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Dealing Rationally With Risk 

Decisions related to personal risk pervade our daily lives, yet for 

most of recorded history people have not had formal methods for 

analyzing risks. Intuitively, people understand that a risk involves 

both the unwanted consequence of some action and the 

uncertainty that this consequence will actually occur. For many 

decisions involving common risks-such as deciding whether to 

drive, given the obvious dangers-intuitive analysis may be 

adequate. H owever, when decisions must be made about very 

complex risks-for example, those involving food additives, medical care, or environmental 

pollution-the unwanted consequences can affect many people, and these people may 

have little or no direct control over the decisions made. For such decisions intuition may no 

longer be adequate. Because our society is now faced with many such decisions, formal 

analytic tools for assessing and managing risks are becoming increasingly desirable. 

When decisions about protecting the environment from pollution first became 

prominent in the 1950s and 1960s, the choices seemed clear. It was a time when the 

undesirable side effects of unbridled industr'1al growth were rapidly becoming apparent. 

Unreclaimed mining operations had created desolate landscapes. Uncontrolled discharges 

had transformed some pristine streams into sewers. And a variety of chemical pollutants 

(such as phosphates) created enough stress in fragile ecosystems to result in the 

extinction of most life in some lakes. Something had to be done. 

As society rallied to reverse these trends, numerous environmental protection 

acts were passed and an encouraging change in public mores occurred. The ultimate goal 

was to make the effects of a highly industrialized society virtually unfelt and unseen in what 

was thought to be a fragile world of natural systems. It soon became apparent, however, 

that the effects of industrial activity could not be completely eliminated; the concept of 

zero risk was simply impossible to implement. Therefore, in the next stage of environmental 

protection, a goal of using the "best available control technology" was adopted in key 

legislation or regulations. 

Now the limits of this approach are also becoming evident, for what is the best 

available technology for one engineer can always be improved by another. Our financial 

resources are limited and cannot be committed indefinitely to an endless pursuit of 

diminishing returns from improving emission controls. Priorities need to be set concerning 

which risks should be controlled first, and the costs of various approaches must be 

compared with the benefits expected. 

Such complex risk decisions require new analytic tools that are both objective 

and quantitative. One set of these tools involves risk assessment -the calculation of 

the degree and likelihood of exposure and concomitant hazard. It is the task of risk 

assessment to provide the best estimate of risk that can be derived from available 
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scientific data and to display fully the uncertainties and unquantifiable effects. The other 

set of analytic methods involves risk management -the process of using the information 

provided by risk assessment to determine the desirability of various strategies for 

mitigating risk. An important advantage of risk assessment and risk management tools is 

that they can provide a common framework for opposing sides to use in discussing 

complex issues. 

Much work remains to be done in developing better analytic methods of both 

types. Assessments of risk may vary widely because of great uncertainties in available 

scientific data, and new ways need to be found to reduce the uncertainties and more 

easily take them into account. Similarly, risk management calculations are often hampered 

by the difficulty of quantifying many highly emotional issues: what is the value of a clean 

stream or an undegraded vista or the avoidance of human illness? Opposing sides in an 

environmental debate often differ substantially in their perceptions of such values and in 

their willingness to accept a risk in the face of uncertainty. 

These difficulties have left some members of the environmental community 

suspicious of quantitative methods for analyzing risk. They worry that such analyses may 

be used as an excuse for ignoring their concerns, which they believe are ultimately 

unquantifiable. One way to alleviate these fears is to separate risk assessment from risk 

management, so that scientific judgments are insulated from issues involving social values. 

As the lead article discusses, EPRI is actively developing a variety of new 

analytic methods for risk assessment and management. The article also describes some 

applications of these tools to important problems facing the electric utility industry. The final 

task of using these methods to address policy decisions has been left to individual utilities, 

trade associations, regulatory agencies, and various other interest groups. 

The decisions being affected by quantitative risk analysis are important; they 

relate to matters of great public concern, to potential harm that could have substantial 

costs, and to control decisions that could require billions of dollars a year in additional 

costs. Despite the difficulties that remain, the analytic tools now being developed are 

fundamental to making this decision process more rational and efficient. Improved 

decisions will assure utilities and their customers that they w·111 have to bear only the 

needed and desirable costs of producing electricity in an environmentally compatible 

manner. 

Rene Males, Vice President 

Energy Analysis and Environment Division 
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Authors and Articles 

Progress in pollution abatement be
comes more orderly as we distin

guish clearly between risk assessment 
and risk management. In Measuring and 
Managing Environmental Risk (page 
6), science writer John Douglas reviews 
several examples where consistent meth
odologies have been developed for sep
arately evaluating and dealing with 

environmental risks incurred in the pro
duction of electric power. The article 

draws on the expertise of three members 

of EPRI's Energy Analysis and Environ

ment Division. 

Ronald Wyzga, technical manager for 
risk analysis since 1982, came to the Insti
tute in March 1975. Originally a project 
manager for health effects studies, he 

turned to economic analyses of environ
mental risks in 1978. Before 1975 Wyzga 
was with the Organization for Economic 

Cooperation and Development in Paris 
for four years; still earlier he was an in

structor at the Harvard University School 
of Public Health, where he earned an 

ScD in biostatistics in 1971. Wyzga also 
has a BA in mathematics from Harvard 

College and an MS in statistics from Flor
ida State University. 

Richard Richels, technical manager for 
decision methods and analysis, has been 
with EPRI since August 1976. Until Jan

uary 1982 he was a project manager for 

energy and environmental systems mod
eling studies. Richels was formerly a con

sultant to The Rand Corp. and the Na
tional Science Foundation. A physics 
graduate of the College of William and 
Mary, Richels earned an MS in indus

trial engineering before turning to oper
ations research, in which he holds an MS 
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and a PhD from Harvard University. 

Stephen Peck, technical director of the 
Environmental and Economic Integra
tion Staff since it was formed in 1982, 

joined the Institute in October 1976 and 

became manager of the Systems Program 
in 1979. From 1971 to 1976 he was an as
sistant professor of economics at the Uni

versity of California at Berkeley. A Cam
bridge University graduate, Peck earned 
an MSc at London University and an 
MBA and a PhD in economics at the Uni

versity of Chicago. 

W
recking balls and redevelopment 
schemes are familiar eventualities 

for most outmoded industrial facilities. 
But special expertise is needed when a 

nuclear power plant comes to the end of 

its useful life. Decommissioning Nuclear 

Power Plants (page 14) reviews the alter
natives for plant decommissioning. Tay
lor Moore, senior feature writer for the 
Journal, developed the article with major 

assistance from two program managers 
in EPRI's Nuclear Power Division. 

Adrian Roberts, senior manager of the 

Fuels and Materials Program, came to the 
Nuclear Power Division in September 
1974 and managed research in core mate

rials until 1979. He then spent a year at 

Cornell University as a visiting professor 
before taking his current position. Rob
erts was formerly with the materials sci
ence division of Argonne National Lab

oratory. He holds BS, MS, and PhD 
degrees in metallurgy from Manchester 
University (England). 

Robert Shaw, senior manager of the 

Low-Level Waste and Coolant Technol-

ogy Program, joined EPRI in June 1975; 

he became a manager of radiation control 
projects in 1977 and a program manager 
two years later. For 11 years before 1975, 
Shaw was on the chemical engineering 

faculty at Clarkson College of Tech

nology in Potsdam, New York. He has a 
BS in engineering science from Penn
sylvania State University, an MS from 

Stanford University, and a PhD in nu

clear science and engineering from Cor
nell University. 

.. 

If half your budget went to heat the 

house, you would pay close attention 
to the condition of your furnace, shop 
around for the best price on fuel, and get 

smart about the factors likely to influence 
price the next time around. Electric util

ities are in just such a circumstance 
today, and New Flexibility in Fuel Plan
ning (page 22) reports on a recent EPRI

sponsored seminar on utility fuels. Sci

ence writer Francis Kovalcik put the 
article together, assisted by two research 
managers from EPRI's Energy Analysis 

and Environment Division. 
Howard Mueller, a project manager in 

the Energy Resources Program since 

September 1982, is principally concerned 

with analytic methods for fuel supply 
planning. For five years before coming to 
EPRI, he directed the state of Maryland's 
power plant site selection activities and 

its program of electricity demand fore

casting, energy conservation, and alter

native energy analysis. Between 1975 and 
1977, following graduate work in eco
nomics at the University of Cincinnati, 
he taught there and was a consultant in 



utility economics. Mueller earned his BS 
in chemistry at Dartmouth College. 

Jeremy Platt, also of the Energy Re
sources Program, has been with EPRI 
since July 1974. His focus is the geology 
of fuel resources and the estimation of 

reserve quantities, but he also manages 

projects that deal with fuel markets, sup
plies, and forecasts. Platt majored in geo
logical sciences at Harvard University 
and earned an MS in geology at Stanford 

University. 

• 

A
s it becomes clear that the circum
stances influencing utility plans 

also influence each other, and because 

these circumstances have begun to 
change more rapidly, corporate planners 
face a greater number of alternative out

comes and courses of action than they 
can calculate, much less evaluate. Com

prehensive-or integrated-modeling is 
providing a way to manage the problem, 
as described in UPM: Modeling at the 

Corporate Level (page 30). To introduce 
this product of EPRI-sponsored research 
and review its early application, science 

writer Stephen Tracy turned to EPRI's 

Lewis Rubin. 
Rubin, a project manager in the area of 

decision methods and analysis, is con
cerned mainly with research in corporate 
and R&D planning. Before coming to 

EPRI in December 1978, Rubin was with 
the Federal Energy Administration for 

four years, where he was responsible for 

analyzing and modeling proposed legis
lation. He holds BA and MA degrees in 
economics from Lehigh University and 

Shaw 

Roberts 

Platt 

Brown University. Mueller 

Wyzga 

Peck 

Richels 

Rubin 
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I
n a 1983 speech to the National 
Academy of Sciences (NAS), William 
Ruckelshaus, then administrator of 

the U.S. Environmental Protection 
Agency (EPA), reflected on how scien
tific understanding of risk had changed 

since he had first been with the agency 
10 years earlier. At that time, he said, 
"I believed it would become apparent 
to all that we could virtually eliminate 
the risks we call pollution if we wanted 
to spend enough money." And when 
the enormous cost of such control be

came apparent, he said, "I further be
lieved we would begin to examine the 
risks very carefully and structure a sys
tem that forced us to balance our desire 

to eliminate pollution against the costs 

of its control. " 

Such a system didn't materialize, 
and on returning to EPA, Ruckelshaus 
found that "we must now deal with a 

class of pollutants for which a safe level 

is difficult, if not impossible, to estab
lish . . . .  We must assume that life now. 
takes place in a mine field of risks from 

hundreds, perhaps thousands of sub
stances. No more can we tell the pub
lic: you are home free with an adequate 

margin of safety. " 
This disturbing revelation has re

quired profound changes in the way 
risks are assessed and managed. The 

philosophy behind many early regula

tory standards was to limit pollution to 
levels at which no adverse health ef
fects were detected. For agents that 

cause some health risks, such as cancer 
and genetic damage, however, there is 

no proven threshold of safety. Even if 

the number of detected cancer cases 

that result from public exposure to a 

suspected carcinogen does not increase, 
current research indicates that some 
risk may still exist. As a result of this 
discovery, an intense national debate is 
being waged over how to establish 

standards for pollutants for which 
"safe " levels do not exist but which 
cannot be completely eliminated from 
the environment without very large 

expenditures. A key factor in helping 

settle this debate will almost certainly 
be the development of new, more

sophisticated methods of analyzing 
risks. 

Two different types of methodologies 
are required for such analysis: those 
that assess risks and those that support 
decision making in the management of 
risk. Separating these two tasks has be
come increasingly important in avoid
ing confusing scientific conclusions 
about the nature of a risk, on the one 
hand, and political and economic con
cerns over how it should be handled, 
on the other. Generally speaking, risk 

assessment attempts to determine the 

seriousness of some health hazard. The 
steps include identification of a poten
tially hazardous substance, determina
tion of its dose-response relationship to 

various health problems, estimation of 
likely public exposure to the substance, 
and characterization of the resulting 

health risk in quantitative terms. On 
the basis of this assessment, risk man
agement techniques can then be used 
to aid in setting priorities for action and 

to analyze alternative control strategies. 

These techniques generally involve cal
culations either to determine the cost
effectiveness of a particular strategy or 
to weigh the relative costs, benefits, 

and risks of various control options. 

Such analytic methods can be useful 
to both government agencies and the 

industries they regulate. Quantitative 

models of risk provide an improved 
framework for regulatory decisions by 

requiring all parties to state their as
sumptions explicitly and to recognize 
each of the values (such as good 
health, for example, or the need for a 
reliable power supply) that must be 
taken into account. These methods can 
also be used to communicate the real

ities of risk to an increasingly agitated 

and skeptical public, by showing the 

relative importance of various risks and 
what trade-offs would be needed to 

control them. 

Quantitative analysis can help both 
policy makers and the public deal with 

the uncertainties that are an inherent 

part of risk. Often in the face of uncer
tainty, established practice has been 

simply to pass even stricter regulations 
based on worst-case assumptions. Too 

often, these assumptions have been un
realistic and have thus distorted the 
economics of health protection. Better 
models of risk may help reduce the 
need for overly conservative regula
tions and thus provide a more realistic 
basis for spending limited funds. 

Although the need for new methods 
of quantitative risk analysis is now 

widely recognized, substantial prob

lems remain before this approach can 
reach its full potential. Critical gaps in 

available scientific information often 
make risk assessment difficult, and 

emotional issues sometimes obscure the 
value of risk management studies. 
"Even where there is scientific informa
tion, the inherent uncertainties lead to 

skepticism by the public who expect 
scientists to know 'the answer,' " says 
Rene Males, vice president for the En
ergy Analysis and Environment Di
vision. As federal regulators turn in

creasing attention to these challenges, 
EPRI is helping prepare a variety of 

state-of-the-art risk assessment and risk 
management tools for the utility indus
try. "EPRI has particularly committed 
itself, " Males says, "to develop tools 
capable of reflecting the uncertainties in 

scientific information." 

Separating assessment 
and management 

In his speech to the NAS, Ruckelshaus 
was responding, in part, to an academy 

report recommending that risk assess
ment and risk management functions 

be separated within agencies like EPA 
and that uniform guidelines be estab

lished for all government agencies con

cerning how scientific risk data were to 
be interpreted. This report, issued in 
1983, served to focus attention on the 

importance of quantitative risk analysis 
in the development of regulatory stan

dards throughout the federal govern-
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Putting Risk in Perspective 
Nearly all human activities involve some risk, as shown in this chart of the estimated risk of dying in a single year as a result of 
various activities. The degree of risk ranges widely, both in fact and in perception; most activities with a risk above 1 in 1000 (10-') 
are both voluntary and unacceptable to the majority of the population. Occupational, lifestyle, accident, and some environmental 
risks are known with reasonable accuracy, since they are based on actuarial data; however, the environmental risks presented by 
many specific substances, such as PCBs , SO,, and arsenic, require further study through risk assessment techniques before they 
can be positioned on the chart with confidence. 

Risk of Death 

1 in 100 

10-' 

1 in 1000 

10-' 

1 in 10,000 

10-• 

1 in 100,000 
10-' 

1 in 1,000,000 

10-• 

1 in 10,000,000 

Occupation 

Stuntman 

Race car driver 

Miner 

Policeman 

Farmer 

Lifestyle 

smoking 
(one pack a day) 

Heavy drinking 

Smallpox vaccination 
(per occasion) 

Eating 
charcoal-broiled steak 

(one a week) 

Accidents Environmental Risks 

All home accidents Frequent air travel 

occasio_nal air
y!!�;" 

(one flight a 

Living at 
the boundary of 
a nuclear plant 

Animal bite 
or insect sting 



ment and to highlight some sources of 
dissatisfaction with the way those stan
dards were currently being set. 

"By separating risk assessment and 

risk management, we were trying to 
separate the judgments of science
made by scientists through the process 
of peer review-from regulatory judg
ments, which include not only science 
but also a lot of issues having to do 
with economics and politics, " says D. 

Warner North, a principal of Decision 
Focus, Inc., and a member of the NAS 

committee that wrote the report on risk 
analysis. And if regulatory agencies 
adopt a uniform set of guidelines on 
making inferences from available sci
entific information, he says, they can 

avoid "bringing up chemicals one by 
one and having the same debates 
fought over how to deal with the un
certainties and how to interpret the 

data for that chemical. " 

One of the federal agencies that has 
implemented the academy recommen
dations is EPA, where two recent deci
sions illustrate the importance of risk 
assessment and risk management in the 

regulatory process. Several years ago, 
EPA issued rules that, it was hoped, 

would eventually phase out the use of 

leaded gasoline while preventing se

vere economic dislocations in the lead 

and petroleum industries or causing 
unacceptably high incidence of adverse 
health effects. Further research indi
cated, however, that the amount of 
lead in blood is directly related to the 

amount of lead in gasoline and re

vealed more information about health 
risks for children with elevated lead 

levels in their blood. These scientific 

data, together with the discovery that 
about 12% of all cars equipped with 
catalytic converters to control exhaust 
emissions were being misfueled with 

leaded gasoline, led EPA to reassess the 

risks posed by the continued avail
ability of such gasoline. 

Having assessed the presence of lead 
to be a "major public health problem," 

the agency conducted an extensive risk 

management analysis that showed the 
benefits from reducing lead in gasoline 
were at least three times as large as the 
costs. As a result, EPA set new stan

dards that will cut the amount of lead 
in gasoline by 90% in 1986. At about 
the same time, the agency used similar 

procedures to conclude that some 
sources of benzene, a known carcino
gen, were not worth controlling further 
because the costs far outweighed the 
benefits. 

Important as quantitative risk assess
ment and risk management were in 

bringing EPA to these two decisions, 
many cases are not so clear-cut and the 
agency sometimes faces severe limita

tions in using these methodologies. 

"The major limitation on risk assess

ment is the quality of the science, " says 
Milton Russell, assistant administrator 
of EPA for policy and program evalua
tion. "Often we do not have enough 

information in a case to know precisely 
what the impacts of a substance are, or 
there may be uncertainties and difficul
ties in quantifying the risk. To achieve 
at least consistency, if not certainty, 

what we have done is publish risk as

sessment guidelines so that everybody 
in the agency is looking at the same 

chemicals in the same way and making 

the decision based on the same scien

tific protocol. " 

Risk management decisions are also 
made more difficult because of incom

plete information, according to Russell, 
particularly when the costs and benefits 
of certain pollution abatement mea
sures are uncertain or the ancillary im

pacts of a proposed regulation remain 
unknown. Requirements of a law that 
force certain actions to be taken with
out leaving room for administrative dis

cretion can also cause difficulties. "Stat
utory rigidities, " says Russell, "may 
preclude us from going after the worst 
things first or may require us to take 

particular actions without giving us any 

choice in terms of risk management de
cisions." Such inflexibility in the laws 
governing environmental protection 

can even create new risks, he says: "It's 
a simple fact that everything's got to go 
somewhere. If you act on legislation to 
clean up the air by scrubbing smoke

stacks, let's say, you have to dispose of 
the material gathered; but putting it in 
a landfill may create more risk in terms 

of groundwater contamination than if 
you let it go into the air in the first 

place." 

The need for better tools 

Because of such difficulties, substantial 
effort is being made nationwide in both 
the public and private sectors to im

prove risk assessment and risk manage

ment. Part of this effort is focused on 
closing critical gaps in scientific knowl
edge. The need to determine human 
health risks by extrapolating from ani

mal data has long been an area of par
ticular concern. During the debate over 
health risks from saccharin, for exam

ple, the estimated number of potential 
cancer cases resulting from typical hu
man exposure ranged from 0.001 cases 
per million people exposed to 5200 

cases per million, depending on which 
animal data were used and how extrap
olations were made. To help improve 
such extrapolation procedures, investi
gators are now studying how different 
animals metabolize toxic materials and 
how the resulting health risks vary ac

cording to size and species. 
Another major task is to develop bet

ter analytic tools that can provide ade

quate models of risk, even in the face 
of scientific and economic uncertainties. 
Such tools can substantially improve 
the quality of dialogue on sensitive is

sues by providing to industry, regula
tors, and the public a common frame
work for decision making. Well-crafted 

models of risk assessment and manage

ment can be used not only to establish 

priorities for regulatory action, but also 
to help industries determine the best 
course of action to accommodate new 

standards, indicate flaws in current leg

islation, and improve communication of 
choices to the public. 
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For several years EPRI's Energy Anal
ysis and Environment Division has 

been developing analytic tools in both 
the risk assessment and risk manage
ment areas for the electric power indus
try. Utilities are now using these meth
odologies in such diverse applications 
as determining the potential health ef

fects of trace arsenic emissions from 
power plants to calculating the costs 
and benefits of various strategies for 
dealing with acidic deposition. In the 
future an even broader range of ana
lytic methods may be made available, 

providing utilities with fundamentally 
new means of decision support. 

Assessing utility-related risks 

One of the most important recent de
velopments in environmental protec
tion is the rising concern over the emis
sion of substances that are known to be 
toxic but that are released in such small 

quantities that their regulation is still 
widely debated. In the electric utility 

industry, this concern has focused on 
such toxic power plant emissions as 
trace metals and polycyclic organic 
compounds that either have been iden
tified as potential carcinogens in hu
mans or have caused cancer in labora
tory animals when administered in 

high doses. To help power plant own
ers assess the risk posed by these sub

stances, EPRI has developed new com
puter codes that model emissions to the 
air and water and estimate the resulting 

health risks. 
The air emission risk assessment 

model (AERAM) estimates excess hu
man cancer risk, if any, that can result 

from inhaling hazardous air pollutants 
from coal-fired power plants. The com

puter code embodying this model con
sists of four modules, which address 
the emission of various pollutants, their 
atmospheric transport, population ex
posure patterns, and the resulting 
health risks. These modules can take 
into account a variety of important 
factors, including coal characteristics, 
power plant burner parameters, the ex-
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tent of emission controls, local mete
orologic data, and population densities. 
Because the way cancer develops is still 
not well understood, three different 
methods are used to extrapolate dose
response relationships from existing 
animal data. Each method is based on 
a specific theory of carcinogenesis, and 

results from the three methods can 
be used to estimate upper and lower 

bounds of cancer risk for that method. 
The computer code was developed for 

EPRI by Arthur D. Little, Inc. 

AERAM received its first utility appli
cation last year when Northeast Utili
ties used the model to evaluate any po
tential health risks from emissions of 
arsenic and benzo-a-pyrene (BaP) from 
its Mount Tom power plant in Holyoke, 
Massachusetts. This 155-MW(e) plant 
burns bituminous coal from Pennsyl

vania and removes most ash by wet 
sluicing and electrostatic precipitation. 

Remaining emissions are released 
through a 113-meter stack. 

The model was used to calculate the 
excess lifetime risk that cases of cancer 
would occur in the affected community 
from exposure to minute quantities of 

arsenic and BaP emitted from the plant. 

Depending on which data extrapolation 
method was used, the lifetime risk that 

even one additional cancer case would 
occur in the community varied from 
three chances in a billion to three 
chances in a thousand for arsenic, with 
the risk from BaP being still smaller. 

Translated into per capita terms, the 
largest lifetime risk to any particular 

individual of contracting cancer as a 
result of exposure to either of the two 

toxic materials emitted by the plant 
was about two chances in a hundred 
million. 

"EPRI's risk assessment models can 
help utilities in a variety of ways, " says 

Ronald Wyzga, technical manager of 

the environmental risk analysis pro
gram. "In particular, they can some
times enable utilities to obtain variances 

from regulations that are based on un
realistic worst-case scenarios by provid-

ing a means to demonstrate that incre

mental health risks resulting from some 
emission are negligible. We are now ac
tively involved in technology transfer 
efforts so that more utilities can take 
advantage of our codes in the toxic sub
stances area. We are also trying to fur
ther improve the predictive power of 
such risk assessments through the use 
of recently developed methods that 

model biological functions. " 
The ability of a risk assessment 

model to predict the effects of human 

exposure to toxic substances under real
istic conditions is inherently limited by 

how well extrapolations can be made 
from the very different conditions that 

exist in a laboratory. Typically during an 
experiment, small animals are exposed 

to very high doses of the substance in 
question and test results must then be 

adjusted to account for differences be
tween species and the low dose levels 
received by humans. This is usually 

done by extrapolating on a weight basis 
from the most sensitive animal species. 

To improve the validity of such ex
trapolations, advanced biological mod
eling techniques have been developed, 

based on comparison of how animals 
and humans metabolize various sub

stances. The primary aim of these tech
niques, developed as part of a young 

field of scientific specialization called 
pharmacokinetics, is to quantify the re
lationship between the delivered dose 
of a substance initially ingested or in

haled by a human or animal and the ef

fective dose that actually reaches sensi
tive organs of the body. Although some 

toxins (including many insecticides) af
fect certain species in unique ways, 

pharmacokinetic studies have shown 
that determining effective doses and re
sponses for an appropriate experimen

tal animal can better enable scientists to 
predict a reliable dose-response relation
ship for humans exposed to the same 

substance. Pharmacokinetics can also 

indicate which species of animal is most 
appropriate to use as an experimental 

model for extrapolation purposes. 



