted as signals to other
units for additional processing Intercon-
nection weights—which networks establish
during traning and adjust in response to
changing data conditions—can increase or
decrease signal strength, thereby influenc-
Ing the way other units process information.
The memory of neural nets s distributed
within these weights rather than slored in
specific areas, as in serial computers.

Network architecture —the number of lay-
ers. the number of processing units in each
layer, and the number of interconnections—
¢an be customized for specific applications
Typical networks have three layers. one (0
receive input, one to transmit output, and a
third, "hidden” layer (Figure 2). Units n hid-
den layers are not directly involved with in-
put or output but instead help transform in-
put 10 produce oulpul. They enable net-
works to form representations, or models, of
Ihe outside world that can be used to make
complex decisions.

EPRI projects

Two projects sponsored by EPRIs Office of
Exploratory & Applied Research are focus-
ing on the ability of neural networks to op-
timize the control of processes that are
unstable, nonlinear, or not fully understoed.
Existing conlrol technigues, such as clas-
sical adaptive filters, are able to handle only
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small, linear changes in process condi-
tions. Because of their learning abilities and
adaptive nature, neural networks can con-
trol processes with large, unpredictable
variations.

Two cther projects are exploring the tech-
nology's ability to recognize patterns. Neural
nets excel at pattern recognition because
they can identify abjects that are simifar but
not identical, extrapolate missing informa-
tlon, and deduce patterns from noisy data.

Afifth project is examining a novel design
that relates a network's architecture to the
operations 1t is intended to perform Cur-
rently, the development and training of
nelworks  with  approgriate  architectures
for specific applicatons s one of the ma-
jor challenges to widespread use of this
technology.

Control system research

Researchers at Stanford University are
studying the application of neural network
technology to the contro! of power systems
that exhibt complex, nonlinear behavior
(RP8010-13) Initially, to establish the fea-
sibility of this approach, a neural network
controller was designed and trained for a
simple single-generator/single-load system.
The controller maintained output voltage
during random load changes wilh rapid re-
sponse time and minmal signal distortion

Recent work has focused on the devel-
opment of a neural network load-frequency
controller (LFC) for a more complex system,
Most LFCs use integral controllers to elim-
inate generator frequency lransients as

rapidly as possible foliowing load perturba-
tions, To minmize overshooting, these con-
trollers do not respond until transients reach
a certain magnitude, and therefore they are
somewhat slow, in addition, they cannot ac-
count for possible nonlinearities in the gen-
erator respense.

By receiving an estimate of the load per-
turbaticn as an input varable, the neural
network LFC avoids the need to compromise
between transient recovery and overshool-
ing. The network controller can immediately
counteract the effect of the perturbation and
achieve rapid transient recovery. It I1s also
capable of dealing with nonlinearities. Re-
searchers plan to test the neural network
LFC on increasingly complex and realistic
maodels and, eventually, actual power systems

Scientists at Physical Sciences. Inc.. in
Andover, Massachusetts, are investigating
neural network—based control of fossil fuel
burners (RP8005-13). A simple experimen-
tal combustor has been developed in which
the flame state is entirely dependent on the
airflow rate Imaging equipment is usegd 1o
capture the flame's flow structure by moni-
iorng the chemiluminescence of the hy-
droxyl radical within the flame. Each image.
divided inlo 1024 pisgls, is fed into a three-
iayer neural network with 1024 input nodes.

The network classifies images into 10
ftame energy release states. ranging from
"sputter out” to “blowoft.” Network outpul is
communicated 1o an integrated controller
that adjusts airflow to maintain a desired
state under various exiraneous perturba-
tiens. Follow-on werk i1s evaluating the



neural neiwork-based controller's ability to
minimize the prosiuction of nitrogen oxides
in a variable-geometry, swirl-stabilized lab-
oratory-scale combustor.

Pattern recognition

Researchers at the University of Tennessee
are investigating the apgplicability of neural
networks for real-time menitoring of check
valve perfermance (RP8010-12). Such mon-
itoring is important, since check valve fail-
ures in nuclear power plants may compro-
mise plant availability and integrity. Existing
methods of inspecting valves for physical
damage, however, require specialized ex-
pertise and are labor-intensive and expen-
sive. The aim of this project is 0 deveilop
an on-line inspection method that uses a
neural netwerk trained to identify acoustic
emission signatures characteristic of normal
check valve operation, as well as signatures

indicating specific physicat problems.

A network has been trained by using in-
put and output data collected from check
valve hinge pins and backstops, respec-
tively. In trouble-free valves, these data sets
differ slightly but in a known manner. The
network accurately predicts the mackstop
signal for properly operating valves. Pre-
dictiens are less accurate fer malfunction-
ing valves, and the magnitude of error varies
for identical valves with differing preblems.
These results indicate that neural networks
can isentify trouble-free and malfunctioning
valves and may be able to diagnose spe-
cific preblems. At present, researchers are
attempting to optimize network perfor-
mance and diagnostic capabilities by using
additional valve data and various architec-
ture and training approaches.

Scientists at Kaman Sciences Corpora-
tien (Syracuse. New York) ané a aroup of

universities are exploring the use of neural
netwerks and other technolegies to improve
the state of the art in the recognition, cam-
ture, and verification ef hand-lettered text
(RPB010-16). Before the advent of com-
puter-aides design systems, utility engi-
neering drawings were produced in hand-
drawn paper format. Paper-based drawings
contain a wealth of information necessary
for plant design, censtruction, operation,
and maintenance activities, but they are dif-
ficult te access, up#ate, and use

Existing methods of transforming these
drawings inte computer format are lamwor-
intensive or inaccurate. The geal of this proj-
ect is to develop a faster, mere accurate
methosi, ang initial results shew promise.
Experience gained in this effort is expected
to be incorporated inte a project sponsored
by EPRY's Nuclear Power Divisien (RP3045-1)
to automate computer digitatization of
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Figure 2 Neural networks have multiple layers of processing units-—one layer to receive input, one te transmit cutput, and one or more “hidden”
layers used in developing a mode! of the system or process being analyzed. In typical three-layer networks (e.g., the simplified network on the left),
each node in a given layer is connected to each node in the next layer. In contrast, hierarchical networks (right) are organized into subnets that
capture specific systermn attributes by modeling subsets of related variables.
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paperbased engineering drawings. A small
reduction In the inputting cost for each
drawing would represent huge savings be-
cause of the thousands of drawings that ex-
ist for each plant.

Alternative architecture

University of Maryland researchers are eval-
uating the performance of neural networks
with a hierarchical architecture (RP8010-22),
This design, which takes advantage of
known relationships in the system or pro-
cess being modeled. may represent an i m
provement over the typical threedayer net
work.

Typical neura networks have an internal
structure that appears, In most respects. to
be unrelated to the system being modeled.
For example, networks designed to mode!
systems with 25 varables have 25 input
nodes and the same general structure re-
gardless of specific system characteristcs.
Because typical networks have no a priori
orientation about the likely features of input
variables or about the relationships between
variables. they are difficut to train, More
over, once these networks are trained, it is
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dfficuit to evaluate their behavior, reliability,
and applicability because the characteris-
tics of input variables cannot be isolated to
specific units or Interconnections.
Hierarchical networks consist of a aum-
ber of subnetworks arranged into layers
(Figure 2), These subnets are loosely cou-
pled, and the resulting networks have fewer
Interconnections and thus less computa-
tional complexity, Each subnet is intended
to capture specific aspects of a system by
modeling a subset of related system vari-
ables, By grouping related variables on the
basis of prior knowledge, this modular or-
ganization provides hints to the network
about important patterns and relationships
and thus may accelerate training. It may
also faciltate the evaluation of network per-
formance because analyses can focus on
the contrbutions of individual subnets.
Researchers have compared the per-
formance of simple three-layer and hierar-
chical networks for several systems, includ-
ing an oll heater. For the heater, nets were
designed to estmate future outlet temper-
ature on the basis of a fuel's specific grav-
ity the past flow rate. the past and future

set points for flow rate. and the past outlet
temperature.

