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Competition and Technological Innovation 

For more than a century, electric and gas companies have been 

competing to provide better service to their customers. The first 

major area of competition was lighting, which ended in complete 

domination of this sector by electricity. After declining rapidly 

following the introduction of the electric light bulb, the last 

remaining gas lighting systems were retired during the early 

1970s to help provide an adequate supply of natural gas for more 

economically competitive uses. Similarly, for many years natural 

gas effectively provided energy for refrigeration in the residential sector. Although a few of 

these units still remain in service, this market has also yielded to domination by electricity. 

Such historic shifts resulted from competition driven primarily by two factors: 

changing relative costs between the two rival energy forms and constantly improving 

technologies for both gas and electricity. Technological innovation and improvements in 

energy efficiency have helped moderate the last decade's rapid escalation of energy 

prices. As R&D continues, even more improvements in efficiency can be expected, 

together with greater product flexibility and convenience. 

The principal beneficiaries of these improvements have been individual 

consumers, particularly in the residential sector, where all our lives have been made 

more comfortable. Today gas and electricity still compete in four important areas of the 

residential market. By far the largest of these is home heating, followed by water heating, 

cooking, and clothes drying. The contribution made in these areas by other forms of 

energy is very small, and virtually all the appliances used in other residential applications 

run exclusively on electricity. 

In terms of total energy consumed, residential heating and cooling is extremely 

important, and the competition between electricity and gas remains especially keen in this 

market segment. This month's cover story describes some of the factors that will help 

determine the future of the competition, with particular emphasis on the development of 

new technologies that provide convenience and comfort at lower cost. 

Traditionally, technological innovations in household appliances have come 

primarily from their manufacturers. Today, however, corporate takeovers, reorganizations, 

and changes in product strategies appear to have reduced this industry's R&D efforts. 

Because many of the benefits of technology improvement accrue to the customers of 

utilities-both electric and gas-the next generation of advanced heating and cooling 

technologies will be influenced by the participation of EPRI and the Gas Research Institute 

(GRI) in R&D programs. 

Although GRl's overall R&D budget is only about two-thirds of EPRl's, its funding 
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for research on residential heating and cooling technology is currently several times larger. 

This emphasis reflects a recognition by the gas industry that the traditional gas-fired 

furnace can now be challenged by new, highly efficient electric heat pumps throughout 

many parts of the country. 

However, EPRl's research focus, which has traditionally centered on supply-side 

issues, is increasingly emphasizing energy utilization, particularly R&D on end-use 

technologies. EPRl's growing effort in the residential heating and cooling area focuses on 

improving the performance of electric heat pumps so they can penetrate markets in 

increasingly colder climates. GRl's research, in turn, includes several major projects aimed 

both at increasing the efficiency of gas furnaces and at developing a commercially viable 

gas-fired heat pump for the commercial and residential markets. 

Improvements in equipment and in the thermal integrity of buildings have 

already made the delivery of heat to homes at least twice as efficient as in the 1950s. Even 

more gains are likely to result from further research, because current heat pumps are only 

about 20% as efficient as is theoretically possible. In addition, improvements can also be 

expected in product price, convenience, delivered comfort, reliability, and servicing. 

Although it is still too early to predict the outcome of the competition between gas and 

electricity in residential heating and cooling, both resources will probably find secure 

market niches for some time to come. 

More is at stake in this competition, however, than just the sale of new 

appliances and the electricity or gas to run them. Many utilities provide their customers 

with both forms of energy and are members of both EPRI and GRI. Their continued 

support for both sides in the current technology race reflects a confidence that further 

improvements in end-use equipment can benefit all concerned. For utilities, the availability 

of improved heating and cooling appliances can provide new opportunities for energy 

conservation, valley-filling, and strategic load growth. For consumers, the current wave of 

competition will mean a wider range of heating and cooling options, so they can choose 

equipment and balance initial investment against operating costs to suit individual needs. 

In the long run, both utilities and their customers will benefit from any developments in 

technology that are able to promote the most pr0ductive use of gas and electricity. 

Thomas R. Schneider, Director 

Energy Utilization and Conservation Technology 

Energy Management and Utilization Division 
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Authors and Articles 

Competition in heat pumps is the 
main event of today's rivalry be­

tween electric and gas energy for space 
heating in houses. Competition Heats 
Up in the Residential Sector (page 6), 
this month's lead article, states that the 
rival developments are also a useful 
hedge against uncertain future prices of 
both energy forms. The article is the 
work of science writer John Douglas, 
guided by two research managers of 
EPRI's Energy Utilization and Conserva­
tion Technology Department. 

Arvo Lannus manages the research 
program dealing with residential and 
commercial applications. An Institute 
staff member since May 1980, he was 
formerly with Gordian Associates, Inc., 
for six years, much of that time as direc­
tor of advanced technology and responsi­
ble for consulting activities in energy-ef­
ficient equipment and practices. Earlier, 
Lannus was on the chemical engineering 
faculty of Cooper Union School of Engi­
neering for four years. He has a BS in 
chemistry and a PhD in chemical engi­
neering, both from Drexel University. 

James Calm works with Lannus as 
project manager for heat pump develop­
ment. He came to EPRI in July 1981 from 
Argonne National Laboratory, where he 
had worked for five years in R&D on heat 
pumps and other technology for energy 
conservation. While in the Air Force from 
1971 to 1976, he held operating and engi­
neering responsibilities for various heat­
ing, air conditioning, and refrigeration 
systems. Calm has a BS in mechanical 
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engineering and an MS in engineering 
design, both from Tufts University. 

• 

Changes in forests over the last 10 or 
20 years have polarized industrial 

and environmental factions in the United 
States and abroad. Forest Stress and 
Acid Rain (page 16) reviews some of the 
detective work being done by forest ecol­
ogists to identify sources and mecha­
nisms of stress. Feature writer Michael 
Shepard developed the article with the 
aid of three research managers in EPRI's 
Energy Analysis and Environment Divi­
sion. 

John Huckabee, a staff member of the 
Environmental Assessment Department 
since May 1979, became manager of the 
Ecological Studies Program in February 
of this year. His earlier project responsi­
bilities suggest the scope of the program: 
toxic substances, atmospheric deposi­
tion, and their effects on terrestrial and 
aquatic systems. Huckabee was formerly 
on the research staff of the environ­
mental sciences division at Oak Ridge 
National Laboratory for eight years. In 
addition to a BS in biology from Sul Ross 
State University (Texas), he has an MS in 
zoology and a PhD in physiology, both 
from the University of Wyoming. 

Robert Goldstein is a senior project 
manager with Huckabee. He has been 
with EPRI since April 1975, successively 
focusing on aquatic systems and on at­
mospheric deposition. Goldstein also was 
formerly with the environmental sciences 

division at Oak Ridge, working there as 
a systems ecologist for five and a half 
years. An engineering graduate of Co­
lumbia University, he holds MS and PhD 
degrees in nuclear science and engineer­
ing from the same school. 

Louis Pitelka came to the Ecological 
Studies Program in December 1984, tak­
ing responsibility for research projects 
involving plant biology. Previously, he 
was with the National Science Founda­
tion as director of a program in popula­
tion biology and physiological ecology, 
and for nine years he was on the biology 
faculty at Bates College (Maine), where 
he became department chairman. Pitelka 
has a BS in zoology from the University 
of California at Davis and a PhD in bio­
logical sciences from Stanford University. 

• 

Evaluating the benefit of home energy 
conservation measures without wait­

ing for a year of truly average weather is 
the promise of a recently developed com­
puter program now in experimental use 
by three electric utilities. Scoring High 
on Conservation (page 26), by science 
writer Mary Wayne, reports on a model 
that normalizes home energy use on the 
basis of records for any year. Wayne's 
data source was Gary Purcell of EPRI's 
Energy Utilization and Conservation 
Technology Department. 

Purcell is a project manager in the Res­
idential and Commercial Program. He 
has worked primarily with measurement 
and control instrumentation for space 



conditioning systems since he came to 
EPRI in August 1977. Purcell previously 
was with Lockheed Missiles & Space 
Co., Inc. , for 15 years as a thermody­
namics engineer for the design, test, and 
analysis of aerospace vehicle tempera­
ture control systems. A mechanical engi­
neering graduate of Oklahoma State 
University, Purcell also has an MBA from 
Pepperdine University (California) . 

• 

F
irst designing methods for efficient 
industrial management, later estab­

lishing practices for efficient govern­
ment, Raphael Thelwell today is a 
professor at Howard University, a re­
searcher in economic policy, and a mem­
ber of EPRI's Advisory Council. From his 
years in federal budget analysis, aug­
mented by an interim project with 
NAACP, Thelwell is watchful for eco­
nomic incentives that produce wide­
spread benefits but generate very local­
ized costs. This month's profile, Raphael 
Thelwell: Pursuing the Social Eco­
nomics of R&D (page 31), draws on ideas 
voiced in an interview with feature editor 
Ralph Whitaker. 

Lann us 

Goldstein 

Purcell 

Calm 

Huckabee 

Pitelka 
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COMPETITION HEATS UP 
IN THE RESDENTIAL SECTOR 

Operating efficiencies are being boosted higher and higher as 

electricity and gas fight for the same territory in the residential 

heating and cooling market . The development of advanced heat 

pumps-both electric and gas-is the next step in expanding the 

array of space-conditioning technologies for the consumer. 
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T
he competition between gas and 
electricity for the lead role in res­
idential heating is rapidly grow­

ing more intense. New technologies are 
challenging traditional patterns of en­
ergy use, uncertainties cloud the future 
of fuel prices, and almost any gain 
made by either electricity or gas in this 
crucial market comes at the expense of 
the other, since other energy sources 
play much smaller roles. 

The stakes are high for both the gas 
and electric utility industries. In the 
past, gas-fueled devices dominated res­
idential heating, accounting for nearly 
two-thirds of existing central heating 
systems. But as gas prices have risen 
and as electric heating appliances have 
become more efficient, electricity has 
made substantial penetration into the 
residential space-heating market. Over 
the last decade, approximately half of 
new single-family houses and two­
thirds of new multifamily dwellings 
were built with electric heating. 

One of the reasons for this market 
penetration is the increased acceptance 
of zoned heating-the use of small 
resistance heaters to warm one room 
at a time at much less cost than operat­
ing a central, forced-air furnace. These 
heaters have been chosen for use par­
ticularly in the smaller, more tightly 
insulated houses that have become in­
creasingly popular in recent years. 
Another factor influencing the trend 
toward electric heating is the develop­
ment of improved electric heat pumps, 
which were installed in about 30% of 
new single- and multiple-family dwell­
ings in 1984. There are several reasons 
for their growing popularity. Not only 
are heat pumps a much more efficient 
way to heat buildings, but they also 
provide air conditioning in the same 
package-an important consideration 
in the sunbelt states, which have ex­
perienced the most rapid growth of 
new housing. Heat pumps may also 
benefit electric utilities by offering sea­
sonal load management for summer­
peaking utilities and selective load 

growth for winter-peaking utilities. 
To help maintain the heat pump's 

competitive edge, the electric utility in­
dustry has directed EPRI to devote in­
creasing amounts of research toward 
making these unique devices even 
more efficient and reliable for home 
use. At the same time, the gas utility 
industry has become more aggressive 
in trying to protect its vital interest in 
the residential heating market. In 1982 
the American Gas Association (AGA) 
launched what it called "an aggressive, 
hard-hitting, anti-electric heat pump 
information campaign." The industry 
also has given increasing support to an 
extensive research program through the 
Gas Research Institute (GRI) to develop 
more efficient gas furnaces and heat 
pumps. Gas-fired heat pumps are not 
now commercially available for residen­
tial use in the United States. Their suc­
cessful development would enable gas 
utilities not only to provide a more effi­
cient heating option but also to chal­
lenge electricity's almost total domi­
nance of air conditioning. 

It is still too early to predict the out­
come of this competition in any detail, 
but the real winner will almost certainly 
be the consumer. As a result of current 
research efforts, both gas and electricity 
customers will be able to choose from a 
wider variety of options for space heat­
ing and cooling and to save money by 
using more efficient devices for both 
energy sources. At the same time, it 
seems likely that many of the new elec­
tric and gas-fired units will be able to 
find successful niches in the diverse 
American space-conditioning market. 
Which of the two energy sources will 
dominate in any particular time or 
place will probably depend on a variety 
of local factors, including relative fuel 
prices and expected escalation rates, 
gas availability, equipment costs, and 
consumer awareness. 

Forces behind the competition 

The competition between electricity and 
gas began in the latter part of the nine-

teenth century, when Thomas Edison's 
incandescent lamp and central-station 
electric generators brought the gaslight 
era to a dramatic close. The gas used 
for lighting had, for the most part, 
been manufactured from coal and dis­
tributed by municipal utilities, which 
quickly had to shift emphasis toward 
marketing their product for cooking 
and water heating. Natural gas, as 
such, did not become a major competi­
tor until abundant resources were dis­
covered by a rapidly growing petro­
leum industry and until considerable 
improvements were made in pipeline 
technology. Sales of natural gas did not 
exceed those of manufactured gas until 
1935, and the amount of energy derived 
from gas surpassed that of coal only in 
the late 1950s. 

Because natural gas resources have 
been found in locations far removed 
from the ultimate consumers, an excep­
tionally complex industry has devel­
oped. Of the top 20 U.S. gas producers, 
16 are integrated oil companies, but a 
total of about 3750 firms sell gas on the 
interstate market. The transmission of 
natural gas takes place via pipelines 
that exceed U.S. railroads in total mile­
age and that are primarily owned by 99 
major interstate pipeline companies. 
Some 1350 separate utilities, which in­
clude both municipal agencies and pri­
vate companies, are involved in distrib­
uting gas to consumers. Many of these 
utilities-including approximately one­
quarter of EPRI members and one-half 
of GRI members-sell both gas and 
electricity. 

Since the late 1930s, the price of gas 
sold in interstate markets has been con­
trolled by the federal government, first 
by the Federal Power Commission and 
more recently by the Federal Energy 
Regulatory Commission (FERC). In 1978 
the Natural Gas Policy Act brought pro­
ducer sales of intrastate gas under 
FERC regulation as well. In a number 
of instances, the regulated price of gas 
made it more attractive in comparison 
with electric power. Recent moves to 
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deregulate the gas industry add yet an­
other complicating factor to the con­
tinuing competition between these two 
sources of energy. 

Even before the spectacular rise of 
energy prices in the 1970s, the ratio of 
electricity price to gas price had been 
falling sharply, and this decline has con­
tinued. In 1970 the national average 
price ratio per thermal equivalent unit 
was about 6 to 1; by 1984 it was about 
3.8 to 1. But these price ratios tell only 
part of the story. 

As its name implies, a heat pump 
takes heat from an external source, 
such as air, and transfers it into a build­
ing. This enables a heat pump to have 
an efficiency greater than 100%, since 
more heat is delivered than the heat 
equivalent of the electricity consumed. 
Because of this higher efficiency, even 
with a purchased energy price ratio of 
about 3.8 to 1, the cost of delivering a 
unit of heat to a room by using an elec­
tric heat pump may be equal to, or 
even less than, that of delivering a unit 
of heat from a gas furnace. 

Since gas deregulation, the price of 
gas has actually fallen somewhat and 
the electricity-to-gas price ratio has 
crept upward slightly. The use of such 
national price averages, however, ob­
scures critical regional differences. Price 
ratios are much more favorable to elec­
tricity in the many parts of the coun­
try where energy for power generation 
is particularly inexpensive-as in the 
Northwest, with its hydroelectric re­
sources. The electricity-gas price ratio 
currently ranges from a high of about 8 
to 1 in Alaska, where gas is abundant, 
to nearly 1 to 1 in some parts of Wash­
ington state. In 1983 average-perfor­
mance electric heat pumps could com­
pete with conventional gas furnaces at 
price ratios up to about 3.8 to 1, except 
in the most severe climates. 

But energy price is not the only fac­
tor affecting a homeowner's choice 
of heating equipment. Such consider­
ations as equipment cost, safety, reliabil­
ity, and convenience are also important. 
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Among the trends that have most fa­
vored the installation of electric heating 
units, especially heat pumps, in new 
homes is the demographic shift toward 
sunbelt states. Electric heat pumps sell 
best where there are significant cool­
ing requirements. In 1983 about three­
quarters of new single-family houses 
were built in the South and West, 
where heat pumps accounted for 38% 
and 27% of the heating systems, 
respectively. 

In other regions the convenience, low 
initial cost, and conservation potential 
of electric zoned heating systems-base­
board, panel, and radiant heaters­
have become increasingly important. 
These systems have had their greatest 
penetration in the Northeast, where 
they are enabling homeowners to con­
serve energy during the harsh winters 
by heating only selected rooms. In 1983 
such systems were installed in 20% of 
new homes in the Northeast. Noncen­
tral electric systems have also been 
popular as retrofits in that region be­
cause of their ease of installation in 
older homes without air distribution 
ducts. 

Focus on the heat pump 

Much of the current attention being 
paid to the competition between gas 
and electricity for residential space 
heating has resulted from a spectacular 
rise in the sale of unitary electric heat 
pumps. (A unitary heat pump consists 
of one or more factory-assembled units 
designed for installation and use to­
gether, as opposed to separate compo­
nents selected individually for field 
assembly. Unitary systems include both 
single-package and split-system mod­
els, the latter having some equipment 
outside a house and some inside.) The 
commercial sale of unitary heat pumps 
began in the 1950s but sputtered along 
at a fairly low level because of relatively 
high initial costs and some early reli­
ability problems. 

Early failures were corrected by im­
proved designs and dealer training, but 

in 1974 annual sales of unitary heat 
pumps were still only about 139,000 
units. Then, as a result of expected gas 
shortages, new residential gas hookups 
were suspended in many areas and the 
sale of electric space-heating equip­
ment-particularly heat pumps-in­
creased. Sales of electric systems were 
also spurred by the fact that power for 
such systems can reliably be derived 
from a variety of sources. Driven by 
falling electricity prices relative to those 
of gas, rising construction rates, and re­
gional concerns over future gas prices 
and availability, annual shipments of 
heat pumps jumped to more than 
572,000 units in just four years. Sales 
fluctuated somewhat during the re­
cessions of the early 1980s, but by 1984 
they had climbed to more than 745,000 
units a year. 

Although part of this growth re­
sulted from the regulatory uncertain­
ties surrounding the availability and 
cost of natural gas, additional impetus 
came from the active marketing of 
heat pumps by electric utilities. "Heat 
pumps respond to the three primary 
needs of the electric utility industry in 
the end-use area," says Orin Zimmer­
man, EPRI's technical director for en­
ergy utilization. "They help provide 
more efficient use of energy, better load 
management, and new opportunities 
for load growth." 

Because heat pumps are much more 
efficient than other electric heating de­
vices, for example, they can play an im­
portant role in utility efforts to conserve 
energy and defer capacity expansion. 
Heat pump efficiency also helps keep 
electricity competitive, and some util­
ities have offered incentives or special 
rates to customers who purchase high­
performance models or upgrade heat­
ing equipment efficiency at replace­
ment. 

For utilities seeking to increase load 
growth, heat pumps can also provide 
an attractive way for customers to meet 
more of their energy needs by increas­
ing household use of electricity. Cus-



Electricity and Gas Price Trends 

H istorical ly, the greatest driving factor in the competition between gas and electricity has been 
their relative prices. The h igh "form value" of electricity, which al lows nearly 100% of its energy to 
be employed effectively at the end use, makes it possible for electricity to compete with gas at a 
delivered cost ratio (based on $/Btu) as high as 6 to 1 in specific appl ications. Relative prices have 
narrowed sign ificantly in recent years, and electric heat pumps are now competing aggressively 
with gas furnaces at a fuel price ratio of about 3.6 to 1 .  If the relative price of electricity continues 
to decline, as projected by the Energy Information Admin istration, electric heat pumps will gain a 
s ignificant advantage in the marketplace. 
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Sharing the Market 

Although electricity now provides heating for only about 17% of existing homes in the United 
States, fuel choices being made for new homes imply a marked shift toward electricity in the 
future. In 1983 electric heating technologies were chosen for over two-th irds of new multifamily 
dwel l ings and for almost half of new single-fami ly dwell ings, with heat pumps accounting for 
about 30% of sing le-family purchases. The nation's increasing interest i n  comfort cooling is 
perhaps the g reatest reason for this shift-air conditioning is served almost entirely by electric 
technologies, and at present the electric heat pump is the only device that can provide both 
heating and cool ing from a single unit .  
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tomers who are building new houses 
are particularly good candidates for 
providing such load growth, since they 
may be able to avoid the cost of gas 
hookup completely by creating all­
electric homes featuring heat pumps. 

Another important benefit to utilities 
is seasonal load management. About 
two-thirds of EPRI member utilities ex­
perience their greatest load demands 
during the summer, largely because of 
the extensive use of air conditioners 
during hot weather. (About 70% of new 
single-family houses and 89% of new 
multifamily dwellings built in 1983 fea­
tured central air conditioning.) Because 
the size of a utility's generating capacity 
is often determined by such demand 
peaks, any measures that spread the 
load more evenly over a full year will 
help optimize the use of generating 
equipment. Heat pumps help such ca­
pacity utilization efforts by ensuring 
more electricity use during winter 
months. A family that buys a heat 
pump capable of meeting its summer 
cooling needs will then obtain most of 
its winter heating energy from elec­
tricity as well. Any additional energy 
needed on the coldest days can come 
from conventional resistance heating 
units or from dual gas-electric fuel 
systems. 

For the gas utility industry, the rap­
idly expanding sales of electric heat 
pumps have presented a serious chal­
lenge. Taken together, electricity and 
gas account for about 92% of heating in 
new single-family houses and 98% of 
that in new multifamily dwellings. 
Thus each electric heat pump installed 
in a new house usually means that one 
less gas furnace will be sold. 

In response to the rising challenge, 
critics within the gas industry have 
claimed that electric heat pumps have 
an operating life of only 7 to 10 years, 
that their lifetime costs are greater than 
those of gas furnaces, and that custom­
ers complain of increased draftiness 
with electric heat pumps. Despite main­
tenance problems with early models, a 

recent EPRI survey of Alabama Power 
Co. customers found that more than 
half of the heat pumps purchased 20 
years ago are still operating and that 
most of the decisions made to change 
systems did not result from heat pump 
failure. The relative lifetime costs of a 
heat pump and a gas furnace will de­
pend on a host of factors, says Arvo 
Lannus, the program manager for resi­
dential and commercial applications in 
EPRI's Energy Utilization and Conser­
vation Technology Department; these 
include the efficiency of specific mod­
els, regional differences in energy rates, 
and patterns of use. As for the issue of 
draftiness, Lannus says, "A heat pump 
moves more air at a lower temperature 
than a furnace does. It's a different 
kind of sensation, but most people get 
used to it. You get some cool air at the 
startup of a gas furnace too." 

The race for efficiency 

Although the competition between gas 
and electric heating units for market 
share depends on many factors, such 
as perceptions of comfort and expec­
tations of future energy prices, the 
competition in technological develop­
ment is focused primarily on greater 
efficiency, higher reliability, and lower 
equipment costs. At GRI this research 
effort includes work both on high­
efficiency gas furnaces and on several 
kinds of gas-fired heat pumps. At EPRI 
current development efforts center on 
designing an advanced generation of 
electric heat pumps whose performance 
characteristics will leapfrog improve­
ments already being made in standard 
models. 

For furnaces, efficiency is expressed 
as the percentage of energy consumed 
that is delivered as useful heat. A typi­
cal gas furnace currently installed has a 
seasonal average efficiency of 50-60%. 
One way to improve furnace efficiency 
is to provide an extra heat exchanger 
to remove more heat from combus-
tion gases. An example of such an ex­
changer is the heat pipe-a sealed tube 

in which a working fluid is boiled at 
one end and condensed at the other. A 
heat pipe furnace with a seasonal effi­
ciency of 85% has recently been devel­
oped by GRI to fill a gap in the residen­
tial heating market between the less 
efficient conventional gas furnaces and 
other, more expensive high-efficiency 
furnaces. It was introduced into the 
market in late 1983 by Borg-Warner 
Central Environmental Systems, Inc., 
under GRI license. 

In the heat pipe furnace now com­
mercially available, the moisture in flue 
gases does not condense. A higher­
efficiency heat pipe furnace design 
based on the condensation of this mois­
ture and the capture of its latent heat 
has now been developed as well. This 
version is expected to offer efficiency 
ratings of 90-95% and to be commer­
cially available in the near future. Like 
other condensing furnaces, this ad­
vanced model will require corrosion­
resistant materials because the con­
densed moisture of flue gases tends to 
be acidic. 

A somewhat more effective, but more 
expensive, way to increase efficiency is 
to improve the transfer of heat during 
combustion, in addition to condensing 
moisture in the flue. In a pulse com­
bustion furnace, a gas-air mixture is 
ignited by a spark plug in a series of 
pulses-up to 63 per second-that cre­
ate enough pressure to momentarily 
close inlet valves and expel the exhaust 
gases with a puff. This process is highly 
turbulent, which improves combustion 
efficiency and increases the transfer of 
heat from the combustion chamber. An­
other advantage of the pulse combus­
tion furnace is that it can operate at 
lower combustion temperatures and 
with reduced air input, thus producing 
less nitrogen oxide emission. 

The problem with pulse combustion, 
which was conceptually derived from 
the ramjet engine, is its noise. Thus the 
challenge for GRI researchers has been 
to develop pulse combustion units that 
are both quiet and compact enough for 
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home use but still competitively priced. 
One pulse combustion furnace, de­
signed for central heating systems and 
offering 96% steady-state efficiency, 
was introduced commercially in late 
1981 by Lennox Industries, Inc. , under 
license from GRI. Coming along next is 
a smaller pulse combustion unit, de­
signed for heating individual rooms 
and tested at more than 93% efficiency 
(compared with efficiencies of only 
45-65% for conventional gas space 
heaters). The unit is designed to meet 
residential space-heating needs while 
helping homeowners avoid the costs of 
expensive venting systems. 

The concept of efficiency is more 
complicated for the heat pump, since it 
delivers more useful energy than is in­
put as electricity and thus can be said 
to have an efficiency greater than 100% . 
To avoid confusion engineers have 
adopted an alternative measure called 
the coefficient of performance, or COP. 
The COP of a heat pump is defined as 
its heat output divided by the amount 
of electricity used-both expressed in 
the same units, so that COP is dimen­
sionless. Electric heat pumps with a 
seasonal average COP of 2.6 are now 
commercially available, but more typi­
cal models have a seasonal average 
COP closer to 2.0. (Such seasonal COPs 
are usually calculated for a climate 
like that of Pittsburgh; actual seasonal 
COPs in other locations may be higher 
or lower. ) 

As energy conservation efforts have 
gained momentum, more precise ways 
have been sought to express seasonal 
averages of heat pump performance. 
These new measures are determined 
for a specific set of operating conditions 
and consider the heating and cooling 
cycles separately. Cooling performance 
is now commonly expressed as a sea­
sonal energy efficiency ratio (SEER); to 
calculate this value, the total heat (in 
Btu) removed by a unit during a season 
under specified conditions is divided by 
the total electric energy consumed (in 
watthours). The 1983 average SEER for 
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electric heat pumps was about 8 .2  
Btu/Wh. For heating, the comparable 
term is heating seasonal performance 
factor (HSPF), which is also defined in 
terms of total energy delivered and 
consumed under specified conditions. 
The 1983 average HSPF for electric heat 
pumps was 6.4 Btu/Wh. (Either figure 
can be converted to an equivalent sea­
sonal COP by dividing it by 3.413 
Btu/Wh.) 

The average SEER of commercially 
available heat pumps has been in­
creasing steadily by about 2.5% a year. 
To accelerate the introduction of more 
efficient heat pump technology, EPRI is 
sponsoring the development of an ad­
vanced heat pump intended to provide 
a significant step in performance when 
it goes on the market about 1990. Per­
formance targets include an HSPF of 
10.4 Btu/Wh and an SEER of 14 Btu/ 
Wh. The unit is also being designed to 
offer improved load characteristics to 
utilities, to have lower outdoor sound 
levels, and to provide improved relia­
bility. Now being developed by Carrier 
Corp. , the advanced heat pump is ex­
pected to be ready for field trials in 
1988. 

Although technical details of the Car­
rier project remain proprietary, EPRI 
and equipment manufacturers have 
been considering a variety of ways 
to improve heat pump design. One 
method for raising the operating COP 
of a heat pump is to improve the per­
formance of its individual components. 
Another is to use a microprocessor­
based thermostat to optimize operation. 
Such controls will enable a heat pump 
to modify its operation to achieve the 
highest performance for a given set of 
conditions. For example, the internal 
refrigerant flow of a heat pump could 
be regulated to achieve peak efficiency. 
Unit cycling could also be reduced by 
using a variable-speed motor to drive 
the heat pump, rather than making it 
continually turn off and on. 

Improved compressor designs, both 
to increase efficiency and to reduce the 

number of maintenance problems, have 
gained particular attention. A super­
charged reciprocating compressor with 
an economizer cycle can improve sea­
sonal performance by up to 21% over 
conventional designs, depending on cli­
mate. A rolling-piston rotary compres­
sor, which is cheaper and has fewer 
valves and total moving parts than a re­
ciprocating compressor, has been used 
extensively in Japan (and in the United 
States in small sizes) and is being modi­
fied for use with a variable-speed mo­
tor. A scroll-type compressor is capable 
of providing high efficiency in a valve­
less design over a wide range of oper­
ating conditions and holds promise for 
application in central heating and cool­
ing systems for homes. The screw com­
pressor was once limited to large com­
mercial refrigeration units, but as costs 
come down, it may be used in heat 
pump systems in multifamily dwellings 
or, eventually, even in single-family 
homes. Centrifugal compressors, which 
operate like turbines, can be used for 
the largest heat pump applications. 

Toward a gas-fired heat pump 

At about the same time that EPRI's ad­
vanced electric heat pump is scheduled 
for market introduction-1990-GRI 
anticipates the commercialization of its 
first residential gas-fired heat pumps. 
To achieve this goal, GRI is seeking 
substantial federal funding as part of a 
cooperative research program with the 
U.S. Department of Energy (DOE). GRI 
is budgeting more than $13 million for 
next year to continue investigating sev­
eral concepts for both residential and 
commercial gas-fired heat pumps, and 
it recently requested Congress to in­
crease DOE support of the cooperative 
program from $4.5 million in FY85 to 
$11.0 million in FY86. This program has 
been in development for three years, 
with GRI concentrating most of its funds 
on systems development and DOE 
committing more than half its funds to 
supporting research, systems analysis, 
and the evaluation of new concepts. 



The Gas Contenders 

Competition has spurred the development of gas furnaces with h igher and h igher efficiencies. Conventional un its, 
wh ich sti l l  heavily dominate the residential heating load, have an efficiency of about 65% .  Advanced furnaces and 
condensing furnaces bring th is f igure u p  very close to the theoretical maximum of 100%.  To go beyond this cei l ing ,  
gas researchers are turn ing to development of a completely new technology, the gas heat pump. This is the central 
thrust of current work sponsored by the Gas Research Institute. 
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Performance f igures for electric heat pumps have risen at a steady rate of about 2.5% a year over the last decade. 
Commercially available un its are now operat ing at seasonal average heating COPs as high as 2.6, and the current 
target for near-term advanced devices is 3.0. Even with such advances on the drawing board, electric heat pumps 
sti l l  have plenty of headroom for future efficiency improvements because current heat pumps are rated at only 
about 20% of theoretical maximum efficiency. 
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System of the Future 

The residential energy system of the future wi l l  incorporate many functions now served by 
individual devices into one central environmental conditioning and control unit. The flexibility 
and high efficiency of the heat pump make it a natural core technology for such a system. 
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As with EPRI and its advanced elec­
tric heat pump, GRI has set ambitious 
performance targets for gas-fired heat 
pumps. Initial units are expected to 
have a seasonal average heating COP 
of at least 1 .25 and a seasonal average 
cooling COP of at least 0.80. Second­
generation units are to have a seasonal 
average heating COP of at least 1 .5 and 
a seasonal average cooling COP of at 
least 1.0. (Direct comparison of the per­
formance factors of gas and electric 
heat pumps is difficult because gas is a 
primary fuel, actually burned inside the 
unit.) Another key target for the new 
gas-fired heat pumps is the expected 
service life of 10-15 years. Because GRI 
expects the initial cost of gas-fired heat 
pumps to be 25-60% higher than other 
space-conditioning options, their cost­
effectiveness will remain very sensitive 
to performance and to variation in gas 
and electricity prices. 