Pharmacokinetics 
Assessing the health risk of toxic substances often requires extrapolating the results of animal 
experiments to humans. Such extrapolations can be improved by studying how various animals, 
including humans, biologically handle specific chemicals-a field of science called pharmaco
kinetics. From these studies a quantitative relationship can be establ ished between the admin is
tered dose of a toxic material and the effective dose that reaches sensitive organs, such as the 
liver, kidneys, lungs, and spleen. By providing comparisons of how these organs function in  d iffer
ent species, pharmacokinetics enables scientists to determine which laboratory animals would 
be best for use in  test ing a specific toxic substance and how a human dose-response relation
ship could best be derived from the animal data. 

HUMAN RAT 

Liver: The primary organ for detoxifying hazardous materials. The specific metabolic reactions 
involved in such detoxification can differ considerably between rats and humans. 

Kidneys: Remove and excrete harmful materials from the bloodstream. The basis of action is 
s imi lar for rats and humans, but relative rates of excretion are quite different. 

Lungs: Primarily involved in  providing oxygen to the blood, but also perform some detoxification. 
Rats breathe much faster than humans, and their lungs have a somewhat different structure. 

' ' 

Spleen: Stores red blood cells and acts as source of immunological defense. Response to toxic 
materials can differ substantially; rats, for example, naturally incorporate arsenic into their red 
blood cells in a way very different than humans. 

EPRI is now pioneering the use of 
such techniques for utility issues 

through a two-year project being con
ducted at the University of Arizona. 
The immediate objective of the project 
is to assess the possible human health 
risks associated with exposure to two 
proposed alternatives to polychlori
nated biphenyls (PCBs) as insulating 
and dielectric fluids in electrical equip

ment. The two alternative chemicals, 

phenylxylylethane and isopropylbi
phenyl, currently lack basic toxicologi
cal and pharmacokinetic information, 

and the specific aim of the ongoing 
project is to provide the data needed 
for assessing their risk to humans. Be

yond this immediate goal, however, the 

work is expected to provide procedures 

that can be used in designing more ef
fective risk assessment studies of other 

toxic materials encountered in the util
ity environment. 

Utility risk management 

Today's risk management needs, partic
ularly those related to the sort of very 
complex issues likely to be encountered 

in the electric power industry, go far 

beyond the narrow concept of limited 
cost-benefit analysis. As originally for
mulated, such analysis was intended to 

help decision makers choose among 
specific management alternatives avail
able at a particular time, assuming that 

all pertinent values could be directly 

expressed in monetary terms. In risk 

management, however, broader and 
more flexible decision frameworks are 
needed that incorporate a variety of 

values and can allow for strategies that 
may change over time as many uncer
tainties are resolved by research. 

"EPRI is now able to give utilities 
risk management tools that can help 

them face a variety of complex issues," 
says Richard Richels, technical manager 
of the decision methods and analysis 
program. "These tools are designed to 

help decision makers balance the bene
fits and the costs of alternative strate
gies for reducing risk, based on the 
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best available information at the time. 

They also help focus attention on those 
aspects of a problem that are really 

driving a decision. In this way, they 
provide invaluable insights as to where 

additional research will have the high
est payoff." 

One of the most complicated utility 

industry issues now being addressed 
through risk management techniques is 
that of acidic deposition. Under EPRI 

sponsorship, a risk management frame
work has been developed that can be 
used to compare various strategies for 
dealing with acidic deposition. In par

ticular, it can be used to weigh the ad
vantages of immediately tightening con
trols on power plant emissions against 
those of waiting to learn the results 
of current research before deciding 
whether to control emissions further or 
to use other methods for mitigating 

damage in selected sensitive areas. In

corporated into a computer code called 
ADEPT (for acid deposition decision 

tree), this framework can be used to in
vestigate the impact of acidic deposition 
control and mitigation decisions in dif
ferent geographic areas and to reveal 

the various trade-offs that may be made 
to reach agreement. Developed for 
EPRI by Decision Focus, ADEPT was 
first used to analyze the problem on a 

regional basis but now has been 
adapted for use at the state level. 

Earlier this year, ADEPT was used to 
analyze risk management alternatives 

for acidic deposition in Wisconsin. The 
study was sponsored by the Wisconsin 

Utilities Acid Deposition Task Force and 
incorporated judgments about the like
lihood and extent of ecological damage 

obtained from a panel of experts in sev
eral fields. According to this panel, 
acidification of up to 15,000 acres of 

lakes-about 2% of the state's lake 
area-was judged to have a probability 
of 10% . Productivity declines affecting 

up to 10% of Wisconsin's forested land 
area was considered to have a proba

bility on the order of 1% within the 
next 50 years. 
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Risk assessment techniques are used to identity potential health hazards and to determine 
their seriousness. Such techniques usually involve taking laboratory data to establish a dose
response relationship tor an i ndividual exposed to some toxic material, as well as estimating the 
extent of publ ic exposure. Otte is task is made more diff icult by gaps i n  scientif ic knowledge 
about the effects ticu r c e ica\ or about the mechanisms by which diseases such as 
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Given these judgments, the ADEPT 
analysis revealed that few environmen
tal impacts would occur as the result of 
a strategy of waiting for further scien

tific investigation of the problem, com

pared with imposing more stringent 
emission controls now. The expected 
impact on Wisconsin lake resources 
from waiting 10 years before imposing 

a 50% reduction in sulfur dioxide emis
sions regionally on sources affecting 
Wisconsin is a 10% probability of tem
porary acidification of 400 to 600 acres 
of lakes, an area of less than one square 

mile. The expected loss in forest dam
age from the delay in imposing regional 
sulfur dioxide control is a 1% probabil

ity of a productivity decline affecting 
several hundred thousand of Wiscon
sin's 15 million acres of forest lands. 

The ecological benefits of requiring 
more stringent regional control now 

rather than waiting would be an ex
pected saving, averaged over the next 
50 years, of 50 acres of lakes and 900 

acres of forest. 

The ADEPT model (which is also dis
cussed in the Energy Analysis and En
vironment Division's R&D Status Re
port, p. 59) provides a framework that 

allows a variety of interested groups to 
discuss a mutual problem involving 
major scientific uncertainties and re

gional implications. A very different 
sort of risk management tool is needed 
to help utilities choose among the lim

ited options for solving much more 
specific and localized problems, such as 

phasing out transformers containing 
PCBs. 

A computer code especially designed 
to analyze the costs and benefits of 
various phaseout strategies, TRIM (for 

transformer/ capacitor risk manage
ment), was developed for EPRI by De

cision Focus. Last year the Utility Solid 

Waste Activities Group (USWAG) and 
the Edison Electric Institute used it to 
respond to proposed EPA regulations 
by analyzing four specific policy alter

natives: normal replacement schedule, 
accelerated phaseout (all PCB trans-

formers in or adjacent to buildings re
moved by 1995), highly accelerated 
phaseout (all removed by 1990), and a 

program to reduce chances of trans
former incidents involving fires, plus 
special labeling and notification to pro
tect fire and emergency-response work
ers from exposure to PCBs. 

Results of the TRIM analysis, using 
conservative assumptions based on the 

best available industry and EPA data 
for equipment inventories, costs, and 
incident occurrence, showed that over a 
25-year period less than one case of 

serious health effects could be expected 

from following the normal replacement 

schedule. (Stated formally, the expected 
incidence of health effects was 0.325.) 

The risk reduction program (the fourth 
option) would cut the expected inci
dence of health effects by about half
to 0. 150-and a highly accelerated 

phaseout would reduce this figure 

again by about one-third. On the basis 
of these estimates, the cost of avoiding 

a single case of serious health effects 

would be more than $800 million under 

the risk reduction program and more 
than $2 billion under a program of ac

celerated phaseout. 
"Without a doubt, we have been able 

to improve the quality of dialogue with 
regulators by using such risk manage
ment techniques, " says John A. Taylor, 
manager of water quality at Virginia 

Power and chairman of USWAG. "Risk 
tools help you talk about concrete items 
rather than abstract ideas. We can at

tempt to quantify more than we have 
been able to do in the past. Some of 
these analyses clearly show we have 
been spending millions of dollars trying 

to prevent something small from hap
pening, and I believe that money could 
be put to better use elsewhere." 

The future of risk analysis 

The use of both risk assessment and 
risk management tools is still a rela

tively recent development, particularly 

in the electric power industry. As their 
practical application by utilities has in-

creased, however, so has the impor
tance of EPRI's efforts to provide new 
analytic methods for dealing with in

creasingly complex decisions. In some 
cases these methods can provide indus

try representatives with more effective 
ways of estimating the impact of pro

posed regulations and offering alterna
tive solutions to environmental prob
lems. In others, individual utilities can 

use EPRI codes to determine the envi
ronmental impact of their own plants 
or to decide which emission strategies 
are likely to prove most cost-effective. 

"Looking toward the future, I believe 

we can help utilities develop more spe
cific and reliable estimates of risk, and 
we can also help them cope with many 

of the uncertainties inherent in present 

estimates, " says Stephen Peck, techni
cal director of the Environmental and 
Economic Integration Staff. "Current 
efforts to incorporate the methods of 

pharmacokinetics, to improve dose
response estimates, and to adapt labo

ratory results to real-world situations 
should reduce the extent of uncertain

ties in future risk assessments, " he 
says. Meanwhile, research on how peo
ple judge values related to risk and on 
why personal perceptions of risk often 

differ so widely from objective calcula
tions of risk probabilities may reveal 
better ways for utilities to communicate 
with regulators and the public about 
risk management. 

Out of this effort, Peck says, "I hope 
we can develop methods that will help 

utility management anticipate problems 
before they arise and then provide an 
improved framework for reaching more 

widely acceptable solutions. "  • 

This article was written by John Douglas, science writer. 
Technical background information was provided by Ronald 
Wyzga, Richard Richels, and Stephen Peck, Energy Anal
ysis and Environment Division. 
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S
ome of the nation's nuclear power 
plants that have been generating 
power for many years could be

come candidates for decommissioning 
after the turn of this century. Operating 
licenses for seven reactors are scheduled 
to expire by 2005, but by 2010 the number 

is estimated to reach 65. Although efforts 
are under way to establish the technical 

bases for extending the life of some 
plants beyond their design life, retire
ment of the first generation of nuclear 

plants will eventually occur. With this in 

mind, the utility industry, the Nuclear 

Regulatory Commission (NRC), EPRI, 
and other groups have begun laying the 

groundwork to get the job done. 
Decommissioning-the measures tak

en at the end of a plant's operating life to 

ensure protection of the public from re

sidual radioactivity or other hazards
has been a sore point with critics of nu
clear power. It is claimed that estimates 
of the cost and scope of engineering ac

tivities are uncertain because of a lack of 

significant experience in decommission
ing large reactors. Critics also contend 

that current regulations do not guarantee 

utilities will have the necessary funds 

when the time to decommission a plant 
arrives. NRC is addressing the latter 
point in proposed revisions to regula

tions that spell out requirements for 
planning, financing, and carrying out 
decommissioning at commercial power 

plants and other nuclear facilities. 
As for the claim that not enough ex

perience with decommissioning exists to 
have confidence the job can be done 

within predicted costs, "That just isn't 

true," says Adrian Roberts, a senior pro
gram manager in EPRI's Nuclear Power 
Division. "Admittedly, utilities haven't 

yet done some of the things they will be 
doing in decommissioning, but most of 
the operations involved have been done 
for other reasons at one time or another. 

The technology for decommissioning nu

clear plants is available now." 

Interest accelerating 

Consideration of decommissioning nor-

mally begins around the time a plant's 
operating license expires, generally 35-
40 years from the date of issuance of a 

construction permit. There is no simple 
tally of the number of plants and the 

timetable under which they will come up 
for possible decommissioning. As is 

widely acknowledged throughout the 
utility and nuclear industries, the 40-year 

nominal license term specified by the 
1954 Atomic Energy Act, which set the 
stage for regulation of commercial nu
clear power, was not based on reactor en
gineering considerations; some plants 
may be capable, with modification, of re

liable, safe operation well beyond 40 
years. Many utilities along with EPRI are 

now exploring the potential for reno
vating nuclear plants and obtaining ex

tended or renewed operating licenses, if 
NRC agrees to such an approach. 

Other factors may make a plant subject 
to decommissioning earlier than normal: 

some plants have become uneconomic 

because of increased repair and mainte
nance requirements; in some cases, re

trofits required to bring a plant up to cur

rent safety standards make continued 
operation unjustifiably expensive; or a 
major accident, such as that at Three Mile 
Island Unit 2, can lead to consideration of 

closure and decommissioning for eco

nomic reasons. 
Thus, although no plant today is near 

the end of its service life, a number of 
plants built during the demonstration 
phase of the nuclear power program are 

closed and facing some form of eventual 
decommissioning. These include Ship
pingport, the trailblazing LWR built by 

Admiral Hyman Rickover's Naval Reac
tors Group and Duquesne Light Co., 

which was the first to generate power on 

a utility grid; Commonwealth Edison 
Co.'s Dresden-I in Illinois, Pacific Gas 

and Electric Co.'s Humboldt Bay reactor 

on the northern California coast, and 
Consolidated Edison Co. of New York's 
Indian Point-I, all among the first gener

ation of commercial LWRs built in the 
1960s; and TMI-2. 

Several European nuclear plants are 

also slated for decommissioning: Gund

remmingen-A, Niederaichbach, and Lin
gen in West Germany; the Windscale 

prototype gas-cooled reactor in the 
United Kingdom; and Italy's Garigliano 

reactor. In addition, Canada's Gentilly-I 

and Japan's Power Demonstration Reac

tor are to be decommissioned. 
International interest in decommis

sioning has been accelerating for the last 
six years, reflected in four major recent 

symposia: in Vienna in 1978, Seattle in 
1982, Luxembourg in 1984, and Bethesda, 

Maryland, this July. These gatherings 
have focused mainly on commercial 
power plant decommissioning, although 

many studies and applicable regulations 
also cover test reactors, nuclear fuel pro
cessing plants, and other facilities. 

NRC has given renewed impetus to 
decommissioning in its proposed revi
sions to the technical and financial crite
ria contained in the federal regulations 

governing commercial nuclear power. 
The proposed amendments, expected to 
be issued as final rules next year, are the 

product of a seven-year process at NRC 
that has included development of a ge

neric environmental impact statement on 
decommissioning and a series of NRC
funded studies on the technology, safety, 

and costs of decommissioning various 
kinds of nuclear facilities. 

NRC defines decommissioning as the 
safe removal of a nuclear facility from 

service and a reduction of the residual 

radioactivity to a level permitting release 
of the property to unrestricted use and 

termination of the plant license. The 

commission's proposed (or extant) de

commissioning rules, however, do not 
specify what levels of residual radio

activity will be permissible; these are to 

be defined under a separate rule making 
now under way in conjunction with EPA. 

Many people commonly assume that 

decommissioning is intended to restore a 

plant site to its original "green field" con
dition, but this is unlikely to be the case 
in most instances, particularly those in 
which an aging, early generation reactor 

shares its site and water source with 
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Degrees of Decommissioning 
Proposed new NRC rules define three alternative 
approaches to decommissioning nuclear reac
tors. Utilities wi l l  be requ ired to specify which 
approach will be taken a year before a plant's 
l icense expires or with in  two years after 
operations cease, whichever comes first. 

DECON-Decontamination and dismantlement 
• Plant ful ly decontaminated 
• Fuel assemblies removed 
• Nonradioactive parts salvaged 
• Primary system, pressure vessel, and 

containment dismantled 
• License terminated; property released for 

unrestricted use 

SAFSTOR-Safe storage and deferred 
dismantlement 
• Reactor core defueled 
• Limited decontamination 
• Containment structure and equipment 

securely maintained for 30-50 years 
• Site remains partially restricted 

ENTOMB-Entombment 
• Limited decontamination of work areas 
• Radioactive materials confined in containment 
• Containment doors and penetrations sealed 

with concrete 
• Plant security maintained up to 100 years 

under amended license 

larger, younger operating plants. "Our 

view is, once a nuclear site, always a nu
clear site," says EPRI's Roberts. "There's 
so much money already invested in the 

site, the licensing, and peripherals such 
as water supply, switchyard, security 
force, and environmental analysis, that 
we don't see much value in green 

fielding. In such cases, we believe that 
safe storage, or mothballing, of a facil
ity-or even entombment-may be a 

utility's preference unless it has only a 

fixed-term lease for the site land. This 

decision may be followed later by con
struction of a new plant on the site, as 
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demand for electricity increases and new 

generating capacity is required." 

Degrees of decommissioning 

NRC's proposed new rules reflect this 
need for flexibility by identifying three 

distinct approaches to decommissioning. 
The alternatives constitute degrees of de
commissioning, ranging from immediate 
decontamination and full dismantlement 

(DECON), to safe storage and deferred 
dismantlement (SAFSTOR)-also known 
as mothballing-and entombment (EN

TOMB). Utilities must indicate to NRC 

which method will be pursued within 

two years after a plant ceases operation 

or one year before its operating license 
expires, whichever comes first. 

In the DECON approach, the plant 
is fully decontaminated; fuel assemblies 

and other radioactive materials are re

moved; certain nonradioactive compo
nents are salvaged; and the reactor ves

sel, other primary system elements, and 

containment structure are systematically 
dismantled, packaged as radioactive or 

nonradioactive waste, and shipped for 
disposal. When the job is completed, the 

license is terminated, and the property is 

released for unrestricted use. 



Under the SAFSTOR alternative to im

mediate dismantlement, the reactor is 
defueled and other radioactive materials 
and contaminated areas are decontam

inated or secured. Structures and equip
ment to be dismantled later are securely 

maintained to prevent public exposure to 
residual radioactivity. The facility is in a 
passive state during safe storage, and the 

plant site remains restricted under an 

amended license. 

Entombment involves decontamina
tion of limited areas-those that are to be 

accessible in the future. Remaining ra
dioactive materials are confined within a 

monolithic structure-all doors and con
tainment penetrations are sealed with 

concrete. This practice is intended to en

sure structural integrity and protection of 
the public until radioactive decay re

duces the levels of entombed radio
activity enough to permit unrestricted re

lease of the site. The plant must also be 
guarded around the clock. 

"Of the three alternatives, it is gener

ally accepted that DECON and SAF
STOR raise fewer open issues," says 
Roberts. "Each has its advantages. DE

CON is probably cheapest over the long 
run, because it qualifies the site for un
restricted use earliest and doesn't require 
long-term plant security." NRC esti
mates the total occupational radiation 
dose for DECON of a large LWR at about 

400 man-rems per year (1200-1900 man

rems over 4-5 years), a level generally 

less than current annual doses at oper
ating reactors. 

But SAFSTOR for 30-50 years signifi
cantly reduces both the occupational 

dose to decommissioning workers and 

the total amount of radioactive waste re

quiring disposal. Cobalt-60, with a half
life of 5 .3 years, is the radionuclide of 
most concern in decontamination; 30 
years of safe storage would reduce the 

cobalt-60 to less than one-fiftieth (0.02%) 
of its level at shutdown. 

PG&E's 65-MW (e) Humboldt Bay re
actor in California is now in SAFSTOR, 
with eventual dismantlement slated fol

lowing a cooling-off period of up to 30 

years for radioactive decay. The northern 
California utility estimates that SAF
STOR, 30 years of custodial care, and 

eventual dismantlement will cost about 

$70 million (in 1984 dollars). 
The overall impact of either DECON or 

SAFSTOR is generally similar, according 

to Roberts, with the lower occupational 
dose and waste associated with SAF

STOR compensating for the added cost 
of controlling the site for a long period. 

Proposed NRC rules suggest that the 
benefits of SAFSTOR accrue within 30-
50 years; they also indicate that plants 

should not be placed in SAFSTOR for 

more than 100 years, considered the max
imum reasonable time for relying on in

stitutional controls to protect the public. 

Radionuclides bound in the neutron
activated steel of the reactor vessel and 
its internals include niobium-94 (a half
life of 20,000 years) and nickel-59 (a half

life of 80,000 years). They decay too 
slowly for entombment to be a viable de

commissioning option at a nonoperating 

site unless the reactor vessel and inter

nals are removed. If they are removed, 
utilities would still have to characterize 
in detail the remaining radioactivity to be 

entombed in the reactor and to demon
strate that it would decay to unrestricted 

release levels within about 100 years-a 
task, notes NRC, that would be difficult. 

Experience with decommissioning 

Nearly all reactors decommissioned to 

date have been rated at less than 200 MW 

in thermal output. A typical large reactor, 
with an electrical rating of 1000 MW, 
would have a thermal rating of about 
3000 MW at 32% thermal efficiency. Of 23 
decommissioned reactors, most of which 
were early test prototypes, 14 were rated 

higher than 10 MW (th). Of these 14, 10 

were power production plants, whereas 

4 were principally test facilities. About 50 
research (nongenerating) reactors have 

also been decommissioned, typically by 
dismantlement. 

"We've looked at the decommission

ing record of these plants and found that 
the level of work done at each of them 

varied considerably," says Roberts. Most 
of the units are in some form of safe stor

age, including Northern States Power 
Co.'s 54-MW (e) Pathfinder at Sioux Falls, 
South Dakota, Philadelphia Electric Co.'s 

40-MW (e) Peach Bottom-I, and Detroit 
Edison Co.'s 60-MW (e) Fermi-1 breeder 

reactor. 
Entombed plants include the Piqua 

(Ohio) Municipal Power System reactor 

that powered 11 MW (e) of generating 
capacity; the Puerto Rico Municipal 
Power Authority's 16-MW (e) Bonus re
actor; and the 75-MW (e) sodium-cooled 

Hallam reactor in Nebraska. 

Full decontamination and dismantle
ment has been performed at only one 
LWR: the 22-MW (e) Elk River unit in 

Minnesota, which belonged (then) to the 
Rural Cooperative Power Association. 
The three-year, $6.15 million job was 
completed in 1974 with the demolition 

and removal of the 8-foot-thick (2.4-m) 

concrete containment building walls. 

Two current decommissioning projects 
are proceeding at a fair pace and are con

sidered illustrative of the spectrum of 
activities associated with decommission
ing, says Roberts. These are Gundrem

mingen-A in West Germany and Ship
pingport in the United States. Although 
the work at these sites will not be indica
tive in every way of the task of decom

missioning larger reactors, the plants are 

serving as laboratories, in many im
portant respects, for the refinement of 
decommissioning and decontamination 

techniques, tools, and worker dose
reduction programs. 

Gundremmingen-A is being moth

balled, or put into safe storage, for even
tual dismantlement; its turbine building 
is being fully decontaminated for un

restricted use. Two 1000-MW (e) BWRs 

are now operating at the same site-a 

principal factor in the choice of the SAF
STOR approach for the original, 250-MW 
(e) unit. Gundremmingen-A's reactor 

pressure vessel, biological shield, steel 
containment, and concrete containment 
and auxiliary building walls have been 
left intact. Spent fuel and other radio-
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active materials are being stored within 

the containment structure. About 1000 
tons of steel will be removed from the 
reactor building as nonradioactive scrap. 

Because BWRs produce some radio
activity in the turbine generator system, 
the turbine building is the major focus of 

decontamination work at Gundremmin
gen-A. To date about 100 tons of material 
have been dismantled using conven

tional demolition technology, according 

to Roberts, including plasma arc torches 
and metal saws for cutting and low
pressure warm water spray for decon
tamination. About half that material was 

electropolished for final decontamina

tion and released as scrap. 
One problem encountered at Gund

remmingen-A is caused by toxic materi
als rather than radioactivity: 35 tons of 

slightly contaminated asbestos insula
tion are now stored in drums. Disposal of 

such contaminated, and otherwise toxic, 
waste is an issue to be addressed for 
large-scale decommissioning. 

"Decontamination of metal for release 
as scrap is straightforward at Gundrem

mingen," says Roberts. "Research has 
shown that the optimum combination of 

decontamination techniques is ultrasonic 
cleaning followed by electropolishing. In 

some cases, prebrushing with steel 
brushes has saved electropolishing time 
by a factor of 2. Two electropolishing 

baths are operating on a production-line 
basis, and installation of a melting fur

nace is planned for reducing waste vol

ume," he adds. 

Tearing down Shippingport 

After a quarter-century service record, 
the first commercial nuclear electric gen
erating station-the Shippingport reac

tor, 25 miles northwest of Pittsburgh on 
the Ohio River-will soon become the 

largest power reactor ever decommis
sioned in the United States. Originally 

built as a four-loop 60-MW (e) PWR, the 
Shippingport core was replaced with 
an experimental 72-MW (e) light-water 

breeder (mixed-oxide) core in 1978. Its 
fuel has been sent to the Idaho National 
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Technology for Nuclear Decomrri' ss1on1ng 
For the most part, decommissioning nuclear reactors involves methods and technology that are 
already common in plant operations. Conventional decontamination techniques, including water 
spray, scabbl ing, and electropolishing, are directly applicable to decommissioning. Large 
components-for example, steam generators and large-d iameter pipe sections-have been 
removed from reactors and replaced; core barrels have been cut up underwater. Such conven
tional tools as concrete cutting saws and plasma arc cutters, along with ordinary demolition 
techniques, wi l l  be used in  decommissioning. I n  addition to commercially available technology, 
robotic devices are being developed for remote operations that wil l  help min imize worker expo
sure in radiation areas of a plant. 