The hierarchical network produced more
accurate temperature predictions. Analyses
of output signals from its subnets Indicate
that past temperature is the most important
variable during Initial tme steps, that spe-
cific gravity has the strongest influence on
outlet temperature over longer time periods,
and that future flow rate set points become
Increasingly Important with time. The influ-
ence of individual vanables on temperature
predictions made by the traditional network
could not be determined. In ongoing waork,
researchers are conducting a theoretical in-
vestigation of the properties of hierarchical
neural networks and developing a mathe-
matical framework for this design approach.

The results of EPRi exploratory research
indicate that neural network technology
could impreve the cost, efficiency, and
safety of a varety of utility industry opera
tions. The current research geal is to es-
tablish fundamental theory and reliable pro
cedures tor neural net design and devel-
opment. Also, efforts to identify promising
utllity applications will continue.
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Larminated Polymar Compasiles
(RPB0O07-22)

Novel Polymeric Composites for Power
Transmissien Structures (RP8007-23)

Modeling CO» Disposal In the Ocean
{RPBO11-10}

Genelic Ecclogy: Penlachiorophenct and
Palycyclic Aromahe Hydrocarbon
Degradarion (RP8D11-1B)

Faorest Dieback n Relation to Climate
Change (RPB011-19)

Efacts of Architeciural Lighting
(RP3012-12)

Muludynamics: Methocology
Develepmant and Testing (RP900O2-3)

Funding/
LDuration

$325.500
27 months

$160,200
20 months

$6060,000
53 months

$1,689,400
16 months

$811,800
168 maonths

$264 800
30 months

$155,900
18 months

$79.100
23 months

$240,300
23 months

$645,400
57 months

$2,454,100
36 months

$1,482,000
35 months

$188,200
8 months

$2,200,200
45 months

$66,000
10 menths

$134,700
18 months

$152,500
25 months

$50,300
22 mentis

$123,600
12 months

$575,000
42 months

$100.000
24 montes

$50,600
10 months

$129,360
8 mariths

Caniractor/EPR!
Praject Manager

Fassi Energy Research
Corp {A. Kokkinos

Entropy
Envwonmentahsts/
R Glover

Univarsily of Tennassea/
R. Goldstgin

Souhern Cornpany
Seryicas!J, Statings

Southern Company
Servicas{J Stallings

Robert S, Banks
Associates/ S. Lindenberg

Universily of West Florida /
R, Goldstsin

Texas A&M Research
Foundation{D, Golcen

Univarsdy af Conneclicut/
A Hansen

University o! Wisconsin,
Mitwaukee /3 Golden

Wiscansin Department of
Naftural Resources/
O Parealia

Tennessee Vallay
Authority /. Huckabee

Tetra Teeh{ A. Goldstein

Tennesses Vallay
Authorty /O. Mciniosh

New Yerk Lniversity
Medical Center/
i.. Golastein

Cathiolic University of
Louvain/J. Yager

Universily of Washingtan/
J. Stringer

Georgla Instilute of
Technology Ressarch
Corp /u Stringer

Science Applicaiions
Internatiaral Carp. /
D. Spencer

Rulgers University/
R, Goiastein

Sclence and Policy
Associales{ L. Pitelka

Jeflerson Medical
College/A Black

Decision Facus/
R. Schanker
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FProgect

Generation & Storage

Tes! Program With Patseurgh Ceal in the
High-Temperature Winkler Pilot Planl
{HP2858-7)

Llsyd Shoais Dissalved-Oxygen Hyero
Fraject (AF2€94-15)

Intetigent Dynarmic Contral Oclimlzation
Prajact (RP2710-25}

User Inlerface for the Gas Turbine
Outage Crilerra Database (RP2831.8)

Siing Paiential for CAES Plants in
Western Area Power Adminisiration
Reqion (RP30493-14)

Compact Smulator Technology
Davelopmant ang Demansiration
(AP3152-14)

Combustian Turbine Cantrol Sysiem
Developmant and Demnnstratien:
Tecnnical Supporl (R®3152-15)

AFBC Ar, Walerside, and Materials
Balance-of-Ptan) Guidelines (RP3162-6)

AFBC Bad Malenal and Fly Asn
Ralance-of-Flan Guidelings (RP3162-7)

Fluidized-Bed Combustion
Environmental Perfermange {RP3197-15)

EPRIGEM for Plani Problem
Characterization Guidelines (RP3220-17)

International Afiliates Technelogy
Assassment (RF3220-25)

Asbestos Conirgl and Replacement
{RP3246-3)

Elactne Utlity insslation Reseurce
Measuremem Program (RPA258-6)

Power Plani Pecformance
Instrumentation System (RP3383-1)

Compacl Simulalar lor Repoweran
Station {Lauderdale) (RP3384-3)

Cavelopment of Westinghouse
Exmpanders for CAES/CASH Service
(RP3397-1)

CAES Component Devalopmen!
Coosdinaion and Supervision
(RF3397-2)

Gas Turoine ang Combinga-Cycle
Capaeity Ennancemanl (RP3401-1)

Planning Framewaorks far Wind
Resources (RF3404-1)

Nalural Gas-Fusled Molter Carbonate
Fuel Cell Pewer Plant Develepment and
Demenstraton (RF3472-1)

Development, Analysis, and Testing of
L-1 Blaga Rapalr or Replacement
®ptions (AP3482-1)

Integrated Energy Systems

Distriputed Technology Evaluation
Project, Phase 1 (RP2997-5)

Utility Fuel Inventery Modet Support
(RP3344-25)

DYNAMICS Enhancements (RP3449- 1}

Inlegraled Slandardized Datamase
Scaping, Prase 2 (RP3443-1}

EPRICAD. CAD Link Soltware
Development (RP3702-1)

Funding/
Duratien

$B00,000
§ months

$111,700
13 months

$395.500
27 months

$115,800
22 months

$124,500
5 months

$187.000
12 months

$167.200
12 months

$79.600
5 monihs

$57,000
5 manths

$110,100
9 monlhs

$54.200
3 momhs

$106,300
12 months

$751,900
22 months

$53,100
11 manths

$1.200.000
12 months

$65%.900
& months

$150,600
10 months

$195.000
32 mariths

$845.300
21 monihes

$74,700
5 manlhs

$4.308.000
48 months

$424 900
18 monlhs

$150.600
8 montns

$121,700
12 months

$230.000
8 months

$196.400
10 months

$99,600
5 montns

Cortraclor/EPRI
Prayect Manager

Ahanbraun AG /
M. Epsiem

Georga Power Co. /
D. Morris

Georgia Power Co./
J. Weiss

Enter Software !
R Frischmuth

Harza Engineerng Ce |
8 Mehta

Sciance Applicangns
International Carm {
M Divakarum

Science Applicalions
Internatimnal Corp {
G. Poe

Fluldized Bea
Tachrolagies! I Boyd

Joseph Tecrnology Corm./
T Boya

Commustion Systems/
A Brown

Encar-Amencal W Pulie
Encor-Amarical O Gray
Fluor Daniel (S, Gent
Qaystar{J Biager
Potomac Electric Power
Ca (E Petedt

Trax Carp /R Fray

Westinghouse Elactne
Cors { R Poltak

Enermy Slorage & Power
Cansultants R Pollak

Fam Engmeering /
H Schreher

Decision Focus/E Davis

San Diego Gas & Eleciric
Co /A Goldsten

Stress Technology /
T McCloskey

Applied Decision
Analysis/J Bloom

Applied Decision
Analysis/C Clark

Decision Foous /
H Fortune

Amacus Programming
Corp.{L. Ruttin

Karta Technelogy !
A Kader

Projsct

Nuclear Power

Severe-Accident Acliviies Suppert
{RP1933.9)

Pump Troubleshooting, Phase 1
{RP2520-10)