Two of the gas-fired heat pumps be­
ing developed by GRI have chemical 
heat-absorption cycles rather than a 
compression cycle, and so differ funda­
mentally from electric heat pumps. One 
of these designs has a single-effect ab­
sorption cycle in which heat from burn­
ing gas is used to boil a refrigerant out 
of solution in a generator vessel; the 
resulting vapor is forced through a heat 
exchanger, where it cools and con­
denses. The other design, which has a 
double-effect absorption cycle, works 
on the same basic principle but has two 
generators. 

The other three types of gas-fired 
heat pump receiving GRI·support all 
use an engine to drive a compressor. 
One design employs a gas-fired, recip­
rocating internal combustion engine; 
another uses a rotary internal-combus­
tion engine; the third uses an external­
combustion, free-piston Stirling engine. 
The potential advantage of the Stirling 
engine is that it can operate more effi­
ciently, but it will also probably be 
more expensive and require more ex­
tensive development. 

The importance the gas industry at-

taches to these efforts was expressed 
succinctly in GRI's strategy document 
for its space-conditioning program: 
"GRI believes that the residential gas 
heat pump is the next giant step in ad­
vanced gas space-conditioning equip­
ment that will keep natural gas as the 
fuel of choice for heating and establish 
natural gas as a competitive fuel for 
cooling well into the 21st century." 

Other members of the technical com­
munity are not so sanguine. "There's 
no question that the gas industry has 
committed a great deal of money and 
effort to developing a commercially vi­
able gas-fired heat pump," says James 
Calm, EPRI's project manager for heat 
pump development, "but it faces major 
hurdles in each of its designs. These 
devices will be expensive to fabricate, 
and it is still too early to say whether a 
gas-fired heat pump will ever become 
commercially successful. Meanwhile, 
gas furnace technology is approaching 
its theoretical efficiency limit of 100%. 
The electric heat pump, on the other 
hand, has reached only about 15-20% 
of its theoretical limit, leaving much 
room for improvement." 

A glimpse at the future 

Beyond the specific projects just de­
scribed, a wide variety of other devices 
may also play important roles in the 
ongoing competition between gas and 
electricity for shares of the residential 
energy market. Heat pumps that use 
the ground or groundwater as a heat 
source-rather than air-may help 
open new residential space-heating 
markets in colder climates, since 
ground temperatures tend to be more 
moderate than air temperatures. Win­
dow- and wall-mounted heat pumps, 
which are also becoming available, will 
allow homeowners to condition one 
room at a time. Another way to achieve 
the same end is to use a multizone heat 
pump, which couples a single outdoor 
compressor and heat exchanger to sev­
eral fan coils inside a house. Also, the 
electric heat pump water heater may be 

used increasingly to meet most of a 
home's hot water needs, although it 
may require a larger storage tank be­
cause it has a somewhat slower recov­
ery rate than conventional models. 

"For every price of gas and elec­
tricity, there will be a portfolio of 
equipment that can provide maximum 
service to customers," says Thomas 
Schneider, the director of EPRI's Energy 
Utilization and Conservation Technol­
ogy Department. "Both gas and elec­
tric technologies have their place, and 
when conditions change, another new 
set of equipment can be developed for 
each energy source." Overall fuel costs 
will probably continue to rise, Schnei­
der says, but "through new technology, 
tighter homes, and continuing conser­
vation programs, we have the capabil­
ity of reducing residential energy con­
sumed for space conditioning to less 
than half the level of the 1960s. Ulti­
mately that will work to the advantage 
of everyone-homeowners, utilities, 
and the nation." • 

This article was written by John Douglas, science writer. 
Technical background information was provided by Arvo 
Lannus, James Calm, and Orin Zimmerman, Energy Man­
agement and Utilization Division. 
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H
undreds of scientists are search­
ing mountaintops and watersheds 
from Germany and Scandinavia 

west to California's Sierra Nevada, look­
ing for clues to explain recent forest 
decline. They are finding discolored 
leaves and slowed growth in some 
places; elsewhere, individual stands of 
trees are dying. Data from dozens of 
studies are slowly being assembled to re­
veal a picture of what is happening to the 
forests-and why. 

The story began in Stockholm at the 
1972 United Nations Conference on the 
Human Environment, where Sweden 
and Norway drew worldwide attention 
to the acidification of lakes and streams 
in Scandinavia and the decline of fish 
populations in these waters. In the mid 
1970s, similar phenomena were reported 
for high-elevation lakes in the Adiron­
dack Mountains of New York. As con­
cern over aquatic systems continued, sci­
entists began noticing signs of decline 
in forests. At first they found little to 
be concerned about. In recent years, 
however, the situation has grown more 
troublesome. 

Warning signals 

Tom Siccama was a forestry student 
when he surveyed the vegetation on 
Vermont's Camel's Hump Mountain in 
1964. In 1979 he and co-workers from Yale 
University repeated the survey and 
found some disturbing evidence. Over 
half of the red spruce on Camel's Hump 
had inexplicably died in the 15 years 
since Siccama had first walked the moun­
tain. In addition, many of the live trees 
were in various stages of decline. Sic­
cama's findings stimulated further field 
surveys, which revealed that the red 
spruce-from young saplings to 300-
year-old veterans-are dying in some of 
the high-elevation forests of Vermont, 
northern New York, and New Hamp­
shire. 

The process of decline is readily vis­
ible. The trees initially lose foliage at their 
tops and branch tips. This process moves 
down the trunk and inward over time, 

stripping needles from the branches. 
Photos of New England's affected areas 
taken in the early 1960s show lush, 
healthy stands. Some of these sites now 
show clear signs of decline. 

After hearing about the decline of red 
spruce in New England, Dr. Robert 
Bruck of North Carolina State University 
began to study the spruce-fir forests of 
the southern Appalachians. During 1983 
and 1984 he and his graduate students 
gathered detailed information from plots 
on Mt. Mitchell and seven other moun­
tains in the region. Their preliminary 
findings suggest a decline among red 
spruce similar to, though not as severe 
as, that in New England. Bruck's group 
believes that the decline is most severe 
on high-elevation windward slopes, 
which are exposed to higher levels of an­
thropogenic (man-made) pollution than 
leeward slopes. 

Meanwhile, across the Atlantic in West 
Germany, Waldsterben -forest death­
has become an emotionally and politi­
cally charged issue. A 1983 poll indicated 
that West Germans were more worried 
about the condition of their forests than 
about the then-imminent deployment of 
Pershing missiles on their soil. "Amer­
icans do not understand the almost 
mythical role that forests play in the 
German consciousness," explains John 
Huckabee, manager of EPRI's Ecological 
Studies Program. Germans revere their 
forests, which are among the most care­
fully tended in the world. Now that the 
forests are threatened, the people-and 
the government-are very upset. 

Much of the concern in West Germany 
was kindled in 1982 by the results of a 
federal government questionnaire sent 
to corporate, private, and governmental 
forest associations. The survey indicated 
that 8% of the country's 7.4 million hec­
tares of forest contained trees in some 
stage of decline, from slight neeqle loss 
to severe damage. This disturbing find­
ing prompted the government to con­
duct its own survey the following year, 
and it established representative plots. 
Foresters cruised the woodlots and cate-



gorized sample trees as slightly to sever­
ely damaged on the basis of visual crite­
ria that included yellowing and early loss 
of needles, deformed shoots, deterio­
rating roots, and progressive thinning of 
tree crowns. 

The 1983 survey found that 34% of the 
forested area showed some signs of de­
cline. Problems were found at all eleva­
tions, among young and old trees of var­
ious species in a wide range of forest 
types. Within a year, the problem had 
reportedly increased: over 50% of the for­
ested area exhibited some symptoms of 
decline. 

West Germany is not alone. Less well 
documented reports from Czechoslova­
kia, Poland, East Germany, Romania, 
Switzerland, Austria, Yugoslavia, Italy, 
France, Sweden, and Norway indicate 
varying degrees of forest decline might 
be affecting other regions of Europe. 

Sorting it out 

What are we to make of these reports? 
John Huckabee states that there is strong 
agreement in the scientific community 
that red spruce are declining in North 
America and that there are real, unex­
plained problems in the German forests. 
Beyond this, there is little consensus. 
Huckabee notes that the announcements 
of disaster abounding in the press are sel­
dom supported by documented evidence 
of forest decline in peer-reviewed scien­
tific journals. "The plural of anecdote," 
he cautions, "is not data." 

Furthermore, data can be presented in 
ways that are easily misunderstood. In 
the 1983 and 1984 German forest surveys, 
two-thirds of the affected trees were 
in the "slightly damaged" category, 
whereas less than 2% were severely 
damaged or dead. This distinction is ob­
scured when data are aggregated into 
figures for overall decline, and an exag­
gerated impression of the damage can re­
sult. "There's no question that the Ger­
man forests are hurting badly," asserts 
Robert Bruck, "but there's also little 
doubt that politics played a role in the 
design of the study." 
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Geography and Symptoms of Decline in Red Spruce 

Red spruce is the only North American tree species suspected of experiencing 
pollution-related decline. The decline appears in a small portion of the tree's range-high 
in the Green, White, and Adirondack mountains of Vermont, New Hampshire, and New 
York, and possibly in high-elevation stands in the Great Smoky Mountains of western North 
Carolina. Red spruce (shaded area) grows from the Canadian maritimes across southern 
Ontario and Quebec, then south through the mountains of New England, upstate New 
York, and the Appalachians. It is found near sea level in the northern portion of its range 
and at progressively higher elevations in the southern reaches of its habitat. 
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In the areas experiencing 
decline, red spruce of al l  
ages are affected. The 
decl ine begins with 
discoloration, fol lowed by 
loss of needles progressing 
from the top of the tree down 
and inward from branch tips 
toward the trunk. 

Bruck claims that the Germans are so 
upset about their trees that they are grab­
bing at any straw that might offer relief. 
"One week after it was suggested that 
nitrogen, rather than sulfur, might be 
worth looking at, signs appeared on the 
autobahn saying 'Slow down to save the 
trees. ' " (Much of the nitrogen contained 
in air pollution comes from cars .)  "It's 
like a pollutant-of-the-week award," says 
Bruck. 

There are problems with some of the 
American research on forest decline as 
well. For instance, a major government­
sponsored study known as FORAST (for­
est response to anthropogenic stress) 
sent researchers into the woods in 15 
eastern states from Maine to Arkansas to 
gather 14,000 core samples from 31 tree 
species. Dendrochronological analysis of 
the cores led to initial reports of wide­
spread growth suppression throughout 
the range of the study. Problems with 
sampling techniques and data analysis, 
however, have raised serious doubts 
about the validity of the interpretations. 
As Huckabee points out, "Examination 
of growth rings can tell us how fast a tree 
was growing during a certain period, but 
it can't tell us why." 

According to some in the environ­
mental community, the German experi­
ence suggests that forest decline can 
move so fast that if we wait for uncon­
troverted evidence to emerge that our 
forests are endangered by pollutants, 
any remedial actions we take may come 
too late. Others argue that to prevent or 
remedy forest decline we must under­
stand its causes and mechanisms. "It's 
not enough to do correlative studies that 
treat the forest as a black box and simply 
attribute its symptoms to certain mea­
sured inputs," claims EPRI Project Man­
ager Robert Goldstein. "There are so 
many interactive factors that influence 
forests-climate extremes, elevation, 
soil characteristics, nutrient and water 
availability, competing plants or patho­
gens, pollutants, and many others-that 
it is difficult to draw broad conclusions 
from correlational techniques. Without 
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Nutrient Cycling 

in a Forest Ecosystem 

A complex web ot energy and nutrient cycles 
sustains the health ot forests. Plants obtain 
nutrients from atmospheric gases, dry and wet 
deposition, ground and surface water, and from the 
decomposition ot organic matter and bedrock in  the 
soi l .  These n utrients are continually being absorbed 
and released by p lants and changing form as they 
move among compartments ot the ecosystem. In 
the n itrogen cycle, tor example, tree atmospheric 
nitrogen is fixed by soil bacteria into molecu lar 
forms, such as ammonia and nitrate, that plants 
can absorb through their roots. In  the carbon­
oxygen-hydrogen cycle, photosynthesis converts 
sunl ight, carbon dioxide, and water i nto stored 
energy in the form ot glucose. Respiration -the 
opposite ot photosynthesis-breaks down some ot 
the g lucose to release energy, which fuels the 
metabolic processes that keep plants al ive. Leaves 
and branches tall to the ground, decompose, and 
release nutrients that are reabsorbed from the soil 
through the plants' roots. EPRl 's forest ettects 
research focuses on understanding these and other 
cycles, the ways in which the cycles are disrupted 
by such stresses as pollution, and the effects such 
disruptions have on ecosystem health. 
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an understanding of what's going on in­
side the system, one has no idea how all 
these factors are interacting." 

Goldstein and his colleagues at EPRI 
have been supporting research aimed at 
revealing the mechanisms of forest de­
cline. They study nutrient cycling and 
other processes within ecosystems and 
then try to learn how various stresses 
alter these flows. "It seems more compli­
cated than correlational methods," says 
Goldstein, "but the mechanistic ap­
proach is actually a simpler and more el­
egant way of understanding the forests." 

Most scientists believe that varying 
combinations of stresses, rather than any 
one agent, are responsible for forest de­
cline. Unraveling this complexity is dif­
ficult, and we may never find clear-cut 
links between cause and effect. As one 
researcher puts it, "Those waiting for sci­
ence to come up with a magic cure to 
forest decline are going to be very disap­
pointed." Scientists have narrowed the 
field, however, to a handful of the most 
likely stresses, which could work to­
gether-in different ways at different 
sites-to cause most of the forest decline 
now occurring. 

Climate changes and extremes, natural 
ecological succession, pests and patho­
gens, management practices, and vari­
ous pollutants are all implicated. The late 
1950s and early-to-mid 1960s was a pe­
riod of drought in the northeastern 
United States. Some scientists believe 
that drought-induced stress could have 
weakened red spruce in the Northeast, 
making them more vulnerable to pollut­
ants and other stresses. The decline of 
red spruce at Mt. Mitchell and other 
southern Appalachian sites, however, 
cannot be attributed to drought. Precip­
itation data show that at no time since 
1930 has there been a drought on Mt. 
Mitchell. Still, climatic factors other than 
drought may be involved. The most pro­
nounced instances of forest decline in the 
eastern United States are on mountain­
tops, where weather is severe and soils, 
typically, are thin. The climate extremes 
in these locations may be a key factor in 

making the forests vulnerable to other 
stresses, which they might better endure 
in more sheltered sites. 

Management practices such as over­
harvesting and planting of species out­
side their natural range (as with Norway 
spruce) may be part of the problem in 
Germany's forests. These forests have 
been intensively managed for centuries. 
The removal of fallen branches and leaf 
litter from the forest floor over many gen­
erations may have affected the supply 
and cycling of important nutrients. Nu­
trient sources vary from area to area, 
however, and some old, intensively 
managed European forests exhibit no 
signs of decline. 

Focus on air pollution 

Of all the possible causes for unex­
plained forest decline, air pollution is the 
most hotly debated. Various pollutants 
are mentioned, but the current leading 
hypotheses concern acidic deposition, 
ozone, and, to a lesser extent, heavy met­
als. Acid rain is just one form of acidic 
deposition, a category that also includes 
deposition from fog or mist and dry de­
position of acid precursors (materials 
that will form acids when they interact 
with water). These acids, principally sul­
furic and nitric, are the result of atmo­
spheric chemical reactions involving ox­
ides of sulfur and nitrogen produced 
naturally and in the combustion of fossil 
fuels-in vehicles, factories, and power 
plants. 

Although acid rain has received a great 
deal of media attention, the impact of 
acid mist may be far more important 
in some instances, such as the dieback 
of red spruce at high elevations. High 
peaks in New England, the Adirondacks, 
and the southern Appalachians are 
shrouded in clouds much of the year. 
Monitoring has shown that clouds can 
concentrate pollutants so effectively that 
they are often 10 times as acidic as rainfall 
at the same site. 

Scientists do not yet understand how 
acidic deposition might be harming for­
ests, but several hypotheses are the sub-

ject of intensive research. Professor Bern­
hard Prinz of the Air Pollution Research 
Institute in Essen, West Germany, postu­
lates that the combined effect of ozone 
and acid mist is causing much of the 
damage to German forests. One sug­
gested mechanism is that ozone causes 
the stomates-gas exchange pores in the 
leaves-to stay open wider and for 
longer periods than they typically do; 
thus, acids are able to enter the interior of 
the leaves, where they leach out nutri­
ents and cause tissue damage. 

The aluminum mobilization hypothe­
sis suggests that acidic deposition in­
creases the acidity of forest soils, con­
verting aluminum-which is bound 
tightly to soil particles in higher-pH (less 
acidic) soils-into a soluble form readily 
absorbed by plant roots. Aluminum tox­
icity might then damage the roots, lead­
ing to harm elsewhere in the tree. An 
EPRI-sponsored study is now testing this 
hypothesis by examining the way alumi­
num cycles through forest watersheds 
and the role it plays in the ecosystem. 
Many scientists are skeptical about the 
aluminum hypothesis and other theories 
based on the notion that acid rain ini­
tiates damage by lowering the pH of for­
est soils, because most forest soils are 
naturally quite acidic. Soils in the spruce­
fir forests of North Carolina, for instance, 
typically range in pH from 3.2 to 3.5. 

There are other possible mechanisms 
by which acidic deposition could affect 
forests. The depletion of calcium, mag­
nesium, and other nutrients by leaching, 
either from the foliage directly or from 
the soil, has been considered. In micro­
cosm studies sponsored by EPRI and 
other institutions, plants were exposed 
in control chambers to simulated acid 
rain. None of these studies has yet 
shown that acid precipitation at ambient 
levels has any significant impact on nu­
trient levels in the plants, affects the de­
composition of organic matter in leaf lit­
ter and soil, or causes any physiological 
or morphological harm. 

There are limitations to the microcosm 
approach, however. Such studies are rel-
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Leading Hypotheses of Forest Decline 

Scientists are investigating and debating dozens of hypotheses on the causes of unexplained 
forest decline in North America and Europe. Some of the leading ideas are described below. 
It is likely that no single hypothesis is correct in al l  i nstances. Rather, problems in different 
areas may well be caused by un ique combinations of factors. 

Ozone-acid mist: Elevated ozone levels in 
the lower atmosphere cause gas exchange 
pores in the leaves to open wider and for 
longer periods than is typical. Acid ic mist 
enters the leaf through the open pores 
(shown), damages tissues, and disrupts 
photosynthesis and other metabol ic 
functions inside the leaf. 

Nitrogen overfertil ization: Atmospheric 
deposition of nitrogen from anthropogenic 
(man-made) sources overloads the 
ecosystem with this important nutrient. 
Trees respond by al locating carbon to new 
growth later into the season than is normal, 
reducing winter hardiness and increasing 
vulnerability to frost damage. 

Soil acidification: Acidic deposition 
increases the acidity of forest soils, 
leaching out some nutrients and converting 
aluminum in the soil from insoluble to 
soluble form. Root hairs absorb and are 
damaged by the soluble aluminum. 
Damage to roots impairs water and nutrient 
uptake by the t ree. 

Direct foliar damage: Acidic deposition 
erodes the waxy, protective layer on the 
outside of leaves (shown), leaches out 
nutrients, and increases vulnerabil ity to 
pests and disease. 

General stress: Varying combinations of 
c l imate extremes, pests and pathogens, 
and other natural stresses in concert with 
one or more of the anthropogenic factors 
described above are responsible for the 
unexplained forest decl ine now occurring. 
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atively short-term, for instance, because 
trees soon outgrow their chambers. It is 
possible that more significant effects 
would arise from longer exposure to acid 
rain. Recognizing the limitations of mi­
crocosm studies, EPRI is also funding 
several field studies on the effects of 
acidic deposition on forests. One com­
pares the atmospheric levels of acidic 
pollutants with deposition levels and 
runoff from the forest canopy. This study 
will provide important insights into the 
effects of acidic deposition on nutrient 
levels and cycling in leaves and on the 
manner in which precipitation is altered 
as it passes through the canopy and runs 
down stems, branches, and trunks to the 
ground. 

Another EPRI-sponsored study is de­
veloping a model to quantify the pools 
and flows of nitrogen in forested water­
sheds. The model-due to be completed 
in 1985-will be a valuable tool for un­
derstanding the ecological effects of 
nitrogen deposition. The nitrogen model 
study is very timely: according to a 
recently proposed hypothesis that is re­
ceiving a lot of attention, one cause of 
forest decline may be that we are, in 
effect, overfertilizing the forests with 
nitrogen. 

Dr. Arthur Johnson of the University 
of Pennsylvania has studied New En­
gland forest decline since the late 1970s. 
He states that "there apparently is more 
nitrogen going into the high elevation 
forests of New England than the forests 
can use" and that "the rates of nitrogen 
deposition at these sites are higher than 
those at lower elevations in the same re­
gion and are extremely high compared 
with those in remote areas." Johnson ex­
plains that there is some evidence that an 
increase in nitrogen can reduce winter 
hardiness and frost tolerance in trees. 
One possible mechanism is that trees ex­
posed to excess nitrogen do not "harden 
off" as soon as they need to in prepara­
tion for winter. If they grow on moun­
taintops where severe storms come early, 
they may be more susceptible to frost 
damage. 



DRAWING THE LINE ON FOREST DECLINE 

What does a healthy tree look 
like? The answer seems obvious 

at first, but this seemingly easy ques­
tion has foresters stumped. In any for­
est one finds trees in varying states of 
vigor or decline. Some are weakened 
by frost, wind, or drought. Others 
may be stunted by shading from a 
taller neighbor. Typically, even the 
healthiest of trees bears the mark of 
one stress or another. In measuring 
the extent of newly discovered forest 
decline, scientists are having difficulty 
agreeing on where the range of nor­
mal symptoms ends and the early 
signs of illness begin. 

In West Germany foresters used 
needle loss as their primary criterion 
in measuring tree health during the 
1983 and 1984 forest surveys.They 
called trees with less than 10% needle 
loss healthy and characterized those 
with more than 10% loss as either 
slightly, moderately, or severely dam­
aged, depending on the degree of de­
foliation. The Swedes look at things 
differently. They feel that normal, 
healthy forests will have some trees 
missing up to 20% of their needles. 
Thus, when they conducted a national 
forest survey in 1984, they looked for 
the same symptoms as the Germans 
but counted as healthy all trees with 
less than 20% needle loss. 

The Germans report that their forest 
decline rose from 34% in 1983 to 50% 
in 1984. Two-thirds of the damage, 
however, was what the Germans 
termed "slight" damage (10-25% nee­
dle loss). According to German re-

searcher Dr. Lutz Blank, if his coun­
trymen had used the Swedish damage 
classification in their 1984 survey, "the 
figure of 50% damage would have col­
lapsed to about 17%." 

Even 17% damage is  significant 
enough to leave little doubt that un­
explained forest decline is occurring in 
West Germany, but that assessment is 
far less dramatic than the claim that 
half the German forest is ill. This ex­
ample illustrates that methodological 
details that might appear trivial can 
have a profound influence on our per-

ception of what is happening in the 
forests. As time goes on and more sur­
veys are conducted, scientists will be 
striving to agree on consistent ways of 
identifying and categorizing forest 
damage. Without such consistency, it 
is difficult to compare damage figures 
from one year to the next or from one 
country to another. Students of forest 
decline must be aware of this subtlety 
and must learn to look behind the 
numbers to see how the manner in 
which they are obtained influences 
the final tally. D 

Tree Damage in West German Forests 
Measuring forest decl ine is difficult, and the results obtained in forest assessment depend 
in  large part on the survey methods and criteria. In  both the 1983 and 1984 West German 
forest surveys, the damage identified as "sl ight" (10-25% needle loss) makes by far the 
largest contribution to the assesssment of total damage. Had these surveys used the 
Swedish criteria, which consider a tree with up to 20% needle loss as being undamaged, 
the bars ind icating s l ight and total damage would have been much smaller. 
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Forest Effects Research 
Scientists conduct both f ield and laboratory studies to learn about the response of forests to such stresses as pol lut ion. M icrocosm chambers 
allow researchers to mimic natural condit ions whi le varying certain specified parameters, such as the acidity of prec ip itat ion .  Field studies 
measure chang ing  conditions i n  stream runoff, soi ls, and other compartments of the natural ecosystem. 
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Johnson believes that nitrogen's poten­
tial role in forest decline needs further 
attention. "People have studied sulfur a 
lot with respect to this problem and have 
found no strong evidence that it plays an 
important role. Nitrogen has not been 
studied as much," explains Johnson, ar­
guing that it deserves greater scrutiny. 
This debate is more than academic, since 
advocates of acid rain control have called 
for legislation that would require more 
extensive use of scrubbers to remove sul­
fur compounds from power plant emis­
sions on the assumption that this sulfur 
is responsible for the damage. The largest 
sources of nitrogen pollution, in con­
trast, are automobiles and agricultural 
sources. 

Considerable research is focusing on 
the roles of sulfur and nitrogen in forests 
and on the potential impact of an over­
loading of either material from atmo­
spheric deposition. Some scientists, how­
ever, believe the problem lies not with 
these materials but with ozone, which is 
very damaging to plants. Ozone occurs 
naturally in the lower atmosphere in 
small concentrations and in the upper 
atmosphere, where it filters ultraviolet 
radiation from the sun. It is also formed 
by photochemical reactions involving ni­
trogen oxides and volatile organic com­
pounds released into the atmosphere 
during fossil fuel combustion, particu­
larly in automobiles. 

It is this anthropogenic ozone that has 
scientists worried, since only slight in­
creases above natural background levels 
change the compound's role from that of 
a natural cleansing agent to a pollutant 
that could damage plants, materials, and 
human health. Perhaps the most dra­
matic example can be found in the San 
Bernardino Mountains of southern Cali­
fornia, where, over the past 30 years, 
tens of thousands of stately lodgepole, 
ponderosa, and Jeffrey pines have died . 
Scientists are largely in agreement that 
the cause of this dieback is ozone pollu­
tion emanating from the Los Angeles 
basin. The southern Appalachians and 
much of Germany are often subjected to 

potentially harmful levels of ozone, and 
there are widespread symptoms of ozone 
damage in both regions. Few data have 
been collected on ozone levels in north­
ern New England forests, and the com­
pound's role in that region remains to be 
determined. EPRI is currently consider­
ing several research proposals to study 
the effects on trees of ozone in combina­
tion with acidic deposition. 

Some researchers believe that atmo­
spheric deposition of heavy metals could 
be contributing to some current forest 
decline, particularly in Europe, where 
leaded gasoline is still widely used. 
Heavy metal toxicity is widely accepted 
as the cause of dieback in forests close to 
large ore smelters in Sudbury and Wawa, 
Ontario . More controversial is the claim 
that the long-range atmospheric trans­
port and deposition of heavy metals is 
causing damage to forests far from pollu­
tion sources. 

No single, simple answer 

Much has been learned in the past 
several years of research, but many ques­
tions remain. One of the most important 
issues yet to be resolved concerns the rel­
ative contributions of various pollutants 
to the damage being documented in for­
ests. Is ozone the principal agent of 
harm, or do nitrates, sulfates, or heavy 
metals play a more important role? John 
Huckabee stresses that it is foolish to 
look for one causative agent. "Forest de­
cline," he observes, "is probably the re­
sult of the interaction of many factors." 
EPRI Project Manager Lou Pitelka adds 
that although a combination of elements 
may be responsible, there still may be 
critical stresses, stresses that-like the 
straw that breaks the camel's back-can 
push a forest from a vulnerable but stable 
condition into decline. 

Some ask if we should be seeking ways 
to reverse the harm that is now occurring 
in forests. They point to liming programs 
in Scandinavian and Adirondack lakes, 
which neutralize the acidity in lake wa­
ters and aim to return the lakes to their 
earlier state. Nutrient fertilization in 

weakened German forest plots has pro­
duced limited but apparently successful 
effects. These results raise the hope that 
similar efforts could help restore dam­
aged forests. Although this may be the 
case, the great uncertainty about causes 
of forest decline has prevented surefire 
mitigation strategies from being devel­
oped. 

To develop fair and effective solutions, 
we must recognize the richness and com­
plexity of the problem. There is no single, 
simple answer. Forests in New England 
and Germany may be the victims of fun­
damentally different stresses that call 
for unique responses. Many hypotheses 
have been proposed, and the forests are 
teeming with scientists searching for an­
swers. But nature does not yield her se­
crets easily, and, whether we act now or 
later to control what we believe is caus­
ing the damage, scientific understanding 
of the problem will come slowly, as re­
search unravels the agents and mech­
anisms of forest decline. • 

Further reading 
U.S. General Accounting Office. An Analysis of Issues Con­
cerning "'Acid Rain." "  December 1984. GAO/RCED-85-13. 

A. H. Johnson and T. G. Siccama. "Acid Deposition and 
Forest Decline."" Environmental Science Technology, Vol. 17, 
No. 7 (1983), pp. 294A-305A 

F. H. Bormann. "The Effects of Air Pollution on the New En­
gland Landscape. "  Ambia, Vol. 1 1 ,  No. 5 (1982), pp. 
338-346. 

L. Skarby and G. Sellden. "The Effects of Ozone on Crops 
and Forests." Ambia, Vol. 13, No. 2 (1984), pp. 68-72. 

S. Postel. Air Pollution, Acid Rain, and the Future of Forests. 
Worldwatch Institute, March 1984. Paper 58. 

L. W. Blank. "A New Type of Forest Decline in Germany." 
Nature, Vol. 314, No. 28 (March 1985), pp. 311-314. 

This article was written by Michael Shepard. Technical back­
ground information was provided by John Huckabee, Robert 
Goldstein. and Louis Pitelka, Energy Analysis and Environ­
ment Division. 

EPRI JOURNAL September 1985 25 



on Conservation 
Three northern uti l ities are now testing the Princeton scorekeeping 

method (PRISM), a computer code for evaluating the effectiveness of 

uti l ity residential conservation programs. The goal is to come up  with an 

easy-to-use, standardized tool that can be appl ied by all uti l it ies , regard­

less of size, location ,  or fuel base. 

U
tility conservation programs run 
the gamut from information to 
audits to retrofit financing. All of 

them aim at cutting energy use. Yet their 
success is often measured by the number 
of participants rather than the amount of 
energy saved. Do such programs really 
save energy? And if so, how much? 

Tests are now under way with a score­
keeping model-PRISM (Princeton score­
keeping method)-that can help provide 
the answers. Adapted by Princeton Uni­
versity researchers from their earlier 
work monitoring energy savings in oil­
and gas-heated homes, the present ver­
sion of the model is ready for application 
to homes heated but not cooled by elec­
tricity. 

Three northern utilities are using 
PRISM on a trial basis to measure conser­
vation savings in heating-dominated cli-
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mates. They are General Public Utilities 
in New Jersey, Northeast Utilities in Con­
necticut, and Puget Sound Power & 
Light Co. in the state of Washington. All 
have large-scale conservation programs 
in place that they want to evaluate. 
Testing began in January, and initial feed­
back is expected this fall. 

The point, according to EPRI Project 
Manager Gary Purcell, is to "move 
PRISM into the real world of utility appli­
cations. So far, the method has been de­
veloped and tested mainly in university 
and research settings. We want to see 
how easy it is for the inexperienced util­
ity user to apply and how useful the re­
sults are to utilities. If there are im­
provements to be made, we want to 
make them before the method goes into 
widespread use." 

Overseeing this technology transfer 

for EPRI are Richard Goeltz and Eric 
Hirst of Oak Ridge National Laboratory 
(ORNL). The laboratory is itself a PRISM 
user, having adopted the method in 1983 
for a scorekeeping analysis of Bonne­
ville Power Administration's residential 
weatherization programs. According to 
Hirst, who is working with both Prince­
ton and the field-test utilities in manag­
ing the transfer, "PRISM cleans up the 
raw data so you can identify program 
savings . "  

Applying the method 

PRISM uses a simple before-and-after 
comparison to gauge the effects of, say, a 
home insulation retrofit. The comparison 
hinges on an indicator called NAC, for 
normalized annual consumption. 