Engineering Laboratory for study of the 

extent of breeding. 
The Department of Energy, which 

owns the Shippingport reactor, is fund
ing the decommissioning work, man
aged under contract by General Electric 
Co. and its subcontractors. Work began 
this year and is to be completed, accord

ing to recent estimates, in 1990 at a cost of 

$98 million. Duquesne Light Co. , which 
operated Shippingport, will retain own
ership of the land and balance of plant, 
including the turbine generator. 

Two features of the Shippingport 

decommissioning are especially note
worthy in that they are unlike conditions 
that will pertain to most large decom
missioning jobs in the future: no primary 
system decontamination will be under
taken, and the reactor pressure vessel 
will be removed intact . 

Because of its design and the fact that 
two major decontamination operations 

were performed during earlier, unrelated 

work, Shippingport may be the least ra
dioactive of any nuclear plant to have 
operated for a significant time. There is 

virtually no contaminated concrete, and 
unusually low radiation levels eliminate 
the need for gross decontamination of 

the primary reactor cooling system. The 
plant's total inventory of radioactivity is 

estimated at 14,500 curies, compared 

with a range of from 100,000 to 4 million 

curies that would be expected in a large, 

1200-MW (e) LWR at shutdown after 40 
years' operation. 

The size of the Shippingport reactor 
pressure vessel (400 tons with internals) 

will also make work easier for the decom
missioning crews because it can be re

moved from the plant in one piece, en
cased in concrete, and shipped by barge 
as one 770-ton piece to the Hanford Res

ervation in Washington State for disposal 
as radioactive waste. Most larger reactor 

vessels will have to be cut into sections 
remotely and under water to minimize 

worker exposure to radiation. 

Estimated occupational exposure for 
the entire Shippingport decommission

ing is about 1000 man-rems; at peak 

PROPOSED NRC DECOMMISSIONING CRITERIA AT A GLANCE 
(Revisions to 10 CFR Parts 30, 40, 50, 51, 70, 72) 
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Decommissioning alternatives 

• NRG defines three alternative 
approaches: 
DEGON: Immediate decontamination 
and dismantlement, permitting release 
of property for unrestricted use and 
termination of operating l icense. 
SAFSTOR: Partial decontamination, 
safe storage, and deferred dismantle
ment for 30-50 years; amendment of 
operating license to possession only. 
ENTOMB: Encasement of contaminated 
structures in concrete; long-term surveil
lance; utilities required to demonstrate 
that entombed radioactivity wi l l  decay 
to unrestricted release levels within 
100 years (which makes entombment 
difficult and costly). 

• Permissible level of residual radioactiv
ity for release of property to unrestricted 
use is to be developed under a separate 
rulemaking. 

Timing 

• Decommissioning must begin shortly 
after permanent cessation of opera
tions, but delay may be permitted on 
case-by-case basis if compensating ben
efit (reduction of occupational radiation 
exposure or radioactive waste volume) 
is demonstrated. 

Planning 

• Applications for new l icenses must 
provide financial assurance (funding 
methods, including cost estimates) for 
decommissioning; such information for 
existing licenses must be submitted 
within two years after revised rules 
take effect. 

• Updated cost estimates and financial 
plans must be submitted five years 
before projected end of operations. 

• Detailed decommissioning plans must 
be submitted two years after operations 
cease or one year before expiration of 
operating license, whichever comes 
first. 

• Plans must demonstrate that decom
missioning can be accomplished safely; 
must address and justify the proposed 
decommissioning approach; and must 
specify plans for and availability of ra
dioactive waste disposal, procedures for 
qual ity assurance for occupational and 
public safety, and procedures for final 
radiation survey. 

Financial assurance 

• Licensees must provide "reasonable 
assurance that adequate funds are avail
able to ensure that decommissioning 
can be accomplished in a safe manner 
and that lack of funds does not result in 
delays that may cause potential health 
and safety problems. The l icensee is 
responsible for completing decommis
sioning in a manner that protects health 
and safety." 

• Amount of funds assured may be based 
on site-specific cost estimate or amount 
prescribed in the final regulations (pro
posed to be $100 mi l l ion in 1984 dol lars 
adjusted for inflation at a rate of two 
times the change in the U.S. consumer 
price index). 

• The following alternative methods of 
providing financial assurance are 
acceptable: 
Prepayment of cash or other l iquid 
assets prior to faci l ity startup into 
account segregated from l icensee 
assets and control. 
Deposit of funds at fixed intervals over 
life of facility into external sinking fund 
segregated from licensee assets and 
control. 
Development of internal reserves by 
using negative net salvage value de
preciation to invest in l icensee assets 
over facility life; bonds are later issued 
against the funds; can also take the 
form of segregated internal reserves. 
Provision of insurance and other guar
antee methods (especially for premature 
decommissioning expenses). 

Environmental review 
requirements 

• Requirements of National Environmen
tal Policy Act related to decommission
ing are reduced; environmental impact 
statement (EIS) for decommissioning 
is replaced by requirement for less
extensive environmental assessment to 
supplement EIS for construction permit 
and operating l icense. 

• Approval of decommissioning funding 
plans is  categorically excluded from 
requirements for EIS or environmental 
assessment. 
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workload, about 250-350 people will be 

involved in the project. Compared with 
segmentation of the vessel and internals, 
the one-piece vessel removal is antici

pated to save about $7 million, reduce 

personnel exposures for that task by 

about 100 man-rems, and shave a full 
year from the overall schedule. 

According to John Schreiber, DOE 
manager of the Shippingport project, the 
effort will yield valuable experience and 

insight applicable to future decommis
sioning jobs regardless of the approach 

in handling the reactor pressure vessel. 

"The overall diameter of the Shipping
port vessel, with its external neutron 

shield, is about 18 feet. That's very close 
to the size of vessels in larger reactors. 
We think that whether intact vessel re

moval is applicable to future jobs or not, 

the worker dose-management efforts and 
cost and scheduling controls will con-

Dresden-1 

Gundremmingen-A 

Humboldt Bay 

tribute to better planning and manage
ment in future decommissioning proj

ects," says Schreiber. 
EPRI is involved at Shippingport as an 

observer, looking for insights that might 
benefit utilities planning for the future. 
Explains Robert Shaw, a senior program 
manager in the Nuclear Power Division, 
"We have some concern about the extent 
to which Shippingport could establish 

precedents that would be applied to 
commercial decommissioning. Some of 
the approaches that will be taken at Ship
pingport, including the intact removal of 

the vessel, for example, may be either too 

expensive or technically inappropriate 
for commercial practice. We intend to 

closely monitor the Shippingport work 

for examples of what we think would be 

applicable for the utility industry, as well 
as those that just don't fit." 

Roberts believes that the experiences 

Candidates for Decommissioning 
Decommissioning projects are al ready under 
way at the government-owned Shippingport 
reactor in Pennsylvania, which was the first 
reactor to generate commercial nuclear power 
(in 1957), and at Gundremmingen-A, a West 
German BWR. Shippingport is to be d isman
tled over the next five years, and Gundrem
mingen-A is being mothballed, or placed in  
safe storage, for later dismantlement. 
Other American reactors that face some form 
of decommissioning in the years ahead in
clude Pacific Gas and Electric Co.'s Humboldt 
Bay unit on the California coast, Common
wealth Edison Co.'s Dresden-1 plant in I l l inois, 
and Consolidated Edison Co.'s Indian Point-1 
in New York. 

at Shippingport and the nearby cleanup 
effort at TMI-2 will tend to bracket the 

industry's future needs for decommis
sioning technology. "Although TMI-2 

entails much more extensive decontam
ination than will be required for a large 
reactor that was shut down normally, 
most of the tools and techniques that are 

being used and developed for TMI-2 will 

be directly applicable to routine decom
missioning," he adds. 

Associated technology 

Utilities operating nuclear plants are al
ready familiar with most of the tools and 
techniques that will be used in decom
missioning, experts agree. "We already 
have the various pieces of decommis

sioning technology in hand," says Rob
erts. "We know how to decontaminate, 
and there are several chemical and me

chanical methods available for different 
types of contamination. 

"We know we can remove major com

ponents from the plants because we're 
already doing that with steam genera
tor replacements in PWRs and large
diameter primary system piping in 

BWRs. We know how to cut metal re-
motely, and we certainly know how to 
cut or blast away concrete. The only part 

of the decommissioning spectrum that 
hasn't been done is remote sectioning 

and removal of a reactor vessel, but we 

believe that can be done as well because 

Indian Point-1 we have remotely cut up and removed 

core barrels, which are nearly as large as 
the reactor vessels that contain them. 

"In decommissioning, we' re dealing 

with a relatively well understood se
quence of events," says Roberts. "You 
have to decontaminate and dismantle the 

various structures inside the contain-

Shippingport ment, knock the containment down, dis
pose of a certain amount as normal 
waste, and send the rest to high-level 
waste disposal. Decommissioning sim

ply means you're dealing with large 
amounts of waste and other materials 

rather than the small amounts encoun
tered in normal plant repair operations. 

"So, the technology for decommis-



sioning is all there. Admittedly, to keep 
the individual worker exposures low, 

within either 3 or 5 man-rems/yr, you've 
got to use a lot of workers over several 
years or use remote technology as a 

countermeasure, " Roberts adds. 
A wide variety of remote technology 

for sampling, measuring radioactivity, 
cutting metal or concrete, and decontam

ination by scabbling or water spray is be
coming available to nuclear utilities. 
Some of the technology development has 
been sponsored by EPRI, including mo
bile robot systems deployed at TMI-2 to 
aid in the cleanup and recovery effort. 

Shaw agrees with Roberts on the avail

ability of procedures and technology for 
decommissioning, but points out that 
one aspect receiving closer attention is 

waste packaging and disposal. "Some of 
the waste that will come from decom

missioning will be of a different character 
than you traditionally get from an oper
ating plant. The reactor vessel and inter

nals are radioactive from direct neutron 

bombardment, meaning the steel itself is 
radioactive and must be disposed of as 
nuclear waste. But it may not come un

der the normal classification of low-level 
waste. Different requirements and costs 
could be associated with these portions. 

"We've begun a project to take a closer 

look at that and try to determine whether 
some of the work we've done in the past 

on the technology and cost of volume re
duction and other efforts in low-level 
waste can be applied to decommission
ing wastes," Shaw adds. 

Cost estimates 

The cost of decommissioning has been 
the subject of numerous studies by NRC, 

the Atomic Industrial Forum (AIF), EPRI, 
and other groups. Each has attempted to 

carefully define the steps involved in de
commissioning and, on the basis of a de
tailed understanding of plant systems, 

estimate the magnitude of work and as

sociated cost. 

NRC's proposed new rules will require 
utilities to demonstrate that decom
missioning funds will be available when 

needed. The regulations suggest a figure 
of $100 million (1984 dollars), which may 
be substituted with a more specific esti
mate for a particular plant. In comments 
on the proposed rules, AIF has sug

gested that $120 million to $170 million 
may be a more realistic figure. 

AIF this year will issue guidelines for 
utilities to use in estimating the cost of 
decommissioning. The guidelines are de
signed to allow planners to include site
specific costs within a generalized frame

work that takes into account recent 
advances in decontamination and remote 
systems. AIF's guidelines also provide a 

common terminology and methodology 

that will help in comparing decommis
sioning costs among different reactor 

types. 
EPRI has also contributed to a clearer 

picture of decommissioning costs. It re
cently contracted with Battelle to update 
previous generic estimates. Although ac

tual costs will vary considerably because 

of many plant-specific factors, some 
summary generic estimates of the costs 
of various methods of decommissioning 

can be made. 

Immediate decontamination and dis
mantlement of a reference 1100-MW 
PWR is estimated to cost $79 million to 

$146 million (1984 dollars). Equivalent 
estimates for BWRs are somewhat higher 

because of the greater degree of radio
active contamination that results from 

design differences. The cost for BWRs is 
pegged at $97 million to $195 million. The 

range of estimated costs for both reactor 
types reflects the range of assumed al

lowable worker radiation exposure (1-5 

man-rems per year). 
Deferred dismantlement and safe stor

age of a nuclear plant for 50 years, by 

allowing time for radioactive decay of 
much of the contamination, reduces the 

estimated cost range: $75 million to $96 
million for a PWR and $98 million to $123 
million for a BWR. 

The entombment approach to decom
missioning-sealing a plant intact for up 

to 100 years-produces an even lower 
cost estimate because of the elimination 

of much of the decontamination cost. En

tombment and 100 years of surveillance 
for a large reactor is estimated to cost $64 
million to $66 million for a PWR and $91 
million to $94 million for a BWR. 

Coming into focus 

NRC's proposed new regulations on de

commissioning will establish the legal 

basis for utilities to proceed with plans 

for funding and carrying out decom
missioning projects when the time ar
rives. Most of the technology required 
for decommissioning is already in place. 
With the current rapid pace in develop
ment of robotics and automated remote 
operations, personnel radiation expo

sure will be substantially reduced in vari

ous decommissioning tasks. The open is
sues associated with decommissioning 
are peripheral, albeit important, includ
ing radioactive waste disposal capacity 
and cost, as well as the potential for life 

extension at nuclear plants. But the basic 
question of R&D interest-whether the 
industry has the tools and know-how to 
do the job-is not an issue, EPRI re-

search managers agree. • 
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F
uel supply planning commands a 
major role today because fuel costs 
have risen so sharply over the past 

decade-the nation's utility fuel bill has 
grown to more than $40 billion annually. 

With fuel now accounting for nearly half 
of total utility operating expenses, utility 

managers are focusing on fuel cost as an 
important point of leverage in controlling 
the cost of electricity production. This 

growing emphasis on fuel cost places a 
premium on methods and information 
that will help fuel planners more effec

tively manage uncertainty in tomorrow's 

fuel needs and resources. 
Identifying and dealing with uncer

tainty was the central theme of the most 
recent EPRI fuel supply seminar, held in 

Kansas City this past October. These on
going seminars (the next to be held Octo
ber 8-10 in San Antonio, Texas) have 
become a major forum where EPRI con

tractors and others vitally concerned 
with the utility industry can address the 
current state of fuel information assess
ment and analytic methods development 
related to fuel demand and supply. This 
fourth seminar, organized for an audi
ence representing the bulk of U.S. elec

tric utilities, featured an integrated set of 

presentations on key issues and develop
ments affecting major fossil and nuclear 

fuels, principally coal and gas. Discus

sions centered on uncertainty over coal 
prices and supply, due in part to the pos

sibility of acid rain legislation that will 

constrain the emission of sulfur and ni
trogen oxides from power stations, and 
on uncertainty about the near-term prices 
of natural gas and its long-term availabil

ity to utilities. 

The keynote of the seminar was the 

observation that fuel price uncertainty is 

shaped by underlying uncertainties in 
demand and supply-the drivers of mar-

ket conditions. Major uncertainties fac
ing the utility fuel planner on the de
mand side are what fuels to buy, in what 

quantities, and for what periods of time 
in the future. On the supply side, uncer
tainties revolve around price trends and 
forecasts, fuel availability, transportation 

costs, and government regulations. 

Taking sight of the difficulty in fore

casting fuel prices, Ronald G. Wasson of 
Kansas City Power & Light Co. agreed 
that the uncertainty is real, but added 
that it is no stranger to the electric util
ities and can be managed. According to 

Wasson, fuel planners should trade on 
the experience of other utility depart
ments that are dealing more effectively 
with uncertainty. System load fore

casters, for example, are giving up deter

ministic forecasting (point estimates) in 
favor of probabilistic methods, which 
produce a range of estimates and more 
accurately reflect the interplay among 

factors that govern utility load growth. 
Similarly, such methods can help iden
tify and characterize the elements of un

certainty in fuel planning that arise 
within the electric utility system, such as 

changes in unit availability or the date 
that a new nuclear unit will come on-line. 
And they can also be used to describe 

and quantify fuel market uncertainty and 
risk. 

Fuel price forecasts 

The fuel planner must keep informed of 

trends in fuel prices and changes in fuel 
resource bases. Although price forecasts 

generated by energy models may help 
planners improve their subjective judg

ments about fuel supplies, William W. 
Hogan of Putnam, Hayes & Bartlett, Inc., 
pointed out the problems of blind re

liance on models: "Using energy fore

casts requires as much judgment and 



care as does producing the forecasts. "  

Changing or conflicting forecasts can in
crease confusion for the user. Drawing 
on work of Stanford University's Energy 

Modeling Forum and EPRI's fuel forecast 

review project, which compared a num
ber of oil and gas forecasting models, 

Hogan noted that the most important 
factor explaining the errors found in 
nearly all the forecasts was the inability 
to correctly anticipate economic growth 

and, with it, fuel demand. Were it not 
for this major problem, most forecasts 

would have performed quite well. 

Hogan went on to point out that fuel 
planners face additional difficulties in 
using forecast information. There are 
definitional variations: one model will 
use the price of oil "as loaded in the 

Persian Gulf"; another, "as delivered in 
New York. " There are quantitative vari

ations: one model will use the cost of gas 
"as produced today "; another, gas "for 
future delivery. " Further, forecasting as

sumptions about such factors as de
pletion and productivity can vary widely. 

Although the models may identify the 

uncertainties involved, the user cannot 

simply accept forecast numbers as final 
truth. 

Planners also need a descriptive theory 
of the model, a "story " that tells what is 
happening within the model and how 

to put the numbers into a decision con
text. Hogan pointed out that judgmen
tal factors regarding uncertainty must 

be integrated into forecast models more 

explicitly. 

Coal price forecasts received a large 
share of attention during the seminar. 
Price forecasts prepared by major private 

and public agencies over the past six 
years not only have varied greatly from 
each other but also have tended to 
change considerably from year to year. 
Two reasons for these differences, noted 
James M. Speyer of Putnam, Hayes & 

Bartlett, are difficulties in predicting how 
individual utilities will react to specific 
economic incentives to solve emission 

control problems and difficulties in mak
ing the key assumptions that drive the 
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forecasts-electric energy growth rates 
and oil and gas prices. 

Coal prices generally have not gone up 
as predicted, observed Seth I. Schwartz 

of Energy Ventures Analysts, Inc., be

cause the fundamental assumptions un
derlying most price forecast models have 
not accurately described the coal indus

try. What these models have overlooked 
are the fundamentals of the coal industry 

itself. A closer analysis of coal compa
nies, reserves, and markets and the 

changing patterns of mining investments 
and methods will yield a more reliable 

forecast of coal production and prices. 
With this critique of coal price forecasting 
models, Schwartz focused the seminar's 
attention on coal production and price 
trends in four supply regions. 

Coal supply and prices 

In the northern Appalachian region, a 

tremendous increase in labor produc
tivity in underground mmmg has 
changed the coal market and the outlook 

for coal prices. The market is being led 
by large new underground operations in 
northern West Virginia, which are pro
ducing coal at a fully loaded price of 
$36 per ton. In contrast, the economics 
of opening a new strip mine in central 

Pennsylvania call for about $34 per ton 
just to cover capital costs. Thus, surface 

mining in the region will continue to lose 
market share to underground mines. 

Central Appalachia is the principal 
source of eastern low-sulfur coal, which 
could be in great demand if utilities are 
forced to meet lower sulfur emission reg

ulations. Thus, production in this region 
is a crucial factor in analyzing the effects 

of proposed legislation. In the last eight 

years the region's coal industry has seen 
a great increase in labor productivity, 
with higher-cost mines replacing lower
cost operations. The region has changed, 

too, from a supplier principally of lower

ash coal for steel making to a producer of 
higher-ash coal for utility boilers. A new 

mine can be developed on the basis of 

coal at $33 per ton. 
Another high-capital, low-variable-

cost source of coal is mountaintop re
moval, which can yield coal at a fully 

loaded price of $36 per ton. According to 
Schwartz, there is tremendous produc
tive capacity in existing mines in the cen
tral Appalachian region today, as well as 
in recently acquired reserves that can 

be opened in the future at today's coal 
prices. 

In the Illinois Basin a depletion of re
serves has occurred, especially in low

cost Illinois surface mines. The choice 

for their replacement is seen not as new 
large underground mines but as new 
smaller mines in Indiana and western 
Kentucky. For utilities willing to contract 
for 300,000 tons a year instead of 2 mil

lion tons, there are enough low-cost 
mines to maintain competitive prices. 

Looking at the Powder River Basin, 
Schwartz told the seminar that existing 

mines have 265 million tons of produc
tive capacity, more than twice existing 

production. New coal is selling for less 
than coal from existing mines. This ex

cess capacity means that unless acid rain 

legislation causes a truly massive switch 
to western low-sulfur coal, there is little 

reason for coal prices to rise. 
Demand uncertainty is no stranger to 

the coal industry, as seen in forecasts that 
have tended to overstate domestic coal 

demand. Bruce A. Gulliver of NERCO, 

Inc., argued that these forecasts erred by 
not considering the larger economic sys
tem in which the coal market operates. 
He went on to describe the major ele

ments of the demand uncertainty now 

facing the coal industry. 
Noting that utility generating capacity 

margins have fallen for the first time in 
years, Gulliver suggested it may be time 
to revise load forecasts upward and to 

consider the impact of adding new units. 
As the nuclear option appears less likely, 
a related question is how many nuclear 

units now under way will be abandoned. 

Overall, the demand for electric energy 
will remain as the greatest uncertainty 

affecting coal demand. 

The unknowns of acid rain legislation 
also make the analysis of utility coal de-



Analogy for Fuel Planning 
The problem of getting a good mix of fuel contracts has an interesting parallel in the more famil
iar process of uti l ity capacity planning. To serve electricity demand reliably, uti l ities must have a 
solid, inexpensive baseload capacity available, backed up by cycling plants for intermediate load 
and expensive, peak-load generation for the small top increment of demand. Likewise, the uti l ity 
fuel planner commits to i nexpensive, inflexible, long-term contracts for the fuel he is sure wi l l  be 
required and orders additional fuel through flexible contracts, which are more expensive but allow 
the uti l ity to buy less if its fuel requ i rements turn out to be lower than expected. Additional needs 
are satisfied by purchases on the h ighly price-variable spot market, which imposes no commit
ment on the uti l ity. 
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mand very difficult. Whether legislation 
will change total demand or shift de
mand among coal supply regions will de
pend on the details of the laws enacted. 

Foreign competition is another factor 
that demands serious attention. In the 

world coal market, low-sulfur coal is 
abundantly available from South Africa, 

Australia, Colombia, and Canada. Ex
cess capacity overseas in utility boiler 
coal production will grow to over 30 mil
lion tons in the near term. Gulliver added 

that foreign coal has already made seri
ous inroads into lower midwestern and 

southern U.S. markets. 
Finally, greater competition among 

railroads following the industry's dereg
ulation in 1980 is affecting the cost of 
transporting coal. Because transporta
tion costs can be a significant factor in the 

price of delivered coal, trends in this area 
will play an important and still uncertain 
role in shaping regional coal production 

patterns. 

Changing markets for natural gas 

In developing long-term strategies for 
fuel supply planning, electric utilities 
should focus on natural gas as an evolv
ing competitive fuel. The unfolding gas 
market and the uncertain status of gas as 
a utility fuel resource were previewed 

by Hillard G. Huntington of Stanford 

University's Energy Modeling Forum. 
He emphasized that natural gas is sold 

within a market governed by a set of 
special institutions. It is important to rec
ognize these rapidly changing institu

tional factors because today's gas market 
seems to be sending conflicting short
term and long-term price signals. For ex

ample, although the present gas market 

appears to be constrained by demand, 
the price of gas has risen dramatically, 
even in the face of growing surplus 
capacity. This perverse market response 

has occurred because the price of gas is 
strongly influenced by pervasive regu
lation and long-term contracts. Other 

panelists provided details of utility gas 

market developments for the short and 

long terms. 
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Electric utility demand for natural gas 

is significant to the gas market not only 
for its size-almost 25% of total con-

sumption in some years-but also for its 
flexibility and favqrable load factor. Yet 
during the past decade electric utility 

consumption has gone through wild 
swings as a result of shifts in federal gas 
policy. It is only natural for electric com-

panies to view natural gas as a boom-or-
bust fuel resource. With this introduc-
tion Catherine Good Abbott, Interstate 

Natural Gas Association of America, out-

Shopping for Coal Contracts 
The price of coal from any particular supplier is influenced by a number of cost factors, as shown 
in this example from the central Appalachian region. In an old underground mine, the fixed costs 
are likely to be low because most of the capital equipment was purchased years ago at preinfla
tionary prices; however, depletion of resources in old mines may require m ining of thinner coal 
seams, which reduces productivity and drives up labor costs. For new mountaintop surface 
mines, the relatively low labor costs trade off against higher capital equipment costs for large 
earthmoving machines. Mine-to-mine variations and differences in the way these factors react to 
outside influences (such as inflation) are great enough to encourage utility fuel planners to shop 
around carefully when initiating new coal supply contracts. 

I I I Fixed 

I I I Variable 

lined signs of change in the gas industry 40 
and noted their marketing implications 

for utility gas customers. 

The gas business is undergoing a diffi
cult transition to a more competitive mar

ket, according to Abbott, a process that 
requires important institutional, market
ing, and regulatory changes. Although 

the outlook for gas supply is good for the 
rest of the decade, the price picture is 
clouded by uncertainties of decontrol in 
1985. The market will put downward 

pressure on prices while contract pro-
visions will exert upward pressure. 