Methedology ior Develeping Fraguity
Curves (RP2722.32)

[Digsolution of Chromium Carides and
of @xides of Alloying Elements in Type
384 Stainlgss Sieel and Incangl 600 10
High-Temmearature Water (RP2812-12)

Unintarruptibie Powsr Supply System
Mantenance Guice (RP2814-48)

Development ¢f Turbing Disk Utrasanic
nspection Data Acquisition and Analysis
Syslerm (RP28S7-4)

Rule Sets for Electnzal Drawing
(RP3045-3)

Full-System Deconiamination Study at
Carohna Power 3 Light's Brunswick
Plani: Engineerng Study (RP3313-5)

Ba&W Advanced Control Syslem
integration (RP3338-2)

Ptam Camputing Architaciute Flan
Metnsdology (RP3405-1)

Mamtenarnce Rule Support (RE3409-1)

Reaclor Protection Sysiem Upgrade
Using Safely-Grade Programmabte
Logic Cantrollers (RP3418-1)

Performance Predictian Methadology for
Molor-Operatan Butierily Valves
{RP3433-22)

EHect of Surface Fim Electric Resistance
on the Eday-Currenl Detectability of Sur-
face Cracks n Alloy $0¢ (RP3500-10)

License Renewal and Integraled Plant
Assessment (RP3675-1)

Evalualion ol the Technical Bases for
Averzging Nuclise Cencentrations Over
the Package Waste Volume (RPI800-13)

Cooperative Research and Develepmen
Agraement lor Instrumantalion and
Control R&D (RPA500-1)

Measurement of Fraclure Toughiess
Resistance Curves far Highly Irradiated
Starlesg Slesl (RPC102-11}

BWR Pressure Vesse! Npzzle inspechan
Madeiing {RPC105-8)

Utilty Berefit Assessmant of Steam
Generator Products {RPSA0S-18)

Evaluation of Siress Corrasion Cracking
Inhimitors for Steam Generators
{APS407-51)

Survey of Steam Generator Shell
Cracking (RPSA07-52}

Large-Eddy Simulations sf Turbulent
Flew n Steam Generators (RPS410-16)

Geametry Dalabase {or Steam
Generator Fatigue and Wear (APS415-1)

GUST Code Verficalon and
Documentalion {RPS415.3)

Cotrelalion Betwesn Grain Boundary
Cempositiens and Stress Carrosion
Cracking Susceptbllity (RPX102-5)

U0, and (U.Ga) O, Iradiated to High
Buraup: Measuremanls of Fuel Properlies
as a Funclion of Burnup {RPX102-22)

Fundnig/
Duratian

$103,700
12 months

$99.500
7 months

$125,200
13 moriths

$60.000
12 months

$95,300
7 momhs

3169.900
12 morths

$290.000
23 montng

$95.300
6 months

$2.275,600
A8 months

3112.000
7 manths

$97 900
12 months

$178,100
11 months

§370.504
25 menths

$76,400
7 menihs

$B0O,.000
9 rmenths

$65.800
7 months

$400,000
30 menths

$75,000
13 months

$120,000
& montns

$144,300
7 months

$155,400
12 manths

$136,500
S mnnths

$101,%00
11 months

$124,608
B manths

$243,300
19 menihs

351,500
9 months

$551,800
20 months

Contractor/ EFPRI
Project Manager

Altes Engineering
Applications { A, Mactuels

Energy Research &
Consuttants Corp./J Lang

Jack R Benjamin &
Assocates/H Kassawara

Ot State Univarsity f
J Giiman

Ebasco Services/
W. Johnson

Swarra Matnx /S Li

Wisconsm Eleciric Power
Co /R Cottey

Pacific Nuciear Services(
C. woed

R&W Nuclear Service
Co /S Bhatt

Clueue Systems /) Naser

Ern Engingerng &
Research/D. Worledge

Spectrum Tectinalogies
USALS, Bhalt

Ralsi Engineering /
K Wolfe

Vafion Tekaillnan
Tutkimuskeskus /P, Parme

Multiple Dynamics Coro ¢
J. Byran

Vance & Associates f
R Williams

Martin Mariatta Enargy
Systems/J. Naser

VTT (Technical Research
Centre of Finlanad}/
J. Giiman

Weidinger Associalas {
M Avioli

Becsion Focus
L Wiliams

Babcock & Wileox Co ¢
A Paine

Dominion Engineerng {
A Mcliree

Texas ABM Urnrarsity /
O Steiringer

CFD Research Corp {
G Srkantiah

CFD Mesearch Corp /
G Srikantiah

Modeling & Computing
Services /L Naison

Belgonucleaire t S. Yagrik
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New
Technical
Reports

Reguests for copies of reporls should he directed
to the EPRI Distribution Center, 207 Coggins Drive,
PO. Box 23205, Pleasant Hill, California 94523
{510) 934-4212. There is no charge for reports re-
quested by EPRI member utilities and affiliates. Re-
perts wil be provided o nonmemser U.S. utilities
only upon purchase of a license, the price of which
will be ewual to the price of EPRI membership
Others pay the listed price or, \n some cases {when
noted). must enter info a licensing agreement.

CUSTOMER SYSTEMS

Manutactured Housing: Energy Use
Assessment

TR-100428 Final Report {(RP2597-27); $200
Caontracter: Barrel! Consulting Associates, Inc.
EFRI Project Manager: A Lanaus

Improving Management of Low-
Temperature Drying of Corn

TR-100445 Final Repert (RP2782-4); $200
Contractors: Nationa! Food and Energy Council
Purdue University

EPRI Projec! Managers: A Amarnath,

O Zimmerman

Perceptions of Compact Fluorescent

Lamps in the Residential Market

TR-100734 Final Report {RP2597-31, RP3249);
$200

Contractor:- MACRO Consdlting, Inc,

EPRI Project Managers: M. Evans, J, Kesselring

Rural Water/Wastewater Study,

Vol. 1: Baekground, Terminology,

and Recommendations

TR-100820 Final Report (RP2662-20}. Vol 1, $200
Contractor: Kennedy/Jenks Cansultarts

EPR! Project Manager' M, Jones

Cool Storage Ethylene Glycol Design Guide
TR-100845 Final Report {(RP3280-3): $200
Contractor’ Gatley 8 Associates, inc.

EPRI Project Manager: R, Wendland

Engineering Methods for Estimating

the Impacts of Demand-Side Managemenl
Programs, Vol. 1: Fundamentals of
Engineering Simutations for Residential
and Commercial End Uses

TR-100984 Final Report (MP3289-3); $200
Contractor Architectural Energy Corp

EPRI Project Manager- P Hanser

Electrotechnology Reference Guide,
Revision 2

TR-101021 {Rev, 2) Final Report (RP2613-10};
$200

Contractor: Resource Dynamcs Corp

EPRI Project Manager: M, Jones

Advanced Lighting Technoiogies
Application Guidelines: 1990

TR-101822 Final Report (RP2285-26); $200
Conlracter Eley Associatas

EPRI Project Manager: K. Johnson

Ice Storage Rooftop Retrofit Performance
TR-101038 Final Report {(RP3280-1); $200
Conwractor: Denkmann Thermal Storage, inc
EPR! Project Manager B. Wendlang

Activity-Based Costing for Electric Utilities
TR-101065 Final Report (RP2982-14); $200
Contractor: Venture Associales

EPAI Project Manager: P. Hanser

Assessment of Gas and Electric
Cooling Equipment

TR-101142 Final Report (RP3138-2): $200
Cantractor Energy International, Inc
EPRI Project Manager- M Blatt

ESPRE 2.1 Engineering Model:
Simplified Energy Analysis Methods
tor Residential Buildings

TR-101189 Finai Report (RP2034-33), $200
Contractor: Arthur D. Little, Inc.