Margaret F. Fels, a developer of the 
Princeton method, describes the NAC in-



Spring 

Home Team- 4632 

before conservation retrofit 

Home Team- 4406 

after conservation retrofit 

dex for homes as analogous to the EPA 
miles-per-gallon rating for cars. NAC 
measures what a house's energy con­
sumption would be during a year of typ­
ical weather. Savings are then estimated 
by taking the difference between the 
NAC ratings before and after retrofit . 

The NAC rating is derived from three 
parameters calculated by the model: 
base-level consumption, heating slope, 
and reference temperature. Base-level 
consumption is electricity use that occurs 
regardless of the weather; consumption 
for lighting is an example. The reference 
temperature is the average daily outside 
temperature that signals activation of the 
home's heating system. And the heating 
slope tracks the amount of additional en­
ergy required to keep the house warm as 
the outside temperature falls. It mea­
sures the kilowatthours of energy con-

Summer Fal l  Winter Spring Summer Fal l  Winter 

4787 4691 4917 4613 4778 4670 4862 

4558 4471 4691 4386 4549 4459 4596 

( in kWh) 

sumed for each degree drop in outside 
temperature below the reference level. 

The fact that the reference temperature 
in this model is variable distinguishes the 
Princeton approach from most previous 
work. In addition, PRISM employs re­
fined statistical methods to check the reli­
ability of each estimate. The program 
itself can tell the user how much con­
fidence to place in its outputs. "When 
you estimate a reference temperature," 
says Fels, "you also know how good that 
estimate is. No other method does this." 

Data requirements for PRISM are 
straightforward. The utility · inputs its 
own billing data and the average daily 
temperatures from a nearby weather sta­
tion. The outputs are the parameter esti­
mates, plus an NAC estimate that is auto­
matically adjusted for variations in the 
length of the billing periods and for 

changes in the weather. 
To interpret these model outputs, the 

utility may use survey data that are typi­
cally collected as part of a conservation 
program. It is important to know, for ex­
ample, whether the same people occu­
pied the house throughout the program 
period. Especially for data on individual 
houses, analysis requires a thorough 
consideration of uncontrolled physical 
factors that could affect the estimates, as 
well as attention to standard errors and 
other statistical indicators. Fels empha­
sizes "the human element in this 
process-the need for a careful data ana­
lyst who can give a sensitive interpreta­
tion to the model results." 

At present, any mainframe computer 
equipped with a FORTRAN 77 compiler 
can run PRISM. But efforts are under 
way to scale down the program for sup-
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The PRISM Model 

To evaluate the effectiveness of a conservation program, PRISM compares energy consumption 
before and after retrofit, in contrast to most other programs, which measure their success by the 
number of participants involved. One attractive feature of the PRISM model is the simplicity of the 
data requirements. The uti l ity uses its b i l l ing data and basic temperature information to make nor­
mal ized annual consumption (NAG) estimates for the study houses and a group of control houses. 
Savings are figured by comparing these estimates. 

Monthly 
bi l l ing data 
for before 

and 
after retrofit 
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plementary use on microcomputers, and 
Fels is optimistic. Such a move, she 
points out, "will make PRISM more ac­
cessible to small utilities. And that is an 
important part of the development ef­
fort. Our aim is to produce a score­
keeping method that is standardized­
one that can be used by all utilities, large 
or small, for all climates and for all fuel 
types." 

Transferability, then, is also a unique 
feature of PRISM. Whereas utilities in 
the past have had to create their own ad 
hoc scorekeeping methods or at best 
make major modifications to those pro­
duced by others, PRISM is designed to 
work for any utility without basic alter­
ation. Also, the use of a standardized ap­
proach makes it possible for utilities to 
exchange data and results so that they 
can benefit from one another's experi­
ence in planning and evaluating conser­
vation efforts. 

Strengths and limitations 

Results from the earlier tests conducted 
by Princeton University suggest the 
strengths and limitations of the method. 
This work (for which a final report is in 
production) offers a preview of what to 
expect from PRISM in its current field ap­
plications. Because of the difficulties of 
modeling total heating and cooling con­
sumption for northern households with 
a weak or erratic cooling demand, the 
emphasis here and in the field tests is on 
the final preparation of a heating-only 
model. 

Princeton's sample runs show the 
NAC index, the cornerstone of the 
PRISM savings estimates, to be an ex­
tremely solid indicator of energy use in 
electrically heated homes. Standard er­
rors are typically no more than 3-4% of 
the estimates. These low standard errors 
suggest that estimated NAC savings of 
6% or more may be considered signifi­
cant. Individual parameter estimates are 
less robust, but they can still offer valu­
able clues to the sources of conservation. 
For example, a house with an improved 
NAC rating following a weatherization 

Utility Conservation Programs 

The many conservation programs offered by uti l ities cover a wide spectrum of homeowner 
options for cutting back on electricity consumption, including insu lation and weather­
ization, use of energy-efficient appl iances, and solar technology. PRISM can help uti l ities 
evaluate how effective their programs are and which conservation methods are most 
cost-effective. 

Called a model community for conservation practices, the Hood River area in northern 
Oregon is part of the nation's largest residential conservation research project. By studying 
the 3300 homes involved, many partially heated by wood, researchers hope to learn if 
conservation efforts will offset the reg ion's forecasted increase in  energy demand. 
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program may show no change in the 
base-level estimate but decreases in the 
heating parameters. Such findings are 
encouraging, since they suggest that the 
savings are due to the retrofit rather than 
to, say, the purchase of more efficient ap­
pliances. 

Most straightforward are the findings 
for homes heated by conventional elec­
tric resistance systems. In contrast, 
houses with heat pumps and houses 
with supplemental wood burning pose 
special problems for scorekeeping. 

Because heat pumps do not respond in 
a linear fashion to changes in outdoor 
temperature, using a linear model to pre­
dict their energy use leads to distorted 
results. Reference temperature estimates, 
for instance, are typically 5°F (2.8°C) too 
low. Fortunately such distortions in the 
parameters are systematic, so they can be 
corrected during a thorough analysis. 
Even better, the NAC index seems im­
mune to such problems. It captures total 
electricity use just as well for houses with 
heat pumps as for those with resistance 
heating. 

Houses with supplemental wood 
burning raise thornier issues of inter­
pretation. For example, in Princeton's 
analysis of data from utility weatheriza­
tion programs in the Pacific Northwest, 
wood users as a group showed signifi­
cantly greater savings than other retrofit 
customers. Their average NAC rating 
changed from over 24,000 kWh/yr to 
20,000 kWh/yr during the study period, 
an annual savings of over 4000 kWh. 
Retrofit customers who did not burn 
wood saved only 2000 kWh. 

The puzzle was that the measured 
changes in electricity use correlated so 
poorly with the reported changes in 
wood use. The increase in supplemental 
fuel burning reported by the wood users 
was simply not great enough to account 
for their doubly large reduction in elec­
tricity consumption. Either the wood 
users' reports were inaccurate, or they 
included other electricity conservation 
measures, or both. 

The conclusion of this analysis was 
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that the fact of substantial wood use 
seems to be a better predictor of signifi­
cant electricity savings than the reported 
amount of wood use is. An upshot is the 
possibility that wood users are people 
with a marked propensity for saving en­
ergy in a variety of ways, a characteristic 
that could make them particularly recep­
tive to utility conservation programs. 

Additional work under this same proj­
ect steers PRISM users away from poten­
tial pitfalls. For instance, what should a 
utility analyst do when meter readings 
are missing or when only bimonthly data 
are available? Tests show that 12 monthly 
readings are optimal, but the research 
also offers practical guidelines for obtain­
ing reliable estimates in those less-than­
optimal situations that scorekeepers fre­
quently have to face. Still other findings 
help analysts handle the complicating 
factor of seasonal appliance use when 
breaking down their heating versus non­
heating estimates. 

Overall, Princeton's preliminary stud­
ies under RP2034-4 support optimism 
that PRISM will work for all classes of 
electrically heated houses, even those 
with heat pumps or wood stoves, as long 
as the results are interpreted with care. 
The savings estimates it provides appear 
far more accurate than the engineering 
estimates sometimes used in an effort to 
gauge program viability. Engineering es­
timates fail to take adequate account of 
human behavior or of the irregular heat 
flows that occur in real buildings. 
PRISM, whose estimates are calibrated 
to actual kilowatthour consumption and 
are fortified with built-in reliability 
checks, is able to move beyond these 
limitations. 

Future PRISM development targets 
two areas. One involves dealing with 
problem houses in a data base-houses 
that do not respond predictably to 
changes in outdoor temperature. The 
other involves the incorporation of cool­
ing into the scorekeeping methodology, 
so that it can be used to monitor savings 
in houses both heated and cooled by 
electricity. 

Working in stages 

PRISM is a versatile tool for managing 
the large amounts of raw data that typi­
cally accrue during a utility conservation 
program. It can, for a start, provide clues 
to anomalies in the billing history that 
have to be weeded out before a full anal­
ysis proceeds. Referring to ongoing re­
search at ORNL, Eric Hirst says, "We use 
the PRISM scorekeeping results to back­
track and identify likely errors in the bill­
ing data." 

Moving forward, PRISM supplies the 
standardized first stage of a conservation 
program evaluation. From complex data 
it creates simple household NAC ratings 
that cut across differences in billing cy­
cles and weather. Researchers can then 
probe why the billing- and weather­
adjusted consumption ratings still vary 
across time or from one household to the 
next. 

"We take the PRISM outputs and use 
them as inputs to further statistical mod­
els," explains Hirst, "to see how nor­
malized electricity consumption is a 
function of such factors as program par­
ticipation, house size, changes in energy 
price, or changes in household income. 
This second stage of the analysis is to 
identify what part of the total savings es­
timated by PRISM is due to the program 
itself. " The final stage in determining the 
cost-effectiveness of a utility conserva­
tion effort is to attach dollar values to 
these net savings estimates and then 
measure them against the dollar cost of 
the program. 

Managing both the basic and applied 
aspects of EPRI research with PRISM, 
Gary Purcell takes a pragmatic view of 
the method's value to utilities. "We want 
to know how much good it really does to 
apply a certain level of insulation," he 
concludes, "and whether the savings 
justify the costs. PRISM represents a 
solid first step toward getting us accurate 
answers." 

This article was written by Mary Wayne, science writer. 
Technical background information was provided by Gary 
Purcell, Energy Management and Utilization Division 



PROFILE 

Raphael Thelwell: 
Pursuing the 

Social Economics 
of R&D 

This university professor and former industrial engineer 
pioneered the federal government's five-year budget 

projections and spent th ree years as an NAACP 
economist. Now as an EPRI  adviser, he looks at 

the economic impl ications of util ity research . 

R
aphael Thelwell is tall and spare; 
he leans into his long-legged 
stride, and his head seems to lead 

the way toward his fifth-floor office in 
Howard University's newest academic 
building, the School of Business and 
Public Administration. 

Height gives Thelwell one special view 
of the world; he stands 6 feet 6 inches. 
His nine years on the faculty of a leading 
black university afford another outlook. 
And his office setting, with its window 
toward the U. S. Capitol and the monu­
ments on the Mall in Washington, D.C., 
symbolizes still another: he spent nearly 
14 years with the Office of Management 
and Budget and the House Committee 
on the Budget. It is no figure of speech 
that Ray Thelwell's head has led him, 
thoughtfully, to each of these viewpoints 
of U.S. society. 

For most of his time at Howard, Thel­
well has taught economics and statistics, 
conducted research on social indicators 
and national economic policy, and con­
sulted on management problems with 
the Department of Defense. During a 
three-year leave begun in 1980, however, 
he applied all his management, budget­
ary, and economic expertise in working 
as director of economic analysis for the 
National Association for the Advance­
ment of Colored People. And in 1983 he 
accepted an appointment to a four-year 
term on EPRI's Advisory Council. 

The Advisory Council is EPRI's win­
dow on the world beyond electric power 
technology and the electric utility in­
dustry. Its 25 members are drawn from 
academia, commerce, government, and 
industry; from a wide range of profes­
sional, business, and trade skills; and 
from numerous areas of societal, envi­
ronmental, and economic interest. The 
combinations of individual backgrounds 
are endless, and although Thelwell 
closely followed the NAACP's Margaret 
Bush Wilson to an EPRI advisory post, he 
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is not inclined to see himself as a repre­
sentative of a racial or ethnic group. "I 
try not to think in a racial way," he says 
of his long work with national economic 
policy. "That's not really the point of it. I 
think of it more as equal opportunity. 
And the constituency isn't minorities, 
but low-income people." 

Moreover, if the Advisory Council is a 
window 'on the world, then Thelwell is 
also looking in, as much an observer of 
EPRI as an adviser, studying the industry 
and its moves, interested less in the tech­
nologies of electricity than in their impli­
cations for the economy. 

Building a profession 

Large, thin-rimmed glasses accentuate 
Thelwell's eyes and his alert, eager ex­
pression. His forehead rises to a long­
since receded hairline; his frequent smile 
stretches a wide mustache. He speaks 
softly and ever more easily as discussion 
moves away from himself and toward 
the topics to which he has devoted most 
of his 34-year professional career. 

He only briefly recounts his return 
home after World War II. "I lived in New 
York, I was on the G.I. Bill, and I went to 
Columbia University-for me it was a 

32 EPRI JOURNAL September 1985 

neighborhood school-where I majored 
in industrial engineering." That field was 
relatively new, he recalls, and it went 
well beyond its origin in the practices of 
so-called production efficiency experts. 
Still, the focus was on industrial rather 
than business management, on the fac­
tory rather than the front office. "So it 
was a regular engineering curriculum 
plus your electives in this area," in Thel­
well's words, and he earned both bache­
lor's and master's degrees, the latter at 
Stevens Institute of Technology during 
his early years as an engineer at the 
Army's Picatinny Arsenal in New Jersey. 

Later with the Army Management En­
gineering Training Agency at Rock Island 
Arsenal in Illinois, Thelwell was on the 
ground floor when the Army developed 
and introduced the project management 
concept for its research and development 
units. Activities of the Ordnance, Trans­
portation, Signal, and Quartermaster 
corps were combined as the new Army 
Materiel Command, for which Thelwell 
supervised design of an R&D manage­
ment system. Warming to the memory, 
he adds, "We were written up as the pri­
mary source of information on project 
management at the time, which was a 
sort of feather in our cap because the Air 
Force was our competitor; it poured mil­
lions into the activity, but we managed to 
scoop them for a couple of years." 

Thelwell was teaching by this time­
applied mathematics, statistics, and in­
dustrial engineering for DOD at Rock 
Island Arsenal, as well as operations re­
search at the University of Iowa-so the 
transition into the Army agency's con­
sulting work for DOD and other federal 
departments was an easy one. The Bu­
reau of the Budget (now the Office of 
Management and Budget) was one such 
client, and in 1963 it offered Thelwell a 
position in Washington. Again, memory 
livens his account. "The kids were about 
ready to go to school. It was time for ca-

reer reassessment. And I guess I was one 
of the few people invited to the Bureau 
with a promotion. They were in the exec­
utive office of the President, right at the 
center of government; so I came." 

Efficient function was and is an objec­
tive of Thelwell's professional study and 
practice. "I had been interested in effi­
cient management. Now that I was in 
Washington, it became efficient govern­
ment. At first I was the staff member for 
industrial engineering," he continues, 
"going around to other agencies and 
worrying about how they handled that 
function. Later we formed management 
teams that spent six months to a year in 
an agency, studying everything." 

The focus of these audits became a 
matter more of managerial effectiveness 
and less of measurable efficiency in the 
use of money. As Thelwell tells it, "We 
changed from being a green-eyeshade 
group to one that looked at the substan­
tive questions about what an agency did, 
how well it was done, and why." A tran­
sition was thus under way that would 
shortly find its way to the General Ac­
counting Office and thereby throughout 
the federal government. Oddly, how­
ever, management research was abruptly 
deemphasized at the Budget Bureau in 
the late 1960s, and Thelwell found him­
self pioneering again, this time develop­
ing a system for making five-year federal 
budget projections. 

Taking a stand 

In the past, neither the Bureau of the 
Budget nor any other federal office had 
submitted a budget that went beyond the 
succeeding year. Thelwell completed and 
introduced the new procedure in 1968, 
and the so-called future outlook section 
of the federal budget was thereafter pre­
pared under his guidance until 1974. As 
with management audits a few years 
earlier, this new practice quickly spread 
throughout the federal establishment. 



Until the 1970s, for example, all 37 
committees of Congress were handling 
portions of the federal budget indepen­
dently. It was difficult for Congress to 
gain a holistic view of the budget, and 
both houses became very concerned, 
"especially," comments Thelwell, "when 
Nixon began to impound money." 

Thelwell's comment refers to President 
Nixon's hotly contested practice of im­
pounding congressional appropriations 
that seemed to inhibit the objectives of 
his administration. For many people, 
Nixon's notoriety is their memory of the 
action, but Thelwell sharply recalls its 
economic and political significance, and 
this memory causes him to twinkle. "You 
see, Washington is a different place. We 
concentrate on government affairs al­
most exclusively!" 

Because of the dissatisfaction in Con­
gress over its control of the budget, the 
Congressional Budget Office was cre­
ated, as well as a pair of new committees, 
one in the Senate and one in the House. 
The House Committee on the Budget 
would be Thelwell's final point of federal 
service in 1974 and 1975 when, as its fifth 
staff member hired, he served as a senior 
analyst responsible for House projec­
tions of the budget, studies of control­
lability, and research into economic stim­
uli. Reflecting on that work, he credits 
the two congressional committees for 
much of today's awareness of the grow­
ing federal deficit. "That's why we have 
this real concern about its consequences 
two, three, four, and five years from 
now." 

The end of the 1960s saw a major tran­
sition taking shape in Thelwell's life. He 
was teaching and doing graduate work at 
George Washington University toward a 
1973 doctorate in business administra­
tion, which would be important in his 
eventual move to Howard University. 
But more immediate and far more obvi­
ous in its influence was an event that 

arose out of the 1968 presidential elec­
tion. "Nixon was coming in," Thelwell 
recalls, his thoughts falling from a calen­
dar in his memory. "Our new director at 
the Bureau of the Budget was George 
Shultz-the man who is now Secretary 
of State . And at that time there were only 
5 black professionals on a staff of more 
than 500." 

Thelwell reaches for the right expres­
sion of his own reaction. "Until then I was 
simply a professional worker. I hadn't 
identified with minority issues-I was 
aware of them, of course-but that occa­
sion was an issue I had to take a stand 
on. The five of us sent Shultz a telegram, 
pointing out the problem we saw, and 
when he got to the White House, he in­
vited us over to talk. As a result, within a 
year or two there were more than 60 peo­
ple from minorities in professional capac­
ities on our staff. " 

Activism as such has not been a thread 
in Thelwell's life since then, but the 
heightened awareness of minorities re­
mains. It encouraged his decision to join 
the Howard faculty in 1976, after two 
years with the House Budget Commit­
tee, and it guides much of his academic 
research in economics today. It most cer­
tainly drew him to the NAACP in 1980. 

Defining economic minorities 

The NAACP assignment was especially 
challenging because, once again, it was 
an opportunity for Thelwell to break pro­
fessional ground. He had been an in­
structor, teacher, and consultant at many 
times over the years, and much of his 
early association with Howard was an 
extension of that enjoyable work. But the 
NAACP's economic analysis unit was 
new, and his charge was to develop an 
economic capability for focusing on mi­
nority issues and recommending courses 
of action. 

This task was not to be one of simply 
putting a numerical basis underneath 

"I 've never felt 

uncomfortable about 

Increases in productivity 

[having an effect on labor]. 

The only increases in the 

standard of living come 

from producing more with 

the same inputs." 

existing NAACP policy. In Thelwell's 
words, "My full-time occupation was to 
interpret federal policies in terms of their 
effect on minorities. You can look at just 
about anything," he goes on, "and 
there's one type of analysis you'll make if 
you don't think of minorities. You just 
include them as a fraction of the popu­
lation and you'll come to some conclu­
sion. But there's a different analysis if 
you decide to examine how a particular 
policy will affect them." 

In this light, one of Thelwell's first big 
NAACP tasks was to analyze the bud­
get of the new Reagan administration. 
"Some of the recommendations we made 
then are just now coming through; the 
new tax proposal, for example, that indi­
viduals below the poverty line shouldn't 
be taxed." Thelwell's report five years 
ago foresaw that Reagan's program would 
produce more unemployment, much of 
it in low-income groups, and that taxa­
tion in those same communities would 
further reduce their economic resiliency. 

Thelwell's argument by itself does not 
particularize racial or ethnic minority 
problems or needs, although some are 
intuitively evident and more can be doc­
umented by analysis. His foremost con-
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cern is the social cost of unemployment, 
the nation's consciousness of it, and our 
policy response to it. He reaffirms an ob­
servation he made at EPRI's Advisory 
Council seminar two years ago, when la­
bor utilization figured heavily in a dis­
cussion of productivity. "If the United 
States accepts the premise that full em­
ployment means 7-8% unemployment," 
he warns, "then the cost of supporting 
the unemployed must be borne by so­
ciety no matter how we slice it. And 
that cost is a tremendous drag on the 
economy." 

Historically, full employment in the 
United States has meant about 4% un­
employment. The rate was above 7% for 
two years before Reagan took office, and 
it is only now back down to that level. "If 
you want to be hard-nosed about it," 
says Thelwell, "our society's threshold of 
pain is somewhere up around 10.5% ­
that was the unemployment rate when 
we took action, when the Federal Re­
serve Board loosened the money supply 
to fuel the recovery. Still, we're settling 
for an average of 7-7.5% unemployment 
today. That controls inflation pretty well, 
but it produces depression-level condi­
tions in the minority community, where 
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unemployment is around 15% . "  
Again Thelwell becomes animated over 

the ramifications of his topic. "Studying 
what happens ' on the average' is entirely 
different from what you need to do in 
addressing particular problems. A de­
mocracy works on the basis of averages, 
but an average solution doesn't always 
work for minorities." Should a democ­
racy function differently? Thelwell shakes 
his head and even responds twice for 
emphasis. "I don't think it should. I don't 
think it should . But you know, you de­
velop a philosophy on these things as 
you go along, and what I'm coming to 
find is that national economic policies 
can create economic minorities." 

Carrying a given policy into legislation 
may produce widespread benefit as in­
tended, he explains, but it frequently ex­
acts its costs from only a few demo­
graphic or economic segments of society. 
Generally, he says, "the bottom of the 
labor market is the cushion for the busi­
ness cycle, and it pays the most." But 
sometimes another minority suffers. 

"Take the farmers. Much of their prob­
lem is due to a tight money policy, which 
produces high interest rates and an un­
favorable exchange rate. There may be 
benefits for everybody else, but should 
farmers have their fortunes and futures 
wiped out because of that? We need a 
social mechanism to compensate the 
people who-through no fault of their 
own- are paying the price. If a policy is 
a good one, that compensation ought to 
be one of its benefits." 

Documenting R&D benefits 

When Thelwell came to EPRI's Advisory 
Council, he brought along his sensitivity 
to the costs of economic policies and the 
groups who pay them. He is most in­
terested in the implications of electric 
power research for labor productivity 
and for the unit price of electric energy. 
"Even if electricity prices don't come 

down," Thelwell declares, "they need to 
be kept from rising any more than abso­
lutely necessary, because electricity is 
such a large part of a low-income family's 
budget. Not only that, but in most in­
stances-where utilities have declining 
block rates-those families pay at the 
highest rate." 

But what about electricity-intensive 
processes that build productivity, seem­
ingly at the expense of labor? Thelwell's 
industrial engineering background has 
not left him. "I've never felt uncom­
fortable about increases in productivity," 
he states. "Innovations and new prod­
ucts have always come along as fast as 
old ones are phased out, and they pro­
vide better-paying jobs. Increases in the 
standard of living come only from pro­
ducing more with the same inputs." 

In an aside, he also remarks, "You 
know, it's just not right to use people 
inefficiently, or to cut their output, just to 
keep them employed. In view of all the 
things that still need to be done in our 
society, we ought to be able to employ 
everyone at maximum capability and 
maximum efficiency." 

During Thelwell's three years of EPRI 
advisory service, two other matters have 
particularly caught his attention. One is 
the complex of utility viewpoints, capa­
bilities, interests, opinions, and even 
tensions stimulated by the question of 
raising the industry's level of R&D in­
vestment. The other is the character of 
EPRI reportage, especially some ideas 
for organizing research results more 
logically and making them more pre­
scriptive. 

Thelwell's thinking on R&D funding 
underscores his stated conviction that 
nationwide productivity gains are es­
sential. He expresses concern that EPRI 
is not sponsoring and managing the 
amount of research that is socially 
needed. And he sees a tension, a para­
dox, among the utility industry's leaders. 



On the one hand, as technology manag­
ers they recognize the need for R&D. On 
the other hand, as businessmen their 
dollar votes primarily bolster their short­
range position. 

Thelwell thinks aloud on the matter. 
"Most of the benefit of EPRI's. work ac­
crues to society in general rather than to 
the utilities that finance it. That's partly 
why utilities tend to underinvest in 
R&D-it doesn't appear rewarding. Now 
there are market signals that EPRI needs 
to do more research in customer end uses 
of electricity. Much of this has a conser­
vation or load-management angle; so in 
the short run, anyhow, it's in the direc­
tion of being even less rewarding to util­
ity investors." 

The search for solutions to EPRI's fund­
ing problem intrigues Thelwell, but he is 
frank to say that EPRI needs better docu­
mentation of need than the kind of rec­
ommendation the Advisory Council of­
fers. "We may say, 'It ought to be done' 
or 'You should raise the budget by 10% , '  
but," he concludes flatly, "there isn't any 
type of management, except where one 
guy at the very top controls the whole 
thing, that would accept that kind of 
analysis. 

"EPRI already knows," he goes on, 
"what is being lost as a result of not do­
ing more research, and how much is be­
ing invested by electric utilities relative to 
other industries. What's needed is to pull 
that together and clearly show the public 
what's the benefit and what's the cost." 

Persuading others 

Although Thelwell clearly comes down 
on the side of well-documented eco­
nomic justification, he also recognizes the 
place of persuasion and of a united front 
among people in pivotal roles. Seven 
members of the Advisory Council are 
utility commissioners, members of pub­
lic regulatory bodies in various states; 
and those individuals uniformly endorse 

a more aggressive R&D program by elec­
tric utilities. Thelwell looks beyond their 
gesture. 

"A few commissioners have gone on 
record in their own areas," he says, "but 
there's been no overall position that more 
extensive R&D is in the best interest of 
ratepayers." Thelwell has in mind the 
National Association of Regulatory Util­
ity Commissioners (NARUC). "As a 
body, they could clearly enunciate a pos­
ition, at least the outer parameters of 
what they see as desirable. This would be 
a signal to utilities, which would then 
make their own decisions, allocating 
funds to EPRI-or elsewhere-to achieve 
their objectives." 

Thelwell's other main advisory interest 
concerns organizing and delivering 
EPRI's research output in a more pre­
scriptive fashion. As he sees it, this 
matter is mostly one of communications. 
He envisions periodic catalogs, or per­
haps data bases, organized after the hier­
archy of a power station or unit, its sub­
systems, assemblies, components, and 
procedures for operation. "A utility 
could go through its design criteria to 
come up with the right configuration," 
Thelwell says. "Then EPRI's catalog or 
data base would present the optimal 
solution, based on its research up to that 
time." 

Thelwell likens the idea to a Sears cata­
log, admitting, "The idea may be a sim­
ple-minded one at this point. Reality is 
probably somewhere in between. But it 
appealed to me, and it's one of the things 
that I wrote to Floyd Culler about." 

His letter to EPRI's president ad­
dressed only one other matter, the sug­
gestion that NARUC officially endorse a 
higher level of utility R&D investment. 
Thelwell chose to write for various rea­
sons, not the least being the long­
standing wisdom that "the higher you 
go, the more receptive the person is to 
ideas." In a related comment he adds, 
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"It's always easier to talk to the president 
than to anyone else. And in any event, 
Floyd is an easy person to talk to." 

The remark is a reminder that Thelwell 
is mostly an observer of EPRI, choosing 
very carefully the instances where he of­
fers commentary, including this one. "I 
often feel that I don't know enough 
about the relationships in the whole util­
ity industry. From my experience, so 
much of a real solution depends on un­
derstanding the subtleties, it's really not 
worth popping off with simplistic solu­
tions. Thinking of myself as a consul­
tant on management problems, I really 
wouldn't advise EPRI on the basis of the 
information I have." 

Thelwell acknowledges a sharp differ­
ence between himself and some other 
Advisory Council members in this re­
spect, but he gives no impression of justi­
fying himself. He is simply responding 
to his own temperament. "I don't have 
any problem with their approach," he 
concludes almost wistfully. "In fact, 
sometimes I'd like to sound off more, but 
it's just not my style." • 

This article was written by Ralph Whitaker and is based on an 
interview with Raphael Thelwell. 