At the same time, less regulation, new 

institutions, and a growing emphasis 
on gas marketing by pipelines, local dis

tribution companies, and independent 
brokers will create new gas-purchasing 
options for electric utilities to explore. 

The uncertainty of demand suggests that 
utilities should seek a portfolio of sources 
to strike a balance between price and re-

liability of supply. In short, Abbott said, 

natural gas has become a much better 
supply option, but electric utilities need 
to learn more about the gas business 
to make good choices among the new 

options. 
The transition to deregulation in the 

gas market means that while electric util-

ities should focus on price rather than 

availability, in the long run they should 
stay alert to changes in the underly-
ing resource base. As suggested by sev-

eral factors, a shrinking resource base 
or more costly production from new 

sources will raise gas prices over the 

longer term. Addressing this prospect, 
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At first glance the prospects of the 

Organization of Petroleum Exporting 
Countries (OPEC) look anything but 

promising. Since 1980 OPEC has ex
perienced four consecutive years of 
sharply falling oil production and rev
enues. Nonetheless, the very factors 

that reduced OPEC oil demand can 
also cause it to rise rapidly, precip

itating a tight world oil market in 
which energy prices could once again 
soar. The driving force behind such a 
swing is an effect that has been called 
"the OPEC multiplier." According to 
Bijan Mossavar-Rahmani of Temple, 

Barker & Sloane, Inc., this is how the 

multiplier works. 
When world energy use started to 

fall abruptly in 1980, world oil produc

tion dropped even faster, with the 

steepest decline occurring in OPEC 
production. What accounted for this 
sharp drop in demand for OPEC oil? 
Just as oil is the swing, or marginal, 

fuel in the world energy system, so 
OPEC is the swing supplier of oil 
to oil-consuming countries. As these 

THE OPEC MULTIPLIER 

OPEC oi l  production 

1978 1980 

countries begin to use oil supplies 
faster, they first turn to local sources, 
then to non-OPEC foreign suppliers, 
and finally to OPEC for the balance of 

their marginal oil supply. Conversely, 
as demand for oil begins to decline, 
consuming countries first reduce their 
use of OPEC oil. Here's the significant 

result: a small percentage increase in 
world oil demand leads to a larger per

centage increase in demand for OPEC 
oil, and a small decrease in world oil 
use prompts a larger percentage drop 

in demand from OPEC. That is the 
OPEC multiplier at work. 

Historically, OPEC has accounted 

for about 50% of world oil production. 
But as a result of the multiplier, a 5% 

decline in world oil demand leads to a 
10% drop in OPEC output. Large fluc

tuations in world oil production since 
1973 have confirmed this multiplier ef
fect on OPEC as the swing supplier of 
oil to the world. 

The significance of the multiplier to 

utilities today is that it works just as 
effectively in reverse. Given even a 

World energy consumption 

1982 1984 

small increase in world primary en
ergy consumption annually for the 
next few years, there would be a 
larger percentage rise in world oil pro

duction and, ultimately, a sharp rise in 

demand for OPEC oil. Thus, with in
creased consumption, the world oil 

market could repeat the 1970s pattern. 

It could take only a small disruption 
in oil supply or the expectation of an 

impending shortage to trigger a round 
of panic buying, and as before, OPEC 

would be in a position to capitalize on 
the rising price of oil. War, civil strife, 
political unrest, or terrorist turmoil in 
the Persian Gulf area could be the dis

ruption that triggers an oil panic. At 

the very least, falling oil revenues over 

the next several years could induce 
OPEC, even without a disruption, to 

drive up oil prices when the world 

market for oil tightens. The OPEC 
multiplier is the mechanism making 

this possible. From a utility perspec

tive, the multiplier effect strongly re
inforces the general perception of oil 
as an uncertain and risky fuel. D 
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What Happened in Fuel Prices . . .  
A review of national average (as-del ivered) fuel 
prices points up a few of the many factors that 
the fuel planner can neither control nor 
precisely predict. The del ivered price of 
residual oi l  in the United States generally 
followed world oi l price trends, which were 
driven primarily by the supply shocks of 1973 
and 1979. The price of natural gas, responding 
to phased decontrol instituted by the Natural 
Gas Policy Act of 1978, rose gradual ly to more 
closely track oil prices by 1983. The large 
number of coal sources, sustained competition 
from other fuels, and lower-than-expected 
demand from industry combined to keep coal 
prices from rising significantly. A persistent 
supply-demand imbalance resulting from 
nuclear construction slowdowns after the 
Three Mi le Island accident caused the 
minemouth price of uranium to decrease by 
almost half from a 1979 peak; however, 
increases in fuel preparation costs-especially 
enrichment costs-offset this decline to level 
the as-delivered price, shown here. 

. . .  and What Didn't 
Sharp increases in the coal price forecasts of 
the late 1970s and early 1980s reflected expec
tations of Increased uti l ity demand for coal 
and a predicted rise in material and labor 
costs. In  fact, faltering util ity load growth put a 
damper on demand, and costs of coal produc
tion declined with continued mechanization in 
the mining industry and improved methods of 
mine management. Effects of the Staggers Act 
of 1980, which some had predicted would drive 
transportation costs out of sight, also turned 
out (for most routes) to be less dramatic than 
anticipated. 
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The 1985 seminar wi l l  address the broad theme of fuel supply in uti l ity planning, with individual sessions as noted in the agenda below. 
For further information, contact Jeremy Platt at (415) 855-2628. 

8 

Utility Fuel Demand Uncertainties 

• Capacity margins, generation options, 
and planning risk 

• Regional fuel use impl ications of 
generation mix 

• Utility example: fuel burn uncertainty 

Fuel Forecasts and Assumptions 

• International economic phenomena 
affecting fuel planning 

• Fuel market forecasts 
• World crude oil markets 
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9 

Residual Fuel Oil and 
Natural Gas Markets 

• Residual fuel o i l  market behavior 
• Structural changes in natural gas markets 
• Influence of changing industrial gas 

demand 

Coal in Environmental Planning 

• Scrub-switch decision uncertainties 
• Premiums for low-sulfur coal 

10 

Coal Market Conditions and 
Implications for Procurement 

• Western coal markets and industry changes 
• Rail transport pricing case studies 
• Changing commercial arrangements in coal 

production and transportation 
• Uti l ity example: integrated fuel and util ity 

planning 

Workshop Session: 
Canadian Energy Purchases 



John J. Schanz, Jr., of the Congressional 

Research Service, Library of Congress, 

and Klaus P. Rose of Sherman H. Clark 
Associates, Inc., predicted increasing 
production costs, since gas discovery 
technology will advance no faster in the 
future than in the past. 

Gas production and use will probably 

decline even if gas prices rise faster than 
general inflation. A decline in conven
tional production, including imports and 

other sources, in the lower 48 states by 
the year 2000 implies decreasing avail

ability of natural gas for electric utilities 
and industry. Higher-priced substitute 
fuels could slow this trend, but gas prices 

would still be significantly higher under 
such conditions. 

A more optimistic projection of con
ventional gas production in the lower 48 
might result from other conditions, such 
as faster technological progress in drill
ing or a move by the gas industry to 

operate with lower inventories by re
ducing its reserve-to-production ratio. 
The emergence of a more extensive 

North American international gas mar

ket would be another favorable condi

tion, and judging from Canada's recent 

pricing strategy to sell more gas to the 
United States, this trend may already be 

starting to develop. Although Rose's 

projection of gas supply incorporates an 

expansion of Canadian imports to the 
year 2000, there is still considerable un

certainty regarding this development. 

New analytic tools 

One of the major objectives of the fuel 
supply seminars is to provide utilities 
with better information about the factors 

most likely to influence their fuel prices 
and plans. But important as they are, fuel 
prices and availability are not the only 

factors that affect fuel planning. The 
planner must also understand the uncer

tainty in fuel burn requirements. 
Michael S. Hyrnick of Ohio Edison Co. 

and James A. Hodde of Management 

Analysis Co. told the seminar about a 

probabilistic model for fuel requirements 
forecasting being used by Ohio Edison. 

According to Hyrnick, the utility devel

oped the model to help quantify the risks 

involved in fuel procurement. The model 
sheds light on fuel planning risks that 

were formerly ignored or not well under
stood, much less quantified. As an exam

ple, Hyrnick demonstrated how his com
pany has been able to quantify the 

uncertainty in some of its units' fuel burn 

resulting from uncertainties about load 
growth, unit availabilities, power inter
change, and the startup of a nuclear unit. 

Fuel burn and fuel forecast uncertain
ties have combined to make fuel procure

ment planning difficult. One solution to 

this problem is to develop analytic tools 

that give utilities the ability to explicitly 
evaluate both sources of uncertainty 

simultaneously. Such tools would allow 
risk analysis to be included in the devel

opment of more flexible fuel procure
ment strategies. 

Richard B. Fancher of Decision Focus, 
Inc., along with coauthors James F. Wil

son, also of Decision Focus, and Howard 

A. Mueller of EPRI, described a new 
EPRI model that can accomplish this 

task. By explicitly incorporating the 

kinds of uncertainties described by Hyr
nick and Hogan, the EPRI Contract Mix 
Model will allow fuel analysts to evaluate 
alternative fuel contract mixes and strate

gies, to identify fuel risks, and to assess 
the value of different approaches to con
tract flexibility for their systems. 

Through a series of simple case exam

ples, Fancher demonstrated how uncer
tainty in fuel requirements and prices 
can be represented in the model, and il

lustrated the kinds of insights about con
tracting options it can generate. The 

model enables a utility to apply the type 
of fuel market information presented 

during the seminars in designing its con
tracting strategy. In the case examples, 

Fancher explained how the model could 
be used to relate the amount of uncer

tainty in a unit's fuel requirements to the 
amount of flexibility a utility might select 

in its supply contracts. One major con

clusion to emerge from the modeling 

examples was that under some circum-

stances a utility could substantially re
duce the risks of high fuel costs at very 

little increase in average costs by care
fully matching its contract flexibility to its 

burn and price uncertainty. 

Directions for the planner 

The objective of EPRI's fuel supply semi
nars is to give utilities better information 
to use in developing their fuel plans and 

strategies. While the seminars cannot 
eliminate overall market uncertainty, 
they can help by providing a better struc
tural framework for understanding util

ity fuel markets. 
The information must still be applied 

to each company's own system. The fuel 
supply planner must continue to seek 
out the best planning and operating data 
from his own utility to establish the fuel 

requirements of individual units. The 
planner must carefully use the seminar 
information about trends in fuel prices 

and availability to understand his own 

fuel markets and formulate an appropri
ate fuel procurement strategy. He must 

weigh the effects of deregulation in the 

railroad industry on delivered fuel prices 
and of deregulation in the natural gas 

industry on gas availability and price. 

The planner must also compile a set of 
specific alternatives to deal as effec

tively as possible with potential acid rain 
legislation. 

In many of these processes new analy
tic methods can greatly help the planner 

evaluate alternative decisions and their 
potential consequences. Although such 
tools cannot remove the risk inherent in 
an uncertain world, they can be used 

along with judgment and experience to 

identify and better manage the uncer
tainties and risks in fuel supply plan
ning. Given the magnitude of today's 

fuel costs, this effort can play a major role 

in developing and maintaining the com
petitive edge of electricity. • 

This article was written by Francis Kovalcik, science writer. 
Technical background information was provided by Howard 
Mueller and Jeremy Platt, Energy Analysis and Environment 
Division. 
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T
wo important aspects of electric 
utility planning during the past 15 
years have been a trend toward 

greater uncertainty and the recognition 

of interactions among planning factors 
previously thought to be unconnected. 
This combination of uncertainty and in
teraction was first evident early in the 
1970s. It became a central concern in the 
utility planning process and eventually 

stimulated EPRI research that has now 
produced an integrated utility planning 
model. 

The necessity for integration stemmed 
from the realization that no aspect of util
ity system operation is any longer func
tionally independent. For example, in
creases in the price of electricity tended 
to curb demand growth, and this reduc

tion in turn caused construction plans to 
be scaled back or delayed. Such changes 

in construction plans induced a variety 
of consequences, including cutbacks in 

financing needs and tax payments, as 

well as ballooning interest charges over 
longer time periods. Clearly, comprehen

sive planning was needed that would 
take into account electricity demand, 

price changes, environmental and eco
nomic regulation, inflation, and interest 
rates-the increasing web of factors that 
affected the performance of utilities and 

their costs of operation. 

In the late 1970s, corporate planning 
models became a specific focus of the 
Utility Modeling Forum, an EPRI project 

established earlier to investigate various 
utility models, their applications, and 
their capabilities. The outcome of the fo
rum's study of corporate modeling was a 

recommendation to develop what is now 
called the Utility Planning Model (UPM). 

The new project started in 1980, orga
nized with an advisory structure of cor

porate planners and modelers to ensure 
the practicality of what followed. Com

monwealth Edison Co. cosponsored the 
work, making available its own com
puter and the full-time services of a plan
ning analyst. Arthur Andersen & Co. 
carried out the project under EPRI con
tract. The resulting model, UPM, simu-

!ates all the major functions considered 

in utility planning-load forecasting, 
system planning, production costing 
analysis, fuel supply planning, financial 

analysis, and rate and revenue analysis. 

Functional overview 

Although functioning as a single model, 
UPM consists of five logically distinct 

models. The principal one is the so-called 
projection model; the other four deal 
with data entry, preprocessing of data, 

validation of values for some of the key 
entries, and comparison of results from 

the projection model. 
The projection model includes mod

ules that correspond to various func

tional areas of an electric utility: load and 
load modification, generation planning, 

production dispatch, fuel costs, con
struction costs, revenue, analyses of 
other entities (e.g., subsidiaries, non
utility operations) and their consolida
tion, plant and other expenses, and 

financial analyses (including tax and reg
ulatory matters). In addition to these 

modules, the model contains a report 
module, which consolidates results into 

a convenient and useful format. 
All these modules are linked, and each 

module must be run for a given year be

fore any can be run for the next year-a 
round-robin approach that ensures a 
complete and integrated analysis. Also, 

several feedback capabilities are incor

porated in the system. For example, 
changes in production cost-and there

fore in price-are likely to produce a 
change in demand growth, and system 
plans can be adjusted accordingly. 

In addition to its comprehensive and 

completely integrated structure, UPM 
provides an enormous amount of flexi
bility and adaptability to individual util

ity situations. A special design feature al

lows users to increase or reduce the size 
of data arrays conveniently without 

modifying the computer programs them
selves. The model can thus easily be 

structured to encompass varied corpo
rate organizations, including multiple 

operating companies and jurisdictions, 

power pools, individual construction 
projects, and specialized financing in

struments. In the opinion of the Com
monwealth Edison analyst who was as
signed to the UPM project, this capability 
is particularly useful for utilities that 
cross state lines, answer to more than 
one regulatory body, or otherwise have 

complex organizational structures. 

A practitioner's tool 

Although Commonwealth Edison was 
the original UPM user, four other utilities 

also served as test sites-Florida Power 
& Light Co., Georgia Power Co., North
east Utilities, and Wisconsin Electric 
Power Co. Project advisory representa
tives from these and over a half dozen 
other utilities provided constant checks 
on the authenticity and practicality of the 

model. 
Commonwealth Edison has already 

used the model to produce a number of 
studies, among them a 20-year projection 
of cash requirements and electricity 

prices, which it presented to the Illinois 

Commerce Commission in support of the 
utility's position on rate increases. Com
monwealth currently uses UPM on a reg
ular basis to support a wide range of 

planning functions, including analyses 
of alternative scenarios for introducing 

new nuclear power units into the utility 
rate base with minimal impact on cus
tomers. Wallace Behnke, vice chairman 
of Commonwealth, speaks enthusiasti
cally of UPM: "There's no doubt that this 

is a very powerful tool that can be used 
for widely different problems. UPM has 

enhanced our understanding of the in
terrelationship of decisions to an extent 
not previously possible." 

Another of the original utilities work
ing on UPM, Georgia Power, replaced a 

corporate model already developed in
house, because it found UPM to be more 
efficient and user-friendly. Robert Lewis, 

economic evaluation manager for the 

utility, says the company was looking for 
"something that we could run quickly, 
that was adaptable to our system, that 
was written in a user-friendly language, 
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Using the Uti l ity Planning Model to project various income and expense assumptions into the future, analysts can derive values for such important 
measures of financial performance as profit and cash flow. These in  turn can be the bases for analyzing rate increase requirements or needs for 
external finar:ieing. A demand forecast is key. Demand can be satisfied by various electricity supply options with differing revenue requirements
fuel and operating costs, construction costs, and financing costs. The demand forecast also defines a pattern of electricity sales-the reven ues 
that can be expected under the existing rate structure. These parallel streams of calculations converge to produce the needed estimates of util ity 
financial performance. 

and that had greater capabilities in a 

number of areas we were particularly in
terested in-regulatory analysis, price 
and price effects, and alternative expan

sion plans." 
Georgia Power also used UPM to in

vestigate financing for a $7.2 billion nu

clear power plant scheduled to come on

line in 1987. As part of the same study, 
the company has investigated several 

longer-term generation possibilities, in
cluding pumped-hydro storage and a 

new coal-fired power unit for the 1990s. 

Altogether, Georgia Power has run more 
than 40 different scenarios on UPM, us

ing a variety of assumptions to predict 

what the future may bring. If the utility 
were still using its old corporate model, 
Lewis says, "we would be talking about 
a lot more time and a lot more effort in 

terms of both overtime and the number 
of runs that had to be made. " He adds 

that "one of the big strengths of this 

model is that it allows you to simulate the 

regulatory treatment your company ex
pects to get." 

UPM has now been adopted by Geor-
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gia Power's companion operating com
panies within The Southern Company. 

Alabama Power Co., Gulf Power Co., 
and Mississippi Power Co. will each 
have a separate UPM model, and the 

holding company will have a consoli

dated model for the entire system. UPM 
is thereby being used to create a series of 
building blocks for a comprehensive, 

systemwide model. 
Several dozen other utilities are also 

becoming UPM practitioners, adapting 
the model to their individual data bases, 

regulatory environments, and financial 

circumstances. In addition, EPRI is orga
nizing a users group of interested prac

titioners to foster communication and 

support for the model. The group is 

sponsoring such activities as a news
letter, biannual meetings, a hot line to 
handle user questions, and basic mainte

nance of the model. 

The bottom line 

According to Lewis Rubin, EPRI project 
manager, UPM provides "a rigorous ca

pability to simulate the consequences of 

alternative strategies. It's a planning 
model that focuses on the corporate bot

tom line, as well as on utility revenue 

requirements, the more conventional 
measure." UPM reports on cash flow, 
revenue streams, revenue requirements, 

the need for external financing, and 
overall financial performance. 

As a comprehensive planning model, 
UPM is designed to present a complete 

picture of a utility. The model represents 
and integrates virtually all the current 

planning and operating concerns of a 
utility-from load projection to financ
ing and regulation. UPM is thus a valu
able aid to decision makers as utilities de
cide on strategies for the future. • 

This article was written by Stephen Tracy, science writer. 
Technical background information was provided by Lewis 
Rubin, Energy Analysis and Environment Division. 



WASH I NGTON REPORT 

Sweden Looks 
to Its Energy Future 

Hans G .  Forsberg , president of Sweden's 
prestig ious engi neeri ng academy, d iscusses two 

topics close to h is heart-the academy itself 
and its recent controversia l  study on the futu re of 

Sweden 's energy system. 

H
oused in a historical building 

erected in central Stockholm in 
1898, the Royal Swedish Academy 

of Engineering Sciences (Ingenjors 

Vetenskaps Akademien, or IVA) is the 
oldest engineering academy in the 
world. Created in 1919 to promote the 
engineering and technical sciences and 

to recognize their contribution to society, 
the academy is composed of both Swed
ish and foreign scientists, researchers, 

economists, and engineers from acade
mia, industry, and government. 

Each Swedish member is elected to 
one of 11 divisions, which focus on 

specific aspects of the engineering disci

pline; foreign members are simply mem
bers of the academy as a whole. Chaun
cey Starr, EPRI's founding president and 

director of its Energy Study Center, has 
been a member of the Swedish Academy 
since 1973. 

Because academy rules say that there 

must be 275 Swedish members under the 

age of 65, whenever a member reaches 

that age, another younger member is 

elected. "Academicians tend to be rather 
long-lived," Forsberg quips. "At the mo
ment, we have about 500 Swedish mem

bers, 275 younger than 65 and 225 older. 

We also have 150 foreign members." The 
existing academy membership nomi
nates and elects the new members. 

The academy also supports the Indus

trial Council, a group of 300 represen
tatives from Swedish industry, which 
makes recommendations in matters of 
engineering and technical research. The 
council provides about 30% of the acad

emy's annual budget, which corresponds 
roughly to $5 million (U.S.). Another 
10% of the budget comes from govern

ment grants, and an endowment pro
vides an additional 10%. "The rest we 
earn," Forsberg states. "We charge for 
some of the conferences and meetings 

we hold, we sell our publications, and 
we also undertake studies contracted by 

the government, industry, and foun
dations. However, I should emphasize 
that we are a completely autonomous 

organization." 
What, specifically, does the academy 

do? Forsberg smiles before responding. 

"I always answer that question by stating 
what we don't do: we don't run any labo
ratories, and we don't financially sup
port any outside research. We provide an 

intellectual forum on questions of engi
neering and science, and we hold many 
meetings. The academy is a meeting 
place-for people and ideas. Last year 
we held 800 scheduled meetings at the 

academy, and probably 25,000 people 
passed through our doors. This is how 
the ideas get passed on." 

Other ways academy members can 
pass along their in-depth knowledge 

and thoughtful ideas are through joint 
studies with government and industry, 
through the establishment of new re

search entities, and through the inter-
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national exchange of information on re

search and development. The IVA has 
close contacts with the National Acad

emy of Engineering in Washington, 
D. C., and sponsors many international 

seminars both in Sweden and abroad. 
Forsberg notes, "We are interested in in

ternational research because Sweden is a 
very small country. We produce about 1% 
of the world's research results, but we 
would like to make use of 100%. Through 

international collaboration we can." 
The day-to-day administration and 

management of the academy is the re
sponsibility of the president, who is also 
given the title of professor. Forsberg has 
been president of IVA for the past two 
years. "It is a formal appointment for six 

years, but my four predecessors all 

stayed on as president until the age of 65. 
It is remarkable to think that there have 

been only five presidents since the acad
emy opened its doors." Asked about his 

background, Forsberg replies, "I am a 

chemical engineer by training, but I have 
had a very mixed career. I have worked 

in research, I have been an international 

civil servant in the nuclear energy field, 
and I have been president of a shipyard; 
so my background is in research, indus

try, and management. "  

There are 80 staff members employed 
at IVA, and they coordinate the studies, 

arrange meetings and conferences, and 

disseminate information on Swedish re
search and technology. As at many re

search organizations, the principal form 
of work at the academy is the investi
gative study. The studies are the result of 

interaction between the academy staff 
and the individual members and are pro

duced by working groups that include 
staff personnel, academy members, and 

outside experts. Earlier academy studies 
have explored such topics as surface 

chemistry, marine technology, energy 

conservation, and computer technology. 
The academy study that is currently re-
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ce1vmg the most attention in Sweden 

and abroad bears the English title "Swe
den's Future Energy System." Interest in 
this new study is high in the interna
tional energy community because the 
study shows the economic necessity for 

nuclear power if an industrialized nation 
is to remain internationally competitive. 

The study warns the Swedish govern
ment that without the cheap electricity 

provided by nuclear power, the nation's 
industries will suffer. 

The Energy Study 

To understand the recommendations of 

the academy's study, the reader needs 

some background on Sweden's energy 
needs. As in many western nations, en

ergy supply became a national issue in 

Sweden as a result of the oil crisis in the 
early 1970s. The Swedish political scene 

before the 1976 elections was charged 
with questions about how the nation 

could meet its energy needs through do

mestic resources. One political party op
posed the use of nuclear power, counting 
on the strong antinuclear movement to 

give it political clout. 

"When the Three Mile Island accident 

occurred in the United States in 1979, 
Sweden was at a very vulnerable point in 
its energy debate, " Forsberg explains. 
"So much argument had occurred that 

the political leadership decided to halt all 

political discussions on the future of nu
clear power in Sweden and put the ques
tion to the Swedish people in a referen

dum vote." Yet, in retrospect, that 1980 

referendum appears to have created 
more questions than it answered. The 
people voted that all 12 nuclear units 
planned for Sweden be completed, that 
no further units be built, and that the 12 

units eventually be phased out. 
The vote resulted in an energy policy 

decision approved by the Swedish parlia
ment in 1981. Among other things, the 
policy goals stated that development 

would be geared toward an energy sys
tem based largely on renewable and in
digenous sources of energy; that rational 
use of energy conservation would be 
promoted; that the use of oil would be 

reduced, partly through energy conser
vation measures and partly through sub
stitution of other types of energy; that 
nuclear power would be used until it was 
phased out in the year 2010; that influ

ence on the environment and people 
would be limited; and that the cost to the 

national economy would be as low as 
possible. But one of the problems with 
these policy goals, the academy study 

points out, is that "no clear lines are 
presented or discernible as to how the 
first goals are to be compatible with and 

balanced against the last two." 