EPRI Project Manager. J Kesselring

ELECTRICAL SYSTEMS

Survey of Residential Magnetic Field
Sources: Interim Report

TR-100194 interim Report {(RP2842-6). $200
Conltractors: General Electric Co.; Enerlech
Consultants, Inc.; Electnc Research and
Management

EPRI Project Managers G, Rauch, J. Duniap

Development of Production Software for

the Economic Evaluation of Distribution
Automation Functions, Vols. 1-3

TR-100398 Computer Code Manual (RP2021-2);
Vols. 1-3, license required

Contractor: Powar Compuling Co,

EPRI Project Manager: T. Kendrew

Power System Steady-State Stabifity
Meonitor Prototype, Vois. 1 and 2
TR-100799 Final Reporl (RP2473-43),

Vols. 1 and 2, $200 each volume

Conltractor: SYDETECH System Development
Technologies, Inc.

EPR{ Praject Manager B Adapa

Microscopic Probes of High-Temperature
Superconductivity

TR-100862 Final Report (RP7911-15); $200
Contracior: Virginia Commonwealth University
EPRI Project Manager: M, Rabinowilz

Seasonal Variations of Grounding
Parameters by Field Tests

TR-100863 Interim Report {(RP1434-8); $200
Contracter: SEI{Georgia Power Research Center
EPR) Project Manager: G. Addrs

Feasibility Study to Manufacture Dry-Cure
Cables by Internal Pressurization Process
TR-100805 Final Report (RP1593-1); $750
Contractor: Cable Technology Laboratorias, In¢
EPRI Project Manager: B. Bernsian

ENVIRONMENT

Economic Evaluation of Particulate Control
Technologies, Vol. 1: New Units

TR-100748 Final Report (RP3083-4); $750
Contractor Sargent & Lundy

EPRI Project Manager: R. Chang

CHROMAT “ Version 1.1 (Seil Chromium
Attenuation Evaluation Model): User's
Manual and Technical Reference

TR-100765 interim Report (RP2485-3); $200
Contractor Battelle, Pacihic Northwest
Laboratories

EPRI Preject Managers: M, Elrashidi, |. Murarka

Comanagement of Coal Combustion
By-products and Low-Volume Wastes:

A Midwestern Site

TR-100955 Intertm Report (RP2485-9%: $200
Contraciors: Ragian Corp., GeoTrans, In¢c
Battelle, Pacific Northwest Lamoratoriss

EPRI Project Managers: . Murarka, J Goodrich-
Mahoney

Estimating Release of Polycyclic
Aromatic Hydrocarbons From Coal Tar
at Manufactured-Gas Plant Sites
TR-161060 Interim Report (RP2879-7); §200
Contractor: University of Texas. Austin
EPRI Project Manager: M. Elrashigi

Strategies for Field Calibration and
Validation of Groundwater Models
TR-101063 Interim Report (RP2435-9), $200
Contractor Battelle, Pacific Northwest
{.aboralories

£PRI Project Manager: 1. Murarka

Application of MYGRT™ V2.010 a
Manufactured-Gas Plant Site

TR-101064 Intenm Report (RP2879-6}; $200
Contractor. Remediation Technologies, Inc
EPRI Project Manager: ), Murarka

Boiler Chemical Cleaning Waste
Management Manual

TR-101035 Fina! Report (RP2215-1), $200
Conlractor Radian Corp

EPRAI Project Managers: T Lot W Michelett
M Miller

Design Guidelines for Targeted

Chlorination With Fixed Nozzles

TR-101096 Final Report (RP2300-2); $200
Centraclor Stone & Webster Engineering Corp
EP® Project Manager W. Chow

Fish Entrainment and Turbine Mortality
Review and Guidelines

TR-101231 Final Report {RP2634-1). $200
Contraclor Stone & Webster Environmenia
Services

EPRI Project Managers J. Mattice, C Sullivan

EXPLORATORY & APPLIED RESEARCH

Bifurcation and Chaos in Power Systems:
A Survey

TR-100834 Final Report (RP8010-10); $208
Contracter. Univarsity of Callfornia, Berkeley
EPRI Project Manager: M, Lauby
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GENERATION & STORAGE

Uplifl Pressures, Shear Strengths, and
Tensile Strengths for Stability Analysis

of Concrete Gravity Dams, Vol. 1

TR-100345 Final Report (AP2917-5); Vot 1, $200
Contraclor: Slone & Webster Engineering Corp.
EPRI Project Manager. O Morris

Grimethorpe HighTemperature/
High-Pressure Gas Filter Experimental
Program, Vols. 1-4

TR-100499 +nal Report (AP1336-8). Vols. 1-4
$200 each volume

Contractor: Brilish Coal Corp

EPRI Project Manager: J, Skringer

Atmospheric Fluidized-Bed Combustion
Fabric Fliter Monitoring

TR100562 Final Report (RP2303-21): $200
Contractor Southern Research Institute
EPAI Project Manager: T Boyd

Waste-to-Energy Screening Gulide,
Vols. 1 and 2

TR100670 Finat Report (RP2190-5), Vois.
1 ang 2. $1800 for sei

Contractor Bechtel Group, Inc

EPRI Proiecl Manager E Hughes

Third International Conference on
Improved Coal-Fired Power Plants
TR100848 Proceedings: $200

EPAI Project Managers: S Pace, G. Pee

Creep-FatiguePro: On-line Creep-Fatigue
Damage and Crack Growth Monitoring System
TR400907 Final Report (RP1893-11); $200
Contractor: Structural Integrity Associates. Inc.
EPAI Protect Managers: J Scheibel, R. Pilasterer

Rotor Dynamic Modeling and Testing

of Boiler Feedpumps

TR-100980 Final Report {AP1884-10) $200
Contracter Sutzer Brothers, Ltd

EPAI Project Managers' S. Pace, T. McCloskey

Gasitication of Pittsburgh No. 8 Coal in
Rheinbraun’s Atmospheric High-Temperature
Winkler Process Development Unit
TR-100983 Final Report (RP2656:5), $200
Contractor: Rheinbraun

EPAI Project Manager' M Epstein

Hydraulic and Mechanical Interactions

ot Feedpump Systems

TR-100990 Final Report (AP1884-10), $200
Contractor: Sulzer Brothers, Lid.

EPRI Project Managers S. Pace, T McCloskey

Proceedings: Conterence on Asbestos Control
and Replacement for Electric Utilities
TR:101093 Proceedings (RP3246); $200

EPAI Project Manager- M Blanco

Efectric Motors Using Superconducting
Materials Applied to Power Generating
Station Equipment

TR101127 Intenim Report (RP3149-1, AP7911-2);
$200

Contractor* Reliance Electric Co.

EPRI Project Manager- J Sten

52 EPRI JOURNAL December 1992

INTEGRATED ENERGY SYSTEMS

Availability Assessment ot Energy
Research Corporation’s 2:MW Carbonate
Fuet Cell Demonstration Power Plant
TR-101107 Final Report (RP3198-5). $200
Contraclor: ARINC Research Corp.