EPRI JOURNAL September 1985 35 



Direct Load Management 
Implementation Plan 
Cuts Costs for HL&P 

D irect load management programs 
can help utilities cope with the 

troublesome problems of matching cus­
tomer demand to system capacity, but 
their implementation can also burden 
utilities with significant startup labor 
costs. Consequently, before initiating its 
new direct load management program, 
Houston Lighting & Power Co. (HL&P) 
needed a way to carefully design its 
implementation plan. HL&P turned to 
the results of an EPRI project that had 
studied several utilities familiar with di­
rect load management and had distilled 
their experience into a number of simple 
procedures. Using the EPRI format, 
HL&P c�mpleted two activity charts con­
structed to identify interrelationships 
among the activities involved in defining 
the critical issues in HL&P's load control 
situation. Reliance on the charts substan­
tially reduced the planning and lead time 
for the program, and HL&P estimates a 
one-time saving of $10,000. • EPRI Con­

tact: Clark Gellings (415) 855-2610 

Outage Guidelines 
Provide Yardstick for 
Transmission Reliability 

L ike other regional utility organiza­
tions, the Mid-Continent Area Power 

Pool (MAPP) is working to develop yard­
sticks for measuring the reliability of 
its bulk power transmission system. 
MAPP's Transmission Reliability Task 
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Force needed a method of categorizing 
transmission outages that grouped the 
outages by type, so that an average or 
standard could be determined. Guide­
lines developed under EPRI contract by 
General Electric Co. for reporting and re­
cording specific outages filled the need. 
The guidelines offer a set of consistent 
definitions, formats, and procedures for 
reporting problems with transmission 
facilities. Before MAPP adopted these 
guidelines, each utility had to keep tabs 
on its own outages and lacked a wider 
basis for comparing outage rates. The 
system is already proving its worth: in 
one case a MAPP member compared out­
age rates with the average and was able 
to pinpoint an ongoing problem in a 
345-kV line. With repairs, the utility will 
save an estimated $113,000 annually. • 
EPRI Contact: Neal Balu (415) 855-2834 

DETGEN Handles Fuel, 
Marketing, and 
Financing Strategies 

Utility analysts continually have to 
account for a growing number of 

uncertainties-such as demand growth, 
the availability and performance of new 
technologies, and fuel supply-as they 
engage in planning activities. Increas­
ingly, they are recognizing the value of 
decision analysis and decision trees in 
representing these uncertainties. Now a 
code is available from EPRI's Electric 
Power Software Center that can help an­
alysts make a generalized evaluation of 
such decision trees. Called DETGEN (for 

decision tree generator), it can be used to 
formulate and solve virtually any type of 
problem that can be represented by a 
decision tree-including technology and 
fuel supply choices, financing options, 
and marketing strategies. DETGEN is 
simple to use and has saving and re­
trieval features that speed repetitive 
analyses; its convenient and flexible for­
mat accepts a variety of decision tree 
structures. It is fully validated and runs 
with little or no modification on systems 
supporting FORTRAN. Because its nu­
merical algorithms require few iterations 
and little storage, DETGEN is inexpen­
sive to run. The code is available in both 
mainframe and microcomputer versions. 
• EPRI Contact: Lewis Rubin (415) 855-2743 

Montana-Dakota 
Planners Use EGEAS to 
Select Power Options 

To meet an increasing demand for 
electricity, generation planners at 

Montana-Dakota Utilities (MDU) had to 
study a variety of power options in terms 
of growing financial and regulatory con­
straints. Lacking an adequate in-house 
capacity expansion model and the re­
sources to develop new software, MDU 
searched for a program that could meet 
its needs. What it found was EGEAS 
(electric generation expansion analysis 
system), a computer program developed 
for EPRI by the Massachusetts Institute 
of Technology's Energy Laboratory and 
by Stone & Webster Engineering Corp. 
EGEAS provides a unified data base and 
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improved algorithms to enable a user to 
choose from among several generation 
expansion alternatives. By integrating 
three separate analyses, it handles com­
plex generation expansions with flexibil­
ity and a minimum of personnel and 
computer resources. The model has 
helped MDU successfully identify its 
most attractive power supply options. 
Although an EGEAS conversion from 
IBM to Prime cost MDU $4400, it realized 
a net savings of $115,600 over the cost of 
an alternative program. The EGEAS pro­
gram is currently distributed to more 
than 65 member utilities. • EPRI Con­

tact: Neal Balu (415) 855-2834 

ATHOS Predicts Steam 
Generator Performance, 
Saves RG&E Money 

Nuclear power stations have often 
had to suspend operations for rein­

spection within 30 to 60 days following 
significant steam generator tube repairs. 
After comprehensive repair work on one 
of its steam generators, Rochester Gas & 
Electric Co. (RG&E) wanted assurance 
that it could safely operate its Ginna 
nuclear plant over the summer peak 
without shutting down for reinspection. 
To assess poststartup thermal-hydraulic 
phenomena, RG&E relied on ATHOS, 
a three-dimensional, two-phase flow 
distribution code that describes second­
ary-side velocities, pressures, and tem­
peratures and primary-side tube wall 
temperatures. Modified to reflect the re­
vised geometry of the Ginna steam gen­
erator, ATHOS showed good agreement 
with analyses by the steam generator's 
original manufacturer. On the basis of 
the ATHOS calculations, RG&E affirmed 
its decision to delay the Ginna reinspec­
tion outage for 120 days-well past the 
summer peak. The generator performed 
as predicted, and RG&E saved an esti­
mated $110,000 over alternative calcu­
lated costs. • EPRI Contact: Govinda Sri­

kantiah (415) 855-2109 

"Attractiveness Cube" 
Eases Marketing Decisions 
at Consumers Power 

Normally the most difficult part of 
developing a successful marketing 

plan is integrating a large array of tech­
nical, financial, and institutional factors 
into a cohesive strategy. If, like Con­
sumers Power Co., you have to reach a 
combined (gas and electric) market, the 
problem of developing an integrated 
marketing approach is even more com­
plex. Seeking a better way to set market­
ing priorities, Consumers volunteered to 
take part in a study being carried out by 
Booz, Allen & Hamilton, Inc. , under 
EPRI contract. The result: a decision­
making framework that Consumers esti­
mates will save nearly $14 million over 
four years. Called an "attractiveness 
cube," the new tool displays key trade­
offs on orthogonal axes within a three­
dimensional form. Using the cube, Con­
sumers can quickly integrate important 
functional information, clarify trade-offs, 
and rapidly decide how best to meet 
overall objectives. The cube summarizes 
complex and diverse details and makes 
it possible, according to Consumers' 
Stephen Etsler, "for everybody to see 
where the real benefits are, and why." 
• EPRI Contact: Dominic Geraghty (415) 

855-2601 

Snohomish PUD 
Solves Inductive 
Interference Problem 

After Snohomish County Public Util­
ity District No. l, a Washington 

State utility, upgraded a 13-mile section 
of line running next to Burlington North­
ern Railroad's tracks, the railroad experi­
enced inductive interference on its cir­
cuits. The utility's options were not 
entirely satisfactory: rerouting the line 
was out of the question; shielding the 
cables-the traditional remedy-would 
cost over $1 million; and converting 
Burlington's communications and signal 

system to centralized traffic control and 
microwave would cost $700,000. Sno­
homish turned to an EPRI-sponsored 
study, conducted by IIT Research Insti­
tute, that was aimed at developing meth­
ods and criteria for use by both railroad 
and utility designers. Employing design 
methods developed in the study, a con­
sultant worked with Snohomish and 
Burlington to devise a mutually satis­
factory and cost-effective solution to the 
railroad's inductive interference prob­
lem. Total cost to Snohomish: $100,000, 
including capital expenditures, consul­
tant's time, and in-house expenses. • 
EPRI Contact: John Dunlap (415) 855-2305 

Automated Scanner 
Inspects BWR Pipe Welds 

EPRI has recently awarded a license to 
Amdata Systems, Inc., of San Jose, 

California, to manufacture a new auto­
mated pipe scanner that permits re­
motely controlled ultrasonic inspection 
of welds in the piping systems of BWRs. 
Called AMAPS (for adaptable, track­
mounted, automated pipe scanner), the 
high-performance device consists of a 
flexible guide track, a scanning mecha­
nism, and a low-profile, booted search 
unit. Because its track can be adapted to 
a broad range of pipe diameters, surface 
textures, and component geometries, the 
scanner can achieve accurate and repeat­
able positioning during data acquisi­
tion. The AMAPS design enables fast 
(less than five minutes) installation and 
removal-and hence the reduction of 
radiation exposure times for inspection 
personnel. Developed under EPRI­
sponsored research, the scanner is avail­
able in three models that differ only in 
weight and their x - and y-axis speeds. 
Each is mounted on a Ya-in aluminum­
plate frame that provides a rugged, com­
pact package designed for both field and 
laboratory use. • Contact: Amdata Sys­

tems, Inc. (408) 946-6064; EPRI Contact: 

Soung-Nan Liu (415) 855-2480 
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WASH I NGTON REPORT 

DOE Explores Advanced 
Energy Projects 

With i n  DOE's Off ice of Basic Energy Sciences , 
the D iv is ion of Advanced Energy Projects 

supports exp loratory research that tests the 
sc ient if ic feas ib i l ity and pract ical ity of novel 

energy concepts . 

T
he Department of Energy (DOE) is 
supporting a broad spectrum of 
energy-related research. At one 

end of the spectrum are well-established 
programs that supply funding for basic 
research-research that pushes the fron­
tiers of knowledge in such areas as bi­
ology, chemistry, physics, and material 
sciences. At the other end are major pro­
grams that promote technology develop­
ment by funding projects to verify the 
practical application of discoveries and 
innovations in areas like solar power, nu­
clear energy, and energy conservation. 

A special DOE division, the Division of 
Advanced Energy Projects, exists for 
those projects that fall somewhere in be­
tween. These are the projects that do not 
qualify as basic research because the 
knowledge they embody is already es­
tablished and proved; nor do they qual­
ify for technology development funding 
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because they have not yet reached the 
point at which their practical application 
can be shown. Explains the division's di­
rector, Ryszard Gajewski, "These are the 
projects about which everyone says, 'It 
sounds like a great idea-there must be 
someone out there who can support it.' " 
Thus, in its way, the division prevents 
many good ideas and potential inno­
vations from slipping through the cracks 
in the government's R&D funding struc­
ture. 

Gajewski became the division's first di­
rector in 1977. He came to the United 
States in 1969 from Poland, where he had 
been a professor of physics and had di­
rected research in plasma theory at the 
Institute for Nuclear Research. Since 
coming to this country, Gajewski has 
taught and conducted research at the 
Massachusetts Institute of Technology 
and at Brandeis University. He has also 

served as director of research for Ameri­
can Science and Engineering, a Cam­
bridge, Massachusetts-based R&D firm. 

Having been "on the other side of the 
fence," Gajewski appreciates the frus­
tration of research scientists who are 
"nickeled and dimed to death" with in­
adequate funding and then criticized for 
achieving only modest results. With 
an annual budget of approximately $10 
million, the division supports 35 to 40 
projects with funding levels ranging 
from $100,000 to $400,000 a year. By 
limiting the number of projects his divi­
sion funds, Gajewski can ensure "fund­
ing levels commensurate with possible 
success." 

He describes the research grants as 
seed money, noting that "a grant from 
this office represents an opportunity to 
try out an idea, to gain some visibility, to 
perform the level of experimental re-



search that the ideas and concepts de­
serve. For many researchers," he adds, 
"the division offers a unique opportunity 
because the projects we fund have often 
been around the funding circuit with no 
success." 

As an example, he cites a proposal 
from researchers at the Ford Motor Co. 
to develop a sodium heat engine for di­
rect conversion of heat to electricity. The 
proposal was submitted to the Energy 
Research and Development Administra­
tion's conservation division and subse­
quently to the division of solar energy; 
both deemed the project too speculative 
for funding. In 1978 the Division of Ad­
vanced Energy Projects took the project 
on, and the laboratory-scale model of the 
engine was so successful that the re­
search is now being funded by DOE' s Of­
fice of Conservation. 

Finding additional funding beyond the 
division is a prerequisite for ongoing 
research because the division supports 
projects for only a maximum of three 
years. Gajewski believes that this im­
posed time limit is an important factor in 
the division's success. "Our experience 
has shown that three years is a sufficient 
period of time in which to demonstrate 
the viability of a concept. After that 
point, the success or failure of a project 
generally is determined by whether or 
not it is taken up and supported by an­
other entity. In addition, the three-year 
limit gives us a great deal of flexibility. 
Every year a third of our projects are re­
tired, freeing up money to take on an­
other 12 to 14 new projects." 

Current projects cover a broad spec­
trum of technology: radically different 
approaches to fusion, storage batteries 
with polymer electrodes, new sources of 
electromagnetic radiation, new heat en­
gines, and novel approaches to coal 
demineralization . 

Proposals come into Gajewski's office 
from all walks of science, from univer-

sities, national laboratories, small re­
search businesses, and industry. An im­
mediate, specific application of a concept 
is not an absolute prerequisite for consid­
eration; rather, Gajewski and the various 
reviewers who scrutinize each proposal 
award competitive grants entirely on the 
quality of the proposal and the concept 
itself. As Gajewski explains, "We are al­
ways in the responsive mode." He em­
phasizes, however, that this is not an 
inventor's program: the level of sophisti­
cation exhibited by these projects is gen­
erally associated with research institu­
tions rather than private individuals. 

Laser and Fusion Advances 

One area in which the division has sup­
ported a number of recent projects in­
volves novel sources of electromagne­
tic radiation. These include X-ray and 
gamma-ray lasers-and a relatively new 
venture into free-electron lasers. Free­
electron lasers are produced by acceler­
ating a beam of electrons almost to the 
speed of light and then using a magnetic 
field to cause the beam to "wiggle." It is 
the wiggle effect that produces radiation. 
According to Gajewski, the free-electron 
laser was proposed several years ago, 
and recent research has implemented a 
number of innovations to the original 
concept. The result might lead to radia­
tion with very desirable properties, such 
as enormous power and very short 
wavelengths. 

The new lasers have potential signifi­
cance for a number of different fields. In 
medicine, they could be used to produce 
extremely narrow "pencils" of X-rays for 
diagnostic use. In the computer field, the 
lasers could be put to work in micro­
lithography because microchip etching 
requires radiation of extremely short 
wavelength. For industry in general and 
for the electric utility industry in particu­
lar, lasers could have very practical appli­
cations in materials research. 

Gajewski emphasizes that although 
these are laser applications that are now 
under consideration, there could be any 
number of applications that have not yet 
been thought of. He cites the example of 
the optical laser: "Who could have imag­
ined the variety of applications that have 
evolved from the discovery of optical 
lasers some years ago?" 

Another area that has generated a 
great deal of interest in the last few years 
is a radically different approach to fu­
sion, called muon-catalyzed fusion. A 
muon is some 200 times heavier than an 
electron and moves in the atom within 
a much smaller radius. Substituting a 
muon for an electron in a molecule df 
deuterium-tritium gas creates a molecu­
lar structure so small that the two nuclei 
fuse spontaneously. Gajewski describes 
the process as "tricking Mother Nature." 
The beauty of muon-catalyzed fusion is 
that it can be achieved at essentially 
room temperature, without the millions 
of degrees of heat traditionally associated 
with the fusion process. 

The principle of muon-catalyzed fu­
sion was first introduced in the late 1940s 
by such eminent physicists as Andrei 
Sakharov and Luis Alvarez. The idea was 
dropped because it was largely assumed 
that the muon would be lost after the 
initial catalytic reaction. However, re­
searchers funded by the division have 
recorded as many as 160 reactions from a 
single muon-a very recent develop­
ment that has generated a great deal of 
interest in the scientific community. 

Gajewski emphasizes that it is still 
much too early to tell if the process has 
the ingredients of practicality. "We still 
don't know how many reactions per 
muon would be necessary before the 
process would be economically feasi­
ble-that is, before the energy produced 
would be greater than the energy re­
quired to produce the muon. If it works, 
however, it would mean a totally new 

EPRI JOURNAL September 1985 39 



Gajewski 

approach to fusion and a potential means 
of generating electric power." 

High-Risk Successes 

Gajewski does not underplay the "ifs" 
associated with the projects his office 
funds. From its inception, the Division of 
Advanced Energy Projects was desig­
nated as a high-risk, high-payoff oper­
ation. Given this definition, Gajewski 
fully expects that most of the projects will 
fail to be picked up and supported after 
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the three-year period. "That's the defini­
tion of high risk-that most will fail. 
Even if there were a 50-50 chance of suc­
cess, that still wouldn't be high risk," 
Gajewski explains. Approximately 25% 
of these projects do go on to receive 
funding from other sources. Gajewski 
judges this to be a measure of relative 
success, given the exploratory nature of 
the research in the division. More im­
portant, there have been payoffs, often 
in areas where they were not expected. 

One example involves holography, a 
relatively new optical technology. Na­
tional Technical Systems, a California 
research firm, received a grant to de­
velop holographic concentrators for solar 
power. Researchers developed a pattern 
of imprints on flat sheets that act as mir­
rors or lenses for solar collection, re­
placing the bulky collection systems cur­
rently being used. During the course of 
their work, the team discovered that im­
posing particular patterns on window 
glass could exclude portions of the solar 
spectrum. The research in this area has 
been picked up and funded by DO E's Of­
fice of Energy Conservation. 

Looking to the future, Gajewski says 
that he is happy with the budget under 
which he operates. If the program got too 
big and began evolving into demonstra­
tion projects, its purpose would be de­
feated. "Too much money only buys you 
trouble," Gajewski explains. "Right now 
we are not subject to many external pres­
sures, so there's a lot to be said for stay­
ing reasonably small. Anyway, there 
aren't that many great ideas out there; 
we haven't  had to turn down any truly 
remarkable projects . "  • 

This article was written by freelance writer Mark Reynolds. 



AT THE I NST I TUTE 

Seismic Hazard Project 
Ends First Phase 
Coord i nati ng c ross-d isc i p l i nary research on 

seism ic  issues ,  EPR l 's Se ismic Center works to 
deve lop advanced techno logy and enhanced 

des ign c rite r ia for nuclear power fac i l it ies .  Now, 
phase one of a major p rog ram has produced 

s ign if icant ear ly resu lts . 

E 
PRI's Seismic Center has an­
nounced the successful comple­
tion of the initial phase of a major 

three-year research program to develop 
methods for calculating the probability of 
ground shaking at nuclear power plant 
sites east of the Rocky Mountains. Carl 
Stepp, manager of the seismicity work 
carried out at the center, states that 
"early results have produced reports on 
a geophysical and seismological data 
base, a new methodology, and calcu­
lations for nine test sites . "  Funding for 
the seismic hazard research is provided 
jointly by EPRI and 42 utilities that com­
pose the Seismic Owners Group. The 
group has already approved a second 
phase of research: preparation of a topi­
cal report on seismic hazard methodol­
ogy that will be submitted to the Nuclear 
Regulatory Commission (NRC) early 
next year. 

Other Seismic Center experiments and 
analyses have recently contributed to a 
relaxation of requirements for ASME 
Boiler and Pressure Vessel Code analysis 
by demonstrating the inherent strength 
and energy dissipation mechanisms in 
plant piping systems. As a result of these 
and other studies, utilities should be able 
to reduce their reliance on hydraulic and 
mechanical snubbers (shock-absorber­
like restraining devices) for plant piping 
systems, thus decreasing maintenance 
costs and improving system reliability. 
These projects will also help utilities 
avoid millions of dollars of unnecessary 
retrofits. 

The Seismic Center was established in 
1983 when it became clear that nuclear 
utilities faced a growing and complex ar­
ray of seismic issues, issues that increas­
ingly resulted in scheduling and cost 
impacts on plant design, licensing, con-

struction, and operation. Member utili­
ties owning nuclear plants saw a need 
for a coordinated effort to resolve these 
issues in a timely, cost-effective manner. 

In response to their concerns, EPRI's 
president, Floyd Culler, directed the for­
mation of a center within EPRI's Nuclear 
Power Division to help utilities deal with 
seismic issues and ultimately improve 
the licensing and regulatory climate. Re­
search into seismic issues often encom­
passes a number of disciplines, such as 
geotechnical, structural, and mechanical 
engineering. Thus the center, which is an 
organizational rather than a physical en­
tity, provides a unifying focus for all 
these areas and the basis for fully scoped, 
cost-effective ways of resolving seismic 
licensing issues. 

"The responsibility of the Seismic Cen­
ter," explains John Taylor, vice president 
and director of the Nuclear Power Divi-
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sion, "has been to coordinate all this seis­
mically related work to ensure that the 
full breadth of EPRI's professional talent 
is brought to bear on seismic issues." 

To discharge this responsibility, the 
center oversees a broad range of earth­
quake research. For example, it has spon­
sored several geotechnical projects to 
improve predictions of building motion 
during earthquakes, including three se­
ries of strong motion soil-structure inter­
action tests, two in New Mexico and one 
in New York. Called SIMQUAKE 1, 2, 
and 3, the tests used scale models and 
buried explosives to simulate the effects 
of an earthquake on the dynamics be­
tween a power plant building and the 
underlying soil. Resulting data were 
used to validate EPRI's soil-structure in­
teraction code, STEALTH-SEISMIC. 

As an extension to these small-model 
simulations, the Seismic Center and the 
Taiwan Power Co. are now completing 
the construction of V4- and 1/12-scale PWR 
containment buildings in Lotung, Tai­
wan. To monitor this seismically active 
location, another project participant, the 
National Science Foundation, has de­
ployed an extensive network of 37 seis­
mometers over a 13-km2 area. Both the 
containment building and the internal 
plant components will be fitted with in­
strumentation, as will the soil underlying 
the structure . Yet another participant in 
the experiment, NRC, is to conduct low­
amplitude forced-vibration tests on the 
scaled containment models to determine 
soil and structure properties. 

In conjunction with the Seismic Quali­
fication Utility Group (SQUG), the Seis­
mic Center also sponsors ongoing equip­
ment and piping seismic qualification 
research. These efforts rely on historical 
data (actual records showing the seismic 
response of equipment in nonnuclear fa­
cilities) and equipment seismic test data 
to evaluate the generic ruggedness of 
identical or similar equipment in nuclear 
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plants. The work done by EPRI and 
SQUG shows that enough empirical data 
exist from these environments to draw 
parallels to the adequacy of equipment in 
nuclear facilities, thus permitting utilities 
to avoid costly requalification programs. 

As all these seismic projects suggest, 
the long-term goal of the center is to gen­
erate technically sound design bases for 
nuclear facilities so that utilities can re­
solve the seismic licensing and regula­
tory issues they confront . For example, 
once NRC receives the generic seismic 
hazard report due early next year, EPRI 
hopes that the commission will use it to 
prepare a safety evaluation report (SER). 
An SER that delineates procedures 
would provide utilities with an accept­
able methodology for assessing the seis­
mic hazard at sites within the eastern 
United States. 

Such technically supported bases for 
determining seismic design, EPRI be­
lieves, will allow plant owners to use ra­
tional design criteria in the near term, 
which in turn will minimize the cost of 
addressing seismic licensing issues and 
increase plant safety and reliability. For 
the longer term, Ian Wall, director of 
the center, expresses confidence that "a 
strong technical basis will ultimately sta­
bilize this aspect of the nuclear plant li­
censing process and shorten plant design 
and construction periods." • 

EPRI and Japan 
Share Breeder 
Reactor Studies 

EPRI and the Central Research Institute 
of the Electric Power Industry (CRIEPI) 
of Japan have agreed to a joint research 
effort aimed at expanding their knowl­
edge of liquid metal fast breeder reactors 
(LMFBRs). Such cooperation offers sig­
nificant cost savings to both institutes 
and an improved understanding of 
LMFBR technology. The focus of much 

R&D throughout the industrialized 
world, LMFBRs use liquid sodium as the 
coolant and operate with high-energy 
(fast) neutrons to produce more nuclear 
fuel than they consume. 

Four research programs cofunded by 
EPRI and CRIEPI are already under way. 
Two of these, inelastic analysis and so­
dium sloshing effects in large LMFBR 
vessels, are being conducted in Japan. 
The other two, flow coupler develop­
ment and thermal-striping effects for 
LMFBR structural materials, are being 
carried out in the United States. Joint 
studies have also been initiated in such 
areas as seismic isolation, high-tempera­
ture concrete, and enhanced-core-sup­
port development. 

Another joint program is investigating 
a new double-pool concept that has the 
potential for reducing LMFBR capital 
costs. Two basic component-dependent 
configurations exist for an LMFBR. One, 
called the loop system, locates the 
pumps, heat exchangers, and steam gen­
erators outside the reactor vessel. The 
other is the pool system, where primary 
coolant pumps and intermediate heat ex­
changers are contained within a larger 
vessel. The new pool concept places the 
reactor vessel, secondary coolant pumps, 
and steam generators into a second pool 
(hence the term double pool ) .  

By reducing the amount of  piping 
within the reactor and the size of steam 
generator and containment buildings, 
the double-pool design results in a more 
compact and efficient nuclear island con­
figuration, which may lead to significant 
reductions in capital cost for the plant. 

Japan and the United States have un­
dertaken similar breeder technology de­
velopment studies in the past. Currently, 
both countries have either initiated or re­
cently completed loop and pool de­
sign activities for large, commercial-size 
plants, and each plans eventually to se­
lect a fundamental concept for future in-



vestigations. In addition to being coun­
terpart utility organizations, EPRI and 
CRIEPI are participants in their respec­
tive countries' breeder technology activi­
ties. Consequently, they derive mutual 
benefit from continued communications 
and from pursuing endeavors of com­
mon interest. 

Although the cooperative research be­
tween EPRI and CRIEPI emphasizes 
breeder topics, some of the emerging 
technology will apply to light water reac­
tors and high-temperature gas-cooled re­
actors. Many reactor manufacturers and 
architect-engineers involved in U.S. and 
Japanese LMFBR programs are also par­
ticipating in the EPRI-CRIEPI studies. 
The EPRI Consolidated Management Of­
fice for the LMFBR, in cooperation with 
the U.S. Department of Energy, is con­
tinuing efforts to expand areas of mutual 
interest with CRIEPI. • 

Test Tower Now 
Available for Loan 

A mobile test facility for evaluating cool­
ing-water treatment technologies is avail­
able to utilities through June 1987. Inter­
ested utilities can transport the facility to 
their own stations and conduct tests on 
various methods of treating cooling wa­
ter to prevent condenser scaling. 

In a power plant, control of cooling­
water chemistry is essential for protect­
ing the condenser from scaling, ensuring 
good condenser performance, and pre­
venting costly maintenance shutdowns. 
During the last decade, however, rising 
costs for blowdown treatment, uncertain 
performance of water treatment meth­
ods, and stringent regulations on aque­
ous plant discharge have all created 
problems in the design of recirculating 
systems. 

The EPRI field test facility tests the 
effectiveness of chemical softening meth­
ods for removing scale-forming constit-

uents from the cooling water. These 
methods may prove more reliable and 
economical than methods based on 
chemical conditioning. 

Utilities can use the facility to test cool­
ing-water treatment methods without in­
terfering in the operations of their exist­
ing cooling systems. And the facility uses 
the source water that is specific to a site, 
which allows for an accurate simulation 
of on-site conditions. The test facility in­
cludes a pilot-scale cooling tower, con­
denser, steam boiler, makeup and side­
stream treatment, control system, and a 
computerized data acquisition system. 

Two computer codes that support 
the system are also available to EPRI 
members. These codes, CLGTWR and 
DRIVER, help the user to evaluate treat­
ment and operation alternatives, to im­
prove and refine treatment methods, and 
to predict adverse chemical and process 
conditions in the plant cooling system. 

The economies afforded by optimizing 
the treatment procedure are large. For 
example, a power plant using sidestream 
chemical softening of cooling water in 
place of mechanical distillation of cooling­
tower blowdown can realize capital and 
operating levelized annual cost savings 
of up to 40% (that is, up to $0.5 million). 
These treatment approaches will also 
serve to improve cooling-water circuit 
chemistries and provide for proper man­
agement of a plant's water resources. The 
operating utility will be able to predict 
impending problems and identify appro­
priate corrective measures. 

The facility is now at Sierra Pacific 
Power Co.'s North Valmy station in Ne­
vada, the second site where it has been 
successfully used for field testing. Until 
June of 1987, when it is next scheduled 
for use, the facility is available at no cost 
to member utilities willing to transport it. 
For more information about the mobile 
test facility, contact Wayne Micheletti, 
EPRI project manager, (415) 855-2469. • 

Plasma-Fired Cupola 
Development 

Early results from a 23-month test co­
funded by EPRI and Westinghouse Elec­
tric Corp. are confirming the technical 
and economic benefits of plasma-fired 
cupola technology. The tests focused on 
the use of electric-arc plasma torches, 
rather than coke, to supply the heat 
needed for melting metals in cupolas, 
the vertical-shaft furnaces widely used in 
the foundry industry. 

The $2 million project is being con­
ducted at Westinghouse's 20-MW Plasma 
Test Center in Waltz Mill, Pennsylvania. 
Actual testing followed a successful 12-
month effort to design and fabricate a 
unique 2.5-t/h test cupola fitted with a 
1.5-MW Westinghouse Marc-11 plasma 
torch. Though relatively small, the com­
mercial-size test unit, which started test­
ing operations in November 1984, is 
equipped with facilities for handling 
both raw materials and hot metal. 

Plasmas, produced from high-inten­
sity electric arcs, can achieve tempera­
tures in excess of l0,000°F (5400°C), far 
higher than the 2800°F (1400°C) practical 
limit obtained with fossil fuels. The abil­
ity of plasmas to supply this ultrahigh 
temperature independently of combus­
tion can reduce hot metal costs by 
10-30%, primarily because large quan­
tities of inexpensive raw materials, such 
as loose cast iron borings and turnings, 
can be processed without brigueting. 

Moreover, plasma heat can be intro­
duced with a wide variety of gases, pro­
viding a greatly enhanced control over 
processing conditions and product qual­
ity. There also promises to be significant 
environmental benefits stemming from 
plasma technology, such as reduced gas 
effluent handling, because of its de­
creased dependence on fossil fuels . 
Other benefits derive from increased pro­
ductivity; improved silicon yields; lower 
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sulfur pick-up; and the ability to use 
sand, rather than expensive ferrosilicon, 
as a source of product silicon content. 

In addition to EPRI and Westinghouse, 
Modern Equipment Co. , a leading sup­
plier of cupola technology to the foundry 
industry, and General Motors-Central 
Foundry Division (GM-CFO) are also 
participating in the project. Modern 
Equipment designed and fabricated the 
test unit and has applied its process eval­
uation expertise to the use of plasma 
technology in industrial cupola systems. 
GM-CFO has supplied a number of raw 
materials for the test program. • 

Util ity Representatives 
Form Association 

Applications of photovoltaics, municipal 
solid waste, and biomass are three re­
newable energy options that will receive 
top priority as the newly formed Utility 
Renewable Resources Association seeks 
ways to encourage the development 
of renewable resources technologies. 
URRA, which was formed in response to 
an increasing need by utilities to learn 
more about the applications of renewable 
energy resources, hopes to establish a 
consensus on the future direction of re­
newable resources development and to 
help utilities integrate applicable tech­
nologies into their own utility systems. 
So far, 14 utilities have joined URRA and 
have selected EPRI to be the association's 
first ex officio member. 

URRA will coordinate the cooperative 
exchange of renewable resources infor­
mation among the participating utilities. 
It will also help utilities develop system 
planning models that will allow them to 
adequately assess the electricity-generat­
ing potential of renewable energy tech­
nologies. 

The scope of the association includes 
all renewable energy resource applica­
tions that have the potential of being in-
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corporated into utility systems. Initially, 
however, URRA will concentrate on such 
direct solar energy applications as photo­
voltaics and solar-thermal conversion; on 
such indirect solar energy applications as 
wind, hydro, biomass, and municipal 
waste utilization; and on geothermal en­
ergy uses. For each technology that it ex­
amines, URRA will analyze utility re­
quirements, planning strategies, and 
field experience from existing renewable 
resources power systems. Such studies, 
in addition to other technical and eco­
nomic information, will help utilities as­
sess how they can best commercialize re­
newable energy technologies for the 
production of electricity. 

For further information concerning 
URRA, contact James Janasik, adminis­
trative manager, Advanced Power Sys­
tems Division, (415) 855-2486. • 

CALENDAR 

For additional information on the EPRl­
sponsored/cosponsored meetings listed 
below, please contact the person ind icated. 

SEPTEMBER 

17-19 
Industrial End-Use Forecasting 
Under Structural Change 
Washington, D.C.  
Contact: Ahmad Faruqui (415) 855-2630 

20 
Seminar: UPM Progress Report 
Washington , D.C.  
Contact: Lewis Rubin (415) 855-2743 

OCTOBER 

4 
Seminar: UPM Progress Report 
Chicago, I l l inois 
Contact: Lewis Rubin (415) 855-2743 

7 
Seminar: Coal Transportation 
Costing and Modeling 
San Antonio, Texas 
Contact: Edward Altouney (415) 855-2626 

8-10 
Seminar: Fuel Supply 
San Antonio, Texas 
Contact: Howard Muel ler (415) 855-2745 

8-10 
Seminar: Voltage-VAR Projects 
of the Power System Planning and 
Operations Program 
Phi ladelphia, Pennsylvania 
Contact: John Lamont (415) 855-2832 

9-11 
Workshop: Fossil Fuel Plant 
Heat Rate Improvement 
San Francisco, California 
Contact: Frank Wong (415) 855-8969 

18 
Seminar: UPM Progress Report 
San Francisco, California 
Contact: Lewis Rubin (415) 855-2743 

22-25 

1985 PCB Seminar 
Seattle, Washington 
Contact: Gi lbert Addis (415) 855-2286 

22-25 

Conference: Production Simulation 
{planning and operating issues; 
BENCHMARK) 
Chattanooga, Tennessee 
Contact: J. K. Delson (415) 855-2619 

23-24 

Symposium: Load Forecasting 
San Antonio, Texas 
Contact: John Chamberlin (415) 855-2415 

24-25 

Seminar: Technology Transfer for 
Solid-Waste Environmental Studies 
Denver, Colorado 
Contact: lshwar Murarka (415) 855-2150 

NOVEMBER 

6-8 

Workshop: Fossil Fuel Plant Cycling 
Miami, Florida 
Contact: Frank Wong (415) 855-8969 

12-14 
Conference: Fabric Filter Development 
and Optimization 
Scottsdale, Arizona 
Contact: Walter Piu l le (415) 855-2470 
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AVAILABILITY ANALYSIS 
FOR GCC POWER PLANTS 

The development of the Cool Water coal gasi­
fication-combined -cycle (GCC) electric gen­
erating unit, a forerunner of commercial units, 
has involved the extensive use of availability 
evaluation and prediction methods to ensure 
optimal unit availability. It is believed that the 
utility industry can beneficially take a similar 
approach in designing commercial units, each 
of which is likely to be different because of 
geographic conditions and the size and type 
of existing units. Thus EPRI initiated a project to 
consolidate in one document all the informa­
tion a utility engineer will need to perform avail­
ability analyses (RP1800-1 ). The resulting doc­
ument, Avai labi l ity Analysis Handbook for Coal 
Gasification and Combustion Turbine-Based 
Power Systems, is forthcoming (EPRI AP-
4216). The use of the methods it presents­
together with the UN/RAM computer code, 
which essentially eliminates computation re­
quirements-will lead to better-informed deci­
sion making during design and review. 