It was a primary objective of the acad

emy's study, therefore, to look at the eco
nomic impacts of phasing out nuclear 
power by 2010, since that aspect of the 

problem had not been closely examined 
during the public debate preceding the 
referendum. Because of the importance 
the academy attaches to this subject, the 

Presiding Committee, IVA's top deci
sion-making body, chose to undertake 
the planning and implementation of the 

study itself rather than appoint a special 
investigating committee. The study was 
completely financed by IVA funds. 

The study assesses Sweden's present 

situation in terms of energy supply. In 
1983, the installed capacity for electric 
production in Sweden included hydro
power (15,078 MW), 12 nuclear power 

units (7718 MW), and conventional ther
mal power (8520 MW) for a total of 31,316 
MW. Noting that Sweden is a country 

with a high energy demand because of 

its climate, long transport distances, and 
energy-intensive industry, Forsberg em
phasizes that Sweden's dependence 

on imported raw materials for energy 
has become increasingly expensive. In 

1971, the cost of Sweden's oil imports 



Forsberg 

amounted to 1 .  7% of its GNP; by 1982 the 

cost had risen to 7% of the GNP, despite 
the fact that oil imports had fallen by 
some 30% from 1971 levels. Oil still re
mains the most important raw material 

for energy for the heating and transport 
sectors. 

Sweden's domestic energy resources 
are scarce: the country has no oil, gas, or 
coal deposits of any size. It does have 
large deposits of shale containing both 

uranium and hydrocarbons, but it can 

still import these resources more cheaply 
than it can extract them at home. More 
than half the country's production of 
electric power is based on domestic hy
dropower. "In the nation's established 

energy policy, the proportion of biofuels 

(wood, peat, straw, and reeds) is to have 
risen from the level of 2% in 1979 to 10% 
by 1990," Forsberg notes. Biofuels are 

limited by technology, however, and can
not be used as efficiently and as cheaply 
as coal, particularly in central station gen-

eration. The Swedish government is pro

viding financial incentives to promote 
the use of biofuels. The paper and pulp 

industry, which constitutes a large por

tion of Sweden's industrial sector, uses 
biofuels (waste wood) for generating its 
own electricity, but doing so is not prac
tical or feasible for other industries. 

"Currently, the greatest share of elec
tricity produced in Sweden comes from 
hydropower and nuclear power, which is 
why Sweden has one of the lowest prices 
for electricity anywhere in the world. 

And this low price also helps to make 
our industry competitive," Forsberg ex
plains. The academy's study also took a 

detailed look at new energy technologies 
and how they can contribute to the en
ergy supply. New technologies may play 
an increasingly important role in Sweden 
if the policy to phase out nuclear power 

remains in force. 

Energy Technologies 

In presenting its study, the academy took 

the approach that certain technologies 

will be of great importance to Sweden's 
future energy system, others will be of 

limited importance, and still others will 

be of no importance. It also assumed that 
the technologies of greatest importance 
would become both technically and com

mercially available in Sweden during the 

next 25 to 30 years. 

For example, the heat pump market 
has grown rapidly in Sweden, and this 

technology, particularly ground-coupled 

heat pumps for residential use, will be
come increasingly important in the years 
to come. The academy also believes that 

new combustion technologies, such as 

fluidized beds, will have an impact on 
Sweden's future energy supply. "We are 
very encouraged by the advancements in 

fluidized beds, and Sweden has a large 
research program studying this technol
ogy. We already have fluidized-bed pilot 

plants, both atmospheric and pressur-
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ized, operating in Sweden," Forsberg 
notes. "We are also encouraged by the 

research into coal-water slurries and feel 
that they will be useful for combustion 
in small- and medium-sized plants. We 

do not, however, see any immediate 
use in Sweden for coal gasification or 

liquefaction." 

Hydropower and nuclear power are 
the base of Sweden's electric power sys
tem, and as such, both technologies are 
of great importance to the nation. Ex

panding the use of hydropower is ex
pected to bring about only marginal in
creases in the costs of electric power 
production. In the case of nuclear power, 
Sweden has anticipated the need to store 
waste and has devised a plan to keep 
spent fuel in interim storage for 40 years. 

After that time, the waste will be encap
sulated in copper and buried about 500 
meters underground. 

Technologies of limited importance
geothermal, solar heating, wind energy, 

hydrogen gas, fuel cells, wave power, 
heat and electricity storage-are those 

unlikely to contribute significantly to 
Sweden's energy needs during the next 
25 to 30 years. However, if the Swedish 

government decides to refrain from us
ing already-established technology, they 

may become more important. "The use 
of wind and fuel cells may have some 
impact on our energy needs," Forsberg 
states. "We already have 2- and 3-MW 

wind machines in operation, and they 

perform very nicely, but the cost of the 

energy is prohibitive. We are very inter
ested in fuel cell technology and will 

watch closely how it succeeds in Japan 
and the United States. But again, it will 
have to be a commercial technology be

fore it will have impact on our needs." 

Finally, the academy report dismissed 
as unimportant those technologies that 

will not be available commercially in the 
next 30 years or lack practical application 
in Sweden's climate. Its analysis of all 
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these technologies concludes that hydro

power and nuclear power, and electric 
power and heat cogenerated in combus
tion plants, will dominate the Swedish 
energy supply for the next 30 years. "It is 
becoming increasingly obvious to many 
of us outside the government that it will 

be impossible to replace both oil and nu

clear power with domestic sources of en
ergy in an economically successful way," 

Forsberg emphasizes. 

Scenarios, Conclusions, and 
Recommendations 

The Future Energy System study pro
vides four scenarios that depict what the 
energy and economic system in Sweden 
will look like in 2010 if various supply 

paths are taken. Scenario A envisions a 

continued use of nuclear power and a 12 
million MWh (e) expansion of hydro
power, to 78 million MWh (e). Scenario B 

supposes a continued use of nuclear 
power as well, but with no expansion of 

hydropower. The third scenario, C, calls 
for a phasing out of nuclear power but 

provides for a hydropower expansion of 
12 million MWh (e). And finally, scenario 

D supposes a phasing out of nuclear 
power with no expansion of hydropower 

beyond an already-set limit of 66 million 
MWh (e). 

"In all these scenarios," reads the 
study, "it has been assumed that eco

nomic reasons will dictate the develop
ment of the energy system within the 

framework of the requirements formu

lated by society-with regard to environ
ment, health, and security of supply." 

The effect of each scenario on the cost of 

electric power production and the poten

tial increase in this cost have been calcu
lated on the basis of a high industrial 
growth rate (3.5% a year) and with the 

expectation that all industries will in
crease their electricity consumption 

through 2010. Consumption of electric 
power in Sweden in 1982 was 90.2 mil-

lion MWh (e); depending on which sce
nario is used, the study projects an in
crease in consumption by the year 2010 to 
between 130 and 140 million MWh (e). 

For example, if nuclear power were 
permitted after the year 2010 and if hy

dropower expansion could not exceed 66 
million MWh (e) (scenario B), Sweden's 
entire combined heat and power poten
tial would have to be used initially to 
make up the shortfall. Later, it would be 
most economical to invest in new nuclear 

power plants, which would produce an 

estimated total of 3 million MWh (e), or 
to import electric power. 

If the use of nuclear power were to 

continue and if hydropower were ex
panded to a total of 78 million MWh ( e) 
(scenario A), part of the combined heat 

and power potential could be used to sat

isfy Sweden's electric power require
ments in the year 2011. Under these cir
cumstances, expanding nuclear power 

would not be an economically viable 
proposition. The academy's study also 
points out that the lead time for building 

a power plant in Sweden is 6 to 10 years. 
Thus, if the costs of future electric power 

production are to be minimized, the gov
ernment will have to decide within a few 

years whether to expand the country's 
hydropower potential. 

On the basis of these two scenarios, 
which assume a continued use of nuclear 
power and-consequently-low electric 

power prices, the annual need for electric 

power in the year 2010 is projected to be 
140 million MWh (e). On the other hand, 
if (as in scenario D) nuclear power were 
to be phased out and hydropower not 

permitted to expand beyond the set limit 
of 66 million MWh (e), an additional 10 
million MWh (e) would have to be pro
duced in coal-fired power plants (plants 
that produce only electric power) by 

2010. To cope with the transition, the 

government would have to make a deci
sion on coal-fired power as early as the 



end of the 1990s, since these plants 
would have to be ready for trial operation 

before the year 2011. 

Although it would be technically fea

sible to supply Sweden with electric 
power even in the event that nuclear 
power were phased out in 2010, the re
port notes that the economic conse
quences, with regard to both invest
ments and annual operations costs, 
would be very considerable. Estimates 

indicate that, compared with today's 
costs, there would be a 50-55% real in
crease in the average cost of producing 
electric power. Sweden would then have 

substantially higher energy costs than 
many other industrial nations who con

tinue to use nuclear energy. This differ
ential would have a negative effect on 
Sweden's ability to compete on the inter
national market, and the corresponding 
drop in demand for electric power
from an estimated 140 million MWh (e) to 
around 130 million MWh (e)-would 
hurt the country's industrial growth and 

employment. 
"What the academy discovered is actu

ally very simple," Forsberg says. "In the 

event that nuclear power is phased out, 
additional electric power production at 

very high cost could be obtained from 

coal-fired power plants and, possibly, 
though we don't know yet, through fuel 

cell technology. And we will have to im
port a great deal of coal to meet the de
mand. 

"Of course, because of environmental 
concerns, there is also some resistance to 
building new coal plants in Sweden," 
notes Forsberg. "If we also decide, for 

environmental reasons, to impose a re
striction on the total use of coal, the situ
ation will become precarious .  It is impos
sible to produce electric power with 
biofuels to the extent that would be 
necessary. Therefore, we would have to 
return to importing oil and natural gas or 
reduce steeply the use of electric power. 
A development of this kind jeopardizes 

the total use of resources by society and 
can lead to a pronounced deterioration in 
the standard of living in Sweden,"  he 
cautions. 

The study emphasizes that, in all 

probability, the 12 nuclear power reactors 
that are already or soon to be commis

sioned will be operated profitably and 
safely far into the next century. It recom

mends that these plants be used as long 
as they satisfy the current environ

mental, health, and safety regulations 

and can be operated economically. To 

phase out nuclear power in the year 2010 
is therefore technically unjustified and, 

moreover, indefensible from the stand

point of the national economy, the acad
emy argues. There are telling factual 
reasons to call for reconsideration of the 
parliamentary decision to phase out nu
clear power. 

Hans Forsberg agrees wholeheartedly: 
"Now, in our study we are not recom
mending the building of any new nuclear 
units; we are simply suggesting that the 
government remove the date for shutting 
down the existing units and that the 

plants be allowed to run as long as is eco
nomically feasible. Our children, who 
may be wiser than we, should have the 
opportunity to decide whether the coun
try needs nuclear power to remain inter
nationally competitive. "  

A copy of  the academy's study is avail

able from the Royal Swedish Academy of 

Engineering Sciences, P.O. Box 5073, 
S-102 42, Stockholm, Sweden. • 

This article was written by Christine Lawrence, Washington 
Office. 
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AT THE I NST ITUTE 

Coal Is Still Key to 
China's Energy Future 

Coal experts from the People 's Repub l ic  of 
Ch ina visit EPRI and , i n  a wide-ranging 

d iscussion , tal k about Ch i na's coal pol ic ies 
and emerg i ng envi ronmental issues. 

E 
PRI's Advanced Power Systems 

Division hosted a week-long visit 
by Dr. Bozen Sun and Dr. Y in Ren 

Wang, both vice chairmen of the Beijing 
Energy Society. Dr. Sun heads the Chi
nese Academy of Science's Research In

stitute of Environmental Chemistry, and 
Dr. Wang directs China's Institute of Coal 

Chemistry. 

While at EPRI, the visitors held an in
formal exchange with members of the 
technical staff, answering questions on 

topics ranging from energy policy in 
China and the present and future status 
of Chinese coal to acidic deposition and 
the control of particulate matter, SO" 
and NO,. 

Despite large offshore oil fields and an 
abundance of rivers for hydro develop

ment, China's dominant energy source is 
still coal, with reserves currently set at 
over 600 billion tons. China burns more 
than 500 million tons annually, according 
to Dr. Sun, and this represents 70% of the 

country's total energy consumption. Un-
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ti! fairly recently coal was burned with 
little regard to its environmental effects, 

and the result was high concentrations 
of suspended particulates, especially in 
winter in the northern cities. 

Explaining that there is no agency in 

the People's Republic dedicated to envi
ronmental protection per se, Dr. Sun said 

that China's policy makers are now 
showing heightened sensitivity to envi
ronmental concerns, largely as a result 
of national policy decisions to increase 
China's GNP and, hence, its energy con

sumption. Because these decisions are 

likely to increase pollution if some abate
ment measures are not taken, there has 

been increased interest in setting stan
dards for power plant emissions, con

structing more gasification plants, re
classifying China's vast coal reserves 

according to their sulfur and nitrogen 
content, and learning more about the 
physical and chemical makeup of various 

coals. 
Another outgrowth of this awakening 

environmental concern, Ors. Sun and 
Wang agreed, has been a focus on acid 
rain. Early data from a nationwide sur
vey undertaken by the government in 
1982 suggest that the phenomenon is 

fairly localized, in spite of the vastness 
of the Chinese land mass, and occurs 

mainly in the southwestern provinces of 

Szechwan and Keichow. 
Coal mined there generally has a 

higher sulfur content than that mined in 

the north. These southern regions have 
been open to intense coal mining only 
during the past decade and still lack the 

extensive rail network needed to move 

their coal to market. Consequently, they 

burn a large portion of their high-sulfur 
coal close to its source. This practice 
appears to have resulted in higher levels 
of acidic deposition, levels that have 
made visible inroads on the region's for

ests and mountainside foliage. 
Asked about other kinds of air pollu

tion, Dr. Wang acknowledged that urban 

air pollution is another problem con-



fronting China's policy makers. In fact, 
he noted, the city of Beijing-in an 
attempt to ameliorate air quality-has 
initiated a campaign urging its citizens to 
cease burning the traditional charcoal 

briquets in their home stoves and instead 

use cleaner-burning, higher-Btu natural 
gas for cooking and heating. 

Despite the fact that China ranks third 
in the world in coal reserves and pro

duction (behind the Soviet Union and 
the United States), its energy consump
tion per capita is well below that of in

dustrialized nations. This circumstance 
has potentially serious consequences for 

China's economic development. 

The response by China's policy mak
ers, the visitors explained, has been to 

call for a more rational coal policy
one that would improve management, 

reduce waste, channel appropriate re
sources to the proper markets, and 
redress the imbalances in supply and de
mand. This goal has meant, among other 

things, constructing more coal bases, 
especially in the energy-poorer southern 
provinces; improving product quality; 
and pressing for more coal science R&D. 
As a result, more open-pit mining is 
being encouraged, as is a greater mech

anization of mining practices. 
Special attention is also being paid to 

generating power at the pitheads and to 
building coal gasification plants using a 
variety of technologies. Following EPRI's 
lead, China is constructing two plants 

based on the Texaco gasification process. 
One will provide hydrogen for an exist
ing ammonia plant; the other will gener
ate electricity and coproduce methanol 

along with clean gaseous fuel. 

What China is now looking for, accord
ing to Dr. Sun, is an overall plan to bring 
the country to its fullest energy potential. 

Although the fulfillment of this potential 
will include nuclear power and will 

certainly entail an increased use of oil, 
natural gas, and hydro, China's main en-

ergy source will continue to be coal for 

many years to come. To use this vast re
source prudently and economically-to 
bring about what Dr. Wang calls a "bal

anced, energy-related environment" -
is China's great challenge. • 

Major Effort Launched 
to Study Acid Rain 
Effects on Forests 

EPRI has recently launched a four-year, 
$8 million project to study the effects of 

acidic deposition on the health of U.S. 
forests. The biggest and most compre
hensive project ever undertaken by 
EPRI's Ecological Studies Program, it is 

also the largest privately funded acidic 

deposition study in the United States. 

The Empire State Electric Energy Re

search Corp. and the New York State En
ergy Research and Development Author

ity are cofunding the study with EPRI. 
"The health of forests and the impact 

of acidic deposition constitute one of the 

most active aspects of the environmental 
pollution debate," states John Huckabee, 
manager of the Ecological Studies Pro
gram. "In this study, we seek the neces
sary scientific understanding of the fac

tors and the interactions behind forest 
decline." 

Several hypotheses have been ad
vanced to explain dying trees and the de

cline of some forests: acidic deposition; 
the effects of aluminum, ozone, and ni

trogen; and natural causes. This study 

marks the first time, however, that re
searchers will attempt to document 

mathematically how acidic deposition, 
the tree canopy (or treetops), and soil 
processes are linked to a forest's nutrient 
status, which in turn affects forest 
productivity. 

Working under EPRI contract, an envi
ronmental team from Oak Ridge Na
tional Laboratory will manage and coor

dinate researchers from the universities 

of Georgia, Michigan, Pennsylvania, and 
Washington; the State University of New 
York at Albany; the U.S. Forest Service; 
and the National Park Service. 

In addition to conducting field studies 
at nine forest sites in New York, North 

Carolina, Tennessee, and Washington, 

the researchers will build on data de

veloped by EPA and EPRI in their stud
ies of aluminum biogeochemistry and 

integrated lake-watershed acidification. 
These studies had several forest sites in 

common. 
Also aiding the work will be reports 

from the German-American Exchange 

for Forest Decline, an ad hoc expert 

scientific committee formed in 1984 by 

EPA and agencies of the Federal Repub
lic of Germany. A phenomenon called 

waldsterben -the death of mature trees, 
coupled with the failure of young trees to 

replace them-was first observed in Ger
many and has been the focus of much 

research there. Several tree species have 
been affected in Europe, while only red 

spruce appears to have suffered in this 

country. Researchers in Canada and 

Europe may join the EPRI project and 
expand the project to additional sites in 

the near future. • 

Cooling-Tower Tests 
Begin in Houston 

Reducing the cost of generating electric 
power through better cooling-tower de

sign and operation is the goal of tests 
now under way at the Cooling Tower 

Performance Test Facility near Houston, 

Texas. The $1 million EPRI facility, lo
cated at Houston Lighting & Power Co.'s 
Parish generating station, began oper
ations in May and will help utilities re

duce costs by developing methods to im
prove the design of new evaporative 

cooling towers, the analysis of vendor 
bids, and the retrofitting of existing 
towers. 
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The research being conducted at this 

first-of-its-kind facility includes testing 
various types of cooling-tower fill (or 

packing), using computer codes to pre
dict cooling-tower behavior under vari
ous conditions, and verifying the newly 

developed predictions on full-sized tow

ers. A design manual for electric utilities 
will be developed on the basis of the re
sults of these tests. "An increase of 5% in 
cooling-tower efficiency will result in a 
savings of about $10 million over the 
40-year life of a 1000-MW plant," says 

EPRI project manager John Bartz. 

The Cooling Tower Performance Test 

Facility is part of a $3 million project to 

help utilities purchase cooling towers 
that will operate more efficiently and to 

help them bring existing towers up to 
state-of-the-art standards. The facility 
was built by EPRI and a consortium of 
eight utilities in late 1984. The sponsoring 
utilities are Houston Lighting & Power 

Co. ,  Indianapolis Power & Light Co., 
Pacific Gas and Electric Co. ,  Public Ser
vice Co. of Oklahoma, the Salt River 

Project, Southern California Edison Co. ,  
Southern Company Services, Inc . ,  and 
the Tennessee Valley Authority. • 

Workshops Offer 
Information on 
Nuclear Plant Savings 

Two EPRI workshops that examined 
ways to stem the rising costs of construct

ing and modifying nuclear power plants 

have provided planning guidance for the 
Institute's research. Conducted earlier 

this year at EPRI's Nondestructive Evalu
ation Center in Charlotte, North Caro
lina, the workshops attracted industry 

experts in nuclear plant piping design, 
fabrication, and installation and in elec
trical and instrumentation construction. 

Participants at the piping workshop 
proposed five broad measures that, if 
implemented, could have a dramatic im-
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pact on reducing piping costs: stabiliz
ing the application of regulations and 

design changes during construction, re
ducing paperwork and field changes, 

optimizing quality assurance and qual
ity control (QA/QC) procedures, reduc
ing pipe support hardware, and apply
ing computer-aided construction (CAC) 

techniques .  

The piping workshop participants 
went on to identify specific actions for 
implementing such measures. In fact, 
professional and code committees are 
already taking steps to relax load
combination criteria and installation tol
erances, to use increased damping in 
piping analysis, to eliminate the rigorous 
requirements stipulated in the ASME 

Boiler and Pressure Vessel Code (Section 

III, Subsection NF), and to revise weld 
inspection criteria. Furthermore, an EPRI 
study by Duke Power Co. (RP2514-3) is 

developing guidelines for computer
aided engineering applications that in

clude CAC. 

The cost-savings suggestions offered 

by participants in the electrical and in

strumentation workshop also focused on 

improvements in QA/QC practices and 
CAC. Specifically, they recommended 

replacing metal conduit with lighter
weight, more easily handled material; 
improving the design of raceway support 
systems; and studying nuclear plant ap

plications of such advanced technologies 
as fiber optics (to reduce the number of 

electrical cables) and time-domain reflec
tometry (to perform construction verifi

cation and surveillance testing). 

The recommendations provided by 
these workshops are being used in for

mulating EPRI's research strategy for the 
Nuclear Power Division's Maintainability 
and Constructability Program. To help 
implement the new research, Victor Van
derzyl, a construction expert, is on loan 

from Bechtel Power Corp. as a project 
manager. • 

PCB Removal Process 
to Get Georgia Test 

A new process to remove PCBs (poly
chlorinated biphenyls) from electric util

ity transformer oil will soon be demon

strated for the first time as a result of a 
recent agreement between EPRI and 
Georgia Power Co. The new technology, 
developed under EPRI contract by 

Veridyne and General Electric Co. ,  im
proves the economics of the destruction 
process by extracting the PCB in a con
centrated form. 

EPRI began its PCB extraction research 
in 1981 and has spent about $800,000 on it 
to date. This year-long demonstration
set to begin in early 1986-is expected to 

cost an additional $800,000, with Georgia 

Power spending about $700,000 for the 
process facility and EPRI contributing 
about $100,000 in engineering expertise. 

During the extraction process, a sol
vent (methyl carbitol) and the con

taminated mineral oil are forcibly mixed 
and repeatedly agitated and allowed to 
settle. The solvent extracts PCB from the 
oil during each cycle, eventually re

moving most of it. The clean oil is 

washed to remove the solvent and is 
treated for reuse with normal utility oil 
cleanup equipment. 

A distilling of the PCB-containing 
methyl carbitol boils off most of the sol
vent, which can be recovered for reuse in 

the extraction process. Left behind is a 

mixture of PCB, mineral oil, and solvent 
that is cooled and further separated to 

yield a residue of mineral oil containing 
about 5% PCB and a small quantity of 
lost solvent. This residue, which makes 
up about 1% of the initial contaminated 

oil feed, must then be sent to a certified 

incinerator for disposal. 

Georgia Power will use the extraction 
facility to clean oil from its own trans
formers and will perform the service for 
those utilities it has traditionally sup-



chromatographic analysis and allows 
self-calibration by periodically analyzing 
"standard" samples of known composi

tion. • EPRI Contact: Thomas Passell (415) 

855-2070 

NDE Image Enhancement 
Saves Georgia Power 
$1 Mil lion 

A
n in-service inspection of a reac
tor feedwater pipe in the Hatch-2 

nuclear unit of Georgia Power Co. (GPC) 
indicated possible cracking and signaled 
a potentially costly repair/replacement 
program. Quickly initiating a multi

phased effort to analyze and correct the 

problem, GPC and Southern Company 
Services, Inc. ,  assembled a cadre of 
experts that included personnel from 
EPRI, Southwest Research Institute, and 

Schonberg Radiation, Inc. Using Minac/ 

Shrinkac, the group reviewed preservice 
NDE radiographs and those acquired 
during the inspection. EPRI worked with 
Schonberg Radiation to apply EPRI's 

computerized-image data processing 
method to enhance the radiographic im
ages for comparison. "The technique," 
Jim Edwards and Len Gucwa of GPC 

agree, "showed that we did not have a 

pipe/nozzle crack problem." Able to as
sure the NRC there was no problem, 
GPC was spared the expense of repairing 
its reactor vessel nozzle and saved an 

estimated $1 million in replacement hard

ware. • EPRI Contact: Mel Lapides (415) 

855-2063 

New Monitoring System 
at SCE Checks 
Torsional Oscillation 

A
fter electrical disturbances on a 

transmission network caused se
vere damage to generator shafts at the 
Mohave Generating Station operated by 

Southern California Edison Co. (SCE), 
the utility adopted operating and trans-

mission changes to reduce the likelihood 
of future damage. In order to verify that 
the new operating conditions were ade

quate, however, SCE needed a means of 
monitoring electrical disturbances and 
correlating such data to torsional oscil
lations in generator shafts. Similar prob
lems nationwide had prompted EPRI to 
fund General Electric Co. to develop a 

predictive analytic model of such occur

rences, as well as a monitoring system. 
The prototype of the monitoring system 
was installed at SCE's Mohave plant. 
Now, when torsional oscillation occurs in 
a generator, the monitoring system will 

provide some of the information needed 
to determine whether a shaft inspection 
is necessary. The system will also help in 

scheduling repairs and determining if a 
shaft should be replaced. The potential 

savings from the monitoring system 
would result from SCE's avoiding costly 
($2.8 million) shaft inspections and being 
able to replace turbine shafts before cata

strophic failure occurs. • EPRI Contact: 

James Edmonds (415) 855-2291 

SACTI Model Plots 
Plume Dispersion for 
Virginia Power 

To meet the siting and licensing re
quirements for building new power 

plants, utilities must evaluate the envi

ronmental effects of such construction, a 
process that requires complex computer 

programs. Virginia Power allocates in

house resources to perform regulatory
required air quality modeling analyses 

and, as part of this assessment, has 
searched for a readily usable, generic 
cooling-tower plume prediction model. 