EPRI Project Manager: D. Rastler

Naturat Gas for Electric Generation:

The Challenge of Gas and Electric
Industry Coordination

TR-101239 Final Report (AP3201-1, -2, 4. -5);
$200

Contractors Charles River Associates, Inc
Energy Ventures Analysis. Inc.. Jensen
Assoctiates, Inc

EPRI Project Managers + Mueller, 4 Piast

NUCLEAR POWER

MULTEQ (Equilibrium of an Electrolytic
Solution With Vapor-l.iquid Partitioning}.
Vol. 3: Theory Manual

NP-5561-CCML Comgputer Code Manual
(RPS407-30). Vol. 3, license required
Contractor Maxwell Lamoratories. Inc.
EPRI ProjectManagers. P Paine, P Miflett

Determination of Thermodynamic Data

for Modeling Corrosion, Vol. §: NiCl,,
CuCl;, HNO,, Ni(NO;),, NaNO, Systems
NP-5708 Finai Report (RPS4074), Vol. 5, $200
Contractor- Brigham Young University

£PRY Project Managers, P. Paine, P Millett

Water Hammer Prevention, Mitigation. and
Accommodation, Vol. 2: Root Cause Analysis
for Plant Water Hammer Experience

NP-8766 Final Report {RP2856-3); Vo 2, license
required

Contraclors Stone & Webster Engineering Corp.
Bechtel Group, Inc

EPRI Prgject Manager: M. Merio

Water Hammer Prevention, Mitigation, and
Accommodation, Vol. 4, Part 1: Review ot
Analytic Models and Computer Codes—
Sample Problems and Comparisons

NP-6766 Final Report (RP2856-3), Vof 4

Part 1, license required

Contractors Stone & Websler Engineering Corp..
Bechlel Group, Inc

EPRI Project Manager M Merilo

Water Hammer Prevention, Mitigation, and
Accommodation, Vol. 4, Part 2; Review ot
Analytic Models and Computer Codes—
Theoretical Bases

NP6766 Final Report (AP2856-3) Voal. 4. Part 2,
license required

Contraclors. Slone & Websler Engineenng Corp.
Bechtet Group, Inc.

EPRI Project Manager: M, Merio

Water Hammer Prevention, Mitigation,

and Accommodation, Vol. 5, Part 1:
Assessment Guidelines

NP-6766 F:nal Report (RP2856-3); Vol. 5, Part 1
license required

Contractor Stone & Webster Engineering Corp.
EPRI Project Manager: M. Menlo

Water Hammer Prevention, Mitigation, and
Accommodation, Vol. 5, Part 2: Prevention
Guidelines

NP-6766 Final Report (RP2856-3), Vol 5. Part 2,
license required

Contractor Stone & Webster Engineering Corp.
EPRI Project Manager M Merllo

Water Hammer Prevention, Mitigation,

and Accommodation, Vot. 5, Part 3:
Diagnostic Guidelines

NP-6766 Final Report (RP2856-3}, Vol 5, Part 3,
license required

Contractors. Stone & Webster Engineering Corp.;
Failure Prevention, Inc.

EPRI Project Manager M Merilo

Water Hammer Prevention, Mitigation,

and Accommodation, Vol. 6: Review of

Plant Systems and Procedures

NP-6766 Final Report (RP2856-3), Vol. 6, license
requrred

Conlractors Stone & Webster Engineering Corp
Bechtel Group. Inc

EPRI Project Manages M. Merilo

Outside Diameter Stress Corrosion Cracking
ot Steam Generator Tubing at Tube Support
Plates: A Database for Alternate Repair
Limits—Vol. 1, 7/8-Inch Tubing

NP-7480-L Finat Report (APS404-29);. Voi 1
license requtred

Coniractor: Westinghouse Etectric Corg

EPAI Project Manager- L. Wiliams

Preconditioning of PWR Steam Generators
to Reduce Radiation Buildup

TR100217 Final Report {AP27585); $200
Contractor Commissarnat & tErergie Atom\Gue
EPAI Projecl Manager: C. Wood

Steam Generator Channel Head Dose
Rates at Babcock & Wilcox Reactors

T R-100348 Fina) Report (RP2494.4), $200
Contraclor- B&W Nuclear Services Co
EPRI Project Manager- H. Ocken

Proceedings: 1991 EPRI Radwaste Workshop
TR-100555 Proceedings (RP2414-28), $200
Contractor: Ascens Services

EPRAI Project Manager C. Hornibrook

Generic Scaling Factors for Dry Active Wastes
TRA00740 Final Report {(RP2414-41); $200
Contractor Vance & Associates

EPR! Project Manager C. Homibrook

New Technology in Condensate Polishing
TR-100757 Final Report (RP1571:9); $200
Contractor: Graver Co.

EPRI Project Manager- T. Passel

Demineralizer Operation With
Morpholine and Boric Acid

TR-100790 Topical Report (RPS4093); $200
Contractor: NWT Corp.

EPRI Project Manager: T Passell

Mercury Modeling for PWSCC Length Sizing
TR-101104 Interim Report (APS404-28); $2000
Contractor Westinghouse Science & Technology
Center

EPRAI Project Manager: M. Behravesh



New
Computer
Software

The Electric Power Software Center {EPSC) pre-
vides a single distribution center for computer pro-
grams developed by EPRL. The pregrams are dis-
tributed under license o users. EPRI member ulil-
ities, in paying their membership fees, prepay all
royalties. Nonmember ergarizations licensing EPRI
computer pregrams are required to pay royalties.
For more information about EPSC and licensing
arrangements, EPRI  member ulilities shoutd
contact the Electric Power Software Center, Power
Computing Co., 1930 Hi Line Drive, Dallas, Texas
75207, (214) 655-8883. Other organizations should
contact EPRI's Manager of Licensing, P.O. Box
10412, Palo Alto, California 94303, (415) 855-2866.

ARA: Acid Rain Advisor

Version 1.0 (PC-0S/2)

Developer; Black & Veatch

EPRI Project Manager: Dave O'Connor

BTA™: Bearing Troubleshooting Advisor
Version 1.0 (CD-ROM)

Developer: Automation Technelogy

EPRI Project Manager; Tom McCloskey

CHROMAT™: Soil Chromium Attenuation
Evaluation Model

Version 1.1 (PC-DOS)

Developer; Battelle PLC

EPRI Project Manager: Moustafa Elrashidi

CREAM: Composite Reliability Assessment
by Mante Carlo

Version 1.2 (DEC-VYMS; IBM-MVS; PC-DOS)
Developer: Power Systems Research, Inc.
EPRI Project Manager: Neal Balu

DIRECT: Direct Stability Analysis Program
Version 3.0 (IBM-MVS)

Developer: Ontario Hysro

EPR) Project Manager: Gerry Cauley

DYNRED: Dynamic Reduction Program
Version 1.0 (DEC-VMS; IBM-MVS: Prime-PRIMOS)
Developer: Ontarie Hydro

EPRI Project Manager: Neal Balu

RETRAN-03: A Program for Transient
Thermal-Hydraulic Analysis

Version MODQ0O {PC386/486-0D0S)
Developer: Computer Science & Analysis
EPRI Project Manager: Lance Agee

TAG Supply™: Technical Assessment
Guide for Supply-Side Technologies
Version 20 (PC-DOS)

Developer: EPRI

EPRI Project Manager. G. Ramachansran

VTester'™: A Tool for Managing Reactor
Vessel Embrittlement Decisions
Version 2.0 (PC-DOS)

Developer: Decision Focus, Inc.

EPRI Project Manager: Tim Griesbach

EPRI Events

MARCH

1-3

International Symposium on Improved
Technology for Fossil Power Plants:
New and Retrofit Applications
Washington, D.C.

Contact Lori Adams, (415) 855-8763

2-4

NDE for Fossil Plants
Eddystone, Pennsylvania
Contact: John Niemkiewicz,
(215) 525-8871

24-26

6th National DSM Conference

Miami, Florida

Contact: Pam Turner, (415) 855-2010

29-April 2

ETADS Seminar

Haslet, Texas

Contact: Paul Lyons, (817) 439-5900

30-April 1

Biomass and Waste Fuels

Washington, D.C.

Contact: Susan Bisetti, (415) 855-7919

APRIL

1-2

Dynamics ot interconnected Power
Systems

St. Petersburg, Florida

Contact: Gerry Cauley, {415) 855-2832

5-8
10th Particulate Control Sympasium
Washington, D.C.