The handbook developed in this project is 
comprehensive. It includes background mate­
rial on avai labi l ity analysis; discussions of, and 
references to, computer-based programs that 
facil itate computation; methods for developing 
data and for handl ing data uncertainty; and 
data on fai lure rates and repair rates, some 
based on experience and some on estimates, 
for the various components of GCC units. Be­
cause a GCC plant comprises a combined­
cycle combustion unit, the data are applicable 
to studies of combined-cycle equipment as 
well. In addition, the methodology portions are 
sufficiently general to permit broader applica­
tion to electric generating units other than GCC 
or combined-cycle un its. 

Availability prediction and allocation 

The handbook deals with avai labi l ity as a sin­
gle integ rated characteristic and with each of 
its two components: reliability and maintain-

abi l ity. Avai labi l ity and equivalent avai labi l ity 
are defined as they are in standard util ity in­
dustry usage. Reliabil ity and maintainabil ity 
are defined somewhat differently than they are 
by the industry, however-in accordance with 
the way the terms are more widely used . Re­
liabi lity is defined as the probability that a unit 
will operate without failure for a selected time 
period, and maintainabil ity is defined as the 
probability that a repair wil l be completed 
within a certain time period. 

Methods for performing reliabil ity, availabil­
ity, and maintainabil ity (RAM) predictions or 
evaluations are described in detail in the hand­
book-from background material to applica­
tion examples. For typical electric generat­
ing units, these analyses require extensive 
computation and consequently could entail 
considerable time and cost. To facil itate com­
putation EPRI developed UN IRAM, a compu­
ter-based model that permits the user to per­
form the calculations in seconds at very low 
cost. Th is code is available to EPRI member 
utilities at no charge and to others at a moder­
ate price reflecting actual development costs. 

In addition to RAM prediction methods, the 
handbook describes methods for performing 
allocations and preparing criticality ranking 
l ists. The allocation procedure enables the 
user first to set a target for avai labi l ity (or a 
simi lar measure) for the unit or plant (or other 
entity), then to assign values to the com­
ponents so that the overall goal will be met. The 
criticality procedure ranks components ac­
cording to their impact on unit effectiveness, 
thereby providing insight into which compo­
nents have the greatest impact. Although ex­
perienced operators are knowledgeable in 
these matters, the modern un i t  is so complex 
that nonl inearities and other variants do occa­
sionally lead to results that sign ificantly con­
tradict experience. Also, when differences 
between components are small , the formal 
analytic procedure can help in determining the 
correct order and the degree of difference. The 
rankings enable the designer to compare the 

effects of differences in component quality or 
in configurations of components, on the one 
hand, with the costs involved, on the other. 

Data sources and uncertainty 

Data are often the key element in RAM anal­
yses, as well as in allocations and criticality 
rankings. The ideal data are those a utility has 
collected on its own system because they re­
flect the special policies, environment, and in­
frastructure that affect the functioning of the 
equipment. Often such data are not avai lable, 
however, and other sources must be used . 
These include sources associated with the util­
ity industry-such as the Generating Avai l­
abil ity Data System (GADS) of the North Amer ­
ican Electric Reliabil ity Counci l-and sources 
independent of the industry. Utilities occasion­
ally (and with reason) find data from other 
sources suspect. Nonetheless, as long as con­
sistency is maintained, such data, even data of 
questionable reliabil ity, can be used i n  two sit­
uations that occur frequently. 

The first situation involves analyses that are 
being performed to compare two or more alter­
natives (e.g. , the present system and an im­
proved system) for which no accurate data are 
avai lable. In such cases, the possible error as­
sociated with uncertain data may be viewed as 
having the same effect on each alternative. 

The second situation involves a comparison 
between (1) an existing component for which 
good data based on experience are avai lable 
and (2) a new or proposed component for 
which no experiential data are avai lable. I n  
such cases, the user can analyze the effect of 
the "poor" (nonexperiential) data by using a 
range of values for the new component in re­
peated evaluations of the new configuration­
in effect performing a sensitivity analysis. The 
new component may be used in such a way 
that changes in its qual ity have relatively minor 
impact. If the sensitivity is high ( i .e . ,  if minor 
changes have significant impact), a number of 
methods are avai lable for upgrading the qual­
ity of the data. As discussed in Appendix A of 
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the handbook, these range from models to 
consensus procedures. Also, Section 8 of the 
handbook presents a collection of data on 
GCC system elements, some obtained from 
standard sources and some derived from 
analysis and a consensus of experts. 

Modeling 

RAM models are different from process flow 
diagrams and many other types of representa­
tion structured to depict the physical or func­
tional aspects of an entity. RAM models are 
intended to provide insights into the special 
availabil ity aspects of the entity they represent 
and to facilitate the computation of associated 
measures. An example of a RAM model is 
presented in Figure 1. 

To compute a system's RAM performance 
characteristics, the user must assign values to 
certain measures for each of the elements in  
the model; usually these measures are mean 
time between failures (MTBF), mean downtime 
(MDT), and the number of similar components 
needed for a specific level of production (e .g . ,  
two out of three coal-handl ing subsystems for 
100% capacity). The calculus for avai labil ity 
computations is based on that of probabilities 
and d iffers from the calculus to which users 
are probably accustomed. It is presented in 
easy-to-implement form in the handbook (Ap­
pendix B and the main text) . 

The UNIRAM computer code provides con­
siderable additional assistance. It helps the 

Coal 
handling -

1 

Slurry 
- preparation f--
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user structure the model and handle the data 
and performs the necessary calculations at 
great speed. A typical set of calculations for 
analyzing a single configuration takes about 
one second of computer time. Criticality rank­
ings take longer and may require up to 10 sec­
onds. UN IRAM enables the user to make 
changes to explore many "what if" possibi l ities 
quickly and at low cost. 

The methods and data presented in the 
handbook had a significant i nfluence on the 
design of the Cool Water GCC unit . As a result 
of avai labi l ity analyses, a quench gasifier and 
a coal-grinding system were retained in the 
design, and several proposed changes and 
additions were not implemented because they 
did not appear to be cost-effective. The meth­
ods are suited not only to new designs and to 
GCC units but also to a variety of other applica­
tions. Several util ities have applied them in life 
extension analyses, avai labi l ity improvement 
programs, and maintenance analyses for coal­
fired, oil-fired, and other un its. Project Man­
ager: Jerome Weiss 

NEUTRON EFFECTS ON 
FUSION SYSTEM MAT ERIALS 

As now conceived, firs t -generation fusion 
power systems would produce 80% of their 
power in the form of 14-MeV neutrons, which 
would interact dramatically with the structural 
material used to contain the reactions. For ex-

Oxygen Gasifier Gas 
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1 1 1 

Oxygen Gasifier Gas 
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ample, atoms in certain parts of the energy 
transfer structure of a magnetic fusion power 
plant may undergo approximately 500 dis­
placements during the average life of the 
plant. This compares with only a few displace­
ments in a conventional light water reactor and 
possibly 50 displacements in a fast fission sys­
tem or an inertial fusion system with thick liquid 
metal curtains. The national fusion program, 
recognizing the issue of neutron damage, is in 
the process of developing materials that can 
be shown to sustain limited damage in such 
applications. To highlight this issue and to 
make some contributions to quantifying neu­
tron damage, EPRI initiated a study on se­
lected materials-specifically 21/4 Cr-1 Mo 
ferritic steel, HT-9 ferritic steel, vanadium al­
loys, and copper alloys. These were selected 
because of their potential tor greater radiation 
resistance, low long-term radioactivation, or 
high heat flux capability, 

I n  a recent project to examine the data needs 
for improvement in fusion designs (RP1971) ,  
the need for information on fast-neutron 
damage of structural energy transfer systems 
was judged to be most critical. In addition, 
data on neutron damage of certain structural 
materials that have minimal neutron activation 
were lacking. 

� 

r-

In cooperation with the Office of Fusion En­
ergy of the Department of Energy (DOE), EPR\ 
obtained samples of vanadium and ferritic steel 

Gas Generator - turbine r--
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-
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Figure 1 Availability block diagram for a GCC unit Such diagrams are used in RAM analyses to develop the relationships between components in terms of avail­
ability and to facilitate the computation of availability performance characteristics. Unlike process flow diagrams, from which they are derived, availability block 
diagrams do not show the exact physical relationships between elements. In a process flow diagram, for example, the oxygen plant would be a separate input to 
the gasifier, not connected in series after the slurry preparation equipment The oxygen plant is serially connected here because its availability is essential for 
gasifier operation-that is, if the oxygen feed fails, the gasifier cannot operate and the condition of the other equipment is immaterial. 
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alloys that had been irradiated in DOE facilities 
and examined them in a study to provide en­
gineering data for the analysis of fusion reactor 
components (RP1597); this study also focused 
on developing a fundamental understanding 
of the effects of neutron irradiation on the ma­
terial properties of vanadium and ferritic alloys. 
Later, samples of copper alloys were added 
because of the renewed interest in small com­
pact fusion systems and the obvious need for 
data on copper exposure to very fast neutrons, 
which occurs in most fusion designs. 

To minimize the project cost, researchers 
were very specific about which alloys were to 
be tested. In  addition, the study used pre­
irradiated archive samples suppl ied by DOE, 
and the experimental data were carefully coor­
dinated with the materials modeling personnel 
and the fusion system designers . The team 
met periodically to ensure that the data pro­
duced would be usefu l .  

Ferritic steels 

Ferritic steels, particularly martenistic steels 
containing 9-13% chromium, have been con­
sidered for use in the cladding and ducts of 
fast breeder reactors because of their creep 
resistance, strength at elevated temperatures, 
compatib i l ity with l iquid metal coolant, and in­
dustrial avai labi l ity. These steels are also of in­
terest to fusion system designers for the same 
reasons. In itial examination of irradiation data 
from both breeder and fusion research indi­
cates that the 9-13% chromium alloys (such 
as HT-9) may offer longer component lifetimes 
than the austenitic steels (such as PCA) be­
cause of their relative resistance to swel l ing 
(Figure 2). Unfortunately, the majority of the ir­
radiation data are tor doses less than 100 dis­
placements per atom (DPA). Therefore, a proj­
ect was initiated to examine the damage of 
ferritic alloys at higher doses-in particular, 
the lower-chromium alloy 2% Cr-1 Mo. 

Although the 2% Cr-1 Mo alloy was selected 
for several inertial fusion designs, the lower­
chromium alloys have generally not been con­
sidered for magnetic fusion designs because 
of their lower creep strength at temperatures 
above 500°C. However, because recent mag­
netic fusion power plant designs have a speci­
fied maximum structural temperature of 500°C, 
the lower-chromium steels may become a vi­
able alternative for magnetic fusion , offering 
the prospect of better weldabil ity. The higher­
chromium steels, such as HT-9, are more sen­
sitive to cold cracking in the heat-affected 
zones of welds than are the lower-chromium 
steels, such as 2% Cr-1 Mo. For the large 
complicated structures specified for fusion de­
signs, which are l ikely to require a number of 
welds, improved weldabil ity could be a distinct 
advantage. 
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Figure 2 The significantly higher resistance to swelling of body-centered cubic ferritic steels over face­
centered cubic austenitic steels in the 500-650°C temperature range suggests longer lifetimes for ferritic 
steel components in fusion applications. 
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The high-dose irradiation project covered 
three areas of investigation: microstructure, 
mechanical properties, and l iquid metal em­
brittlement. The microstructure studies, con­
ducted at the Hanford Engineering Devel­
opment Laboratory and the University of 
Wisconsin, used materials provided by the Of­
fice of Fusion Energy. The two heats of materi­
als examined had undergone different pre­
irradiation heat treatments: one was treated to 
a peak fluence of 25 DPA and the other to 100 
DPA. Both these materials were irradiated in 
the EBR- 1 1  reactor over the temperature range 
of 390-510°C. 

I rradiation produced small amounts of void 
swel l ing,  precipitation, and dis location net­
work development at temperatures 480°C or 
below. At 500°C and above, behavior could 
best be described as precipitate averaging.  
Void swell ing varied as a function of irradiation 
temperature, preirradiation microstructure, and 
possibly heat treatment or composition differ­
ences; peak swelling on the order of 0.5% was 
found following irradiation at 400°C. 

Detailed examination was made of the 
higher-fluence microstructure to quantify the 

relationship between the defect morphology 
and the metallurgical structure (ferrite, upper 
bainite, or lower bainite). Results of this exam­
ination revealed that tor a 400°C specimen with 
average bulk swel l ing of 0 .12%, the amount of 
swelling observed in the ferrite grains was 
0.22%, the amount in the lower bainite was 
0.06%, and in the upper bainite, 0.05%.  This 
first attempt at quantifying the radiation­
induced defect structure by phase indicates 
that it may be possible, at least in  th is alloy 
system, to control swell ing by appropriate heat 
treatment. 

The University of Wisconsin performed ion 
irradiation on an archive 2% Cr-1 Mo alloy 
sample used in the earlier neutron irradiation 
studies. In itial ion irradiation was l imited to the 
same DPA levels as the neutron irradiation (but 
without hel ium) to evaluate the differences in 
time/temperature exposures between the 
neutron and ion irradiations. Ion irradiations 
were then extended to hundreds of DPA. Es­
sentially no voids were observed under these 
conditions. However, ion irradiation drastically 
changed the microstructure and dislocation 
structure and converted the bainite structures 
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to ferrite; this structural modification was first 
noted in the neutron irradiation study. When 
helium atoms were preinjected into the surface 
to a depth of 1 . 5  µ, m, the alloy with helium de­
veloped a stable substructure that did not dis­
appear with further ion irradiation. The alloy re­
gion i njected with hel ium exhibited a small 
amount of swel l ing that was quite heterogene­
ously distributed. 

The effect of neutron irradiation on the ten­
sile properties of normalized and tempered 
2V4 Cr -1 Mo steel was determined by Oak 
Ridge National Laboratory on specimens also 
provided by the Office of Fusion Energy. The 
specimens were irradiated in the EBR-1 1 to 9 
DPA and 23 DPA and tested (Figure 3). The 
results were compared with those for unirradi­
ated control specimens and specimens that 
had been aged at the same temperatures as 
the irradiations for an equivalent amount of 
time (5000 and 10,000 h) .  

Irrad iation at 390°C for 5000 h produced an 
increase in both yield and ultimate tensile 
strengths, along with a corresponding de­
crease in uniform and total elongation. At 450, 
500, and 550°C, the irradiated specimens 
showed lower strength than the uni rradiated 
control specimens. The strength of the irradi­
ated steel at 450 and 500°C was close to the 
values for the specimens aged at these tern-

650 

peratures, while at 550°C, the strength of the 
irradiated steel was considerably below that of 
the aged material . In all cases, little difference 
was observed between specimens exposed to 
low and higher irradiation doses. 

The strength changes produced by irradia­
tion were attributed partly to the irradiation­
induced dis location structure resulting from 
displacement damage and partly to the radia­
tion-enhanced precipitation that was observed. 

Vanadium and copper alloys 

Vanadium alloys are of interest in fusion sys­
tem design because they exhibit higher ele­
vated-temperature strength, better corrosion 
resistance in pure l ithium, and better thermal 
and physical properties than other candidate 
structural materials. An additional benefit is 
that vanadium alloys have the lowest residual 
radioactivity of all the current candidate alloys, 
thus reducing the long-term storage require­
ments. Very l imited experience, derived totally 
from fission reactor irradiation and ion simu­
lation studies, ind icates that vanadium alloys, 
particularly those containing titanium addi­
tions, are resistant to gross swel l ing and do not 
appear to become severely embrittled by neu­
tron irradiation. These conclusions are tenta­
tive because the data base is sparse and the 
bulk of the information is for the V-20 Ti al loy. 
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Figure 3 Investigation of neutron irradiation effects at Oak Ridge National Laboratory included this test of 
the 0.2% yield stress of 21/4 Cr-1 Mo steel for irradiated, aged, and control specimens. The aging tem­
perature for the aged specimens was matched to the irradiation temperature for the irradiated specimens; 
aging and irradiation periods were both 5000 h. 
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Currently, the V-Cr-Ti ternary alloys have 
been identified as the leading candidates for 
the vanadium class of alloys because of their 
creep strength and low activation potential. 
Within the V-Cr-Ti c lass, the V-15 Cr-5 Ti alloy 
appears to be a good choice on the basis of its 
uni rradiated tensile creep, fatigue properties, 
and weldability. Unfortunately, before the EPRI 
study, no irradiation data were avai lable for the 
alloy, forestal l ing a judgment on its suitabil ity 
for fusion. However, specimens were avai lable 
that had been irradiated to roughly 5 DPA over 
a temperature range of 375 to 600°C. DOE was 
wil l ing to make them avai lable to EPRI for tests. 

Westinghouse Electric Corp. was selected 
to evaluate this alloy because of its experience 
in developing vanadium alloys for fast breeder 
reactor research. The evaluation of the DOE 
specimens included tests on hardness and mi­
crostructural examination . The tensi le tests 
were conducted at room temperature, at the 
irradiation temperature, and at 100°C above 
the irradiation temperature. 

The results showed a severe loss of ducti l ity. 
Tensile ductil ity of all specimens tested below 
the irradiation temperature was negl ig ible, and 
all fracture surfaces showed brittle transgran­
ular cleavage. Testing of the unirradiated 
specimens at room temperature resulted in 
ductilities g reater than or equal to 9%, with the 
fracture surfaces reveal ing both mixed cleav­
age and ductile processes, which is common 
for the alloy. 

To assess whether or not impurity segrega­
tion was contributing to the brittle behavior of 
the specimen, researchers examined several 
specimens by auger electron spectroscopy 
(AES). The specimens were fractured by im­
pact loading in situ in the AES chamber at 
room temperature. Both the irradiated and un­
irradiated specimens fractured by transgran­
ular cleavage. Examination of the fracture sur­
faces immediately after fracture revealed the 
presence of vanadium, titanium, oxygen, and 
nitrogen. However, the most remarkable as­
pect of the analysis was the finding of sulfur on 
the fracture surfaces in concentrations of sev­
eral percent. 

Sulfur is typically not reported in refractory 
metals because it tends to occur in low con­
centrations, usually less than 0.02 wt%. Al­
though subsequent analysis of the material at 
Argonne National Laboratory verified the sulfur 
f indings, sulfur cannot be identified as the pri­
mary contributor to the loss of ductil ity of the 
irradiated specimens because the uni rradi­
ated ductile material had roughly the same 
concentration of sulfur at the fracture surface 
as the irradiated brittle material. There may be 
a synergistic relationship between the segre­
gated sulfur and the interstitial elements, such 
as oxygen or nitrogen. It is interesting to note 



that subsequent to this investigation a second 
set of samples from the same heat of material 
gave roughly the same findings. 

For the copper tests, three alloys were irra­
diated with 28-MeV Si + ions by the University 
of Pittsburgh for Westinghouse. An Amzirc al­
loy and a dispersion-hardened copper alloy 
(Al-60) were obtained from archived heats 
used ·1n neutron i rradiation experiments at Los 
Alamos National Laboratory for fusion, and Cu­
Be-Ni samples were obtained from Interna­
tional Nuclear Energy Systems Corp. These 
three alloys were irradiated to levels of 10-20 
DPA at temperatures ranging from 250 to 
500°C. 

The two copper-based alloys that showed 
promise of meeting the near-term needs of fu­
sion research were Cu-Be-Ni and Al-60. These 
alloys had good microstructural stabil ity from 
250 to 350°C and showed only a slight ten­
dency to swell in transgranular bands, with 
swel l ing of approximately 0.01%/DPA at 300-
3500C.  The Amzirc showed 1-5% swelling per 
DPA in this temperature range. These obser­
vations, using ion irradiation, give only prelim­
inary information; they do provide, however, a 
means of early alloy selection, to be followed 
by more extensive tests with neutron i rra­
diation. 

Theory and modeling 

I n  conjunction with the effort to obtain data on 
ferritic, vanadium, and copper alloys, the EPRI 
project also supported theoretical modeling of 
the swel l ing of ferritic alloys under experimen­
tal investigation. Using new experimental tech-
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niques and the recent understanding that the 
basic cause of swelling is preferential absorp­
tion of the produced interstitial atoms at dis­
locations, the EPRI project team has made a 
significant contribution to the understanding of 
swel l ing resistance in different alloy systems. 

Radiation-induced void formation and 
g rowth depends on many metallurg ical fac­
tors. In particular, most metals require a minute 
but essential amount of surface-active ele­
ments or insoluble gases for voids to nucleate. 
In future fusion reactors, the high hel ium pro­
duction through (n ,  a )  reactions wi l l  ensure 
that voids form readily. The essential question 
then remains how rapidly they wil l grow after 
their nucleation-and this depends on the 
aforementioned bias for preferential interstitial 
absorption. 

The theoretical research carried out for EPRI 
has now revealed a fundamental difference in 
the bias of alloys that depends on thei r crystal 
structure. Such alloys as austenitic stainless 
steels possess a face-centered cubic struc­
ture, which is associated with a large bias; as 
a result, it was predicted that all alloys with th is 
crystal structure are capable of void swel l ing 
at max·1mum rates of 1-3%/DPA. Specifically, 
austenitic alloys were predicted to swell at a 
rate less than or equal to about 1 .4%/DPA. The 
observed rates were found to be around 
1 %/DPA, confirming the theoretical predic­
tions. In contrast, alloys and metals of the 
body-centered cubic structure were predicted 
to swell at maximum rates of 0.1-0.3%/DPA. 
The importance of this fundamental discovery 
is that ferritic steels indeed possess a much 

greater swel l ing resistance than austenitic 
stainless steels. 

The maximum swel l ing rate, being an intrin­
sic property of the crystal structure, is realized 
only when the metallurgical microstructure 
reaches an optimal state of parity-generally 
stated, when dislocations and voids coexist in 
equal abundance. One can influence the mi­
crostructure and its evolution during irradiation 
by metallurgical processing, by judicious ad­
dition of alloying elements, and by appropriate 
selection of the irradiation temperature. In this 
manner, a state of microstructural parity can 
be avoided, reducing the swell ing rate below 
tile intrinsic maximum value. 

The results of the experimental and theoreti­
cal work on 21/4 Cr-1 Mo steel sponsored by 
EPRI suppl ied such input as equations for 
modelers charged with providing design infor­
mation on 21/4 Cr-1 Mo steel undergoing neu­
tron irradiation in the 400-500°C range. 

The fusion materials projects identified 21/4 
CR-1 Mo ferritic steels as leading candidates 
for high neutron fluence nuclear subsystems 
and alerted the nuclear community to the need 
for further neutron irradiation work on vana­
dium alloys. In addition, two copper alloys 
were identified as reasonable candidates for 
h igh neutron fluences materials and a predic­
tive model was developed to describe radia­
tion-induced swell ing of steels. The project 
management approach, which brought the ex­
perimentalists, designers, and modelers to­
gether for periodic review, may serve as an 
appropriate way to address future materials 
selection. Program Manager: Robert Scott 

EPRI JOURNAL September 1985 49 



R&D Status Report 
COAL COMBUSTION SYSTEMS DIVISION 
Kurt Yeager, Vice President 

DIAGNOSTIC MONITORING 
OF FOSSIL FUEL PLANTS 

Increasingly, utilities are seeking ways to im­
prove the availability of aging fossil fuel plants. 
One approach with significant potential for in­
creasing availability is the on-line monitoring of 
key components and systems. The primary 
purpose of on-line monitoring systems is to re­
duce plant downtime by detecting and diag­
nosing mechanical abnormalities at an early 
stage. In many cases, operators using this 
information can avoid forced outages and 
schedule repairs when power demand is low. 
Maintenance personnel can use this informa­
tion to determine the maintenance to be per­
formed and to ensure that they have the 
necessary parts and tools ready when the 
equipment is taken out of service. 

On-l ine diagnostic systems for fossil fuel and 
nuclear power plants are generally based on 
microprocessor systems, which automatically 
track parameters of interest and flag abnormal 
situations. EPRl 's approach in developing such 
systems has typically been to install and evalu­
ate a prototype for an extended period of time 
in a host uti l ity's plant before the system is re­
leased as a package to the industry. Table  1 
lists some of the major util ity demonstrations of 
plant diagnostics and their potential payback. 
These systems will significantly improve plant 
availabil ity, as evidenced by better mainte­
nance planning and a reduction in forced out­
ages. Averting a failure or unanticipated out­
age of even a single day can easily offset the 
investment in such a system, as can be seen in 
Table 1. 

Boiler monitoring 

The majority of plant availability losses can be 
attributed to boiler-related failures, with tube 
leaks alone causing 6% boiler unavailability. 
EPRI is developing devices for detecting tube 
leaks in the early stages, before steam im­
pingement or flow starvation results in damage 
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to adjacent tubes. Sensitive microphones are 
used to detect pinhole leaks acoustically­
perhaps three to five days earlier than stan­
dard methods of detection. These sensors can 
also indicate the location and growth rate of 
the leak (RP1863-2). 

Devices for tracking damage and wear in 
critical components are being demonstrated 
in other projects. A boiler thermal stress and 
condition analyzer monitors critical headers, 
drums, and main steam lines (RP1893-1) . The 
analyzer monitors thermal stresses produced 
by high temperatures or pressures, evaluates 
cumulative creep/fatigue damage, and calcu­
lates life expenditure. Another device, a wear 
monitor, under development by Spire Corp. ,  is 
based on a novel technique. By transmuting a 
few small areas of a component subject to 
wear, gamma rays can be detected from the 
partially activated component (RP1893-2). As 
the component surface wears, the monitored 
radiation is reduced proportionately. For exam­
ple, a bearing in the boiler circulating pump at 
a Kansas Power & Light Co. plant is being 
monitored through an 8-in (20-cm) steel cas­
ing. Utilities can use these devices for max­
imizing boiler life and projecting optimal main­
tenance intervals .  

Rotating equipment monitoring 

Util ity data reveal that an average of 40% of all 
fossil fuel power plant forced outages are 
caused by fai lure of the rotating equipment: 
fans, pumps, and turbine generators. Early de­
tection of incipient fai lure would allow for opti­
mal maintenance and spare parts planning 
and prevent catastrophic fai lure, which is al­
ways a possibil ity with high-speed rotating 
components. One method of predicting im­
pending failure recognizes that changes in the 
vibration spectra with time can often be related 
to a specific failure mode, such as unbalance, 
blade rubbing, bearing deterioration, oi l whip, 
steam whirl , shaft bowing, or cracking. These 
symptoms can be sensed and diagnosed au-

tomatically by a dedicated computer. This 
technique, commonly referred to as vibration 
signature analysis, can be applied in varying 
levels of sophistication to rotating equipment. 
EPRI has been exploring such methods for 
several years and is now engaged in establish­
ing predictive maintenance systems based on 
continuous vibration signature analysis. 

Continuous monitoring and trending of the 
vibration spectrum ,  as opposed to periodic 
snapshots of bearing vibration levels, provides 
several advantages. 

o The spectrum can be analyzed. Because a 
number of fai lures, particularly in the early 
stages, appear as amplitude changes at fre­
quencies other than running speed (60 Hz), 
analysis of the complete spectrum is essential 
for early detection. 

o Vibration and process data are continuously 
monitored and interrogated, providing the ear­
liest possible warning of a failure condition. 
The historical record maintained by the com­
puter assists in rapid diagnosis of the signal 
deviation. 

o A basel ine signature characterizing normal 
vibration response to equipment operation, 
such as changes in load, speed, or tempera­
ture, can be determined. This understanding of 
normal vibration variation is the key to discern­
ing trends caused by incipient failures. 

A contract with Radian Corp. has produced 
a prototype predictive maintenance system for 
major plant rotating machinery (turbine gener­
ators , major fans and pumps) based on vi­
bration signature analysis (RP1864-2). In rec­
ognition of the necessity for such a system to 
correctly interpret normal variations in vibra­
tion amplitude and frequency, this p roject is 
founded on a strong statistical base of data 
relating such factors as vibration and load, 
speed, and temperature. Model development 
is stil l under way to factor in the long-term 
influences, such as seasonal changes in back 



pressure and ambient air temperature, which 
occur over weeks or months. The system at 
New Haven Harbor, a fully functional contin­
uous monitoring system, contains all the ele­
ments a utility needs to introduce vibration sig­
nature analysis into a predictive maintenance 
system .  

Advanced vibration monitoring systems 

An advanced version of the New Haven Har­
bor project recognizes that a computer model 
of an elastic rotor-bearing system can be in­
strumental in predicting the vibration pattern 
at one axial location caused by an anomaly 
or disturbance at another. Shaker Research 
Corp. is validating this technique for EPRI ,  
which goes one step beyond the  New Haven 
Harbor system (RP1864-1 ) .  The site for the 
three-year project is the Eddystone plant of 
Phi ladelphia Electric Co. 

In this system, an analytic rotor dynamics 
model of each piece of rotating machinery wi l l  
be stored in the computer. The models wi l l  be 
accessed as necessary to interpret measured 
vibration data. The Eddystone system, sched­
uled to be in operation by mid 1986, will pro­
vide the abil ity to quickly locate the source of a 

problem, in addition to increasing the confi­
dence with which specific shaft problems can 
be diagnosed. 

Axial fan monitoring 

A continuous monitoring system of a special 
type has been implemented by Battel le, Co­
lumbus Laboratories on six axial fans-one 
pair each of primary-air, forced-draft, and 
induced-draft fans-at the Homer City gener­
ating station of Pennsylvania  Electric Co. 
(RP734-4). I n  this system high-frequency (>20 
kHz) vibration transducers, installed on the 
rol l ing element bearings, measure the effects 
of pits or spalls produced as the rollers wear. 
Over the past year of monitoring, one bearing 
failure has occurred. Preliminary analysis of 
the data shows that measurement of acceler­
ation at frequencies above 20 kHz is an effec­
tive technique for detecting failures in anti­
friction bearings. Over the next 12 months, we 
expect to obtain additional data on various fail­
ure modes and degrees of degradation. A cor­
relation will then be developed between re­
maining bearing life and the high-frequency 
vibration signature to be used for future.on-l ine 
diagnostic monitoring. 

Table 1 

Laser-based systems 
Instrumentation in hostile environments, such 
as on turbine shafts, steam l ines, or generator 
high-voltage bushings and leads, can be par­
ticularly difficult. In these high-temperature, 
high-speed, or h igh-voltage environments, 
where conventional sensors would be short­
lived, vibration can be readily measured with a 
laser Doppler sensor (General Electric Co. ,  
RP1855) .  The laser system ,  which detects l ight 
scattered by a vibrating component, requires 
only a l ine of sight and is capable of making 
measurements from as far away as 50 ft (15 m). 
Thus, the need for instrumenting the machine 
during a planned or forced shutdown is 
averted, resulting in avoidance of replacement 
power costs. 

As part of the validation program, the laser 
system has been applied to the following. 

o Monitoring torsional shaft vibration during a 
General Electric factory test of a generator ro­
tor 
o Diagnosing flange bolt failures from main 
steam line vibration at Allegheny Power Sys­
tem ,  lnc . 's Fort Martin plant and Pennsylvania 
Power & Light Co.'s Montour plant 

PLANT DIAGNOSTICS: MAJOR UTILITY DEMONSTRATIONS IN PROGRESS 

Average 500-MW 
Full/Partial Duration of Replacement Diagnostic 

Forced Outages Full Forced Power per Outage System Cost 
Problem Technique Utility /Plant (per year)* Outage (h)* ($000) ($000) 
Turbine cracking Acoustic emissions; vibra- TVA/John Sevier 90 984 6200 100 

lion signature analysis 
Blade vibration Acoustic emissions; Westinghouse Electric Corp. 270 708 4400 40 

Doppler sensor 
Generator arcing Radio frequency signal Texas Util ity Generating Co. 40 386 2400 25 

detection 
Turbine water induction Ultrasonic sensors Pennsylvania Electric Co./ 1 5  363 2300 200 

Homer City 
Turbine or boiler Radioactive decay (thin- Dayton Power and Light Co./ 1 660 80 500 40 
erosion/corrosion layer activation) Stuart 
Tube teaks Acoustic emissions Baltimore Gas and Electric 5230 65 406 90 

Co./Wagner 
Vibration in hostile Laser detection Allegheny Power Co./ 880 58 362 50 
regions (high speed, Fort Martin 
high voltage, high 
temperature) 
Boiler creep/fatigue Stress analysis Consolidated Edison Co. of 30 54 338 200 

New York/Ravenswood 
Rotating machinery Vibration signature analysis Philadelphia Electric Co./ 8730 43 269 300 
failure with rotor dynamics Eddystone; United I l luminating 

Co./New Haven Harbor 
Draft fan failure Vibration/acoustic emis- Pennsylvania Electric Co./ 2190 33 206 50 

sion sensors Homer City 
- -- -
*From the Generating Availability Data System of the North American Electric Reliability CounciL 
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o Monitoring boiler pendant tubing and feed­
pump vibrations at the General Electric power 
plant in Schenectady, New York 

o Surveying vibration in the generator, includ­
ing frame, shaft, bearings, and exciter 
brushes, at Tampa Electric Co.'s Big Bend 
plant 

Such applications i l lustrate the wide range 
of potential applications for noncontacting ,  
laser-based monitoring devices. 