Fortunately for Virginia Power, the utility 
industry now has such a tool: the sea

sonal and annual cooling-tower impacts 
model. Known as SACTI, it is an updated 
version of plume dispersion and drift de

position models developed earlier for 
EPRI by Argonne National Laboratory 

and the University of Illinois. In contrast 

to the earlier models, SACTI accounts for 
seasonal and annual weather variations, 
deals with a variety of terrains, and can 

predict a number of plume dispersion 
variables. Using SACTI, Virginia Power 

estimates it may realize a one-time sav
ings of $200,000 and predicts future sav
ings of $10,000 to $20,000 for each SACTI 

application. • EPRI Contact: John Bartz 

(415) 855-2851 

Electric ARM Hands 
Pacific Power $1100 
Savings per Household 

Flexible, convenient, and inexpensive, 
the Electric ARM (appliance research 

metering) system developed for EPRI by 
Robinton Products, Inc., continues to 
perform well for utilities, collecting end
use load data on household electric ap

pliances. Requiring no rewiring, ARM 

can measure various appliance loads in 
one or more households, and its ease of 

installation lowers costs and increases 

sample reliability by improving customer 
acceptance. A remote unit at each mon
itored appliance sends coded data via the 
house wiring to the receiver, which out

puts pulses for subsequent recording. 
Recently, a temperature probe and also a 
pulse transponder that can accommo
date standard pulse-initiating meters 

were added to the ARM product line. As 
the first large user of the Electric ARM, 
Pacific Power and Light Co. estimates 
that ARM has saved it $1100 per house

hold over and above the cost of hard wir
ing to monitor power consumption 

history. Since ARM was introduced in 
1982, nearly two dozen utilities have in

stalled several thousand of the units, 
which are proving to be extremely re
liable. Recent applications have included 

room air conditioners and commercial 
HVAC and lighting. • Contact: Robinton 

Products, Inc. (408) 738-8330; EPRI Con

tact: Edward Beardsworth (415) 855-2740 
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AMORPHOUS SILICON 
FOR THIN-FILM PV DEVICES 

Thin-film photovoltaic (PV) devices for utility 
bulk power applications offer two manu
facturing advantages: material consumption is 
optimized, and the large-area deposition pro
cesses used to produce thin films lend them
selves to automation. After a wide-ranging 
review of the state of the art of PV technology 
conducted by EPRI in 1982- 1983 (AP-3351), 
amorphous silicon used in multilayer configu
rations was identified as the leading thin-film 
candidate for utility bulk power generation. The 
potential of amorphous silicon for use in alter
native cell designs and with various alloying 
materials makes it a good prospect for meet
ing utility bulk power cost and performance 

. targets for flat-plate modules, nominally 
$100 /m2 and 15% efficiency. Moreover, the 
worldwide interest in amorphous silicon for 
electronic semiconductor applications in
creases the probability that significant tech
nical advancement in this area will continue. 
EPR/'s amorphous silicon research seeks to 
further this advancement through university
based efforts aimed at increasing the funda
mental understanding of key issues in tech
nology development. 

Research on amorphous si l icon materials and 
devices has been proceeding for over a de
cade with corporate and government support, 
and the participants have evolved into a truly 
international community. In terms of conver
sion efficiencies, this research has achieved 
the following: 11-11.5% for single-junction 
laboratory-scale solar cells (1 cm2); about 5% 
for commercially avai lable power modules 
(1000 cm2) ,  first introduced in late 1984; and 
9% for large-area preproduction power mod
ules (100 cm2) .  

The efficiency of single-junction laboratory 
devices is rapidly approaching the practical 
achievable limit of 12-14%. Laboratory re
search on multijunction (two- and three
junction) solar cells, also called tandem cells, 
has produced small-area (1-cm2) cells that are 
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12% efficient. The multijunction approach is 
promising because it allows a single unit to 
make use of wavelengths normally associated 
with several different kinds of cells (Figure 1 ) .  
The efficiency l imit for multijunction devices 
has not been well defined, but it appears that 
they may be able to achieve the 1 8% efficiency 
required for 15% efficient power modules. 

The research during the last 10 years has 
provided some understanding of amorphous 
materials and has led to progress in PV device 
fabrication. For this progress to continue, it is 
necessary to increase our fundamental under
standing of both materials and devices. To
ward that end EPRI initiated an amorphous 
silicon research program about 18 months 

200 
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600 900 1 200 

ago. The program was designed with input 
from an industrial advisory committee, which 
helped to formulate the objectives and to re
view the proposals of university contractors. 
Composed of leading research scientists and 
engineers from the U.S. amorphous PV indus
try, the committee continues to serve in a tech
nical review capacity. 

Together with key EPRl-sponsored un iver
sity contractors, the advisory committee has 
identified four areas where increased under
standing is vital to the continued development 
of amorphous silicon thin-film devices. These 
are (1) high-quality, low-band-gap amorphous 
silicon alloy materials, (2) the kinetics of depo
sition and film g rowth, (3) the physics of amor-

1500 1 800 2100 2400 

Wavelength (nm) 

Figure 1 Because each layer in a multijunction PV cell is treated to optimize energy conversion in a 
selected band of_ the wavel_ength spectrum, such cells can convert a larger fraction of solar energy to elec
tricity than can single-Junction cells. The black curve shows the total solar radiation as distributed across 
the spectrum; the colored curves correspond to two layers of a multijunction cell. 



phous sil icon thin-film devices, and (4) long
term cell stabil ity. The groups participating in 
the EPRI effort have structured thei r research 
around these critical issues. 

At Princeton University work is under way to 
address the issue of low-band-gap amor
phous sil icon alloys (RP1193-6). The process 
being used to deposit the alloy material in 
thin films is either de or radio-frequency 
plasma-enhanced chemical vapor deposition 
(PECVD), also known as glow discharge de
composition. The emphasis is on careful mate
rials preparation, consistent with the current 
state-of-the-art understanding. Consequently, 
the research reactors include vacuum inter
locks for sample introduction, mass flow con
trollers for the gas injection system, turbo
molecular pumps to reduce contamination, 
and diagnostic equipment for maintaining 
chamber operating conditions and purity 
(Figure 2). 

The al loy material under investigation by 

Heater power 
feedthrough 

Mass flow 
controller 

Roughing pump 
(190 Umin) 

the Princeton group is amorphous silicon
germanium (a-SiGe:H) .  Amorphous sil icon 
(a-Si :H) has an optical band gap of approxi
mately 1 . 7- 1 .8  eV. Alloying it with germanium 
can reduce the band gap to less than 1.0 eV. 
The challenge is to lower the optical band gap 
of the alloy while maintaining the desirable 
electronic properties of amorphous silicon. To 
date, it has not been possible to maintain these 
properties in alloys with band gaps below 
1 .4-1.5 eV. In the short time the Princeton re
searchers have been working, they have suc
ceeded in depositing amorphous sil icon
germanium al loys with band gaps from 1.0 eV 
(0.85% germanium) to 1 .65 eV; mixtures of 
SiF4, GeF4, and H2 are used to control the alloy 
composition. However, the researchers have 
also seen a degradation of electronic proper
ties in the alloys with band gaps below 1.5 eV. 

The importance of the second area recom
mended for research attention, deposition 
kinetics and film g rowth, is reflected in this 

High-voltage 
feedthrough 

Figure 2 This vacuum system is being used for the deposition of amorphous silicon alloys in EPRl
sponsored research on thin-film photovoltaics at Princeton University. Extensive monitoring and control 
equipment is incorporated to ensure correct materials preparation. 

fact: for thin-film photovoltaics to become an 
option for bulk electric power generation, it wi l l  
be necessary to design and bui ld deposition 
machines capable of producing some 10 mil
l ion ft2 (929,000 m2) of solar cells a year. This 
represents a large improvement over today's 
technology. To scale up to the level required 
means increasing both the area over which 
uniform films can be deposited and the rate at 
which they can be deposited. Important ques
tions to be investigated concern the decom
position kinetics of source gases used in the 
deposition process and the effect that ener
getic particle bombardment of the growing film 
surface has on the material's electronic prop
erties. Two contractors are addressing these 
questions. 

One approach to depositing amorphous si l
icon is to thermally decompose the source gas 
and deposit the resulting radical species onto 
a substrate. This method is known as chemical 
vapor deposition, or CVD. Because a thermal 
source is used to decompose the gas, there 
is no bombardment of the growing film sur
face with energetic particles. A group of re
searchers at Poly Solar, Inc. ,  is applying this 
method in an effort to better understand the 
fundamental properties of amorphous silicon 
(RP1193-2). 

The investigators have found that the fi lm 
growth rates are too slow when using silane 
(SiH4) as the source gas because of the low 
temperature at which the substrate must be 
maintained. Using disilane (Si2H6) ,  however, 
enables a much higher deposition rate at the 
same temperature and produces fi lms with 
high-quality electronic properties. The films 
deposited by Poly Solar have been of such 
good quality that the g roup has begun a de
tailed study of another key issue, film stabil ity. 
The CVD fi lms deposited thus far display 
an experimentally controllable instability re
sponse when exposed to l ight. A greater un
derstanding of this phenomenon is needed in 
order to produce high-efficiency, long-l ifetime 
devices. 

A second way to address the kinetics of de
position and film g rowth is to independently 
control a g reater number of the deposition 
parameters. Thus, instead of avoiding ener
getic particle bombardment of the growing fi lm 
surface, one might attempt to control in a re
producible and measurable fashion the flux 
and energy of particles arriving at the fi lm sur
face. This is the thrust of work at the University 
of I l l inois (RP1193-7), where researchers are 
using reactive magnetron sputtering in order 
to observe and model the deposition and 
growth process. 

Reactive sputtering is a technique whereby 
a reactive gas (in this case, hydrogen) is intro
duced into the deposition chamber along with 
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the argon sputtering gas so that a chemical 
reaction takes place at either the substrate or 
the cathode, depending on the deposition 
parameters. In this way an amorphous sil icon 
thin fi lm can be produced from a pure sil icon 
target by sputtering. In  magnetron sputtering 
a de magnetic field is used to confine the 
plasma discharge to a region near the tar
get, and energetic particle bombardment is 
applied separately to the growing fi lm by 
means of Kaufman ion sources. The deposi
tion chamber is specialty equipped with a 
modulated-beam optical spectrometer and a 
quadrupole mass analyzer to detect and iden
tify the radical species arriving at the growing 
film surface. 

To further the understanding of PV device 
physics, a group from Pennsylvania State Uni
versity is developing models of sing le-junction 
and multijunction devices (RP1193-8). These 
analytic models are intended to provide mean
ingful correlations between PV device charac
teristics and measurable materials parame
ters. They will serve as road maps to enable 
the groups working on materials development 
to optimize thin films without fabricating com
plete devices. 

EPRl's amorphous silicon research program 
has been undertaken with the recognition that 
a long-term commitment to understanding the 
fundamentals of the technology is required be
fore the PV industry wi l l  be able to supply thin
film solar cells for bulk power generation. An 
important part of this research is the fostering 
of cooperation among interested university 
and industrial research groups in order to opti
mize the application of avai lable resources 
and minimize development time. Project 
Manager: John L. Crowley 

PERFORMANCE OF UTAH BITUMINOUS 
COAL IN A MOVING-BED GASIFIER 

The U.S. electric utility industry has recently 
shown interest in the use of relatively smal/-
25 to 75 MW (e)-power plants fueled with 
clean synthetic gas derived from coal. A coal 
gasification system receiving considerable 
attention tor the production of /ow-Btu fuel 
gas for such plants is the Wellman-Galusha 
system. It features a commercially proven, 
moving-bed-type gasifier that operates at 
ambient pressure and uses air as the oxidant 
source. In August 1984 EPRI and Utah Power & 
Light Co. (UP&L) partially funded a test of a 
Utah bituminous coal in a 6.5-ft-diam (2-m) 
Wellman-Galusha gasifier at the U.S. Bureau of 
Mines' Twin Cities Research Center in Min
neapolis. The coal's performance was excel
lent: the dry product gas had a higher heating 
value of 170-180 Btu /set, and high-quality 
coal liquids were produced at a rate of over 
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35 gal (132 L) per ton of coal. The overall 
gasification efficiency (based on the pro
duction of hot raw fuel gas) exceeded 92%; 
the gasification efficiency based on cold de
tarred gas (but including the tar /oil energy) 
was 85%. 

A number of U.S. electric utilities are interested 
in using relatively small power plants to meet a 
portion of their load growth requirements. 
Currently, UP&L is investigating the feasibil ity 
of producing electricity from small power 
plants fueled with a high-volatile, low-sulfur 
bituminous coal from the Blind Canyon seam in 
Utah. One of the options under consideration 
is to produce power by firing dual-fuel diesel 
engines with coal-derived synthetic gas and 
tars produced in a moving-bed gasifier. 

Under RP2656-1 EPRI recently helped fund 
a program to test the performance of UP&L's 
Blind Canyon coal in a Wellman-Galusha 
moving-bed gasifier at the Twin Cities Re
search Center in Minneapolis. The major ob
jectives of the test program were ( 1 ) to obtain 
design-point gasification data (e.g . ,  maximum 
coal throughput, product gas composition, 
gasifier thermal efficiency) for the Utah coal, 
and (2) to determine the characteristics (e.g. ,  
heating value, composition, sulfur content) 
of the tars produced during the gasification 
process. 

Test facility 

The gasification test facility at the Twin Cities 
Research Center is operated by Black, Sivalls 
& Bryson, Inc. (BS&B), under contract with the 
Bureau of Mines, with major funding from DOE. 
Since 1 977, it has been used extensively to 
evaluate the gasification characteristics of a 
wide variety of U.S. coals in a moving-bed 
gasifier. Direction for the test program has 
been provided by the Mining and I ndustrial 
Fuel Gas Group (MIFGA), an industry support 
group of which EPRI is a member. 

The test facility consists of a coal storage 
and handling system to process, deliver, and 
meter sized coal to the gasifier; a Wellman
Galusha gasifier with an inside diameter of 6.5 
ft (2 m) and a gas production rating of 30 mil
lion Btu/h; a refractory-lined cyclone to re
move dust in the product gas; an air blower; a 
product gas handling and combustion system; 
and a flue gas scrubber-fan-stack system to 
remove sulfur dioxide and particulates from 
the products of gas combustion. 

The test facility is equipped with standard 
industrial monitoring equipment for the mea
surement of temperatures, pressures, flows, 
and process conditions. An automatic data ac
quisition system records these measurements 
for subsequent process analysis. The Univer
sity of Minnesota's Particle Technology Labo-

ratory, under subcontract to BS&B, monitors 
process parameters and provides analyses for 
all material inputs and outputs. 

The facility also has a 0.2-scfm (0.094-L/s) 
slipstream gas sampling and conditioning sys
tem to detar and dry the product gas before 
analysis by gas chromatography. This system, 
which consists of a surface contact condenser 
and an e lectrostatic precipitator operating in 
series, was designed by the Particle Tech
nology Laboratory. In  addition to providing 
clean gas for analysis, it measures gasifier tar 
production and collects modest tar quantities 
for analysis. 

In  order to collect larger quantities of the 
Utah coal tar product for characterization stud
ies, EPRI contracted with BS&B and the 
Particle Technology Laboratory to design, con
struct, and operate an enlarged ( 1 0  scfm; 4.7 
L/s) gas sampling and conditioning system. 
This system, which is based on the design of 
the smaller train, operated successfully during 
the Utah coal test program and collected over 
350 lb ,  or 42 gal (159 kg, or 1 59 L), of relatively 
dry high-quality tar. 

Wellman-Galusha gasifier 

In the past century over 10 ,000 coal gasifiers 
of the moving-bed type have been used to 
produce clean fuel gas, primarily for indus
trial applications. Moving-bed gasifiers, often 
called fixed-bed gasifiers in the literature, are 
inherently simple and reliable and have a rela
tively high thermal efficiency. However, in gen
eral they are confined to handling graded 
coals in the size range of 1/4-2 inches, yield 
tars and oils as by-products, and require spe
cial provisions, such as an agitator, to handle 
caking (agglomerating) coals. 

The Wellman-Galusha gasifier is a single
stage, moving-bed, atmospheric pressure 
system that has been in commercial use 
throughout the world for over 30 years. Figure 
3 presents a process schematic of the 
Wel lman-Galusha installed at the Twin Cities 
Research Center. Since the gasifier uses air as 
a source of oxygen, it produces gas with a low 
Btu content and a higher heating value in the 
range of 120-180 Btu/set. It has a g ravity coal 
feed system, a water-cooled agitator, and a 
rotating, eccentric, step-type g rate for ash re
moval. The retort is water - jacketed and has no 
refractory l ining. The input a i r  flows across the 
surface of the hot water at the top of the jacket 
and becomes saturated with steam before in
jection under the ash grate. 

The coal feedstock enters the Wellman
Galusha at the top of the gasifier and moves in 
countercurrent flow to the ascending gas 
products (or blast). As the coal descends, it 
undergoes drying, devolatil ization ( l iberating 
tars, oi ls ,  and some l ight hydrocarbon gases), 
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Figure 3 Wellman-Galusha moving-bed gasifier and cyclone. In tests with a Utah bituminous coal, this 
6.5-ft-diam (2-m) gasifier yielded a product gas with a higher heating value between 170 and 180 Btu/set 
and coal liquids of high quality. 
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and gasification until it reaches the com
bustion zone, where it is nearly completely 
consumed to leave an incombustible ash resi
due. This residue is discharged through the 
rotating grate as a dry, granular solid. 

I n  the combustion zone, oxygen in the air 
reacts with carbon to form carbon dioxide 
(CO2) and release heat. In the gasification 
zone, some of the steam and carbon react to 
form combustible carbon monoxide (CO) and 
hydrogen (H2) while absorbing the l iberated 
heat. At the same time, some of the CO2 

formed earlier reacts with carbon to form addi
tional CO. 

The gaseous mixture next passes upward 
through a reduction zone, where the steam 
and CO2 continue to react with carbon; reac
tion finally ceases as a result of a progressive 
fall in gas temperature. The hot gas products 
next pass into the devolatilization and d rying 
zones, where additional sensible heat is trans
ferred to the coal. The principal constituents of 
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the product gas exiting the gasifier are com
bustible CO and H2 , noncombustible CO2, 

nitrogen d iluent, and tars and water vapor. The 
gas also contains some l ight combustible 
hydrocarbon gases and smaller quantities of 
hydrogen sulfide (H2S) and carbonyl sulfide 
(COS).  In  a commercial plant design,  the tars 
and water vapor would normally be con
densed out before the sulfur species are re
moved from the product gas. 

Performance of Utah coal 

UP&L's Blind Canyon seam coal is a 
moderate-swel l ing, low-sulfur B bituminous 
coal that is mined in large quantities in Emery 
County, Utah. A complete analysis of the coal 
is presented in Table 1 .  As can be seen, one of 
the coal's distinguishing features is that it 
has an extremely high volatile matter content. 
Approximately 350 tons of plus-1/4-inch Utah 
coal was del ivered to the Twin Cities site and 
stored without cover for four weeks before test-

Table 1 

ANALYSIS OF UTAH TEST COAL 

Proximate analysis (wt%) 
Volatile matter 
Fixed carbon 
Ash 
Moisture 

Ultimate analysis (wt%) 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen (by difference) 
Ash 
Moisture 

Higher heating value, as-received 
coal (Btu/lb) 

Ash fusion temperatures (°F)* 
Initial deformation 
Softening 
Hemispherical 
Fluid 

Free-swelling index 

38.92 
43.88 
1 1 . 10  
6 . 10  

66.52 
5.09 
0.96 
0.52 
9.71 

1 1 . 1 0  
6. 10  

1 1 ,926 

2345; 2250 
2450; 2370 
2490; 2450 
2660; 2495 

1 .5  

*The first value i n  each case i s  the temperature under 
oxidizing conditions; the second, under reducing conditions. 

Table 2 

DESIGN-POINT GASIFICATION DATA 

Coal throughput, as received (t/h) 1 .80 

Blast saturation temperature (°F) 1 45 

Air/ coal ratio (I b /I b) 2. 1 1  

Steam/coal ratio (lb/lb) 0.388 

Dry gas/coal ratio (scf/lb) 53.4 

Dry gas composition 
Hydrogen (vol%) 18.5 
Carbon monoxide (vol%) 26.9 
Methane (vol%) 1 .85 
Ethane (vol%) 0.191 
Ethylene (vol%) 0 . 143 
Propane (vol%) 0.010 
Propylene (vol%) 0.061 
Carbon dioxide (vol%) 6.25 
Nitrogen (vol%) 45.3 
Hydrogen sulfide (ppm, by vol) 1076 
Carbonyl sulfide (ppm, by vol) 158 

Dry gas higher heating value (Btu/scf) 173 

Dry gas lower heating value (Btu/scf) 161 

Dry tar yield (lb/100 lb coal) 1 4.4  

Dry tar higher heating value (Btu/lb) 16,200 

Dry tar sulfur content (wt%) 0.29 

Thermal efficiency (%) 
Hot raw gas 93.5 
Cold gas with tar 84.6 
Cold gas without tar 66.1 

Note: Except for throughput, all coal values are for dry, ash
free coal. 
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ing. As received, the coal contained many 
pockets of a brown-orange resin material. The 
coal was introduced into the gasifier on August 
3, 1984, and the system ran continuously until 
the coal was depleted on August 1 1 .  

The coal gasified well during the test. Gas 
quality was good, with the higher heating value 
fluctuating between 1 70 and 1 80 Btu/scf (dry 
basis). Although limited by a leaking section in 
the gas duct to the combustion chamber, coal 
throughput was high, in the range of 1.6-1.9 
t/h . The gasifier agitator was operated con
tinuously to effectively manage coal agglomer
ation and to maintain high gas quality. 

Table 2 presents design-point gasification 
data obtained from the test program at a nom
inal coal throughput of 1.80 t/h (109 lb/h/ft2 

of g rate, or 532 kg/h/m2) and a blast (air 
plus steam injection) saturation temperature 
of 1 45°F (63°C). As expected, the gasifier's 
thermal efficiency was high as compared with 
expected ef

f
iciencies when using either en

trained-flow or fluid ized-bed gasifiers. 
On the basis of the analyses performed, the 

test data appear satisfactory. Measured total 
mass of material into and out of the gasifier 
during the Utah coal test balanced to within 
4%; measured total heat into and out of the 
gasifier balanced to within 8%. 

All material flows and compositions during 
the test were measured directly, except for the 
product gas volumetric flow rate. This rate was 
determined by dividing the mass rate of car
bon in the gas (assumed to be equal to the 
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Table 3 
TAR CHARACTERISTICS 

Composition (wt%) 
Moisture (by distillation) 
Sediment (solids) 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen (by difference) 

Specific gravity at 60°F 
Flash point (°F) 
Pour point (°F) 
Kinematic viscosity at 122°F (cs) 
Kinematic viscosity at 210°F (cs) 

11 8 
0.59 

82.49 
8.97 
0.84 
0.29 
5.64 

1 .0049 
247 
1 00 
1 09 

1 0.2 

measured mass rate of carbon in the feed coal 
minus the measured mass rate of unreacted 
carbon in the discharged ash) by the mea
sured volume percentage of carbon in the gas. 
Unfortunately, this method of determining the 
gas flow rate precludes calculation of an ele
mental carbon balance; that is, the carbon 
species entering and leaving the gasifier are 
forced to balance exactly. 

Tar characterization 

EPRI contracted with Dr. George R. Hi l l  of the 
University of Utah to characterize the high-

qual ity tars that were produced in the Utah 
coal test (RP2505-3). Hil l used a combination 
of thermogravimetry, l iquid chromatography, 
low-voltage mass spectrometry, and comput
erized factor/discriminant analysis for the 
characterization. 

Table 3 presents results from some of the tar 
analyses. It should be noted that at 2 10°F 
(99°C) the kinematic viscosities of tars from 
other bituminous and subbituminous coals 
gasified at the Twin Cities Research Center are 
in the range of 22 cs, compared with 1 0.2  cs 
tor the Utah coal tar. Also, the hydrogen-to
carbon ratios tor tars generated with other bitu
minous coals are in the range of 0.08-0.09 
(weight fraction), compared with 0. 1 1  tor the 
Utah coal tar. The Utah coal tar consists of ap
proximately 50 wt% hydrocarbons and 50 wt% 
heteroatomic compounds and is completely 
distillable under vacuum at 200°c. No major 
changes in the tar's bulk composition occurred 
over a 64-hour period at 80°C,  although a 
marked darkening of the tar sample was 
observed. 