Contact: Lori Adams, (415) 855-8763

13-15

Continuous Emissions Monitaring
Baltimore, Maryland

Contact: Linda Nelson, (415) 865-2127

20-22

Achieving Accurate Coal Waighing and
Sampling Systems

St. Louis, Missouri

Contact: Barbara Fyock, (412) 479-6815

27-30

Transformer Performance Monitoring and
Diagnostics

Eddystene, Pennsylvania

Contact: John Niemkiewicz,

(215) 595-8871

MAY

3-5

Nuclear Plant Support Engineering
Products and Issues

Atlanta, Georgia

Contact: Sheryl McBane, (704) 547-8086

5-7

Plant Communications and Computing
Architectures, Control Rooms, and
Workstations

Tampa., Florida

Contact: Linda Nelson, {415) 856-2127

10-11

Nuclear Plant Performance Improvement
Scottsdale, Arizona

Contact: Susan Otto, (704) 547-6072

19-21

Rotating Machinery Vibration

San Diego, California

Contact: Susan Bisetti, (415) 855-7919

23-27

EPRIEPA Joint Symposium on
Stationary Combustien NO, Control
Miami, Florida

Contact: Pam Turnes, (415} 855-2010

JUNE

7-9

ISA POWID-EPRI Controls and Instru-
mentatton Conference (Nuclear and Fossil)
Phoenix, Arizona

Contact: Lori Adams, {415) 855-8763

7-1

High-Voltage Transmigsion Line Electric
Design Seminar

Lenox, Massachusetts

Contact: Joe Slocik, (413) 424-3320

8-10

Cooling Tower Performance Prediction
and Improvement

Eddystone, Pennsylvania

Contact: John Niemkiewicz,

(215) 695-8871

1416

Seminar on Advanced Concepts in Line
Structure Evaluation Techniques
Haslet, Texas

Contact: Paul Lyons, (817) 439-5800

14-16

Technology Transfer

San Francisco, California

Contact: Susan Bisetti, (415) 855-7319

15-16

Low-Level Mixed Waste Conference
Boston, Massachusetts

Contact: Linda Nelson, (415) 855-2127

15-18

Boiler Tube Failures: Correction,
Prevention, and Control
Eddystone, Pennsylvania
Contact: John Niemkiewicz,
{215) 595-8871

29-July 1

Heat Exchanger Performance Prediction
Eddystone, Pennsylvania

Contact: John Niemkiewicz,

(215) 595-8871

EPR! JOURNAL December 1992 53



Contributors

Dastalek

Goodman

Richels

Growth Market in Wind Power

(page 4) was written by Leslie La-
marre, Journal senior feature writer,
with information provided by twe
members of EPRI's Generation & Stor-
age Division.

Earl Davis, manager of wind power
integration, joined the Instituts early
this year after 10 years with U.S. Wind-
power, where he was most recently di-
rector of international business devel-
opment. Previously he worked for
Windfarms, Lid.,, and for Pacific Gas
and Electric. Davis has a B5 in meteo-
rology and climatelegy from the Uni-
versity of Washington.

Edgar DeMeo, manager of the Solar
Power Program, joined EPRI in 1976.
Before that, he was a research associate
professor of engineering at Brown Uni-
versity. As a lieutenant in the U.S, Ma-
val Re=erve from 1947 to 1969, he
taught in the Science Department at the
US. Maval Academy. He received a
bacheler’s degree in electrical engineer-
ing frem Rensselaer Polytechnic Insti-
tute and M5 and PhD ditgrees in engi-
neering from Brewn. m

igh Hopes for High-Power Solar

{page 16) was written by Taylor
Moore, Jeirnal senior feature writer,
with assistance from Edgar DeMee
and two other members of the Solar
Power Program.

Frank Dostalek, a preject manager,
came te EPR! in 1986 with a background
in industrial engincering. Dostalek
worked for 15 years in several semicon-
ductor R&D and materials manufactur-
ing positions and has been involved
with solar technology since 1977. He
graduated from the University of
Omabha in 1967.

Frank Goodman, alzo a project man-
ager, joined EPRI in 1979 from the Los
Angeles Department of Water & Power.
Goodman, who earned BS, %S, and
PhD degrees in electrical engineering
from the University ef Califernia at
Santa Barbara, has taught electrical en-

gineering at UCSB, the University of
Southern California, and Loyola Mary-
mount University. w

he Cost of Greenhouse Insurance

(page 26) was written by science
writer John Douglas with assistance
from Richard Richels, director of
EPRI's Energy Analysis & Planning De-
partment. Richels has been with the
[nstitute since 1976, having managed
the Environmental Risk Analysis and
Integrated Utility Planning programs
before taking his present position. He
was formerly a consultant to the Rand
Corporation and the ™atienal Science
Foundation. A physics graduate of the
College of William and Mary, Richels
earned MS and PhD degrees from Har-
vard University's Division of Applied
Sciences. ®
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1992 EPRI Journal

AcCOM software  Jun 41
Adjustable-speed drives Jun 24
Advanced motors Jun 24
AERAM model J/F 44
Air condilioners. non-ozone-depleting
AIM 22
Air guality
and air toxics J/F 44
and carbon dioxide Dec 26
indoor Dec 34
and nitrogen oxides Dec 36
regional, modeling of O/N 34
and sulfur dioxide Sep 44
and tree growth J/F 38
Air toxics  J/F 44
AirTox model J/F 44
Amarnath, Ammi Mar 56
AMP technology transfer program O/N 30
Appliance efficiency standards Dec 41
Aquatic ecosystems, effects of trace elements
on Mar 38
Artificial intelligence. and neural network
technology Dec 45
Asset management, methods of A/M 36
Availability optimization methodology Jun 41

Backup generation, and demandsside
management Mar 44

Balu, Neal J/F 20: O/N 52
Banerjee, B. Ben Jun 48

Barker. Brent Mar 56

Bhatit, Stddharth Mar 56

Bloflims, and corrosion J/A 34

Birk, James Dec 1

Black, Robeit Mar 56

BLADE code J/F 36

Blatt, Morton J/ A 52

Bollers, cyclone, and control of nitrogen
oxides Dec 36
Boiling water reactors.
plants

Braithwaite, Barbara J/F 24

Brown, Ashley O/N 12

Bundled computer systems A/M 26

Bum treatment, for etectrical trauma Sep 16

See Nuclear power

CAc. See Customer Assistance Center.
CAES. See Compressed-air energy storage
C2ALM. See Controi Center Advisor for Load
Management.
CAMRAQ. See Consortium for Advanced
Modeing of Regional Air Quality
Carbon dioxide
control of and energy efficency Mar 14
and cost of contro! Dec 26
and tree growth J/F 38
Carmichael, Larry A/M 44
Cavern maintenance, echo logging used for
J/F 36
Caverns, for compressed-air energy storage,
geology of O/N 38

CFCs. See Chlorofluorocarbons.
CG-DAMS code Sep 36
Chang, Ramsay J/F 19
Chao. Hung-Po O/N 52
Chaos theory, and electric utility systems
Jun 4
CHECWORKS software J/A 42
Chlorofluorocartons, and ozone depletion
J/IA 22
CIP Database, of indoor air pollutants
Dec 34
Clothes dryers, microwave Jun 34
Collaborative research

on air quality modeting O/N 34

and high-temperalure superconductor

consortium A/M 27

international J/A 4
Comanagement of wastes at coal-fired plants
Sep 41
Combustion turbines. See Gas turbines
Commercial buildings, tools for analyzing
energy use in A/M 30
Commercial heating and cooling, water-loop
heat pumps for J/A 37
Compact Hybrid Particulate Collector J/F 18
Compact simulator technology, for trasming
fossil plant operators Mar 47_ Dec 34
Compressed-air energy storage

and cavern maintenance J/F 36

geology for Q/N 38

Mcintosh plant J/F 25
Computer modeling, and ultrasonic testing
Jun 36
Computer software, bundled systems
A/M 26
COMTECH code A/M 30
Consortium for Advanced Modeling of
Regional Air Quality O/N 34
Control Center Advisor for Load Management
O/N 41
Control systems, advanced, for nuclear power
plants J/F 41
CQOOLAID code A/M 30
Cool storage technology J/A 14
Corrosion

and biofilms J/A 34

control of in nuclear power plants Mar 41

J/A 42

Cost and quality management
Customer Assistance Center

A/M 36
Jun 18

Damsky, Ben Sep 53. O/N 52
Dam stability Sep 36
Davis, Earl Dec 54
Oemand-side management
and appliance efficiency standards
Dec 41
and commercial building energy analysis
tools A/M 30
and cool storage J/A 14
and interruptible rate programs O/N 41
and standby-power programs Mar 44