Diagnosing shaft cracking 

A special concern relates to the fracture of the 
turbine generator drive train with its potential 
for catastrophic damage. Serious cracks have 
been detected in operating power plants in Eu­
rope and the United States. These cracks are 
often d iscovered during rundown in speed, 
when the vibration spectra show increasing re­
sponse at critical speeds. Crack diagnosis by 
using vibration signatures may be possible at 
full-speed, ful l-load conditions, which is a 
more tenable method of monitoring and avoids 
replacement power costs. 

To demonstrate this, transverse cracks are 
being grown on a 6-in (15-cm) diameter ro­
tating shaft (Figure 1) at General Electric 

Figure 1 Rotating-shaft fatigue machine at General 
Electric Co., used to simulate transverse crack 
growth in turbine rotors. In the foreground is the 
vibration signature analysis system; the eddy­
current crack monitor, shown in the background, 
images surface cracking. 
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Figure 2 Vibration histogram data on the growth of a transverse crack. General Electric Co.'s fatigue ma­
chine cracking was detected even before ultrasonic testing or a dye penetrant could identify the failure. 
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(RP1862). Computer analyses trend and diag­
nose vibration measurements along the shaft 
system. Test data clearly ind icate the rise in the 
second-harmonic (2/rev) amplitude (Figure 
2). This is a result of the process of crack open­
ing and closing, which changes shaft stiffness 
twice each revolution. The new vibration anal­
ysis, using a unique data enhancement tech­
nique, detected the presence of a crack 
through only 2% of the rotor diameter before 
even dye penetrant or ultrasonic tests could 
identify it-a remarkable achievement. This 
system is now ready for field application to de­
termine how the method is affected by turbine 
generator background noise. Subsequently, 
this technique will be incorporated in the New 
Haven Harbor and Eddystone monitoring sys­
tems. 

Other methods of detecting shaft cracking 
are also under development. For example, di­
rect imaging of known or suspected crack lo­
cations (using eddy-current sensor arrays or 
infrared techniques) can expose very tight sur­
face-connected cracking that is only a few mils 
in width.The eddy-current system shown in 
Figure 1 monitors surface crack growth on 
shafts, couplings, blades, disks, or wherever 
the sensor can be located (RP1894-1) .  

Infrared methods that use a laser to locally 
heat the shaft surface are being researched by 
Arizona State University (RP1957-2). The infra­
red detector senses the temperature rise that 
results when a crack impedes the transfer of 
heat. This method has been successful in labo­
ratory trials and is being developed further to 
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distinguish surface blemishes from cracking. 
In fact, the detector is so sensitive that laser 
heating may not be necessary. Changes in sur­
face emissivity and differences in infrared radi­
ation due to cracking are apparent even at am­
bient temperatures. 

The outlook 

An EPRl-sponsored conference on incipient 
failure detection is  held every two years to dis­
cuss progress in util ity diagnostic programs 
and to present information on promising con­
dition-monitoring techniques under develop­
ment. Such conferences also provide input to 
EPRI R&D (CS-2920). The 1984 Orlando con­
ference, which attracted 200 industry repre­
sentatives, revealed that many utilities are set­
ting up predictive maintenance programs, 
focusing initially on periodic vibration mon­
itoring.  Future work at EPRI will emphasize 
general guidelines for monitoring systems; in­
terpretation of vibration signature data; inte­
g ration of vibration systems with acoustic, 
stress, temperature, and other monitoring 
techniques; and reporting of diagnostic case 
histories. 

EPRI is now structuring a plantwide demon­
stration and evaluation of condition-monitoring 
devices for fossil fuel units (RP2817), and an 
RFP will be issued soliciting a host site. The 
selected unit wi l l  serve as a test-bed for new 
sensors, instruments, and computer-based 
predictive maintenance systems. Monitors will 
be installed for the detection of such condi­
tions as creep/fatigue damage in the piping 



and casings of heavy-wal led components, 
generator arcing, torsional shaft vibration, wa­
ter induction, boiler and turbine corrosion/ 
erosion, lube oil contaminants, boiler tube 
leaks, steam whir l ,  oi l whip, bearing deterio­
ration, blade rubbing, and shaft cracking. I n  
th is manner, the  full benefits of  diagnostic 
monitoring can be demonstrated in one utility 
plant predictive maintenance program. 

This project wi l l  involve a utility steering 
committee that wil l guide the project team in 
the selection of monitoring devices and to aid 
the commercial ization of resulting products 
to the util ity industry. Project Manager: John 
Scheibe/ 

IN-FURNACE S02 CONTROL 
FOR PULVERIZED-COAL BOILERS 

The concept of injecting calcium-based alka­
line sorbent materials directly into the furnace 
of coal-fired utility boilers to reduce sulfur diox­
ide (S02) emissions is the subject of major 
research and development programs in the 
United States and abroad. EPRI is contributing 
to these efforts by sponsoring a test program 
to develop an understanding of fundamental 
process chemistry and to optimize the process 
for maximum S02 removal and calcium utiliza­
tion. Complementary EPR/ projects address 
engineering system design, economics, and 
power plant integration issues. These projects 
will provide the technical basis for designing 
and operating prototype furnace sorbent in­
jection systems tor 50-150-MW utility boilers, 
which is the next step toward commercializa­
tion. 

The furnace sorbent injection process is 
based on the injection of pulverized calcium­
based sorbent materials, such as l imestone or 
calcium hydroxide,  d irectly into the furnace 
cavity of a coal-fired boiler. When exposed 
to furnace temperatures, the sorbent rapidly 
decomposes to form reactive l ime particles, 
which capture S02 in suspension to form parti­
cles of calcium sulfate. The flue gases carry 
this calcium sulfate, along with any unreacted 
lime, out of the furnace, where the particulate 
control device collects them with fly ash .  I n  
essence, this process attempts to apply to 
coal-fired boilers an S02 control technique 
simi lar in overall chemistry to that used in 
fluidized-bed boilers. 

EPRI is developing this technology because 
of its potential as a cheaper incremental S02 

control approach for existing power plants. Ev­
idence shows that the process can reduce 
S02 emissions by 50% or more in util ity retrofit 
applications at s ignificantly lower capital cost 
than conventional flue gas desulfurization sys­
tems. If successfully developed, this process 
would increase util ity flexibi l ity for complying 
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with S02 control, especially in  the event of 
new legislation regulating S02 emissions from 
older, currently uncontrolled power plants. The 
lower capacity factors and remain ing lives 
of these plants typically favor a less-capital­
intensive technology. In addition to potential 
retrofit applications, th is process may be inte­
grated with other supplemental controls in the 
future for an overall S02 control capabil ity ade­
quate to meet stricter requirements in new 
plants. 

A number of development issues form the 
basis for EPRl 's furnace sorbent injection R&D 
projects. S02 capture itself is a complex phys­
ical and chemical process that is influenced by 
a variety of factors: sorbent properties, boiler 
temperatures and residence times, sorbent 
mixing and dispersion with in the furnace, and 
coal composition. Engineers must understand 
the role that each of these variables plays in 
determining S02 removal before they can de­
sign optimal processes for the variety of site­
specific utility applications. A major devel­
opment issue in th is regard is identifying an 
economical means for improving calcium utili­
zation and thereby min imizing the quantity of 
sorbent required. Currently, calcium util ization 
is relatively low (typically between 15% and 
40%) ,  which results in  most of the sorbent 
passing through the boiler unreacted. In­
creased calcium util ization wi l l  further improve 
the economic advantages of the process be­
cause sorbent is a major factor in the total cost 
of application. 

Another issue is the potential impact the pro­
cess wil l have on boiler and plant performance 
and operation, which might include foul ing,  
corrosion, and slagging; problems of exces­
sive particulate emissions; or increased waste 
management difficulties. A new unit can be de­
signed to min imize such problems; in retrofits, 
they may be serious. Improved calcium utiliza­
tion will min imize these effects. 

These issues make the cost of commercial 
application somewhat uncertain. In addition to 
EPRl 's technical goals, an important objective 
is to provide realistic cost estimates for utility 
boi ler appl ications and to refine these esti­
mates as the development efforts proceed. 

Process development 

EPRI is conducting a project to develop the 
furnace sorbent injection process with the par­
ticipation of Southern Company Services, Inc.  
(RP2533-1) .  The project consists of pi lot-scale 
tests, complemented by international informa­
tion exchanges, fundamental process model­
ing and bench-scale studies, and a concep­
tual design for a 50-MW retrofit application. A 
major goal of the project is to understand the 
mechanisms that control sorbent util ization 
and to define methods for increasing sorbent 

reactivity and maximizing S02 removal. There­
fore, a comprehensive analytic effort to char­
acterize in detail the chemical and physical 
properties of fuels and raw and reacted sor ­
bents will support the bench- and pi lot-scale 
experiments. Several contractors are provid­
ing the broad range of technical capabilities 
and research facilities required for this effort: 
Southern Research Institute; KVB, Inc . ;  Fossi l  
Energy Research Corp. ;  and the International 
Flame Research Foundation. 

To assess the relative performance of differ­
ent types of commercial calcium sorbents, ex­
tensive pi lot testing at scales of 0.5 and 10 x 
106 Btu/h has been completed on 3% sulfur 
bituminous coal with two varieties of l imestone 
(calcium carbonate), a conventional hydrated 
l ime (calcium hydroxide), and a pressure­
hydrated dolomitic lime (calcium and magne­
sium hydroxides). Limited comparative tests 
were also performed with dolomite (calcium 
and magnesium carbonate). 

Figure 3 compares the performance of these 
sorbents in  the 10 x 106 Btu/h pilot test fur­
nace. The S02 removals shown are represen­
tative of optimal values for each sorbent. For 
any given sorbent injection rate (as defined by 
the calcium-to-sulfur molar ratio, Ca/S), there 
is a considerable variation in S02 removal effi­
ciency over the range of sorbent types tested. 
For example, at Ca/S = 2.0,  the S02 removals 
range from about 30% to 80%. These removals 
correspond to calcium util ization efficiencies 
of 1 5-40%, relatively low compared with the 
calcium util ization achieved by conventional 
flue gas desulfurization. It should also be 
noted that although increasingly higher S02 

removals can be achieved as Ca/S is in­
creased, practical considerations of sorbent 
costs, boiler deposit rates, particulate emis­
sions, and solid-waste disposal will probably 
dictate a maximum Ca/S value between 2 and 
3 in most full-scale applications. 

The hydroxides removed more S02 than did 
the carbonates, and for both the hydroxides 
and carbonates the dolomitic materials per­
formed best. However, the dolomitic sorbents' 
g reater S02 removal may be offset by their 
lower calcium content. Because of the pres­
ence of inert magnesium in the dolomitic sor­
bents, the quantity ( lb/h) of these sorbents 
necessary to capture a given amount of S02 is 
about the same as the quantity of nondolomitic 
sorbent required to achieve a simi lar S02 re­
moval. Although the magnesium does not itself 
remove S02 , its presence appears to enhance 
calcium use. 

The furnace gas temperature at the point of 
sorbent injection is the most important variable 
in  determining how much of a given sorbent 
is used. A peak in S02 removal is evident for 
the various sorbents in  a narrow temperature 
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Figure 3 Pilot tests comparing 802 removal with four types of calcium sorbent under optimal sorbent 
injection conditions with 3% sulfur bituminous coal. Flue gas temperature at the point of injection was near 
2200°F (1200°G), corresponding to the thermal environment in the upper radiant zone of a coal-fired utility 
boiler. 
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range between 1800°F and 2200°F (980-
12000C). At higher temperatures, low S02 re­
moval results from the reaction product's in­
stabi l ity or the sorbent's rapid deactivation, 
caused by sintering. At temperatures below 
1 800°F (980°C), reactions are slower, and in­
complete calcination may result in insufficient 
S02 capture in the reaction times available. 
The optimal temperature would typically occur 
in  a furnace's upper radiant zone and leading 
convective sections. Th is orientation makes 
the section above the flame zone and burner 
region the preferred injection site in  most ap­
pl ications. 

Another important parameter governing S02 

capture efficiency is the rate of change in flue 
gas temperature (the cooling or quench rate) 
after the point of sorbent injection. Tests are in  
progress to  evaluate this effect over a range of 
quench rates between 100 and 1 100°F/s (38-
5900C/s), a range greater than that encoun­
tered in ful l-scale pulverized coal boilers. Pre­
l iminary results show that S02 removal may de­
cl ine significantly at the highest quench rates ,  
an effect that appears to depend on the sor­
bent used . This phenomenon, together with the 
dependence on injection temperature pre­
viously noted, h ighl ights the need for an effec-
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live injection system design that can deliver 
the sorbent to the proper temperature regions 
within the furnace and achieve good mixing 
with the flue gas i n  full-scale applications. 

Researchers have also evaluated the im­
portance of sorbent particle size and initial sur­
face area. They have examined a range of 
mean particle sizes from 0.75 to 35 J.Lm in di­
ameter by testing a wide array of manufac­
tured and naturally occurring carbonate mate­
rials. Although higher sorbent uti l ization was 
observed with smaller particle sizes, the effect 
was small over the range of commercially 
practical pulverization, indicating that extraor­
d inary attempts to optimize S02 removal by 
finer sorbent particle production would likely 
provide a l imited return. Project personnel 
found no clear correlation between sorbent uti­
l ization and preinjection sorbent surface area, 
which suggests that this parameter cannot be 
d i rectly used to indicate sorbent reactivity. 

To better understand the processes that oc­
cur during calcination and sulfation reactions, 
researchers col lected gas and solid samples 
for al l sorbents from a pi lot-scale furnace firing 
natural gas. The tests were conducted with 
natural gas to preclude any reactions with S02 

and permit collection of sorbent and by-prod-

ucts without interference from fly ash. As a 
general ru le, no significant differences have 
been observed in sorbent performance with 
coal or gas other than those attributable to 
temperature at the injection point. Properties of 
the sorbent injected into a gas-fired furnace, 
therefore, are expected to correspond to those 
with coal in the regions of interest away from 
the burner zone. 

A major finding from these measurements 
has been the close correlation between cal­
cium util ization and the surface area of the cal­
cine sorbent ( i .e . ,  the surface area of the sor­
bent after calcination in the furnace). Sorbents 
and injection conditions that result in  higher 
calcine surface area remove more S02. EPRI 
has initiated efforts to explore means of ar­
tificially enhancing reactivity by external pre­
treatment of the sorbent to increase initial sur­
face area. One approach involves thermal 
pretreatment of sorbents prior to furnace injec­
tion. Preliminary bench-scale tests with pres­
sure-hydrated lime have succeeded in pro­
ducing sorbent surface area three times 
g reater (up to 100 m2/g) than the highest sur­
face area measured in the furnace. However, 
preliminary injection tests are thus far incon­
clusive regarding enhanced S02 removal with 
externally generated high-surface-area sor­
bents. EPRI is also evaluating the use of chem­
ical promotors to increase the rate of S02 

absorption on the surface of the sorbent 
particles. 

Although this work is d i rected specifically to­
ward application in pulverized-coal-fired boil­
ers, EPRI has begun a new cofunded project 
with Babcock & Wilcox Co., Baltimore Gas & 
Electric Co. ,  and Atlantic Electric Co. to assess 
the applicabil ity of furnace sorbent injection to 
cyclone boilers. This work will involve tests on 
a 6 x 106 Btu/h experimental furnace that 
has been equipped with a cyclone burner. 
Testing wil l  demonstrate S02 removal with sor­
bents injected into the upper cavity of the main 
furnace (in a similar fashion to that envisioned 
for a pulverized-coal boiler), where high ther­
mal quench rates up to 1500°F/s (800°C/s) 
may represent a worst case for application. 
Another objective is to evaluate the impact of 
the process on convective tube surfaces by 
measuring foul ing bui ldup rates, deposit 
cleanabil ity, and heat transfer on a simulated 
convective tube array. On the basis of the test 
results, researchers wil l  assess the engineer­
ing feasibi l ity of retrofitting  the process to a 
full-scale cyclone boiler. 

Power plant effects 

Several process performance and plant oper­
ating issues must ultimately be resolved be­
fore widespread application of the technology 



can be confidently considered. The sorbent 
utilization and S02 removal achieved in the 
laboratory must be demonstrated at fu l l  scale. 
Assuming that the required residence times 
exist at favorable temperatures, scale-up 
should be primarily a matter of achieving 
proper sorbent distribution and mixing in a 
large volume. Furnace mixing and dispersion 
models developed in this project (RP2533) 
and in a related NOx control project (RP2154) 
wil l  establish design criteria for sorbent injec­
tors that can eventually be applied at specific 
sites by using information on a given furnace's 
temperature profiles and flow patterns. 

Sorbent injection affects power plant oper­
ation by increasing the mass of solids passing 
through the boiler and changing the physical 
and chemical properties of the ash. These 
changes can affect furnace conditions, includ­
ing slagging, foul ing,  and erosion ,  and can af­
fect the operation of downstream particulate 
control and waste-handling equipment. In 
each case these problems may be more diffi­
cult to manage in retrofits than in new units 
where they could be accounted for from the 
start. 

Early laboratory tests conducted by Com­
bustion Engineering ,  Inc . ,  under RP899-2 and 
more-recent field trial experiences elsewhere 
have indicated that most cases of foul ing, 
slagging, and erosion of heat transfer surfaces 
can be managed by conventional soot blow­
ing, although increased numbers of blowers, 
careful placement, and modified operation 
may be required. The potential impacts and 
countermeasures are site specific, and fu l l  
verification must await further operating ex­
perience at large scale. 

To get a prel iminary indication of the impacts 
on particulate control, researchers have mea­
sured fly ash size distribution and electrical 
properties in conjunction with pi lot develop­
ment testing under RP2533-l Results indicate 
that ash resistivity can increase two to three 
orders of magnitude during sorbent injection 
and that the concentration of submicrometer 
particles may also increase, depending on the 
sorbent used. Deterioration in electrostatic 
precipitator (ESP) performance and increased 
particulate emissions can be expected unless 
steps are taken to counteract these effects. 
In itial attempts to restore electrical resistivity 
by flue gas S03 conditioning suggest this is 
an effective technique, but further work is re­
quired to identify optimal ESP improvement or 
conditioning systems for a given application. 

Solid-waste disposal ·1s another area where 
furnace sorbent injection could require modi­
fied power plant design or operation. In­
creased quantities of solid waste that includes 
potentially alkaline leachate, exothermic reac-
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lions of unreacted l ime with water, and the pos­
sible cementitious behavior of the waste when 
wet highlight the need for a detailed assess­
ment of ash transportation, storage, and dis­
posal practice. An evaluation of whether some 
of these properties might be beneficial for ash 
util ization is also necessary. Such assess­
ments will be performed in a new project in 
the Heat, Waste, and Water Management Pro­
gram, which will consider the solid-waste 
management of furnace sorbent injection and 
other S02 control technologies that are emerg­
ing (RP2708). 

Prototype evaluation 

EPRI is currently working with government 
agencies, util ity companies, and other inter­
ested groups to initiate prototype retrofit and 
test programs on several 50- to 150-MW coal­
fired boilers. The major objectives of these pro­
totype programs are to apply the results of pro­
cess development projects described above 
to provide generic utility data on process de­
sign and performance and to resolve plant 
impact issues that cannot be fully addressed 
in the laboratory. Tests on units of this size 
are considered the next logical step in the de­
velopment of the technology for commercial 
application. 

EPRI participation in the prototypes and 
other complementary industry programs will 
be continued under a new research project 
that supports testing and engineering design 
(RP2786). The first prototype program is 
scheduled for Public Service Co. of Indiana, 
lnc .'s Wabash River generating station in Terre 
Haute, Ind iana, on a 100-MW wall-fired boiler 
equipped with an ESP. This site is an ideal test 
location for this project; the unit is small 
enough to permit economical evaluation of a 
number of sorbents, coals, and ESP upgrades, 
but it is still typical of many boilers that would 
be candidates for retrofit S02 controls. I n  addi­
tion, the ESP is relatively smal l ,  which provides 
the opportun ity to demonstrate the effective­
ness of upgrade approaches in a very chal­
lenging and realistic environment. The major 
participants include Public Service (which wi l l 
host the tests and provide overall manage­
ment), the state of Ind iana, coal companies, 
and EPRI. Other utility companies and inter­
ested g roups, including sorbent suppl iers and 
transportation companies, are also expected 
to participate. 

EPRI will be responsible for technical direc­
tion and funding for process design ,  and it wil l  
also plan, manage, and fund all testing activi­
ties. The testing will include a two-month pre­
retrofit baseline test, scheduled for completion 
late this year, and a one-and-a-half-year pro­
cess optimization and long-term operational 

test, scheduled to begin in early 1987. The pre­
l iminary plan calls for testing on two coals and 
two or three sorbents; the tests wi l l  include 
evaluation of S02 removal efficiency, boiler 
impacts, low-cost ESP upgrades (humidifica­
tion, flue gas S03 conditioning,  and/or pulse 
energization), and alternative dry waste han­
d ling processes. 

At the same time, EPRI is exploring partici­
pation in other furnace injection projects, 
where appropriate, to ensure that operational 
and other issues of concern to utilities can be 
fully addressed and that results from our de­
velopment programs are avai lable and incor­
porated .  Two such projects are the 105-MW 
demonstration of the l imestone injection multi­
stage burner technology planned by EPA and 
Ohio Edison Co., and a 650-MW trial of furnace 
sorbent injection under consideration for the 
Homer City station jointly owned by Pennsyl­
vania Electric Co. and New York State Electric 
& Gas Corp. 

Process economics 

The capital cost of retrofitting furnace sorbent 
injection to a coal-fireri boiler has been esti­
mated to be between ·$'25/kW and $120/kW 
The large range reflects the cost sensitivity to 
uncertainties associated with the unresolved 
commercialization issues. Levelized costs, es­
timated at between 5 and 12 mi l ls/kWh, are 
influenced predominantly by coal sulfur con­
tent and calcium util ization (which determine 
the quantity of sorbent required), the costs of 
sorbent, and solid-waste disposal costs. The 
lower value of levelized cost is .for burning 2% 
sulfur coal with minor effects on the power 
plant (easy retrofit). The higher value corre­
sponds to a difficult retrofit on a furnace burn­
ing 4% sulfur coal. 

Substantially lower process costs would be 
possible if improved sorbent uti l ization could 
be achieved at reasonable sorbent costs. Not 
only would sorbent consumption be less for an 
equivalent level of S02 removal ,  but smaller 
material handling requirements and lower sol­
ids loading in the boiler and downstream 
equipment would reduce the plant impacts 
and their associated costs. For this reason, the 
current project emphasizes development of 
higher-reactivity sorbents. 

EPRI has recently in itiated a new project with 
Stearns-Catalytic Corp. to update the eco­
nomic assessment and incorporate results 
from the latest process development activities 
(RP2533-4). Additional cost estimates for ad­
vanced d ry injection emission control systems, 
which combine furnace sorbent injection and 
other postfurnace dry injection technologies, 
are also planned. Project Managers: Michael 
McE/roy and George Offen 
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DISTRIBUTION 

New wood preservatives 

In 1979 EPRI in itiated a project with the Insti­
tute of Wood Research at Mich igan Techno­
logical Un iversity to develop improved materi­
als and processes for treating new poles 
(RP1528). The major goal of this project was to 
improve the control of wood decay in utility 
poles and to extend the control over a longer 
t ime. 

Th is project, which is nearing completion, 
has resulted in two major accomplishments. 

0 Introduced two preservative systems: alkyl 
ammonium compounds for wood not in  con­
tact with the ground and ammoniacal copper 
fatty acid for in-ground use 
0 Establ ished the value of a fungi cellar as a 
means to evaluate the effectiveness of pre­
servatives more rapidly than by field stake 
tests 

The preservatives introduced may soon be 
avai lable for utility use; they have been pre­
sented to the American Wood Preservers As­
sociation (AWPA). Utilities will find these pre­
servatives offer many benefits. Both are just as 
effective as currently available treatments, and 
because neither contains materials toxic to 
mammals, they are much more acceptable 
environmentally. In addition, these preserva­
tives are cost competitive with avai lable pre­
servatives. 

Util ities wi l l  find the ammoniacal copper fatty 
acid of particular interest for treating poles be­
cause it yields a pole that resembles a chro­
mated copper arsenate (CCA) treated pole in  
color but contains no toxic arsenicals. I n  addi­
tion, the pole will be easier to climb than CCA­
treated poles because of the addition of the 
fatty acid,  which softens the wood . 

The value of a fungi cellar (a humid, warm 
environment for fungi  growth) is that it has the 
same effect on the preservative in one year as 
that observed in three years of exposure in 
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standard field stake tests. Tests conducted in 
the cellar are much less costly than those in a 
field stake test, and util ities can obtain earlier 
screenings of new preservatives that they plan 
to use on wood products. 

This project is scheduled for completion in 
late 1985, and the final report is expected in 
early 1986. Project Manager: Harry Ng 

Electrical interference on power lines 

Distribution and transmission l ines are de­
signed to conduct electric power at 60 Hz. 
These l ines also conduct and radiate har­
monics and other electrical noise generated 
by both utility and customer equipment. Such 
harmonics and noise are potential sources of 
interference with dig ital communications and 
control systems. Typical victims of i nterference 
are transmission and distribution l ine carrier 
systems, control and switching equipment, 
and substation SCADA (supervisory control 
and data acquisition) equipment. In addition, 
this radiation is an interference to radio and 
television receivers, mi l itary radar, railroad con­
trol systems, communication receivers, and 
ship and airborne navigational systems. 

A project funded by EPRI and now com­
pleted provided new basel ine data on elec­
trical interference to both utilities and manu­
facturers (RP201 7). Using the results of this 
project as guidel ines, manufacturers can now 
design electrical and electronic equipment to 
min imize its susceptibil ity to harmonics and 
noise. 

During this project, harmonics and electrical 
noise measured on utility distribution systems 
were analyzed, producing amplitudinal, spec-

. tral, and temporal characteristics of both volt­
age and current. Conducted and radiated 
noise associated with more than 100 distribu­
tion feeders at 1 1  uti l ities located throughout 
the United States were examined. Noise and 
harmonics that could interfere with distribution 
line carrier (DLC) systems were measured at 
frequencies from 1 to 15  kHz, and additional 

noise measurements were made over the fre­
quency range of 1 0  Hz to 1 GHz. 

Electrical characteristics of the sources of 
noise change with the frequency range inves­
tigated. The noise was d ivided into distinct 
types. The temporal and spectral character­
istics of each type of noise were determined, 
and sources for each type of noise were identi­
fied and located whenever possible. Measure­
ment techniques and equipment were de­
scribed, new instrumentation and techniques 
having been developed because standard 
equipment and practices were inadequate for 
these measurements. 

The effects of radio noise were remarkably 
simi lar on distribution l ines at all utilities visited; 
no significant d ifferences cou ld  be attributed 
to location (north, south, east, or west), terrain 
(mountainous or smooth), or population (ur­
ban, suburban, or rural). The primary type of 
noise affecting the performance of DLC sys­
tems was d iscrete harmonics of the 60-Hz fre­
quency. The sources of these harmonics were 
always switching devices and nonl inear­
usually customer-loads. No case of util ity­
generated harmonics was identified as a l im­
iting factor i n  harmonics on distribution l ines at 
DLC frequencies. 

Significant temporal changes were found in 
amplitudes of noise and harmonics at and near 
DLC frequencies. These changes were usu­
ally abrupt rather than g radual. Many such 
changes were associated with customers who 
switched loads on and off or altered loads by 
load control devices. 

Gap noise was found on distribution lines 
at all util ities. Gap noise can be a significant 
source of interference to many communication 
and radio services that use frequencies from 
30 kHz to 500 MHz. Gap noise, however, is not 
a source of noise or interference on DLC sys­
tems that operate at frequencies below 30 
kHz. 

Experimental DLC systems from three major 
suppl iers were observed in operation during 



the measurements. All systems propagated 
two-way signals along distribution l ines and 
were limited in performance by harmonics of 
the power frequencies within the band paths of 
the DLC receivers. Also, signals from a DLC 
system operating on a distribution l ine were 
observed on other distribution lines operating 
out of the same substation and on distribu­
tion l ines operating from other substations. In 
cases in which signals were found on lines 
from other substations, a transmission line 
coupled the substations and was the likely 
path for DLC signals. 

A significant number of communications 
systems used utility distribution lines to propa­
gate signals from one location to another. Their 
operating frequencies were within the range 
used by DLC systems (1-15 kHz). Although no 
case of direct interference was found between 
a utility DLC system and a customer-operated 
system using the same frequency, any signifi­
cant expansion of DLC systems by the utilities 
would eventually result in interference among 
users. 

Resonant peaks in harmonic amplitudes 
were noted at and around DLC frequencies. 
These peaks changed in amplitude and some­
times in frequency as loads on the l ine were 
changed. 

The data and results published in the final 
report will be available to several sectors of the 
electric utility industry. On the basis of this re­
port, the utilities can consider mitigation tech­
niques, including filtering and shielding, to 
minimize interference. Manufacturers of high­
power switching equipment can see charac­
teristics of the harmonics that their equipment 
generates, and manufacturers of low-power 
electronic equipment can see characteristics 
of harmonics that may interfere with their rela­
tively sensitive equipment. Standards commit­
tees can also use these results as guidelines 
for developing new standards to protect both a 
utility and its customers. Project Manager: 
William E. Blair 

Wood pole decay 

Controll ing the decay of wood poles al ready in  
service is of considerable interest to  utilities. 
Utilities can save money by deferring replace­
ment of poles whose life can be extended. An 
earlier project demonstrated that the use of a 
fumigant can extend the life of Douglas fir and 
western red cedar poles by as much as 10  
years (RP212). To determine the effectiveness 
of fumigants on southern yellow pine poles, 
EPRI i n'rtiated a project with the College of En­
vironmental Sciences and Forestry at State 
University of New York at Syracuse (RP1471 ) .  

At the start of the project in 1980, poles rang­
ing in age from 10 years to 40 years that had 

been treated with penta or creosote were as­
sayed to identify the total fungal population. 
They were then treated with either Vapam or 
chloropicrin fumigant. Each year after this fu­
migant treatment, core samples of the poles 
were removed and analyzed for reinvasion of 
fungi. 

The data obtained to date show that in the 
five years since treatment, the southern yellow 
pine poles treated with Vapam have started to 
show an increase in the number of fungi rein­
vasions; in the first two years, no reinvasion 
was detected. Those poles treated with chloro­
picrin have shown only minimal reinvasion of 
fungi four years after treatment, with no rein­
vasion detected in the first two years. 

This project continues for another three years 
to gather more data on the fungi reinvasion 
and to determine the point at which another 
appl ication of fumigant may be necessary. 

The results of this project for the first three 
years were published in December 1982 (EL-
2768), providing data on two years of fumigant 
effectiveness. Project Manager: Harry Ng 

UNDERGROUND TRANSMISSION 

Dynamic rating and underground 
management system (DRUMS) 

The last five years have seen rapid develop­
ments in microelectronics and digital signal 
processors for many industries and appl'lca­
tions. A few successful demonstrations of sys­
tems to monitor the thermal ratings of under­
ground transmission circuits, such as those 
by Public Service Electric & Gas (funded 
by DOE), and separate initiatives by Florida 
Power & Light have encouraged further inter­
est in microtechnologies. 