Clearly, the tar produced from the Utah bitu
minous coal is of superior quality to tars pro
duced from other U.S. coals in either moving
bed gasifiers or pyrolysis retorts. EPRI and 
UP&L are continuing to examine the Utah coal 
tar produced in the Wellman-Galusha gasifier 
and expect to fire the tar in a large-bore die
sel engine at Transamerica Delaval, Inc . ,  in 
the near future. Project Manager: Michael 
Epstein 
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BOILER RELIABILITY 

Statistical data collected on coal-fired units 
400 MW and larger by the North American 
Electric Reliability Council (NERC) during 
1974-1983 show that boilers and their related 
auxiliaries had an average equivalent avail
ability of about 79%. During the last five of 
those years, the equivalent availability steadily 
improved, and in 1983 it was about 82%. This 
report describes EPR/'s current and planned 
research to develop technologies and solu
tions for reducing availability loss due to boiler 
pressure part failures,  maintenance, and coal 
quality effects. 

Boiler tube failures 

Boiler tube failures (BTFs) are the leading 
cause of availabi l ity loss in U.S. power plants. 
According to NERC statistics, the equivalent 
availabi l ity loss attributable to boiler tubes is 
over 6%. Despite a significant industry effort to 
prevent BTFs, more than 40,000 failures have 
been recorded in the last decade. A large per
centage of these are repeat tube failures 
caused by the same mechanism. Fai lures 
have occurred in all boiler areas: economizers, 
waterwalls, superheaters, and reheaters. More 
than 80% of all BTFs force a shutdown, and a 
typical outage lasting three days can cost a 
util ity $750,000 for replacement power. 

As part of a multifaceted approach to the 
problem, EPRI has developed a boiler tube 
failure manual for power plant personnel 
(CS-3945). It is intended for use during in
vestigations into BTF causes. EPRI bel ieves 
that determin ing the correct failure mechanism 
and root cause in each case is of paramount 
importance in preventing future tube failures. 
Proper corrective action can then be taken to 
al leviate the root cause, adopt monitoring pro
cedures, and eliminate repeat failures. 

The manual categorizes 22 currently l<nown 
boiler tube failure mechanisms. Color photo
graphs show examples of each mechanism, 
and typical failure locations are i l lustrated. The 
manual also discusses probable root causes 

and how to verify them. Most important, it de
scribes in detail the required corrective ac
tions for preventing repeat fai lures. 

In  a follow-on activity, the manual's use wil l  
be demonstrated at a number of uti l ity sys
tems. By applying the methods presented in 
the manual and by introducing a root cause 
statistical data base into its system, a utility 
can better understand availabi l ity losses and 
can ultimately achieve a marked reduction i n  
BTFs. 

Of the 22 fai lure mechanisms described in 
the manual, on ly three appear to require fur
ther R&D in order to determine the root cause 
and then provide permanent solutions. EPRI 
has several projects that address these three 
areas. 

o Corrosion fatigue tube failure in waterwal ls 
and economizers 

� Ci rcumferential waterwall cracking in super
critical un its 

o Fire-side erosion and corrosion fai lu re 

Although the NERC data base does not de
tail root causes, discussions with uti l it ies and 
boiler manufacturers suggest that the largest 
single loss of plant avai labi l ity can be attrib
uted to corrosion fatigue fai lures in waterwalls 
and economizers. I n  Canada, where a BTF 
root cause statistical data base has existed 
since 1980, corrosion fatigue failures account 
for more than 30% of all BTFs. The number of 
failures has been found to increase with the 
number of unit starts. This phenomenon will 
have important ramifications for the many U .S .  
utilities that are switching some un its from 
essentially baseload operation to cycling or 
two-shift operation . 

Corrosion fatigue cracks begin on the water 
side of waterwall and economizer tubing .  
Fai lures have predominantly been located 
where thermal expansion is restricted during 
transient conditions (such as startup during 
two-shift operation) .  Typical locations are at 
pressure-nonpressure attachments-such as 

tie bar, scallop bar, boiler seal, or windbox at
tachments and along the weld l ine in mem
brane waterwal l  panels. Figure 1 i l lustrates a 
windbox attachment. 

A project scheduled to start in  August 
1985 wil l address this failure mechanism 
(RP1890-5); its objectives are to determine the 
root cause and provide predictive techniques 
and solutions. Specifically, it wil l del ineate the 
conditions of stress and boiler water environ
ment (e.g. ,  dissolved oxygen and pH) that are 
necessary for avoiding failure. 

For the second failure mechanism under in
vestigation, ci rcumferential waterwall cracking 
in supercritical units, the region of concern is 
waterwal l  tubing in the h ighest heat flux 
areas-that is ,  just above the burner zone. The 
problem appears to be generic, since boilers 
of all the major manufacturers have experi
enced failure. Fai lures generally occur after 
about 7 - 10 years of service, and the root 
cause of the problem is not yet known. Experts 
th ink that thermal fatigue may be a contributing 
factor. 

EPRI in itiated a two-phase project to deter
mine the root cause and provide operating 
solutions (RP1890-4). In the first phase, which 
is almost complete, investigators surveyed 20 
supercritical units. They found that 10 of these 
units have severe or moderate cracking to
gether with severe fire-side corrosion wastage. 
Five other units have severe corrosion with no 
identifiable cracking .  Each util ity has con
tributed operating, maintenance, and design 
data in an attempt to determine if the fai lures 
have a common generic factor. The second 
phase of the project, to be in itiated early in 
1986, will monitor pai rs of supercritical units, 
one with cracking and one with no damage, to 
identify the root cause of the fai lures. 

The thi rd failure mechanism under investi
gation is fire-side erosion and corrosion. 
Again, because no statistical BTF data base 
exists, the exact ramifications of fai lures and 
maintenance activities associated with fire
side erosion and corrosion in U .S .  fossil fuel 
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Figure 1 The junction of wall tubes and the windbox at a furnace corner is an example of the kind of 
pressure-nonpressure junction where boiler tubing corrosion fatigue failures generally occur. The arrows 
indicate typical crack initiation sites. 

Weld 

plants are not known. However, the industry 
considers this problem to be the second larg
est area of plant equivalent avai labil ity loss. 
These failures and the resulting damage occur 
in  all regions of the boiler. Waterwalls, super
heaters, and reheaters are known to suffer 
both erosion and corrosion, whereas econo
mizer tubing usually suffers only erosion. 

A variety of methods for preventing both 
fire-side erosion and corrosion are currently 
being appl ied. These essentially fall into two 
categories: palliative and permanent. Palliative 
measures include simple tube repair and re
placement, tube thickness monitoring, pad 
welding of tubing, spray coating of affected 
areas, and shielding and baffl ing. The more 
permanent solutions rely on more engineering 
judgment. In  the case of corrosion, several ap
proaches have been tried, with varying suc
cess. These include fuel blending, coextruded 
tubing, and additives. In the case of erosion, 
hot gas velocities have been monitored. 
Because of current equipment l imitations, 
however, th is procedure can be performed 
only adjacent to the outside boiler walls. A 
more effective approach appears to be the 
monitoring of cold ai r velocities at partial gas 
flow, a technique used successfully in Austra
lia, Canada, and Europe. This method enables 
better location of preventive diffusing screens, 
baffles, and shields. 
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_...,....-Furnace wall tubes 
(membrane construction) 

� Windbox floor 

EPRI has initiated a project to survey the 
state of the art in this area-specifically to 
identify the most effective methods being used 
to monitor the effects of fire-side erosion and 
corrosion and to counteract failures (RP2711-1 ) .  
The project wil l assess the l imitations of the 
current preventive and control technologies 
and provide d i rection for improving them and 
developing new technologies. 

Remaining-life techniques 

EPRI considers it important not only to deter
mine the root causes of failures in major boiler 
unavailability areas (e .g . ,  tubing and headers), 
but also to assess the remain ing useful life of 
components under defined operating condi
tions. The overall objective of EPRI efforts in l ife 
assessment is to develop and validate non
destructive methods that represent significant 
improvements over current methods for esti
mating the remaining life of boiler pressure 
parts operating at elevated temperatures. 

Steam pipes and heavy-wal l ,  high-tem
perature header systems in boilers leak rel
atively infrequently. EPRI has recently com
pleted a l imited survey and examination of 
headers at 15 util ities, which revealed few 
major failures recorded to date. Sti l l ,  many of 
the headers were found to have incipient dam
age that could result in failure if proper de
tection and corrective measures are not taken. 

One method used to assess header dam
age is the replica technique. In this totally non
destructive procedure, a component's surface 
microstructure is reproduced by applying a 
cellulose acetate tape onto its surface. The in
vestigators then examine the replica in a labo
ratory at high magnification to detect early 
stages of creep damage and to recommend 
a specific course of action. Although the gen
eral principle of replication has been known 
for some time, a recent EPRI project is re
sponsible for demonstrating its potential to 
utilities in this country and for promoting 
its widespread successful application here 
(RP2253-1) .  Additional laboratory and field 
studies in this project are developing metal
lographic and miniature test specimen tech
niques that wil l complement the replica tech
nique and provide a more quantitative basis 
for the life assessment of heavy-section com
ponents. 

A new project wi l l  integ rate the results of 
ongoing and planned EPRI studies into a 
generic, computer-oriented method for as
sessing the remaining useful life of thick
section boiler parts (RP2253-10). By identifying 
incipient problems before they lead to failures, 
this method will be a very important tool for 
improving boiler reliabil ity. 

The failure of superheater and reheater 
tubing is a frequent cause of boiler forced 
outage. A technique that monitors steam
side oxide scale growth is currently being de
veloped to accurately determine the remain
ing useful life of such tubing (RP2253-5). 
Techniques that involve monitoring for tube 
wall thinning and accelerated creep testing 
have been successfully used in Canada and 
Europe. RP2253-10 will evaluate and compare 
all these techniques in order to provide utilities 
with the most cost-effective way of assessing 
tube life. 

Coal quality effects 

Two major coal-related impacts on boiler re
liability are slagging and foul ing. NERC data 
show that slagging and fouling cause an aver
age plant avai lability loss of 1 .6% annual ly. 
EPRI is assessing the effectiveness of coal 
cleaning and fuel additives in mitigating slag
ging and fouling problems in util ity boilers. In 

RP2425-1 run-of-mine coals cleaned at EPRl 's 
Coal Cleaning Test Faci l ity are being com
bustion-tested at pilot scale to quantify the 
beneficial effects of coal cleaning on slagging, 
foul ing, and fire-side erosion. In  pilot- and full
scale tests in RP1839-4, researchers are evalu
ating the use of minute quantities (2-5 ppm, 
coal basis) of such volatile additives as copper 
oxychloride to reduce slagging. Fundamental 
research on the effects of key components of 
coal mineral matter (e.g . ,  iron pyrites) is being 



conducted in RP2425-3. And finally, on the 
basis of data obtained from an extensive util ity 
survey, RP1891-1 researchers are developing 
correlations between boiler slagging and foul
ing, coal characteristics, and boiler design 
and operating conditions. 

The major coal-related impacts on pul
verizer reliabil ity are (1) fires and explosions 
and (2) abrasion and erosion. In  RP1883- 1  
EPRI i s  sponsoring an investigation of im
proved methods for detecting, controll ing ,  and 
preventing spontaneous f i res and explosions 
in coal pulverizers. In  RP1883-2 researchers 
are identifying relationships between coal 
characteristics and abrasive wear rates in coal 
pulverizers and are establishing an improved 
basis for specifying wear-resistant materials; 
the results to date indicate that coarse (> 45 
µm) quartz grains in the coal are the major 
cause of abrasion. Researchers in RP1883-5 
are studying materials and methods for reduc
ing erosion in pneumatic pulverized-coal con
veying systems. 

Although the effects of coal qual ity on plant 
reliabil ity and avai labi l ity are generally known 
to be significant in terms of cost, there are no 
accurate correlations for quantifying these 
cost impacts. EPRI has sponsored a state-of
the-art review in this area (RP2256-1) and is 
now planning a second phase to develop a 
computer-oriented method for assessing how 
variations in coal quality affect equipment 
performance, availabi l ity, and maintainability 
(RP2256-2) . This work will integrate results 
from al l the EPRI coal quality projects on 
slagging, fouling, combustion, corrosion, and 
erosion. 

Boiler maintenance 

From 1972 to 1981 the average scheduled out
age factor for al l  sizes of fossil fuel utility boilers 
was 8%. EPRI believes that the application of 
new, creative boiler maintenance and repair 
technologies could reduce outage hours by up 
to 20%, with a concomitant 2% improvement in  
the availabil ity of  larger units. 

EPR l 's work in this area began in 1984. The 
first project is assessing the state of the art in 
boi ler and related auxil iary equipment mainte
nance and repair technology (RP2504-1 ) .  
Project personnel wi l l  detail the top 15-20 

boiler maintenance activities (in terms of man
hours and costs) conducted by U.S. util ities. 
The second phase, to be initiated early in 1986, 
wi l l  develop advanced technology-including 
planning systems, work methods, inspection 
procedures, and tools-for reducing the fre
quency and duration of major outages. 

In  summary, EPRI recognizes the serious 
financial impact boi ler availability losses have 
on utility resources, and bel ieves that this im
pact can best be reduced through a combina-

COAL 

lion of several factors: a proper understanding 
of root causes, the development of solutions to 
counteract root causes, the development of 
root cause data bases (particularly for BTF), 
the application of p reventive and advanced 
maintenance techniques, and the thorough 
use of remaining-life techniques. EPRI is work
ing to provide the technologies and tools so 
that utilities can accompl ish this end. Project 
Manager: R. 8. Dooley 

INTEGRATED 
ENVIRONMENTAL CONTROL 

Recent results from the integrated environ
mental control pilot plant (IECPP) at EPR/'s 
Arapahoe Test Facility demonstrate potential 
cost savings for environmental controls from 
considering the entire system rather than indi
vidual controls for wastewater, solids manage
ment, and flue gas emissions. This phase of 
testing, which used a fabric filter-wet S02 

scrubber configuration, identified methods of 
reducing wastewater discharge to meet zero 
discharge requirements or revised National 
Pollutant Discharge Effluent Standards. Speci
fically, the results provide guidelines for (1) em
ploying flue gas desulfurization (FGD) systems 
tor wastewater disposal without compromising 
S02 removal or solid-waste properties, (2) re
ducing solid-waste dewatering requirements 
without incurring solids handling or disposal 
difficulties, and (3) improving water manage
ment to aid mist eliminator cleaning for zero 
water discharge. In addition, the tests evalu
ated the effect of waste heat recovery systems 
on plant water management and solids han
dling. Design studies indicate that the applica
tion of such integration concepts can offer sav
ings of 2-5 mills/kWh, depending on fuel 
composition, site conditions, and environmen
tal regulations. 

The objective of the divisionwide integrated 
environmental control program is to develop 
an environmental control strategy that consid
ers al l  aspects of power production-from fuel 
and site selection to waste generation-in 
identifying the least-cost control approach. 
The IEC program consists of pilot plant tests 
and design studies; the results are d irected 
both to new units and to retrofits. 

Pilot plant tests 

The I ECPP provides valuable experience with 
relatively untried environmental controls that 
offer potential for cost savings but that, com
pared with conventional approaches, increase 
risk for f irst-time users. Located at the Ara
pahoe Test Facility in Denver, Colorado, the 
IECPP processes a flue gas sl ipstream of 5000 
scfm (2.4 m3/s)-nominally equivalent to 2.5 
MW (e) .  I n  1985 the plant wi l l  have capabilities 
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for particulate control by electrostatic precip
itation (ESP) or fabric filtration and S02 control 
by wet scrubbing, spray drying, or dry sorbent 
injection. 

From December 1982 through August 1983, 
Brown & Caldwell conducted tests at the plant 
to evaluate a control configuration consisting 
of a wet l imestone scrubber preceded by 
a fabric filter (RP1646-4). Since there is little 
full-scale experience with this configuration
particularly under closed-loop water manage
ment, which may be requ i red in the West
detailed measurements were made to charac
terize environmental control performance and 
heat rate effects. These covered flue gas emis
sions, wastewater discharge, the physical 
characteristics of solid waste that influence 
handling and containment, and factors affect
ing heat rate (e.g . ,  auxil iary power and acid 
dew point). The work explored integrated de
sign concepts for managing wastewater under 
closed-loop conditions while providing accep
table solid-waste characteristics and minimiz
ing plant heat rate. 

The largest source of wastewater in plants 
with wet cooling towers is cooling-tower blow
down (nominally 1 gal/min, or 3. 785 L/min,  per 
MW), which results from the purging required 
to control recirculating-water solids content 
and scaling.  Blowdown is currently used to a 
l imited extent to supply makeup water for lime
stone scrubbers. However, application l imits 
for blowdown with a high total-dissolved-solids 
(TDS) content in terms of risks to S02 control 
and waste management have not been de
fined. If high-TDS blowdown (-5000 ppm) can 
be used in scrubbers at plant sites with re
stricted water discharge, wastewater disposal 
facil ities can be reduced or el iminated, saving 
1-2 mi l ls/kWh (depending on fuel properties 
and site characteristics). 

To evaluate the use of cooling-tower blow
down in a l imestone scrubber, fou r  blowdown 
compositions were simulated for the I ECPP 
tests; these waters were characterized by an 
inlet TDS concentration of either 3000 or 5000 
ppm and limited by either si l ica or su lfate 
saturation. Figure 2 compares S02 removal for 
the four types of simulated blowdown and for 
clean service water at an inlet S02 concen
tration of 2000 ppm. The results indicate that 
the use of simulated blowdown had no signifi
cant effect within the uncertainty of analytic 
measurements and the precision of pi lot plant 
control. 

However, d ifferences in the unconfined com
pressive strength (UCS) and permeabil ity of 
the waste materials (fixated mixtures of fly ash 
and scrubber waste) were observed in the 
tests. These suggest that the use of cooling
tower blowdown may l imit the range of ash
sludge-lime mixtures that can provide accept-
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Figure 2 Pilot plant tests were conducted at fixed operating conditions to evaluate the use of high-TDS 
wastewater (as generated by cooling towers) for scrubber makeup. Clean plant service water and simu
lated wastewaters whose inlet TDS content approximated that of tower blowdown (3000 to 5000 ppm) were 
tested. The results show that the use of high-TDS wastewaters, whether silica- or sulfate-limited, did not 
adversely affect scrubber performance. 
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able compressive strength ( i .e . ,  g reater than 
200 psi ,  or 1 .38 MPa). Without corrective mea
sures, this l imitation could mean increased dif
ficulty in solids handling and land reclamation. 
The change in solid-waste properties will be 
analyzed in future pilot plant tests with the 
ESP-wet scrubber configuration, which is ex
pected to produce similar waste, and cor
rective measures wil l  be identified. 

One test revealed an anomaly in waste par
ticle formation and dewatering that could lead 
to the simpl ification of waste management sys
tem design. Results at a low S02 concentration 
(300-400 ppm) showed no change in S02 

removal for the 3000-ppm-TDS, sil ica-limited 
water as compared with service water, but 
showed significant increases in sulfite ox
idation (85% versus 45%), particle settl ing ve
locity (0 04 versus 0.008 ft/min  [0.2 versus 
0.04 mm/s)), and thickener underflow solids 
content. Under these conditions crystal growth 
processes within the thickener changed 
radically, producing very hard, rockli ke parti
cles up to 1 inch (2.54 cm) in diameter. Particle 
analysis found up to 60% of the composition to 
be a complex magnesium carbonate com
pound, which suggests particle g rowth by co
precipitation of magnesium and carbonate 
compounds from blowdown in the thickener. 
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Although this particle growth mechanism 
could complicate the handling and dewatering 
of solids from conventional-design thickeners 
(as witnessed in the IECPP test), it could be 
exploited through new equipment design to 
minimize solids handl ing and waste manage
ment. For example, at existing plants with 
scrubbers that employ settl ing ponds, the use 
of cooling-tower blowdown to minimize waste
water disposal could have the added advan
tage of enhancing sol ids settl ing in the dis
posal ponds. At existing or new plants with 
conventional primary and secondary de
watering, the high thickener underflow re
sulting from this effect could permit secondary 
dewatering processes (which usually require 
significant maintenance and auxiliary power) 
to be bypassed. Tests with the ESP-wet scrub
ber configuration wil l further study this effect 
and determine to what extent these results can 
be generalized to different makeup waters, fu
els, and S02 levels. 

Other water management tests conducted 
at the pilot plant concerned (1) the potential for 
increasing the d isposal of wastewater with 
waste solids when landfill design does not re
quire extremely low permeabil ity ( i .e . ,  <10-6) ,  
and (2)  the frequently incompatible goals of 
minimizing flue gas pressure drop in the mist 

eliminator and maintaining plant water bal
ance. 

Data suggest that for low-sulfur fuels, a 
higher moisture content in the solid waste may 
be desirable at some plant sites as a way of 
providing for additional wastewater disposal 
while sti l l  meeting requirements for solid-waste 
physical properties. Although conventional 
wet FGD design calls for maximum dewatering 
of FGD wastes, this may not represent the 
least-overall-cost approach for wastewater 
and solids disposal at all sites. Figure 3 il lus
trates a hypothetical relationship between 
UCS and water content for combined FGD and 
ash wastes as suggested by selected IECPP 
results. These results indicate that for a UCS of 
200 psi (1.38 MPa), which usually provides ad
equate solids handl ing and disposal proper
ties, a water/solids ratio approaching 0.7 can 
be tolerated; this would enable the d isposal 
of an additional 50-75 gal/min (3.2-4.7 L/s) 
of wastewater and offer nominal savings of 
$800,000 a year in operating costs for a 500-
MW unit. 

In the mist el iminator cleaning tests, a hori
zontal-gas-flow unit was used , and wash water 
was separated from scrubber recycle water. 
Several wash water sources and recycl ing 
schemes were evaluated in terms of their abi l
i ty to maintain low pressure d rop and minimize 
plant water makeup requ i rements. The tests 
were not intended to analyze mist el iminator 
particulate removal capabilities, but to assess 
the advantages of mist el iminator water man
agement independent of the scrubber. ( In
depth testing and analysis of horizontal and 
vertical mist el iminator performance at full
scale plants are being conducted under 
RP2535.) 

The most sign ificant result was that the 
amount of fresh water avai lable for mist el imi
nator cleaning was increased by applying low
water-loss mechanical seals to scrubber slurry 
pumps. By reducing freshwater leakage 
through slurry pump seals (40% of the pilot 
plant makeup), additional water could be di
rected to the mist el iminator. This modification 
permitted the mist el iminator pressure d rop to 
be maintained at less than 0.5 inch H20 (0.12 
MPa) while maintaining closed-loop water 
management. 

For a typical 500-MW plant, treshwater leak
age through slurry pump seals can represent 
20-50% of scrubber makeup. Because ex
perience with low-water-loss seals at ful l-scale 
plants is limited and their reliabil ity and mainte
nance requirements are largely unknown, 
several utilities are evaluating different seal 
designs for plant application. Savings of at 
least $100,000 a year in operating costs are 
available from each pressure drop reduction 
of 1 inch H20 (0.25 MPa) that is achieved. 
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For plants where applying low-water-loss 
seals is not practical , mist el iminator cleaning 
tests using recycled water from various in
plant sources were conducted. Results ob
tained over approximately six months showed 
that pressure drop intentionally allowed to in
crease to more than 6 inches H20 (1.5 MPa) 
could be rapidly reduced to less than 0.5 inch 
for most water recycling schemes. The best 
performance in terms of maintaining a low 
pressure differential ( i .e . ,  0.5-1 inch H20) with 
minimum water consumption was obtained by 
washi ng with thickener overflow for 10 minutes 
every 8-hour shift; th is practice completely 
eliminated the need to add fresh water at the 
mist el iminator. 

Tests to define low-heat-rate designs evalu
ated the influence of waste heat recovery on 
scrubber S02 removal, water management, 
and solid-waste properties. The potential pay
off for successfully integrating waste heat re
covery and el iminating the need for flue gas 
reheating is up to 3 mil ls/kWh, depending on 
fuel sulfur content. Tests were conducted at 
low (-300 ppm) and moderate (-2000 ppm) 
S02 concentrations to determine the effects of 
the lower scrubber inlet temperatures pro
duced by waste heat recovery-as much as 
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a 100°F (56°C) reduction from a nominal tem
perature of 250°F (121°C).  Preliminary observa
tions that there is negligible effect on S02 

removal, calcium util ization, and solid-waste 
properties (EPRI Journal, September 1983, p. 
40) have been confirmed for both low- and 
medium-sulfur conditions. These results sug
gest that utilities can reap the benefits of waste 
heat recovery without incurring significant cost 
penalties for S02 removal or water manage
ment. 

However, the resulting decrease in water 
evaporation rate-175 gal/min (11 L/s) for a 
60°F (33°C) reduction for a 500-MW plant, or 
approximately 35% of total evaporative capac
ity-could increase water management costs, 
especially if FGD processes are used for 
wastewater disposal or if mist el iminator wash
ing requires significant quantities of fresh 
water. Additional costs for disposing of this 
wastewater wil l offset gains from waste heat 
recovery; thus, economic analysis should fully 
consider water management costs. 