DeMeo. Edgar Dec 54

Deterministic chaos Jun 4

Digital control systems, for nuclear power
plants J/F 41

Disaster preparedness and recovely Sep 22
Discovery. Development, and Delivery
Recogmtion Awards J/F 16

Distributed generation, quantifying benefits of
A/M 28

Dostalek, Frank Dec 54

Echo togging, for storage cavern monitoring
J/F 36
Electrical bum treatment Sep 16
Electricai Trauma Center Sep 16
Electric and magnetic fields
communications sourcebook on O/N 31
health effects of exposure to Mar 4
integrated analysis of O/N 30
measuring exposure o A/M 16
video on Dec 35
Electric and Magnetic Fietds Workstation
O/N 30
Electrcity Beyond 2000 forum. 1991
Electric vehicles
Electric G-Van J{F 20
energy efficiency of A/M 4
Electrification
and carbon dioxide control Dec 26
and energy efficiency Mar 14, A/M 4
Electranic controls
for ac transmission systems O/N 4
in advanced motors Jun 24
Electrostatic prectpitators, and fuel switching
Sep 34
Electrotechnologies
and energy efficency Mar 14 A/M 4
for recycling Mar 22
Ellis, John Jun 32
EMDEX Il A/M 16
Emergency planning, and natural disasters
Sep 22
EMF. See Electric and magnetic fields.
Emissions control
of carbon dioxide Dec 26
of nitrogen oxides Dec 36
of sulfur dioxide Sep 44
EMWorkstation software O¢N 30
Energy efliciency
and cool storage J/A 14
and electrification A/M 4
limits and options for Mar 14
and standards for appliances Dec 41
Energy use in commercial buildings A/M 30
Energy use management, and advanced
metering A/M 18
Environmental benefits of electnfication
A/M 4, Dec 26
EPRI
AMP technology transfer program O/N 30
annual achievement awards J/F 16
Board of Directors, new chairman of
Jun 32
Calendar of Events Dec 35
Customer Systems Division, new vice
president for Mar 37

Jun 14
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EPRI (cont)
environmental R&D, consolidation of
Mar 36
international affiiates J/A 4
R&D plan, 1992 Mar 36
Summer Seminar, 1991 Mar 14
videoconferencing facility J/A 32
Washington office, new vice president for
Mar 37
EPRICON Sep 34
EPRINET
and ciearinghouse on environmental
externalities Sep 34
and customization capability Jur 33
and database on nuclear commercial-grade
items J/A 33
and news on nuclear issues J/A 32
Externalities, environmental Sep 34

FACTS. SeeFiexible ac transmissien
systems.
Failure analysis, of turbine rotor blades
J/F 36
Feature articles
Advanced Metering: Benefits on Both Sides
A/M 18
Advanced Motors Promise Top Performance
Jun 24
Ashley Brown: Seeing the Prudence of Risk
O/N 12
Breakthrough In Electrical Burn Treatment
Sep 16
The Challenge of Global Sustainability
Jun 14
Connecting With Russian T&D J/F 26
Cool Storage: Saving Money and Energy
J/A 14
The Cost ot Greerhouse Insurance
Dec 26
The Delivery System of the Future O/N 4
Electncity tor increasing Energy Elficiency
A/M4
Energy Efficiency: Probing the Limits,
Expanding the Options Mar 14
A Growth Market in Wind Power Dec 4
High Hopes for High-Power Solar Dec 16
Introducing the Customer Assistance Center
Jun 18
Natural Gas for Utfity Generation
Preparing for Disaster Sep 22
Refrigerants for an Ozone-Safe World
JIA 22
Robert Jaf‘ee: A Scientist for All Seasons
J/F 34
Seeking Order in Chaos Jun 4
Sharpening the Focus in EMF Research
Mar 4
Superconductors Are Still Hot  Sep 4
Taking the Measure of Magnetic Fields
AIM 16
Tapping the International R&D Resousce
J/A 4
Technology for More Profitable Recycling
Mar 22
What Are You Afraid Of? O/N 20
Winners Discover, Develop, and Deliver
J/F 16
Young Investigators Leverage Research

JIF 4

Power Mar 30
FGDCOST model Sep 44
FGDPRISM model J/F 23

Flexible ac transmission systems (FACTS)
O/N 4

Flue gas desulfurization processes, costs of
Sep 44
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Forest response to carbon dioxide J/F 38
Fortune, Jim J/F 54
Fossil fuel combustion
leaching chemistry of by-products of
JIF 47
and waste comanagement Sep 41

Fossil fuel power plants, design and analysis
workstation for Dec 38

FOWL code J/F 47
Freeze concentration A/M 4
Fri, Robert  Jun 14, 48
Fuel cells
and distributed generation
solid oxide O/N 32
Fuel choices for utilities J/F 4
Fuel ptanning models J/F 22
Fuel reliability, and nuclear power plants
Sep 35
Fuel switching. and electrostatic precipitator
peiformance Sep 34

A/M 28

Gasification—combined-cycie power piants,
high-efficiency J/A 39
Gas turbines
and future generating capacity J/F 4
operation and mainterance of A/M 26;
Jun 38
Gellings, Clark Mar 14, 37; A/M 1 44
Genetic ecology J/F 18
Global sustainability Mar 14. Jun 14

Global 2100 model Dec 26
Gluckman, Michael J/F 1, 54
Goidstein, Robert J /F 18

Goodman, Frank Dec 54

Goodson, James J/F 25

Greenhouse gases, and cost of emissions
control Dec 26

Groundwater guality
and comanagement of wastes Sep 41
and leaching chemistry studies J/F 47

Hanser, Pril  A/M 44

Health effects, of exposure to electric and
magnetic flelds Mar 4
Heat pumps
energy efiiciency of A/M 4
water-loop, for commercial heating and
cooling J/A 37

Hester, Gordon O/N 52
Hidy, George Mar 1
High-concentration photovoltaics Dec 16

Hightemperature superconductors, and
electric power applications A/M 27 Sep 4

Hingorani, Narain J/F 54; O/N 1, 52
Hirsch, Robeit Mar 37
HOTCALC code A/M 30

HTSCs. See High-temperature
superconductors.

Hydroelectric systems, and dam stability
analysis Sep 37

lEEE Power Engineering Society Transmis-
sion and Distribution Exposition J/F 37

India, delegation from at EPRI Jun 32
Indoor air quality Dec 34

Intergranular stress corrosion cracking. and
ultrasonic inspection training J/F 37; O/N 43

International R&D collaboration J/A 4

interruptible rate programs

and load management expert system
O/N 41

and standby-power programs

Iveson, Robet  Sep 53

Mar 44

Jaffee, Robert J/F 34
Jeffress, Bob Mar 56
Joyrer, Powell J/A 52

Kheifets, Leeka Mar 56
Kim, Jong Jun 48
Kopelman, Jay J/A 1. 52
Krill, Wayre J/A 52

Lakes, toxicity of trace elements in Mar 38
Lapides, Mel J/F 18

Laser repair technigue J/F 18

Lauby, Mark Jun 48

Leaching chemistry, of fossil fuel combustion
by-products J/F 47

Lewis, Larry Jun 48

Lighting Information Office Jun 33
Lightning Detection Network J/F 24
Line-voitage thermostats Sep 38