After an in-depth assessment of these ef­
forts produced favorable recommendations 
in 1983, EPRI funded an important introduc­
tory study by Underground Systems, Inc.  
(RP7898-3). Recommendations had been 
made on 12 specific applications for sensing, 
monitoring, and analyzing various under­
g round transmission functions. Various ideas 
for receivin g  and communicating the data for 
control and operating purposes were also 
addressed. 

Received in  January 1985, a summary re­
port of the intensive one-year investigation and 
analysis fu l ly supported the practicality of the 
various applications and the likely benefits for 
utility underground transmission. As in  the in i­
tial recommendations prompting the study, 12  
applications were found to  be attractive, bene­
ficial, and feasible. 

o Monitor dynamic temperatures and thermal 
ratings 

o Determine dynamic, short-time emergency 
ratings 

o Predict temperature profiles for HPOF ca­
bles under future loading cr'1 teria 

o Monitor thermal backfill stabil ity 

o Compare thermal stabil ity of joints 

o Monitor insulation aging and remaining use­
ful cable life 

o Rapidly detect and locate faults 

o Detect and locate leaks accurately and 
promptly 

o Monitor pothead pressure and gas content 

o Locate joints in casings 

o Determine cable thermomechanical bend­
ing 

o Survey anticorrosion pipe coating 

Implementation of the 1 2  appl ications would 
be enhanced by low-cost, dependable com­
munication systems for the receipt of data and 
return of commands. A fully monitored, com­
plex dynamic rating and underground man­
agement system (DRUMS) would require the 
installation of monitors in every manhole, 
which would be capable of analyzing and 
transmitting data to central control. 

The central premise of DRUMS is to tie to­
gether present-day technology in the areas of 
cable rating, leak location ,  fault location, di­
electric aging,  corrosion protection ,  thermo­
mechanical bending,  and transient event re­
cording.  The communications bus can be the 
containment pipe system or the hydraulic fluid 
therein or the cable shields-all are feasible, 
rel iable, and economical means to commu­
nicate the data, intelligence, and commands. 

The substantial benefits of microtechnol­
ogy to underg round transmission have already 
been demonstrated in a few operating sys­
tems. The advantages of DRUMS are the sim­
plicity of retrofit, the ready adaptabil ity to 
existing systems, and the effectiveness of im­
plementing al l 12 or more applications for the 
operation and increased dynamic ratings of 
underground transmission.  Project Manager: 
Stephen Kozak 

OVERHEAD TRANSMISSION 

Improved foundation 
design computer program 

In 1978 EPRI i nitiated a contract with GAi Con­
sultants, Inc . ,  on laterally loaded dri l led piers 
(RP1280-1 ) .  The objective was to improve the 
method of designing dri l led pier foundations 
that are subject to high overturning moment 
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loads. This foundation, widely used for trans­
mission structures, consists of a reinforced 
concrete cage placed in an augered hole that 
is then fi l led with concrete. Because the con­
ventional methods ind icated consistently con­
servative design ,  it was suspected that util ities 
were spending too much money on founda­
tions. 

This project was a success. The most sign ifi­
cant result was the computer program PADLL 
(pier analysis and design for lateral loads). 
PADLL has become EPRl 's most extensively 
distributed software product: there are over 
100 licensees for this code; EPRI surveys indi­
cate that PADLL is widely used ; and the project 
results were well received at four seminars 
held for technology transfer. In addition, the 
project results have saved util ities money. An 
earlier R&D status report (EPRI Journal, Sep­
tember 1981) reported that Jersey Central 
Power & Light had estimated a $1 mil l ion sav­
ing on a construction project. Recently, Phila­
delphia Electric Co. used PAOLL on a con­
struction project and estimates saving over $1 
mi l l ion on the foundations for its Limerick 230-
kV transmission l ines. 

The semiempirical model used in PADLL 
represents the subsurface environment of a 
pier. Each of four springs represents a different 
soil response (Figure 1 ) .  This representation of 
the pier is not too far removed from the direct 
embedment foundation. But instead of placing 
a reinforced concrete pier in an augered hole, 
the d i rect embedment method places the 
transmission pole in the hole and then backfi l ls 
the remaining annulus. Figure 2 shows how 
direct embedment might be modeled in the 
context of the PADLL model .  

Direct embedment construction is common 
for wood poles. Its use in constructing trans­
mission lines with steel or concrete poles could 
sign ificantly reduce foundation costs. As in so 
many geotechnical areas, however, there are 
no hard data to support the many design meth­
ods that might be proposed. "Ten percent of 
pole length plus two feet" is the rule of thumb 
for determining the direct embedment setting 
depth of wood poles. Although this is no doubt 
a successful criterion for wood, other, higher­
strength, pole materials carry loads that stress 
soils to a much greater extent than is allowed 
by wood poles. 

A g roup of util it ies were convinced that re­
search on direct embedment was important 
and approached EPRI with a cofunding pro­
posal. An agreement between EPRI and each 
util ity to share the cost equally allowed the re­
search to begin immediately. Seven utilities are 
cofunding this work. 

Pennsylvania Power & Light Co. 
Jersey Central Power & Light Co. 
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Figure 1 This four-spring subgrade modulus model is the PADLL representation of the soil response to 
forces caused by the loads on a drilled pier foundation. 
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Figure 2 This four-spring subgrade modulus model is the MFAD representation of the combined annulus 
and soil response to forces caused by the loads on a direct embedment pole foundation. 



Delmarva Power and Light Co. 
Virginia Power Co. 
New York State Electric & Gas Corp. 
Kansas Gas and Electric Co. 
Potomac Electric Power Co. 

The design model used in PADLL has been 
modified to include representation of the an­
nulus material , and a series of field tests at the 
cofunding utilities is under way. The resultant 
model for d i rect embedment foundation de­
sign will be available in early 1986. The com­
puter program with this design option, MFAD 
(moment foundation analysis and design), wi l l  
incorporate the PADLL model for design of 
piers. The new name is a more apt expression 
of the foundation design and analysis loading 
mode, which is not restricted to piers. 

Another computer program for the design of 
transmission line foundations will also be re­
leased early in 1986. This program, CUFAD 
(compression/uplift foundation analysis and 
design) ,  is based on work done at Cornell Uni­
versity (RP1493) and wi l l  be an implementation 
of the unified model proposed for design of 
foundations subject to axial loads in Trans­
mission Line Structure Foundations for Uplift­
Compression Loading (EPRI EL-2870) and fur­
ther refined in the recently published Critical 
Evaluation of Design Methods for Foundations 
Under Axial Uplift and Compression Loading 
(EPRI E L -3771). Project Manager: Vito Longo 

POWER SYSTEM 
PLANNING AND OPERATIONS 

Load management 

The number of load management installations 
has g rown rap·1dly over the past five years. 
Many of these installations were justified by 
using an analysis of load research data, gener­
ating costs, bulk power purchase expenses, 
and projected future costs. To be useful in reg­
ular system operations, however, the capabili­
ties for managing loads must be translated into 
daily operating strategies. 

Most of the earlier load management instal­
lations in the United States have been imple­
mented by electric cooperatives; their installa­
tions were easily justified, and their operating 
strategies are relatively simple. But for utilities 
that own and dispatch their own generation, 
the problem of implementing load manage­
ment in daily operations becomes much more 
involved. Specifically, when the penetration of 
a utility's load management reaches a certain 
level, the utility must coordinate day-to-day 
load management actions with the overall sys­
tem dispatching functions to maximize the 
benefits of load management. This requires 
methods to determine how to use load man­
agement in dispatch control centers in the 
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most economic way while maintaining power 
system security. 

Started in September 1983, this project 
(RP2202) is a 27-month study by Energy and 
Control Consultants, I nc . ,  with Florida Power & 
Light Co. (FP&L) as the host util ity. Its overall 
objective is similar to that of RP2336 on dis­
persed storage and generation devices for nor­
mal system operations. 
0 Develop a set of practical computer pro­

g rams for the effective use of load manage­
ment in normal daily operations 

o Demonstrate the practicality of these tech­
niques by testing a prototype program on the 
backup control computer in the FP&L dispatch 
control center, using data from its power sys­
tem 

o Participate in a coordinated plan to develop 
a practical, advanced-generation control pro­
gram that wil l  incorporate load management 
(RP2202) and dispersed storage and genera­
tion devices (RP2336) into daily operations 

To date, l imited surveys have been made of 
electric utilities and load management equip­
ment vendors to identify current practices and 
future plans for load management. The pri­
mary factors influencing the integration of load 
management into control centers are the oper­
ational objectives, the time frame of use, the 
constraints on use, and the penetration level. 
Currently, a computer program is being devel­
oped for daily use by system operators to ana­
lyze the load management options. In addition, 
the effect of this program on other applications 
programs, such as unit commitment and eco­
nomic dispatch, is being investigated. Two 
seminars on the results of th·1s project are 
planned: one for early December 1985 and 
one for mid January 1986. Project Manager: 
Charles J. Frank 

Dispersed storage and generation 

The term dispersed storage and generation 
(DSG) identifies a group of power sources that 
includes cogeneration,  small hydroelectric, 
wind turbine, storage battery, solar thermal 
electric, and photovoltaic devices. Over the 
past several years, an increasing number of 
DSG devices have been installed by electric 
utilities, and more installations are expected in 
the future. These installations vary in owner­
ship, type, size, and number at a specific site. 
The amount of available DSG power can have 
an effect on such daily operations as operating 
reserve and generator load-following require­
ments. 

Started in December 1983, this project 
(RP2336) is a 27-month study by System Con­
trol, Inc . ,  with San Diego Gas & Electric Co. as 
the host util ity. The objectives are similar to 

those of RP2202 on load management for nor­
mal system operations, discussed above. 

To date, l imited surveys of electric utilities 
and DSG vendors have been completed. The 
primary factors influencing DSG device inte­
gration into control centers are the penetration 
levels ,  controllabil ity, dispersion , ownership, 
and types of the DSG devices. A computer 
program is being developed for daily use by 
system operators to analyze the DSG options. 
A seminar on the results of this project is 
planned for March 1986. Project Manager: 
Charles J. Frank 

Harmonics analysis software 

Since early 1984 EPRI has been distributing a 
computer program (HARMFLO, version 1 .0) 
that simulates the creation and propagation of 
harmonics in balanced, three-phase transmis­
sion and distribution networks. In that time, 
more than 30 utilities and industrial firms have 
used HARMFLO for the analysis of harmonics 
sources and possible remedies. 

I n  the third quarter of 1985, a new version 
(HARMFLO, 3 . 1 )  will be available from the EPRI 
Electric Power Software Center. The new ver­
sion, produced by Purdue University and Min­
nesota Power & Light Co. (RP2444-1 ) ,  differs 
from version 1 .0 in its modeling capabilities: 
12 pulse converters, HVDC controls, and zero­
sequence models have been added. Hence, 
both greater efficiency and 100-bus studies 
are now possible. 

Field tests were conducted to compare 
HARMFLO predictions with recorded harmon­
ics at an HVDC terminal and in the surrounding 
area. The simulation results were within 10% of 
the recorded values for frequencies below the 
eleventh harmonic (660 Hz). This comparison 
is satisfactory, considering the crudeness of 
the models used in HARMFLO. Load modeling 
at higher frequencies had a particularly pro­
found effect on the results. 

HARM FLO results also matched those of the 
electromagnetic transients program (EMTP) 
simulations, which used the same transmis­
•sion system model. This comparison shows 
that HARMFLO can replace the much more 
sophisticated but difficult-to-use EMTP for bal­
anced system conditions. 

Continuing R&D is d i rected at making 
HARMFLO easier to use and increasing the 
number of load modeling options available to 
the user. A new version containing these im­
provements (version 4.0) is expected to be re­
leased in the second quarter of 1986. More 
field tests are further validating the program. 
A newsletter for current HARMFLO users and 
a seminar for new users are planned for 1986. 
The contractor, Purdue University, is also pre­
pared to answer questions about program use. 
Project Manager: James V. Mitsche 

EPRI JOURNAL September 1985 59 



R&D Status Report 
ENERGY ANALYSIS AND ENVIRONMENT DIVISION 
Rene Males, Vice President 

MASSIVE AEROMETRIC 
TRACER EXPERIMENT (MATEX) 

Because its fossil fuel power plants emit large 
quantities of sulfur and nitrogen oxides, the 
U.S. electric power industry is a focal point for 
emission control strategies designed to con­
tain or reduce acid deposition. The possible 
cost of emission reductions is very large-on 
the order of billions to tens of billions of dollars 
per year- and thus it is in everyone's best in­
terests to know in advance whether a pro­
posed emission control strategy will produce 
commensurate environmental improvements. 
Unfortunately, the current state of knowledge 
regarding the transport of precursor materials 
from multlple sources, their chemical trans­
formation to acidic forms, and the regional de­
position of both wet and dry materials cannot 
satisfy this assessment requirement. In its con­
tinuing work to fill the knowledge gap, EPRI 
has identified the stumbling blocks in a major 
tracer gas study designed to characterize pol­
lutant transport, transformation, and deposi­
tion. 

There is a recognized need for better under­
standing of both the effects of acid deposition 
and the effects of specific emission control 
plans on that deposition. In response to this 
need, the federal government in itiated the Na­
tional Acid Precipitation Assessment Program 
(NAPAP) to assess damage that might be 
caused by acid deposition and to develop a 
better understanding of the source-receptor re­
lationship so that the efficacy of emission con­
trol strategies can be judged. The research plan 
specifies that the acid deposition problem be 
dissected into its component parts-source, 
transport, transformation, and deposition­
and that rigorous scientific analysis and devel­
opment be performed in each component 
area. These research results are then to be 
developed into a comprehensive regional acid 
deposition model, constructed under NAPAP 
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auspices at the National Center for Atmo­
spheric Research (NCAR). I n  keeping with the 
congressional mandate for NAPAP, the im­
proved assessment tools should be available 
for use in 1988 or 1989. This schedule clearly 
calls for research that would normally occupy 
a decade or more to be compressed into three 
or four years; such compression requires a 
level of success in key areas of research that 
simply cannot be guaranteed. 

The MATEX concept 

Recognizing that the federal research may 
bring only marginal improvement in the as­
sessment tools needed to establish source­
receptor relationships, EPRI suggested a 
parallel and complementary attack on the 
problem: intensive and extensive field mea­
surements of the key atmospheric transport, 
chemical transformation, and wet and dry 
deposition variables over the eastern North 
American continent. It was believed that the 
possibilities for success of such a brute force 
approach would be enhanced by the emer­
gence of an inert gaseous tracer technology 
that can uniquely identify air parcel motions 
over distances greater than 1 000 km (600 mi). 
This tracer capabil ity would permit evaluation 
of (1 ) the frequency with which ai r moved from 
a given source area to a given receptor area, 
and (2) the path it followed during each trip, 
including other source areas over which it 
passed en route. 

Tracking air mass motions in this way could 
also permit the direct measurement of wet and 
dry deposition of emitted pollutants and their 
products along the air mass trajectory and in 
the selected receptor areas. These empirical 
analyses could conceivably provide answers 
to the question of the relative contributions of 
distant and nearby sources to observed acid 
deposition. In addition, the measurement of 
emissions, meteorologic variables, chemical 
species concentrations, and observed depo-

sition would provide the information necessary 
to validate and improve regional acid deposi­
tion models on both a modular and a holistic 
basis. 

This concept, quickly dubbed MATEX, was 
brought to the attention of the joint chairs re­
sponsible for the operation of NAPAP. For its 
part EPRI pledged a contribution of $20 mil­
l ion, subject to the results of a comprehensive 
feasibi l ity analysis and the pledging of the bal­
ance of the costs (then estimated to be about 
$100 million) by other agencies. The NAPAP 
joint chairs agreed that pursuing this alterna­
tive was preferable to sole reliance on modular 
scientific research and model synthesis and 
asked for a comprehensive feasibi l ity analysis 
of the MATEX concept. 

Two such analyses were in itiated in 1983 
and completed in 1 984: EPRI funded an evalu­
ation of the full-scale MATEX concept, and EPA 
funded an analysis of a geographically less 
ambitious concept known as COMPEX (com­
prehensive experiment). At a joint workshop 
held in September 1984, the MATEX and COM­
PEX evaluation teams compared findings and 
derived recommendations for future empir­
ically oriented research on source-receptor re­
lationships in acid deposition phenomena. 

Feasibility findings 

After an exhaustive analysis of the scientific 
and logistic feasibi l ity of the MATEX concept 
(RP2434-2), the MATEX team concluded that 
the basic concept was sound and that even­
tually such an experiment could produce the 
required information for empirical assessment 
of source-receptor relationships. However, the 
MATEX and COMPEX study teams found the 
probabil ity of success for the experiment to be 
undesirably low because of certain major tech­
nical constraints. 

o Current methods for measuring dry deposi­
tion of chemically reactive gases and particu-



lates are inadequate and may lead to cumu­
lative errors (bias), as well as uncertainty, 
when used to calculate the integral loss of pol­
lutants over long travel distances. 
o Cumulative errors in both wet and dry depo­
sition estimates cause the uncertainty of mass 
balance calculations for reactive pollutants to 
grow considerably (>100%) after only one day 
of travel if only inert tracers are used ; in con­
trast, the goal is to achieve uncertainties of 
less than 50% for travel times of three or four 
days. 

o Inert tracers alone are i nadequate for esti­
mating multiple-source contributions to wet 
deposition, primarily because of differences in  
the way clouds process inert and chemically 
reactive materials .  

The study teams concluded that the logis­
tics of the experiment and the data analyses, 
while formidable, could be managed. How­
ever, on the basis of several experimental sce­
narios, using tagged chemically reactive m a ­
terials as well as i nert gaseous tracers, the 
costs for a full-scale MATEX program were es­
timated to be between $150 mi l lion and $285 
mi l l ion. Reflecting these findings, the primary 
recommendation of the study team was that 
MATEX be deferred until successful methods 
for reducing the uncertainty of the loss terms 
become available-for example, through the 
development of tagged chemically reactive 
tracers that mimic the chemistry of sulfur and 
nitrogen oxides. Such a tracer capability, avail­
able on a large scale and for multip le releases 
from a variety of source areas, would also ease 
the dry deposition measurement problem be­
cause the deposited tracer could be mea­
sured di rectly. 

The clear need for further tracer technology 
development to ensure the success of MATEX 
places this approach outside the NAPAP re­
quirement for producing definitive results by 
1988-1989. Although the completion of more 
l imited measurements is conceivable, these 
results would be more appropriate for model 
development and evaluation than for drawing 
definitive empirical conclusions. Unless com­
pel l ing reasons arise to defer the NAPAP as­
sessment schedule for several years, a full­
scale MATEX program and the associated 
tracer technology development are justified 
only on the grounds that similar needs for com­
prehensive description and understanding of 
the regional air quality system wi l l  exist in the 
future. In the meantime, the need to provide 
the best possible information for the NAPAP 
assessment stil l stands. 

Shifting focus 

With MATEX in abeyance, EPRl 's research ac­
tivities and planning have focused on ensur-

ing, to the extent poss ible, the scientific cred­
ib i l ity of the regional air quality models and 
data bases to be used in the NAPAP assess­
ment. Research on cloud chemistry (RP2023) 
has been extended and diversified to clarify 
the expected chemical pathways and reaction 
rates for preprocessing of sulfur dioxide and 
nitrogen oxides and the subsequent wet and 
dry deposition of acidic materials. EPRI is pro­
viding supplemental funding to the regional 
model development efforts at NCAR and at En­
vironmental Research & Technology (the latter 
under the Ontario Ministry of Environment and 
the Federal Republic of Germany) to help en­
sure the reliability and timeliness of those ef­
forts (RP1630-21) .  I n  addition, EPRI i s  moving 
to fill the data gap for real-world measure­
ments of total deposition, data necessary for 
rigorously evaluating the reliabil ity of model 
predictions. The cost of these research activ­
ities promises to be substantial-several tens 
of millions of dollars over the next four or five 
years-but th is must be weighed against the 
considerable value of producing better an­
swers. Project Managers: Robert M. Patter­
son and Glenn R. Hilst 

CHRONOLOGICAL SIMULATION 
OF GENERATING SYSTEM OPERATION 

With some recently developed software, oper­

ators and planners can simulate chronologi­
cally the hourly commitment and dispatch of a 

power supply system. This allows them to de­
termine if the system is physically capable of 

supplying the expected load and to estimate 
the cost of production. Dispatch simulation 

based on load duration curves is simpler and 
quicker than chronological simulation; how­

ever, these curves do not capture the full ef ­
fects of commitment decisions and techno­

logical constraints-for example, the limited 

reservoir capacity of pumped-storage plants 

and the ramp rate limitations of baseload ther­
mal units. If such constraints are overlooked, 

the role of peaking units, storage units, or dis­

patcher- controlled load management may be 
estimated incorrectly. The effects of commit­

ment decisions and technological constraints 
can now be analyzed more precisely with a 

new computer program called BENCHMARK 
(RP1808), which EPRI plans to release this 
year. As its name signifies, the program is in­
tended to calibrate, or benchmark, short -cut 

calculations based on load duration curves. It 
will be featured at a conference on production 

simulation in Chattanooga, Tennessee, Octo­
ber 22-24, 1985, cosponsored by EPRI, the 

Tennessee Valley Authority, and the University 
of Tennessee at Chattanooga. 

In planning and operating electric generating 
systems, situations can arise where it is neces-

sary to simulate hourly generation-both com­
mitment, which refers to the timing of unit 
startup and shutdown, and dispatch ,  which re­
fers to the apportionment of load among the 
operating units. Such an analysis simulates the 
duties faced around the clock by power sys­
tem operators. A difference, however, is that 
the operator has before him information on the 
current status of his system, whereas the ana­
lyst is looking at a point in the future and must 
postulate the whole range of conditions that 
may occur. 

Dispatch techniques have evolved along 
with multigenerator power supply systems, 
which appeared at the turn of the century. An 
initial approach was average-cost loading, 
which, strictly speaking, involves starting up 
and loading one unit at a time. The units are 
selected according to their  cost per kilowatt­
hour at full output. This type of dispatch does 
not depend on the chronological sequence of 
hourly loads. It can readily be represented or 
simulated by using a load duration curve, 
which is formed by sorting the loads by mag­
nitude. The area under the curve can then be 
divided into horizontal bands corresponding to 
the output of individual un its, with the baseload 
units in the lower bands, the intermediate units 
further up, and the peaking units in the upper­
most bands. 

In the 1920s dispatch techniques based on 
marginal cost were introduced. In this ap­
proach increments of power are apportioned 
to all the units in operation, with output ad­
justed so that all units operate at the same mar­
ginal cost. This type of dispatch cannot be rep­
resented exactly with a load duration curve. 

Another issue that arose was how to repre­
sent the effects of forced outages. Data be­
came available that statistically defined a 
forced-outage rate. This led to the use of 
pseudo deratings in load duration curves; for 
example, a 100-MW unit with a 10% forced­
outage rate was represented as a 90-MW unit. 
Although this practice gives the correct energy 
output, it does not give either the correct num­
ber of operating hours or the correct power out­
put. Such load duration curves, therefore, can­
not assess the adequacy of a supply system. 

This problem was overcome in the 1960s 
through the concept of the equivalent load du­
ration curve. The time axis was replaced by a 
probability axis and the power output axis was 
replaced by an axis showing the sum of the out­
put and the amount of capacity expected to be 
on forced outage. The axes were interchanged 
to show probability as the dependent variable. 
It then became possible to define loss-of-load 
probability in terms of the amount by which 
load and outages together exceed the in­
stalled capacity. Thus the equivalent load 
duration curve was able to replace various 
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rules of thumb for specifying requi red reserve 
margins.  

Sti l l  another difficulty was encountered in 
representing the dispatch of pumped-storage 
hydroelectric plants. The basic problem with 
using a load duration curve in this situation is 
that the hourly sequence is lost, and only infor­
mation on load magnitude remains. To the de­
gree that load magnitude is correlated with 
time of occurrence, a simple economic rule 
can be assumed: pump at low load levels, 
which probably occur at night, and generate at 
high loads, which probably occur during the 
day. Nighttime pumping would be followed by 
daytime generating,  and a reservoir of l im ited 
capacity would suffice. 

This simple picture may break down for sev­
eral reasons. The load duration curve could 
cover a period of many days-even a year. 
The peak loads of the duration curve would 
refer to the highest loads for the entire period , 
and the analysis could miss the daytime pump­
ing for days when the peak load was some-

r Reservoir lull 

what lower than the period peak. Other roles of 
a pumped-storage plant that take advantage 
of its quick response time would also be over­
looked in such a simplified analysis. Load 
duration curve dispatch of pumped-storage 
plants is therefore inherently crude in com­
parison with the analysis that is possible with a 
chronological simulation. 

An example of chronological dispatch simu­
lation is presented in Figure 1 ,  which shows an 
hourly load curve for a seven-day {168-hour) 
period. The generating units are grouped by 
fuel type and are stacked according to their 
degree of utilization. The system includes a 
pumped-storage plant; in this example the res­
ervoir is specified to be one-th ird fu l l  at the 
beginning and end of the period. As shown 
in the figure, a chronological simulation of 
pumped-storage d ispatch can track reservoi r 
level and ensure that the reservoir is refil led 
when necessary. Because of this real ism, such 
simulations are useful in assessing the degree 
to which pumped-storage plants el iminate 
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Figure 1 This BENCHMARK simulation of power system operation for a seven-day period shows the hourly 
utilization of five types of generating units, including a pumped-storage plant. The toad profile in the main 
graph includes the energy required for storage plant pumping. The top graph tracks the water level of the 
pumped-storage reservoir, which is represented as the potential energy available from the reservoir. The 
middle graph tracks the power input and output of the storage plant; pumping is indicated by the negative 
values and generation by the positive values. 
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supply shortages and reduce operating costs. 
The system i l lustrated in Figure 1 includes 

coal-fired baseload units that cycle to some 
degree. This is necessary so that other units 
can be operated throughout the night­
thereby avoiding the wear and cost associated 
with daily shutdown and startup. 

In  some cases it is important to simulate the 
ramp rate l imitations of nuclear and coal-fired 
baseload units that were designed for ful l-load 
operation but are now called on to follow load. 
Their operating inflexibil ity can lead, for ex­
ample, to what may be called "load short­
ages"-that is, situations when the load drops 
off faster than the output of these units can be 
decreased. Also, given ramp rate l imitations ,  
economic d ispatch may call for increasing the 
output of some units while the total load is de­
creasing; this cannot be represented by dis­
patch ing units at equal marginal cost. Further, 
to avoid ramp rate problems, an operator may 
have to unload efficient units before load de­
creases rather than dispatch each hour at 
minimum operating cost. 

These ramp rate situations are i l lustrated in 
Figure 2. In hours 3 and 4 there are capacity 
shortages, and either load would be shed or 
there would be an inadvertent inf low of power 
over the tie l ines. In hours 11 to 15,  load short­
ages occur because of the inabi l ity of the units 
to ramp down quickly enough. This could re­
sult in inadvertent outflows on the tie l ines. I n  
hours 18  and 19, the load drops below the min­
imum permissible output of the units, and there 
may be another inadvertent outflow. Hours 24 
and 25 show the output of the inexpensive unit 
increasing while the total load is dropping off. 
If the operator had looked ahead to hours 1 1  
t o  15 ,  the load shortage could have been 
avoided s imply by ramping down the inexpen­
sive unit several hours earlier. This requires a 
look-ahead feature in the simulation. The load 
shortage in hours 1 8  and 19 is due to the min­
imum operating l imits of the generators, how­
ever, and could not be avoided without shut­
ting down a un it. 

Even if hourly loads could be forecast pre­
cisely, the future performance of a system 
would not be known with certainty because of 
the possibility of forced outages. In a supply 
system of 1 00 or more units, each subject to 
fu l l or partial outages, there are a large number 
of potential combinations of available capacity. 
An efficient method of simulation that stil l per­
mits the construction of hourly detail is to use 
random draws, or trials, in a Monte Carlo ap­
proach. Each draw specifies a set of avai lable 
generating units; those units with high forced­
outage rates are the ones most l ikely to be 
absent from the set. Once the set of avai lable 
units is specified, the BENCHMARK computer 
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Figure 2 In this simulation of various ramp rate effects, load demand is indicated by the heavy black line 
and unit output by the shaded areas. Each unit has a minimum output of 100 MW. Unit operating limits can 
lead to mismatches between load demand and feasible generating output-as in hours 3 and 4, when load 
exceeds feasible output, and in hours 1 1  and 15 and 18 and 19, when minimum feasible output exceeds 
load. 
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program can calcu late the cost or perfor­
mance factor under consideration. 

The computing effort is proportional to the 
number of trials and could be expensive. I n  
practice, however, this need not be the case. 
The number of trials required varies with the 
square of the accuracy desired . In  calculating 
an expected value for production cost, for ex-
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ample, if an accuracy goal of 1% requires 100 
draws, a goal of 5% would require only four 
draws-that is, the number of trials would drop 
by a factor of 25. In a production cost simula­
tion using a Monte Carlo approach, the distri­
bution of outcomes will be skewed, with occa­
sional outcomes considerably above the mean 
but without simi lar offsetting values below the 

mean. The high excursions in production cost 
are for the infrequent cases in which a sub­
stantial number of the most efficient units are 
simultaneously forced out of service. 

In summary, attention to the chronological, 
or time-linked, behavior of a power supply sys­
tem becomes imperative when the role of stor­
age units is considered, when ramp rate l im­
itations affect system response, or when other 
dispatch considerations (e.g . ,  min imum up­
time or minimum downtime) are brought into 
play. Because dispatch simulations based on 
load duration curves suppress chronology, 
they cannot strictly represent commitment de­
cisions and wil l produce biased results. Ramp 
rate l imitations may require peaking units, 
such as combustion turbines or pumped­
storage units, to be operated whenever base­
load units cannot respond rapidly enough to 
sudden increases in load. If ramp rate l imita­
tions are overlooked, the uti l ization of peaking 
units or the advantages of dispatcher-con­
trolled load management may be underesti­
mated. The actual operation of storage units 
requires tracking the amount of stored energy 
avai lable-for example, the water level in  a 
pumped-storage plant. This is readily accom­
plished in a chronological simulation but not in 
the load duration domain .  If this l imitation is not 
considered, the usefulness of storage plants 
may easily be overestimated. 

Chronological simulation has a role, there­
fore, in analyzing both the physical and the 
economic behavior of electric power supply. It 
has been implemented in the BENCHMARK 
computer program, developed by EPRI jointly 
with several utilities and universities. BENCH­
MARK simulations wil l be helpful i n  addressing 
a variety of issues, including new-plant as­
sessment, utility power transactions, fuel inter­
ruptions, maintenance reschedul ing,  and rate­
making. Sti l l ,  its in itial purpose-to calibrate 
load duration curves-may ultimately prove to 
be its most useful application. Project Man­
ager: J. K. Delson 
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ADJUSTABLE-SPEED DRIVES 

Motors keep American industry moving. They 
turn fans and blowers, run pumps and com­
pressors, spin blenders and centrifuges, pro­
pel conveyors and process lines, twirl screws 
and augers. Many utility and industrial motors 
operate at only one speed or a few speeds. If 
they could be made to operate at limitless dif­
ferent speeds, each geared to the job at hand, 
they could save energy, improve productivity, 
prolong equipment life, and even enhance 
product quality. This range of speeds is now 
available to anyone who installs an electronic 
adjustable-speed drive (ASD). 

Fan curve 
System resistance 

Utility ASD retrofits 

I n  1982 EPRI contracted with Bechtel Power 
Corp. to evaluate a number of gas-, oi l- , and 
coal-fired power plants to determine the eco­
nomics of converting major auxil iary motors 
from constant speed to adjustable speed, us­
ing equipment avai lable commercially world­
wide (RP1464-03). With excellent cooperation 
from utilities and equipment manufacturers in 
providing data for the study, Bechtel was able 
to evaluate 200 motors in 60 uti l ity generating 
units. 

Bechtel enhanced an EPRl-developed 
screening technique that determines the en-

Fan laws Auxiliary 
Heat balance power 

savings 
Fan capacity vs. electricity output 
Drive system loss 

Heat rate vs. load 
Fuel cost Fuel 

savings 
Hourly load schedule 1 

ergy savings obtainable by operating in let 
vanes or control valves in the fully open posi­
tion and adjusting flow rates by changing mo­
tor speed. Figure 1 shows the technical and 
economic data required to estimate efficiency 
improvement and payback. In determin ing the 
economics of power plant retrofits, Bechtel 
used equipment costs provided by a number 
of manufacturers i n  the United States, western 
Europe, and Japan. Bechtel used the cost of 
both electronic and mechanical ASD systems. 

The study showed that mechanical ASD sys­
tems have the quickest payback, that elec­
tronic drive systems have the highest dollar 

Fuel escalation Present-
Annual interest rate worth 

fuel 
Remaining life of plant savings Present-

worth 
net 

Capital cost Present- savings 
worth 

Annual fixed-charge rate capital 
cost 

Annual interest rate Present- i 
Remaining life of plant worth 

factor 

Figure 1 Present worth of energy savings. Essentially, the calculation converts the energy saved in the mechanical throttlers to reductions in fuel consumption and 
compares the sum of the annual fuel cost savings for the remaining life of the plant with the cost of the ASD equipment, including installation and any company 
overhead costs. The comparison of savings and costs is carried out in present-worth arithmetic, which is often used in util ity economic studies. 
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return, and that gas- and oi l-fired load-cycling 
units are the most economic for retrofits. Some 
load-cycl ing coal-fired plants are economic 
with ASD conversions, depending on their 
load curve, fuel cost, and other economic fac­
tors. Baseload coal-fired plants generally do 
not produce enough savings to justify equip­
ping large motors with ASDs, but ASDs may be 
valuable for solving other problems, such as 
reducing surrounding noise levels or lowering 
fan blade erosion from fly ash particles. 

The most practical choice for power plant 
motor retrofit is the induction motor electronic 
drive, which c/3.n be installed in the power sup­
ply to the motor. This drive system requires no 
motor foundation changes, as do mechanical 
ASD couplings, and allows the use of the exist­
ing induction motor. 

Based on the opportunities for fuel cost sav­
ings shown by the study, EPRI expanded the 
project to include field tests with participating 
util ities to demonstrate economics, reliabil ity, 
and ease of installation (RP1966-06). 

Early field test results 

The first of the utility ASD retrofits to become 
operational was at Sierra Pacific Power Co. 's 
Fort Churchi l l  station, located 70 miles south­
east of Reno, Nevada. The station consists of 
two 1 10-MW gas/oil-fired units. Unit 2 provides 
spinning reserve; that is, it runs at minimum 
load but is capable of system support to com­
pensate for loss of a transmission line or for 
loss of generating capacity. The difference in 
fuel cost between gas and coal or economy 
power purchases makes reducing this min­
imum load very attractive. 

On February 12,  1985, Sierra Pacific suc­
cessfully completed acceptance testing for 
conversion of a Fort Churchi l l  station boiler 
feedpump to adjustable-speed operation. A 
power electronics ASD was installed to drive 
the existing induction motor. The ASD has low­
ered the minimum load on the unit by 4 MW, 
saving $800,000 per year in fuel . Additional 
fuel savings that result from removing feed­
water control valve losses will increase the 
total savings to more than $1 mi l l ion annu­
al ly. These fuel savings will easily offset the 
$375,000 installation cost in less than six 
months. 

Fort Churchi l l  is the first of a series in the 
EPRI team approach to ASD retrofit field tests 
designed to demonstrate the reliability and ap­
plication benefits of commercially avai lable 
ASDs on power plant pumps and fans. The Fort 
Churchi l l  team includes Sierra Pacific, EPRI­
Bechtel, and General Electric Co. (Sierra Pa­
cific had selected General Electric to provide 
the ASD package.) Iowa Publ ic Service Co.'s 
George Neal Unit 2 wi l l  be the next ASD retrofit 
and wi l l involve a sl id ing pressure conversion 

Figure 2 Projected energy consumption by fans, compressors, blowers, and pumps, 1980-2000. Color 
bars represent consumption with ASDs; gray bars, without ASDs. (Source: Resource Dynamics Corp. work­
ing paper, " Industrial Electrotechnology Electricity Projections," August 1984.) 
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with ASDs on two 7000-hp boiler feedpumps. 
These conversions wil l aid EPRl 's assessment 
of the ASD technology. 

EPRI and Bechtel are evaluating several 
other utility ASD retrofits for induced-draft fans, 
forced-draft fans, primary ai r fans, gas recir­
culation fans, and condensate pumps. In addi­
tion, EPRI and the CRS Sirrine Co. are identi­
fying industrial customers who may benefit 
from ASD applications (RP1966-4). During 
April EPRI-Sirrine teamed with TVA and the city 
of Columbia to retrofit the aeration system at 
the Columbia Waste Water Treatment Plant 
with electronic ASDs. By el iminating mechani­
cal thrott l ing and control l ing compressor air 
flow by varying compressor speed with an 
ASD, the team estimates that over 500,000 
kWh a year can be saved. In add i tion to energy 
savings, reduced maintenance on compres­
sor drive motors because of the soft-start char­
acteristics of the ASD should lengthen the life 
of compressors, motors, and switchgear. 

ASDs are being used where processes re­
quire speed control, where applications can 
result in significant energy savings, and where 
soft-starting may reduce wear and tear on sys­
tem components. Appl ications requiring speed 
control include conveyor systems in the food 
processing, paper, automobile, and consumer 
goods industries. Energy savings potential is 
high in pumping and air-handling applications. 
ASDs are now used in pumping applications in 
the chemical, oi l ref in ing, pulp and paper, and 
food industries. 

The U.S .  market for util ity and industrial 

1 990 2000 

Year 

ASDs is growing dramatically. At present, more 
than 100,000 units rated at less than 50 hp are 
in use; several thousand units rated between 
100 and 200 hp are in service. A few hundred 
units rated at more than 2000 hp are either on 
order or are operat ing, mostly in uti l ity applica­
tions. A few units as large as 80,000 hp are 
operating as starters on large pumped-hydro 
units. 

Strong g rowth in ASD applications is ex­
pected over the next decade for pumps and 
for air handling in the 20-200-hp range as the 
cost per horsepower continues to decline. 
Current use of ASDs is far below the potential 
that exists for energy saving and problem solv­
ing. From an estimated 21 bil l ion kWh con­
trolled by ASDs in 1980, ASDs are projected to 
control some 387 bi l l ion kWh by the turn of 
the century, an amount g reater than all elec­
tricity used in the process industries today 
(Figure 2) .  

To keep util ity and industrial engineers ap­
prised of the latest information avai lable on 
ASDs, EPRI prepared the ASD Directory, which 
is avai lable from Resource Dynamics Corp., 
1340 Old Chain Bridge Road, McLean, Virginia 
22101-(703) 356-1300. This publication lists 
ASD manufacters by hp category and wi l l pro­
vide an outline of type of drive technology and 
cost for ASDs from 15-hp to 20,000-hp appli­
cations. The ASD Directory explains where 
ASDs can fit into an operation, what they are 
likely to cost, who is sel l ing them, and how to 
determine how much energy they can save. 
Project Manager: Ralph Ferraro 
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R&D Status Report 
NUCLEAR POWER DIVISION 
John J. Taylor, Vice President 

ULTRASONIC PIPE INSPECTION 

Boiling water reactor (BWR) piping compo­
nents are susceptible to intergranular stress 
corrosion cracking (IGSCC). This cracking is 
usually discovered by ultrasonic testing (UT) 
methods during periodic in-service inspec­
tions. The method requires a combination of 
talents, skill, and psychological disposition. 
Basically, it is a manual method involving a hu­
man operator trained to hand-scan an area of 
concern around pipe welds with a UT instru­
ment, which affords the necessary signals for 
human interpretation. Inherent limitations of 
manual UT have brought to light several con­
siderations that have formed the basis for de­
velopment of automated UT systems. 
Primary to the inspection activity is concern 
about radiation exposure. A UT inspector is 
always in close proximity to radiation sources. 
Biologically, the inspection time is l imited and 
psychologically stressful. Both these condi­
tions, along with inherent human variabil ity, 
combine to make accurate manual inspections 
difficult. 

Recording of data is normally through the 
media of charts, graphs, and diagrams; en­
tries to those media are prescreened by either 
operator judgment or preset rules. Thus, only 
an imprint or outline of pipe conditions is avail­
able. In addition, because of the considerable 
amount of information avai lable by UT, the 
thought and computation burdens for a human 
are overbearing, and only certain operator­
defined key characteristics of the UT signal 
can be rated at any one time. Th is may lead to 
ambiguous decisions regarding the condition 
of a pipe ( i .e . ,  decisions based on sparse input 
data are often in conflict). These are consider­
ations that define the opposite of the inspec­
tion setting one would l ike to have. 

The answers to the following issues are 
evolving through the probing of automated 
and computer -aided options. 
0 Reduction of radiation hazard and psycho­
logical stress 
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0 Abundant information-processing capabil ity 
� Consistent decisions regarding the same UT 
signal 
0 Abi l ity for repeated review of high-density, 
detailed information at an analytic pace 

Numerous cases of pipe cracking have 
been discovered in BWRs in recent years. 
These incidents have provided impetus for the 
rapid i ntroduction of advanced ultrasonic pipe 
i nspection systems. Such systems are typi­
cally equipped with remotely controlled elec­
tromechanical scanners, are interfaced with 
computers, and have data storing and retrieval 
capabilities. Some systems also have deci­
sion-making capabil it ies. The objectives of 
these developments are the reduction of radi­
ation exposure and the increased reliabil ity of 
inspection results. 

Advanced pipe inspection systems may be 
divided into two main categories: feature­
based systems and imaging systems. Feature­
based systems extract parameters, or fea­
tures, from ultrasonic waveforms and allow an 
inspector to make judgments by referr ing to 
correlations that have been discovered be­
tween various features and physical properties 
related to the structural integ rity of a piping 
component. Imaging systems employ the data 
obtained from high-density ultrasonic scans of 
an inspection zone in order to construct color­
coded images of the material surrounding a 
weld. These images give an inspector a map of 
material flaws. Using other information relating 
to spatial location, echo strength, probable 
stress condition, and so forth, along with the 
image presentation, enables increased relia­
bi l ity in decision making.  Within the last two 
years several such systems have passed the 
NRC Bulletin 83-02 requirement for the de­
tection of IGSCC. 

The fi rst system to pass such criteria was 
CUDAPS (computerized ultrasonic data acqui­
sition and processing system) .  CUDAPS com­
prises an automatic pipe scanner, a scanner 
controller, a specialized configuration of com-

puter hardware and software, and a pulser­
receiver unit. The scanner, AMAPS, was spe­
cifically designed for pipe scanning by Am­
data, Inc . ,  with EPRI funding. Most automated 
systems developed to date use AMAPS. The 
computerized configuration allows the oper ­
ator to preprogram scan patterns and other 
data acquisition parameters. The scanner can 
be remotely positioned by using a cable­
joystick combination. As an option, the com­
puter (ALN 4060) can be programmed to rec­
ognize certain classes of reflectors by using a 
statistically derived combination of features. 
Field experience with CUDAPS was gained 
at two sites-the James A Fitzpatrick plant 
in  Scriba, New York, and the Edwin I. Hatch 
plant in Baxley, Georgia. All components of 
CUDAPS were developed under RP1125-1 and 
RPT104-1 and are now commercially available. 
Amdata Systems, Inc . ,  of San Jose, California, 
suppl ies the hardware necessary for scanning 
and computer interfacing. General Research 
Corp. of Santa Barbara, California, supplies 
the ALN 4060 flaw discriminator. 

l ntraSpect was the first automated, remotely 
controlled ultrasonic pipe inspection system to 
pass the un l imited NRC qual ification test. ln­
traSpect is a combination imaging, data acqui­
sition, and data retrieval system. It uses an 
AMAPS scanner in preprogrammed pattern 
modes to collect ultrasonic data for image pro­
duction . The resultant images are color-coded 
according to amplitude response and are spa­
tially consistent with the actual inspected 
piece; they are therefore useful as aids for in­
spectors. Radio frequency waveforms ac­
quired during scann ing are stored on floppy 
disks and may be viewed in a superposition 
mode on the image scope. The value of the 
data acquired is largely due to the retention of 
positional information, such as the relative po­
sition of the UT probe with respect to the flaw. 
This device was developed with BWROG I I  
funding and has been used at the Edwin I .  
Hatch plant and the  Savannah River produc­
tion facility. l ntraSpect is also available through 



Amdata Systems, I nc. Several lntraSpect sys­
tems have been purchased by the Tennessee 
Valley Authority. 

Pacific Gas and Electric Co. originally con­
tracted Dynacon Systems, Inc. ,  for the devel­
opment of the ultrasonic data recording and 
processing system (UDRPS). EPRI supplied 
funding for improvements to this system 
(RP2165-3). UDRPS is a multichannel target­
tracking imaging system. It contains software 
that d i rects scanning, so if a target reflector is 
present, the target wil l always be included in 
the scan. The system derives its computing 
power from a Hewlett-Packard 1000 computer. 
I t  also uses an AMAPS scanner, although 
in much faster modes than does the lntra­
Spect system. Position-annotated images are 
available with this system, along with three­
dimensional views of those configurations that 
are amenable to the required scanning. The 
UDRPS system is available either as a product 
or as part of an inspection service package. It 
is offered by Dynacon Systems, Inc. ,  of Con­
cord, California. This system has been pur­
chased by Baltimore Gas and Electric Co. 

Ultra Image I l l ,  a scanning and imaging sys­
tem developed by General Dynamics Corp. ,  
has been adopted and modified by  General 
Electric Co. for use as a component of its in­
spection system, GEDAS (General Electric 
data acquisition system). Original ly, Ultra Im­
age was used for high-density normal A­
scans. (Normal means that the sound energy 
enters the part to be scanned at right angles to 
the part surface. A-scan means that an ampli­
tude as a function of depth in material record is 
generated.) The amplitudes thus obtained 
were then color-coded. General Electric modi-

fied Ultra Image to handle the angle beam (en­
try of sound at angles other than 90°) in­
spection modes required for nuclear piping 
configurations. 

A novel system for obtaining position­
annotated ultrasonic data has been developed 
by Southwest Research Institute. Its system 
has been dubbed SUTARS (search unit track­
ing and recording system) .  The ultrasonic 
transducer housing is equipped with two 
sound-emitting beacons. The SUTARS opera­
tor first mounts a track or belt of sound re­
ceivers on the pipe to be inspected and then 
scans manual ly. The transducer position is ob­
tained from the beacon signals received by the 
pickup track. When ultrasonic data are desig­
nated to be recorded, position information is 
recorded simultaneously. Data are stored on a 
portable cassette system; the cassettes can 
be uploaded to a larger computer processing 
system for analysis and hard-copy output. 

A semiautomatic inspection system, ALARA 
I, has been configured by Virginia Corporation. 
ALARA I consists of a remotely controlled 
scanner that is equipped with an automatic 
couplant feed system. (Transducers are cou­
pled to parts with a sound-conducting gel 
called couplant.) Al l data are read from ultra­
sonic instruments and manually recorded. In­
terpretation is the same as in standard manual 
inspections. 

European efforts have materialized into 
ROBIE, ZIPSCAN, and P-Scan. ROB I E  is a sys­
tem that has a joystick-controlled scanner and 
standard ultrasonic instrumentation .  ROBIE 
was developed by the Kraftwerk Union Ag of 
Germany and is similar in concept to ALARA I; 
it has remote automatic scanning with manual 

data recording and human interpretation. ZIP­
SCAN is a product of the United Kingdom 
Atomic Energy Authority Harwell Laboratory. 
ZIPSCAN is akin to GEDAS. It can perform 
high-speed averaging of up to 256 waveforms. 
I f  desired, waveforms can be stored and dis­
played. The Danish Institute of Weld ing devel­
oped P-Scan, or projection scan, for its in­
spection protocol. This device produces scan 
images that are representative of planes cut at 
right angles to the scan surface and paral lel to 
the surface. 

EPRI is  continuing its efforts to advance the 
utility of computer-aided pipe inspection sys­
tems. The lessons learned through experience 
with automated systems suggest combining 
the capabilities of feature-based and image­
based systems. The evolving field of expert 
systems is also receiving consideration along 
these l ines. The operators, whose opinions wil l 
eventually form the final decision, use thought 
processes based on feature values, images, 
past experience, strategies, and so on. Fea­
ture-based systems are supplying key vari­
ables to the inspectors and imaging systems 
guidance on spatial locations of reflectors. Ex­
pert systems may be able to supply the reci­
pes for combining these two inputs to reduce 
the speculative nature that is often associated 
with manual inspection. 

Advanced pipe inspection systems are 
h igh ly cost -effective. They significantly reduce 
outage time, personnel exposure to radiation, 
and the number of inspection personnel. They 
also provide permanent, low-cost data storage 
for future reference. Project Managers: Gary 
Dau, Mohamad Behravesh, Soung-Nan Liu, 
Michael Avioli 
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New 
Technical  
Reports 
Each issue of the Journal includes information on 
EPRl's recently published reports. 

Inquiries on technical content may be d i rected 
to the EPRI project manager named at the end of 
each entry: P.O. Box 10412, Palo Alto, California 
94303; (415) 855-2000. 

Requests for copies of specific reports should be 
directed to Research Reports Center, P.O. Box 
50490, Palo Alto, California 94303; (415) 965-4081. 
There is no charge for reports requested by EPRI 
member utilities, government agencies (federal, 
state, local), or foreign organizations with which EPRI 
has an agreement for exchange of information. 
Others in the United States, Mexico, and Canada pay 
the listed price. Overseas price is double the listed 
price. Research Reports Center will send a catalog of 
all EPRI reports on request. 

EPRI also has a report summary program available 
without charge to members and by subscription to 
nonmembers. Each summary provides a concise 
one-page description of the published report. For in­
formation on how to order report summaries, please 
contact the EPRI Technical I nformation Division, 
P.O. Box 10412, Palo Alto, California 94303; (415) 
855-2411. 

ADVANCED POWER SYSTEMS 

Wind Power Stations: 1984 Survey 
AP-3963 Final Report (RP1348-17); $16.00 
Contractor: Strategies Unlimited 
EPRI Project Manager: F. Goodman 

Combustion of H-Coal and EDS 
Coal Liquids in a Tangentially Fired Boiler 
AP-3986 Final Report (RP2112-91); $16.00 
Contractor: KVB Incorporated 
EPRI Project Managers: W. Rovesti, H. Schreiber 

Cost and Performance of Kellogg 
Rust Westinghouse-Based 
Gasification-Combined-Cycle Plants 
AP-4018 Final Report (RP2029-4); $26.50 
Contractor: Fluor Engineers, Inc. 
EPRI Project Managers: M. Gluckman, A Lewis 

Part-Failure Rate Data Book Outline for 
Gas Turbine and Combined-Cycle Plants 
AP-4025 Final Report (RP990-6); $10.00 
Contractor: Westinghouse Electric Corp. 
EPRI Project Manager: A Dolbee 

Reliability, Availability, and Maintainability 
Audit of the Cool Water Plant Units 3 and 4, 
Southern California Edison Company 
AP-4039 Final Report (RP990-7); $10.00 
Contractor: Arinc Research Corp. 
EPRI Project Manager: A Dolbee 

Engineering Evaluation of the Nonintegrated 
Two-Stage Liquefaction Process Concept 
AP-4047 Final Report (RP411-5); $26.50 
Contractor: Stearns Catalytic Corp. 
EPRI Project Manager: N.  Hertz 
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WTS-4 Wind Turbine Test Program 
AP-4054 Final Report (RP1996-4); $20.50 
Contractor: Hamilton Standard 
EPRI Project Manager: F. Goodman 

Goodnoe Hills MOD-2 Cluster Test Program 
AP-4060 Final Report (RP1996-6); Vol. 1, $14.50; 
Vol. 2, $14.50; Vol. 3,  $11.50 
Contractor: Boeing Aerospace Co. 
EPRI Project Manager: F. Goodman 

Analysis of Power Cycles for 
Geothermal Wellhead Conversion Systems 
AP-4070 Final Report (RP2195-1); $26.50 
Contractor: United Technologies Research Center 
EPRI Project Manager: E. Hughes 

COAL COMBUSTION SYSTEMS 

Alternative Fuel Firing in an Atmospheric 
Fluidized-Bed Combustion Boiler 
CS-4023 Final Report (RP2306-1); $16.00 
Contractor: Northern States Power 
EPRI Project Manager: C. Derbidge 

Proceedings: Turbine Bearings 
and Rotor Dynamics Workshop 
CS-4024 Proceedings (WS81-240); $37.00 
Contractor: Wood Leaver and Associates, Inc. 
EPRI Project Manager: T. McCloskey 

Proceedings: Pressurized 
Fluidized-Bed Combustion Power Plants 
CS-4028 Proceedings (RP1645); $44.50 
Contractor: Meeting Planning Associates 
EPRI Project Manager: S. Drenker 

Development Plan for Advanced 
Fossil Fuel Power Plants 
CS-4029 Final Report (RP1403-4); $28.00 
Contractor: Gilbert Associates, Inc. 
EPRI Project Manager: A Armor 

Continuous Testing of the Resox Process 
CS-4035 Final Report (RP1257-2); $14.50 
Contractor: Foster Wheeler Development Corp. 
EPRI Project Manager: T. Morasky 

Site 1 Field Testing for 
Cooling-Water Treatment 
CS-4040 Final Report (RP1261-4); $38.50 
Contractor: Stearns Catalytic Corp. 
EPRI Project Managers: W. Chow, W. Micheletti 

Design and Operation Checklists for 
Zero Discharge Power Plant Water Systems 
CS-4045 Final Report (RP1260-38); $11.50 
Contractor: Water Management Associates 
EPRI Project Manager: W. Micheletti 

Performance Testing of a 
High-Throughput Fluidized-Bed Combustor 
CS-4052 Final Report (RP525-1); $16.00 
Contractor: General Electric Co. 
EPRI Project Managers: C. Aulisio, S. Ehrlich 

PCB Disposal Manual 
CS-4098 Final Report (RP1263-14); $31.00 
Contractor: SCS Engineers, Inc. 
EPRI Project Manager: R. Komai 

ELECTRICAL SYSTEMS 

Emission-Controlled Fault Current Limiters 
EL-3962 Final Report (TPS80-731); $16.00 
Contractor: Rasor Associates, Inc. 
EPRI Project Manager: M .  Rabinowitz 

Unified Active and Reactive Power 
Modulation of HVDC Systems: Evaluation 
of Controller Design and Robustness 
EL -3990 Interim Report (RP1426-2); $11.50 
Contractor: General Electric Co. 
EPRI Project Manager: S. Nilsson 

Evaluation of Ultrahigh-Speed 
Relay Algorithms 
EL-3996 Final Report (RP1422-2); $28.00 
Contractor: Rensselaer Polytechnic I nstitute 
EPRI Project Managers: S. Wright, S. Nilsson 

Power Transformer With Two-Phase Cooling 
EL-4003 Final Report (RP1499-1); $20.50 
Contractor: General Electric Co. 
EPRI Project Manager: E. Norton 

ENERGY ANALYSIS 
AND ENVIRONMENT 

Sample Design for Load Research: 
Current Practice and Methods 
EA-3994 Topical Report (RP1816-3); $16.00 
Contractor: Applied Management Sciences, Inc. 
EPRI Project Manager: E. Beardsworth 

A Historical Perspective on 
Changes in U.S. Energy-Output Ratios 
EA-3997 Final Report (RP1158-1); $25.00 
Contractor: Resources for the Future, Inc. 
EPRI Project Manager: D.  Geraghty 

Assessing the Health Risks 
of Airborne Carcinogens 
EA-4021 Final Report (RP1946-1); $19.00 
Contractor: Arthur D. Little, Inc. 
EPRI Project Manager: P. Ricci 

Short-Run Load Forecasting: Proceedings 
of the Fourth EPRI Forecasting Symposium 
EA-4080 Proceedings (RP1050-8); $38.50 
Contractor: Applied Forecasting & Analysis, Inc. 
EPRI Project Manager: J .  Wharton 

ENERGY MANAGEMENT 
AND UTILIZATION 

Field Performance of Residential 
Thermal Storage Systems 
EM-4041 Final Report (RP2036-11); $17.50 
Contractor: Oak Ridge National Laboratory 
EPRI Project Manager: V. Rabi 

Performance of Commercial 
Cool Storage Systems 
EM-4044 Final Report (RP2036-12); Vol. 1, $26.50; 
Vol. 2, $23.50 
Contractor: Ayres Associates 
EPRI Project Manager: V. Rabi 



NUCLEAR POWER 

Evaluation of Primary System 
Decontamination at the 
Monticello Nuclear Generating Plant 
NP-3831 Interim Report (RP2296-2) ;  $10.00 
Contractor: Radiological and Chemical 
Technology, Inc. 
EPRI Project Manager: C. Wood 

A Study of Common-Cause Failures, 
Phase 2: A Comprehensive Classification 
System for Component Fault Analysis 
NP-3837 Interim Report (RP2169-1); $14.50 
Contractor: Los Alamos Technical Associates , Inc. 
EPRI Project Manager: 0. Worledge 

Review of Selected Topics From PRA 
Studies: System Dependencies, Human 
Interactions, and Containment Event Trees 
NP-3838 Interim Report (RP2171-1); $22.00 
Contractor: NUS Corp. 
EPRI Project Manager: 0. Worledge 

Evaluation of Eddy-Current 
Procedures for Measuring Wear 
Scars in Preheat Steam Generators 
NP-3928 Interim Report (RP1570-2, 
RPS301-1); $8.50 
Contractor: J. A. Jones Applied Research Co. 
EPRI Project Manager: T. Oldberg 

Installation and Startup of the 
Palisades Nuclear Plant Asphalt 
Volume-Reduction Solidification System 
NP-3933 Topical Report (RP1557-1); $1150 
Contractor: Sargent & Lundy Engineers 
EPRI Project Manager: M. Naughton 

Erosion/Corrosion in Nuclear 
Plant Steam Piping: Causes 
and Inspection Program Guidelines 
NP-3944 Final Report (RP2231-2); $11.50 
Contractor: Technicon Enterprises, Inc. 
EPRI Project Manager: N. Hirota 

Equipment Operability 
Under High-Frequency Excitation 
NP-3946 Final Report (RP1707-11); $13.00 
Contractor: Los Alamos Technical Associates, Inc. 
EPRI Project Manager: G. Sliter 

Procedures and Equipment 
for Shortening Refueling Outages 
in Babcock & Wilcox PWRs 
NP-3947 Final Report (RP1393-1); $1150 
Contractor: Babcock & Wilcox Co. 
EPRI Project Managers: T. Law, T. Marston 

Mechanism of lntergranular Corrosion of 
lnconel 600 Tubing in PWR Steam Generators 
NP-3957M Final Report (RP1618-2); $8.50 
Contractor: Babcock & Wilcox Co. 
EPRI Project Manager: 0. Cubicciotti 

Classification and Analysis 
of Reactor Operating Experience 
Involving Dependent Events 
NP-3967 Interim Report (RP2169-4) ;  $23.50 
Contractor: Pickard, Lowe and Garrick, Inc. 
EPRI Project Manager: 0. Worledge 

A Full-Range Drift-Flux 
Correlation for Vertical Flows 
NP-3989-SR Special Report; $11.50 
EPRI Project Managers: B. Chexal, G .  Lellouche 

Materials Behavior in Hydrogen 
Water Chemistry in the Ringhals-1 BWR 
NP-3992M Final Report (RP1930-4) ;  $10.00 
Contractor: ASEA-Atom 
EPRI Project Manager: 0 Cubicciotti 

lntergranular Corrosion of lnconel 
600 Tubing for PWR Steam Generators 
NP-3998M Final Report (RP1618-3); $10.00 
Contractor: Ohio State University 
EPRI Project Manager: B. Syrett 

BWR Suppression Pool Pressures 
During Safety Relief Valve Discharge 
NP-4008 Final Report (RP1116-4); $11.50 
Contractor: Nutech Engineers, Inc. 
EPRI Project Manager: A. Singh 

Improvements to Critical Path 
Time for BWR Refueling Outages 
NP-4010 Final Report (RP1393-3); $23.50 
Contractor: General Electric Co. 
EPRI Project Manager: F. Gelhaus 

Radiological Effects of 
Hydrogen Water Chemistry 
NP-4011 I nterim Report (RP1930-8); $10.00 
Contractor: Advanced Process Technology 
EPRI Project Manager: M. Naughton 

Updated Costs for Decommissioning 
Nuclear Power Facilities 
NP-4012 Final Report (RP2558-5); $11.50 
Contractor: Battelle, Pacific Northwest 
Laboratories 
EPRI Project Manager: A. Roberts 

Impact of Colloidal Chemistry on Radioactivity 
Transport in Nuclear Power Plants 
NP-4032 Interim Report (RP825-2); $11.50 
Contractor: Westinghouse Electric Corp. 
EPRI Project Manager: R. Shaw 

Clad Interface Crack Detection and Sizing 
NP-4033 Final Report (RP2164-1); $10.00 
Contractor: Sigma Research ,  Inc. 
EPRI Project Manager: M. Avioli 

Applications of Medical Ultrasonic 
Testing Technology to the Utility Industry 
NP-4034 Final Report (RP606-11) ; $10.00 
Contractor: Vintek, Inc. 
EPRI Project Manager M .  Avioli 

Radionuclide Correlations 
in Low-Level Radwaste 
NP-4037 Final Report (RP1557-6); $29.50 
Contractor: lmpell Corp. 
EPRI Project Manager: M. Naughton 

Assessment of Dynamic Fracture 
Mechanics for the Analysis of Crack Arrest 
in a Pressurized Thermal Shock Event 
NP-4043 Final Report (RP1543-13); $10.00 
Contractor: Southwest Research Institute 
EPR I Project Manager: T. Griesbach 

New 
Computer 
Software 
The Electric Power Software Center (EPSC) provides 
a single distribution center for computer programs 
developed by EPRI . The programs are distributed 
under license to users. No royalties are charged to 
nonutility public service organizations in the United 
States, including government agencies, universities, 
and other tax-exempt organizations. Industrial orga­
nizations, including nonmember electric utilities, are 
required to pay royalties. EPRI member utilities, in 
paying their membership fees, prepay all royalties. 
Basic support in installing the codes is available at 
no charge from EPSC; however, a consulting fee may 
be charged for extensive support. 

For more information about EPSC and licensing 
arrangements, EPRI member utilities, government 
agencies, universities, and other tax-exempt organi­
zations should contact the Electric Power Software 
Center, UCCEL Corp., 1930 Hi Line Drive, Dallas, 
Texas 75207; (214) 655-8883. Industrial organiza­
tions, including nonmember utilities, should contact 
EPRl's Patents and Licensing directly-P.O. Box 
10412, Palo Alto, California 94303; (415) 855-2866. 

ABAQUS-EPGEN: A General-Purpose 
Finite Element Code 
Version 4.0 (CDC, I BM);  NP-2709 
Contractor: Hibbitt, Karlsson and Sorensen, Inc. 
EPRI Project Manager: H. Tang 

CABLPUL: Maximum Safe Pulling Lengths 
for Solid Dielectric Insulated Cables 
Version 1 .0  ( IBM, I BM-PC); EL-3333, 2 vols. 
Contractor: Pirelli Cable Corp. 
EPRI Project Manager: T. Kendrew 

FEATURE: Finite Element Analysis Tool 
for Utility Rotor Dynamics Evaluation 
Version 12 ( IBM); CS-3999-CCM, 2 vols. 
Contractor: Mechanical Technology, Inc. 
EPRI Project Manager: T. McCloskey 

FIM: Utility Fuel Inventory Model 
Version 1 .0  (generic use) 
Contractors: Applied Decision Analysis, Inc. ,  
Decision Focus, Inc. 
EPRI Project Managers: S. Chapel, H .  Chao 

SCALE: Simplified Calculation 
of Loss Equations 
Version 1 .0  ( IBM, PRIME, I BM-PC); EL-3261, 
2 vols. 
Contractor: Westinghouse Electric Corp. 
EPRI Project Manager: T. Kendrew 

TLOP: Transmission Line 
Optimization Program 
Version 1 .4 ( IBM-MVS, IBM-CMS) 
Version 1 .3 (PRIME) 
Contractor: Power Technologies, Inc. 
EPRI Project Manager: R. Kennon 

TRIM: Transformer/Capacitor 
Risk Management Model 
Version 10 (IBM-PC) 
Contractor: Decision Focus, Inc. 
EPRI Project Manager: V Niemeyer 
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