Load management and interruptible rate
programs, expert system on O/N 41

Long tsland Energy R&D !nitiative /A 33
Longo, Vito J/F 24

Magnetic Field Research Facility Dec 35

Magnetic fields. See Electric and magnelc
fields

Malcoim, Wade A/M 44; Jun 48
McDonough, Pat Mar 56

Mehta, Ben J/F 25

Mehta, Harshad J/F 22; O/N 52

Melatonin, and exposure to magnetic fields
Mar 4

Metal oxide semiconductor— controlled
thyristor, advanced J/F 22

Metering systems, advanced A/M 18
Micro-AXCESS code A/M 30
Microbial corrosion J/A 34
Microwave clothes dryers Jun 34

Mobile simulator, for training fossil plant
operators Dec 34

Modulas generation technologies A/M 28
Moser, Robert  J/F 23

Motors, recent advances in  Jun 24
Mueller. Howard J/F 22, 54

MULTEQ code Mar 41

Municipal solid waste, and recycling
Mar22

Naser, Joseph J/F 21

Natioral Science Foundation programs, and
electric utility research Mar 30

Natural disasters, and emergency planning
Sep 22

Natural gas, for efectric power generation
J/IF 4

Neural network technology, and utility industry
applications Dec 45

Nilsson, Stig O/N 62



Nitrogen oxides, control ot in cyclone boilers
Dec 36

Nondestructive Evaluation Center

Nuclear power plants
advanced control technology for J/F 41
corrosion control in Mar 4%- J/ A 42
EPRINET services on J/A 32, 33
expert system for refueling of J/F 21
fuel reliability guidelines for Sep 35
outage risk management for A /M 34
ultrasonic inspection for J/F 37 Jun 36

O/N 43

J/F 37

O‘Connell, Lawrence J/F 20

Operator Training Simulator, for energy
control center personnel J/F 20

Operatortraining simulators, for fossil plants
Mar 47 Dec 34

Outage risk management tools, for nuctear
power plants A/M 34

Ozone. depletion of and reingerants J/A 22

Perceptions of risk O/N 20
Photovottaics, high-concentration
Piatl, Jeremy J/F 54

Pollak, Robert J/F 25

Power Electronics Applications Center

Sep 35

Power plant availability, software for evaluat-
ing options for improving Jun 41

Power guality testing Sep 35

Presidential Young Investigator Awards
program Mar 30
Pressurized water reactors.
power ptants.

Dec 16

Sea Nuclear

Qualification of ultrasonic testing personnel
Jun 36, O/N 43

RAYTRACE model Jun 36

Reburning, for control of nitrogen oxides in
cyctone boilers Dec 36

Recycling. electrotechnologies for Mar 22

Refrigeration and cooling systems, non-
ozone-depleting J/A 22

Refuse. recycling of Mar 22

Reliabiiity of electricity service, and backup
generation Mar 44
Remote metering A/M 18
Renewable energy resources
photovoltaics Dec 16
wind Dec 4
Research and development, international
collaboration on  J/A 4
Research and Development Plan. 1992,
EPRI's Mar 36
Research updates
ACOM:; Availabilty Cost Optimization
Methodology Jun 41
Advanced Control System for B&W PWRs
JIF &1
Air Toxics Risk Analysis J/F 4.
Biofilm Formation and Microbial Corrosion
JIA 34
CAES Geology O/N 38
C*ALM: Control Center Advisor for Load
Management O /N 41
CAMRAQ: Comprehensive Regional Air
Quality Modeling O/N 34

Research updates {¢ont)
CHECWORKS; Integrated Corrosion
Software J/A 42
Comanagement of Low- and High-Volume
Utility Wastes Sep 41
Commercial Building Energy Analysis Tools
A/M 30
Compact Simulator Technology Mar 47
Concrete Gravity Dam Stability Analysis
Sep 36
Developments in Line-Voltage Thermostats
Sep 38
Distributed Generation A/M 28
Exploring Neurail Network Technology
Dec 45
FGD Economics Sep 44
Forest Mesponse to Carbon Dioxide
J/F 38
Fossil Plants: Integrating New Technology
and Design Dec 38
High-Efiiciency GCC Power Plants  J/A 38
tmpacts of Appliance Efficiency Standards
Dec 41
Leaching Chemistry of Combustion By-
products J/F 47
Managing Corporate Assets to Maximize
Value A{M 36
Microwave Clothes Dryers Jun 34
Modeling Crevice Chemistry in PWR Steam
Generators Mar 41
Outage Risk Management A/M 34
Predicting Toxicity in Aquatic Ecosystems
Mar 38
Prospects for Standby-Power Programs
Mar 44
Reburning for Cyclone Boller Retrofit NO,
Control Dec 36
Sold Oxide Fuel Cell Development
O/N 32
Tools for Gas Turbine Management and
Maintenance dJun 38
Ultrasonic Pipe Simutator O/N 43
Uitrasonic Testing: Computer Modeling
Applications Jun 36
Water-Loop Heat Pump Enhancements
J/A 37
Reslidential healing systems. line-voltage
thermostats for Sem 38
Richels, Richard Dec 54
Risk analysis, for air toxics  J/I 44
Risk assessment/management toals. for
nuclear power plant outages A/M 34
Risk perception and communication /N
20, 34
RIskPISCES model J/F 44
Rytkonen, Bruce J/F 24

Sagan‘ Leonard Mar 55

SA«VANT system A/M 26. Jun 38
Schainker. Robert  J/F 25

Schneider, Thomas Mar 56- Sep 1 53
Shula. Wiiam J/F 24

Simulators, for training fossit piant operators
Mar 47 Dec 34

SOAPP information system, on state-ofthe-ar
fossil plants Dec 38

Solar concentrator cell technology, develop-
ment of Qec 18

Solid oxide fuel cells OfN 32

Soviet transmission and distribution systems
J/F 26

Spencer, Dwain  J/A 52

Stability analysis, for concrete gravity dams
Sep 36

Stahikopf, Karl  J/f 54; O/N 52

Stallings. Jeff Jun 48

Standby-power programs Mar 44

Starr, Chauncey Jun 33. O/N 52

Steam generators, modeling crevice chemistry
of Mar 41

Stringer. John Jun 1. 48

Sultur dioxide emissions, control of Sep 44
Superconductors, high-temperature, and
electric power applications A /M 27 Sep 4
Sussman, Stanley Mar 56, A/M 44
Sustainability, global Mar 14, Jun 14

Technology exchange, between EPRI| and
Soviet Union J/F 26
Thermostats, line-voitage Sep 38
Thyristor controllers, for ac transmission
systems J/F22: Of/N 4
Toxicity of chemicals tn aquatic ecosystems
Mar 38
Training for ultrasonic tnspection In nuclear
power plants J/F 37, O/N 43
Training simutators for fossil plant operators
Mar 47, Dec 34
Transmission and distribution
and advanced control tecnnologies O/N 4
collaboration on with Soviet Union J/F 26
EPRI products at {EEE show on J/F 37
Tree growth, and carbon dioxide J/F 38
Turbine rotor blade failures, analysis of
J/F 36

Turbines. wind Dec 4

Uitrasonic inspection

and computer modeling Jun 36

training for J/F 37 OfN 43
Ultrasonic pipe simulator O/N 43
Ultrasonic surveying of salt dome caverns
J/F 36
Utilty planning. See also Demand-side
management.

and fuel choices J/F 4 22

and management of corporate assets

A/M 36
for natural disasters ~ Sep 22

for plant avaitability improvement  Jun 41

Vldeoconferencing faciiity, at EPRI  J/ A 32
Von Dollen, Donald Sep 53

Woaste comanagement, at coal-fired plants
Sep 41
Water chemistry, modeling of in PWR steam
generators Mar 41
Water-loop heat pumps J /A 37
Water quality
and comanagement of wastes Sep 41
and leaching chemistry studies J/F 47
and toxicity in aguatic ecosystems Mar 38
Wendland, Ron J/A 52
Wind power Dec 4

Wyzga, Ronald Sep 53

VOung, Frank J/f 54

Young Investigator Awards program, National
Science Foundation Mar 30
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