Through the mass and ion balances con
ducted for all gaseous, l iquid, and solid input 
and output streams, the IECPP tests identified 
a previously undetected nitrogen-sulfur com
pound in scrubber water and solids. The com-
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Figure 3 IECPP test results on mixtures of FGD wastes and fly ash suggest that acceptable UCS values 
can be obtained for a wide range of waste moisture content-and thus that solid-waste disposal can be 
used to help reduce wastewater disposal costs. This curve is based on selected I ECPP results and on the 
general behavior of solid-l iquid mixtures undergoing cementitious reactions. Point A indicates the optimal 
moisture content when transportation dominates waste disposal costs ( i .e. , when it is desirable to minimize 
waste mass); B is optimal when maximum UCS and low permeability are necessary to meet landfill require
ments; C is optimal in arid regions, where wastewater disposal costs are high and solids disposal can 
assist in water evaporation. 

pound accumulated to as much as 30% 
(equivalent as su lfate) of total sulfur com
pounds in the dissolved slurry fraction. Ion 
chromatography identified the general form of 
the compound to be a derivative of hydroxyl
amines; it is not clear if any one specific com
pound dominates. 

Because the concentration of the nitrogen
sulfur species could not be independently 
controlled, it is not possible to determine from 
these test results the compound's role in lime
stone scrubber chemistry, its influence (if any) 
on scrubber performance, or the mechanisms 
of its formation. However, comparing its con
centration history with scrubber operating con
ditions and changes in flue gas and water 
composition across the scrubber permits the 
following speculations. 

o The source of nitrogen is NO and N02 re
moved by the scrubber, in quantities that de
pend on the S02 concentration . NO removal 
was 30-50 ppm at 300 ppm S02 and 20-40 
ppm at 2000 ppm S02 . 

o Tight water management ( i .e . ,  restricted wa
ter discharge) is necessary for the accumu
lation of the nitrogen-sulfur compound to de
tectable levels in the dissolved slurry fraction. 
I ECPP scrubber cycles of concentration were 
30-35 and 6-8 for low- and high-S02 concen
trations, respectively, which are g reater than 
those (3 or 4) for most full-scale un its in com
mercial operation. 

o Low oxidation in the scrubber slurry ( i .e . ,  a 
high sulfite content) contributes to the forma
tion of the nitrogen-sulfur compound. Despite a 
high flue gas oxygen content (9-10%), low ox
idation was evident in the IECPP slurry (-1/1 
sulfite/sulfate)-possibly because of the high 
fabric filter collection efficiency and subse
quent low concentrations of ash-generated 
oxidation catalysts (iron and manganese). 

Additional work to define the significance of 
nitrogen-sulfur compound formation has been 
conducted for EPRl 's Desulfurization Pro
cesses Program by Radian Corp. (RP1031). It 
included tests with bench-scale fac i l ities and 
the IECPP scrubber. The objective was to de
termine whether nitrogen-sulfur compounds 
influence the design and operation of wet 
scrubbers-that is, whether design criteria for 
scrubbers operating downstream of fabric 
filters and under tight water management differ 
from those for other applications. The results 
were reported at the 9th EPRI-EPA Sympo
sium on Flue Gas Desulfurization in June 1985; 
an EPRI report is forthcoming. 

Design studies 

Studies by Stearns-Catalytic Corp. (RP1609-1) 
have produced a strategy to help plant de-
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signers identify the optimal environmental con
trol system (ECS) configuration for given site, 
fuel, and regulatory constraints. The results of 
the project can also be used to infer the 
influence of fuel composition on ECS costs; 
they suggest that these costs generally corre
spond to, but are not solely dictated by, fuel 
sulfur content. 

The project team proposed a preliminary 
design strategy and applied it to 13 hypotheti
cal power plants representing typical U.S. site 
and fuel conditions. The site-fuel  combinations 
defining the hypothetical p lants are as follows. 

o Northeast (New Jersey): medium-sulfur and 
high-sulfur Appalachian coals 

o Southeast (Florida): medium-sulfur Appala
chian coal, I l l inois coal (uncleaned in one case 
and cleaned in another) 

o Gulf Coast (Texas): Yeagua Jackson lign ite, 
Wilcox lignite 

o Midwest ( I l l inois): I l l inois coal, Powder River 
Basin coal 

o Rocky Mountain (Utah): Powder River Basin 
coal, Wasatch Plateau coal (with high-quality 
plant makeup water in one case and low
quality makeup in another) 

o Far West (southern California): Wasatch Pla
teau coal (with stringent environmental con
trols) 
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The design strategy was used to reduce the 
number of ECS candidates at each plant to a 
few for final design. The systems were defined 
according to their means of S02 control (wet 
throwaway, alkaline ash, spray drying, dual al
kali, dry sodium injection, sulfur recovery); par
ticulate removal (ESP, fabric fi ltration); heat 
rejection (once-through, wet, wet-dry, or dry 
cooling); and solid-waste management (pond
ing, fixation of scrubber waste and ash, scrub
ber waste oxidation and stacking, ash and 
scrubber waste by-product marketing). Waste
water management schemes and flue gas re
heating systems were tailored specifically for 
each ECS. Where feasible, coal cleaning was 
considered for sulfur and ash removal . Design 
for stringent emission l imitations (southern Cal
ifornia) required 95% S02 removal and selec
tive catalytic reduction for NOx control. 

As a result of variations in fuel cost, site con
ditions, and environmental control require
ments, electricity costs varied significantly 
among the approximately 1 25 ECS designs ex
amined for the 13 power plants. The Gulf Coast 
plant firing the Wilcox lignite had the lowest 
electricity costs, 71-77 mil ls/kWh, because of 
relatively low fuel costs; the Wasatch Plateau
/ired southern California plant had the highest, 
iii-ii? mills/kWh, because of strict environ
mental control. 

The results suggest that the cost of environ
mental controls corresponds to fuel sulfur con-

tent, but that other fuel properties (e.g., heat
ing value, ash content, ash composition), site 
characteristics (e.g . ,  water availabil ity, solid 
and l iquid waste disposal options), and envi
ronmental regulations can mitigate the influ
ence of sulfur. For example, although fuel sul
fur content varied from 0.48% to 4.0% for 12 
plant designs, the least-cost control systems 
were all approximately 13-16 mi l ls/kWh. (Two 
exceptions were for a low-heating-value Gulf 
Coast l ignite and a high-sulfur [4.0%] I l l inois 
coal.) The cumulative effect of site character
istics and fuel properties other than sulfur con
tent can be equivalent to a change of 1-2% in 
coal sulfur content. Accordingly, the fuel with 
the lowest sulfur content may not always pro
vide the lowest-cost ECS. 

Two IEC reports for use by utilities in plan
ning new capacity or retrofits are forthcoming. 
The design strategy developed to help utility 
planners select the best environmental control 
configurations for new plants on the basis of 
site, fuel, and regulatory conditions will be 
available in August 1985. A detailed descrip
tion of the IECPP fabric filter-wet scrubber test 
results, complete with a guide for application, 
will be available in October 1985. Future IECPP 
tests are planned for these configurations: 
ESP-wet scrubber, spray dryer-ESP, and 
spray dryer-fabric fi lter. Results are expected 
to be avai lable in 1985 and 1986. Project 
Manager: J. Edward Cichanowicz 
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POWER SYSTEM 
PLANNING AND OPERATIONS 

Near-term enhancements to EGEAS 

The first phase of RP1529 developed a com
puter program, EGEAS (electric generation ex
pansion analysis system) ,  to help util ity plan
ners carry out the three primary analysis 
functions in generation planning: optimal gen
eration expansion, reliability analysis, and 
production cost calculations. EPRI initiated 
phase 2 of the project with Stone & Webster 
Engineering Corp. in September 1983 to en
hance EGEAS in several ways (EPRI Journal, 
October 1984, p. 49). The contractor has com
pleted the following enhancements. 

0 A model for the economic util ization of stor 
age units 

0 A model for must-run un its and spinning re
serve requirements 

o Modifications to the dynamic programming 
optimization option, including a restart feature 
and a file-merging capability 

0 Expansion of the report generator program's 
capabilities to provide information on loading 
order, maintenance schedules, storage units, 
and neighboring-system characteristics 

A revised version of EGEAS incorporating 
these features was distributed to more than 65 
member utilities through the Electric Power 
Software Center in early February 1985. 

The remaining enhancements-the inclu
sion of incremental cost information in the pro
duction cost models, the development of an 
energy purchase/sales model, and the repre
sentation of storage units in the Bender's de
composition optimization option-are sched
uled for completion by October 1985. Project 
Manager: Neal J. Batu 

Power plant performance 

Increasing fuel, labor, and equipment costs 
make it mandatory to demonstrate new tech
niques for improving the performance and dis-

patch of existing fossil fuel power plants. In 
response to this situation, EPRl's Coal Com
bustion Systems Division and Electrical Sys
tems Division undertook a large joint project 
(RP1681, RP2153) as a single demonstration 
for the industry. 

Potomac Electric Power Co. (Pepco) was se
lected as the host utility and prime contractor. 
The primary subcontractors include Power 
Technologies, Inc.; Lehigh University; Com
bustion Engineering, Inc. ; and General Electric 
Co. Power Technologies is performing work 
related to turbine analysis, software develop
ment, instrumentation selection, data acquisi
tion system development, and system dis
patch studies. Lehigh is involved in boiler 
performance optimization. Combustion Engi
neering is assisting in boiler modeling and 
heat transfer analysis. General Electric is con
ducting a critical review of the turbine cycle 
test instrumentation, as well as providing infor
mation on turbine design and operation. 

The host generating unit, Morgantown Unit 
2, is a coal-fired, supercritical once-through 
unit with an electrical output of 575 MW. Com
bustion Engineering supplied the boiler, and 
General Electric the turbine generator unit. The 
Morgantown plant and Pepco's system control 
center are serving as test facilities to deter
mine the value of instrumentation enhance
ments, increased computer use, plant mod
eling improvements, modifications in plant 
control and operating procedures, improved 
data transfer between the power plant and the 
energy control center, new or improved plant 
models for use in system plan.ning and oper
ation, and enhancements to system economic 
dispatch and unit commitment. 

A team of 27 experts from other utilities are 
acting as industry advisers to the project. A 
three-day workshop was held in Washington, 
D.C. ,  in October 1984 to report the results of 
the early work to the industry; approximately 
230 people attended. 

One initial project effort, an incremental heat 
rate sensitivity analysis, included the develop-

ment of a simulator for analyzing how changes 
in a plant's operating state affect the plant fuel 
consumption and the system dispatch for four 
types of cycling and baseload coal-fired units. 
Studies using the simulator provided the fol
lowing results. Deviations in exhaust pressure 
from design values produced one of the most 
significant effects on fuel consumption of al l 
the changes in plant operating conditions. For 
one Pepco unit, a deviation of + 0.75 inch Hg 
(2.5 Pa) resulted in an increase of 0.3% in sys
tem daily fuel cost. 

Other research in this area involved the im
pact of modeling and measurement errors. The 
requirements for convex input/output curves 
introduced a modeling error of 0.25-0.3% rms 
and 0.8-1 .0% maximum for the Pepco units 
studied. Both bias and random measurement 
errors above 2% of rated input s ign ificantly af
fected the incremental heat rate analyses. It 
was found that for these units, errors in mea
surement or modeling as small as 1 % could 
conceal the effects of changes in steam condi
tions and condenser back pressure. 

The boiler performance optimization re
search included a parametric analysis, instru
mentation assessment, and boiler test prepa
ration. The parametric analysis indicated that 
the net heat rate increases substantially as the 
level of excess air is decreased from 30% to 
10%. With finer coals (70-75% through 200 
mesh), the relationship between heat rate and 
the percentage of excess air is relatively flat 
over the range of 15-30% excess air, with the 
heat rate increasing at lower levels of excess 
air because of relatively high carbon loss. As 
the coal fineness is increased to 85% and ex
cess air reaches a minimum of 13.5%, the 
overall excess air level and the reduced exit 
gas temperature provide a 100-Btu/kWh re
duction in heat rate. 

The instrumentation assessment effort fo
cused on the following: methods to eliminate 
fuel-air imbalances between burners; instru
mentation to monitor tube wastage rates; mea
surements of gas temperature, gas species, 
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and wall heat flux in the furnace region; instru
mentation near the regenerative air preheater; 
and methods to determine the instantaneous 
unit heat rate. Project Managers: John W. 
Lamont (Electrical Systems) and Frank Wong 
(Coal Combustion Systems) 

UNDERGROUND TRANSMISSION 

Field demonstration of 
three-conductor gas cable 

In a cost-shared effort, Detroit Edison Co. con
tracted with EPRI to demonstrate a new 345-
kV, three-conductor, gas-insulated transmis
sion cable (RP7840-2) . Westinghouse Electric 
Corp . ,  the cable manufacturer, supplied a 
183-rn (600-ft) loop to Detroit Edison for instal
lation, testing, and operation as an integral 
part of the utility's transmission system. Be
cause the 71-cm-diam (28-in) cable enclo
sures designed by Westinghouse were too 
large to be extruded in one piece, they were 
made of three 120° extruded aluminum seg
ments that were welded together longitudi
nally. An automatic welding line for the en
closure segments was developed to ensure 
uniform weld quality and to lower the hardware 
cost. 

The test loop,  which was installed at Detroit 
Edison's Wayne station, included two termi
nation designs and a wide variety of cable sec
tions and bends; both aboveground and 
belowground thermal environments were rep
resented (Figure 1 ) .  An extensive monitoring 
and data acquisition system was installed, and 
the cable system was to undergo approxi
mately two years of operation and testing fea
turing a variety of high current ratings. The 
schedule called for the following sequence of 
tests (with the system energized at 345 kV): a 
normal system current test (nine months); 
three successive cyclic-induced-current tests . 
(three months each), at 1000 A, 1500 A, and 
2000 A, respectively; and a 2000-A continu
ous-induced-current test (three months). 

After 19 months of testing, the system sus
tained an interruption during the 2000-A 
continuous-induced-current test. I nvestigation 
disclosed that the problem was in a factory
assembled, 45° section, just above ground 
level on the parallel trifurcation end (Figure 1 ) .  
When the system was degassed and opened, 
the investigators found that an insulator was 
fractured at the epoxy-metal insert interface 
near the enclosure (Figure 2). Removal and 
subsequent laboratory analysis by Westing
house verified that the mechanical fracture oc
curred first, triggering an electrical flashover. 
The question was, why did the insulator frac
ture? A quick inspection of the parallel trifur
cation provided the answer. 

56 EPRI JOURNAL July/August 1985 

Figure 1 Layout of the Detroit  Edison three-conductor, gas-insulated underground transmission cable test 
loop. The 345-kV, 2000-A loop, which is 183 m (600 ft) long, was manufactured by Westinghouse Electric 
Corp. 
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Thermal expansion of the aboveground por
tions of the test loop was accommodated by 
allowing the cable and termination (trifurca
tion) assemblies to slide on low-friction bear 
ing pads. A normal termination assembly is 
relatively lightweight and will slide when ex
pansive forces build. In the Wayne station test 
loop, however, the very heavy current induc
tion transformers that are part of the parallel 
assembly hindered the sliding action neces
sary to relieve the expansive forces. A visual 
inspection of the parallel termination bearing 

pads showed that sliding had not occurred; as 
a result, the unaccommodated expansive 
forces fractured an insulator and triggered an 
electrical flashover. The interruption was ex
plainable and preventable, an artifact of the 
test installation that would not occur in normal 
installations. 

Because the testing was nearly complete 
and the repair would be costly, the demonstra
tion was terminated. A final report is now being 
prepared. Project Manager: John F. Shim
shock 

Figure 2 Cable testing was interrupted just short of completion by the mechanical failure of this insulator, 
which triggered an electrical flashover. The very heavy current induction transformers, not normally part of 
an operating system, prevented the termination assembly from sliding during expansion. 



PLANT ELECTRICAL 
SYSTEMS AND EQUIPMENT 

Temporary operation of 
motors with cut-out coils 

Stator winding failures in power plant induction 
motors do not occur  frequently, but they hap
pen often enough to be of concern to util ity 
operating personnel. When such a failure oc
curs, it frequently causes a forced outage of 
the generating unit or, at best, operation at less 
than rated load until the motor can be put back 
on-line. Most such motors can be reconnected 
fairly quickly, often with full capabil ity, for oper
ation until permanent repairs can be made 
without penalizing unit availabil ity. Since utility 
personnel have generally not had access to 
information about reconnecting these motors, 
they have had to rely on manufacturers or out
side service shops, with attendant delays and 
financial loss. 

The objective of RP2330-1 is to produce a 
method util ity personnel can use to temporarily 
reconnect and operate power plant induction 
motors that have experienced stator winding 
failures. The manual resulting from this project 
presents a simple, straightforward procedure 
that meets this objective. Util ity personnel with 
a minimum of motor repair experience can use 
i t to get a motor with a failed stator winding into 
temporary operation quickly and effectively. 

For most induction motors in power plant 
service, the manual wi l l  enable utilities to ac
complish the following specific tasks. 

o Determine which coils need to be cut out of 
the stator winding circuit 

o Reconnect the motor properly 

o Estimate the currents and temperatures of 
an operating modified motor 

o Prevent excessive motor noise and vibration 

The manual also contains practical tech
niques for physically reconnecting the motor, 
together with precautions necessary for avoid
ing problems. It contains examples of the re
quired calculations for most winding types 
found in modern power plant motors. Finally, 
for those wishing to pursue the process in 
g reater detail ,  an appendix presents a com
plete description of the mathematical analysis. 
The manual has been published as an EPRI 
report (EL-4059). Project Manager: J C. 
White 

New alloy for retaining ring application 

The July/ August 1984 EPR/ Journal (p. 50) de
scribed in detail the reasons for, and the initial 
progress of, an effort to develop a new high
strength retaining ring al loy (RP1876). Since 
then, scale-up studies have been completed 
on the optimized Nb-Ta alloy T composition. 

A defect-free 5000-lb (2270-kg) bi l let of the 
alloy was successfully manufactured by Car
penter Technologies from an ingot that had un
dergone vacuum induction melting and then 
vacuum arc remelting. The billet was cut into 
three equal sections, each of which was 
forged into a doughnut-shaped ring at the Lad
ish Co. The rings were then hot-rol led; cold
expanded by 20%, 25%, and 30%, respec
tively; and heat-treated. All the rings met or 
exceeded the program goal of achieving a 
yield strength of 200 ksi (1380 MPa). Ultrasonic 
inspection of the rings, using standard Gen
eral Electric Co. procedures, showed them to 
be defect free. The highest yield strength-
215 ksi (1480 MPa)-was achieved in ring 3, 
which had been cold-expanded by 30%. Test 
specimens from this ring were therefore 
chosen for more-detailed evaluations. 

Several tests have been completed on the 
ring 3 material. The results to date indicate that 
the properties of this high-strength material are 
comparable or superior to those reported for 
the currently used, lower-strength (180 ksi; 
1240 MPa) 1 8Mn-5Cr and 18Mn-18Cr alloys, 
which were tested under the same conditions. 
Hot tensile tests to 500°C also showed the ring 
3 material to be much more stable. At 150°C, 
for instance, the 1 8Mn-18Cr alloy exhibited a 
17% drop (30 ksi; 210 MPa) in yield strength, 
the 1 8Mn-5Cr alloy a 5% drop (10 ksi; 70 MPa), 
and the ring 3 material only a 1% drop (3 ksi; 20 
MPa). 

In the range from - 196° to 143°C, the 
Charpy energy varied from 22 to 43 ft-lb 
(30-58 J)  in the r ing 3 material, 10  to 40 ft-lb 
(14-54 J) in the 1 8Mn-5Cr alloy, and 9 to 1 80 
ft-lb (12-244 J) in the 18Mn-18Cr alloy. The 
room-temperature Charpy energy was above 
acceptable levels in all three alloys. The ring 
3 alloy showed no degradation in room
temperature tensile property after aging at 
300°, 400°, and 500°C for up to 25 hours, 
whereas the 18Mn-5Cr alloy showed signifi
cant degradation after 25 hours of aging at 
500°C. Also, the ring 3 alloy showed no signi
ficant effects of strain rates in the range of 10-2 

to 10-6 in/s, whereas both the 18Mn-5Cr and 
18Mn-18Cr alloys showed a significant drop in 
tensile ductil ity (-30%) and yield strength (up 
to 15%) with a decrease in the strain rate. 

Results from short-term (100-hour) stress re
laxation tests at room temperature, 50°C, and 
200°c at two different strain levels (4 and 5.7 
mils/in; 40 and 57 µ m/cm) indicated no evi
dence of stress relaxation in the high-strength 
(215-ksi) ring 3 alloy; under identical test con
ditions, however, the lower-strength (-180-ksi) 
18Mn-5Cr and 1 8Mn-18Cr alloys showed ap
proximately 10% and 6% drops in stress. The 
strain level of 4 mils/in used in the test is typi
cal of that calculated for the high-strength 
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rings at 20% overspeed. Thus the General 
Electric-EPRI alloy appears to be superior to 
current alloys with regard to stress relaxation 
resistance. 

Low-cycle fatigue (LCF) tests in air were also 
conducted as part of the detailed evaluation of 
the ring 3 material. The results indicate that the 
LCF resistance of this h igh-strength ring is 
comparable to that of the 18Mn-18Cr and 
18Mn-5Cr rings. 

In  summary, a prototype 52-in-diam (132-cm) 
ring from the new alloy developed by EPRI has 
been successfully produced. The ring meets 
all the program objectives with respect to do
mestic manufacturabil ity, high strength, and 
stress corrosion resistance. The market need 
for such a ring alloy has diminished drastically 
since the inception of this project, however, 
and this activity is deemed to be essentially 
complete. The final report on the p roject wil l  be 
issued in August 1985. Project Managers: 
R. Viswanathan and D. K. Sharma 

OVERHEAD TRANSMISSION 

Transmission line induction effects 

Sometimes when one touches a large metal 
object under a high-voltage power l ine, he or 
she notices a small shock. Because this is an 
effect of the line and can be an annoyance, 
transmission l ine designers calcu late the mag
nitude of such shocks and design lines ac
cordingly. Most of the time, the charge on an 
object under a l ine, say a car, is smal l and the 
shock is imperceptible. With a large vehicle 
like a truck, however, certain conditions wil l re
sult in a noticeable shock-very much like the 
carpet shock everyone has experienced. 

Until now, engineers have generally calcu
lated induction effects as a series of worst
case conditions leading to a shock, even 
though they know such conditions can be 
much more severe than the real-world situa
tion. Accuracy requires a probabilistic analy
sis. Thus the staff at EPR l 's High-Voltage 
Transmission Research Faci lity, assisted by 
Enertech Consultants, I nc . ,  is developing a 
method for assessing ac l ine induction effects 
on a probabilistic basis (RP1591-1) .  In all cases 
this method is more accurate than currently 
used calculations, and in most cases the cal
culated effect is less severe. 

The first step in this project was to develop 
an assessment framework that would combine 
a situation analysis (situations per year) with an 
effects analysis (effects per situation) to yield a 
frequency of occurrence ( effects per year). For 
example, how many times a year wi l l  a farmer 
drive his tractor under the transmission line, 
and for each time he does, what wil l be the 
induction effect (below perception, percep-

EPRI JOURNAL July/August 1985 57 



ELECTRICAL SYSTEMS DIVISION R&D STATUS REPORT 

Figure 3 New thyristor edge geometry for high breakdown voltage and low surface fields. Three approaches were explored. The first (a) features two ion-implanted 
and -diffused junction termination extension (JTE) zones, zone JTE8 for controlling peak bulk fields and zone JTE5 for controlling peak surface fields. The second 
approach (b) features an epitaxially grown JTE layer, which is partly etched to give JTE8 and JTE5 zones. The third, most successful approach (c) uses an 
improved double-positive-bevel geometry. 

a JTEs JTEs 
----

p p-
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p+ 

Positive-beveled _/ 
reverse junction 

tion, or shock)? Since each situation is likely to 
be different (e.g. ,  near the tower, at midspan, 
under the l ine, at the right-of-way edge, in 
an open field, near a tree), the effect will be 
different. 

To demonstrate the assessment framework, 
researchers applied it to a sample case. For 
this hypothetical example, they determined the 
effects of contact between a farmer and his 
farm vehicle in the right-of-way of a 550-kV line 
and also calculated the probability of fuel igni
tion. For the assumptions selected, the analy
sis produced the following results. 

o Probability of perception = 1 in 510 contacts 

o Probability of startle = 1 in 17,500 contacts 

o Probabil ity of currents above let-go = O 

o Probability of fuel (gasoline) ignition = O 

These results were then combined with 
those of the situation analysis to determine 
how often effects could be expected to occur. 
For perception effects during contact with the 
farm vehicle in the right-of-way, the expected 
frequency of occurrence was calculated to be 
1 in  9 years; for startle effects, it was 1 in 300 
years. 

This method also permits sensitivity analy
sis. For example, what would be the change if 
the l ine were raised 1 foot? In this case the 
number of perception effects would decrease 
by 1 every 2 years, and the number of startle 
effects would decrease by 1 every 26 years. 
Given this situation, it is possible to determine 
the cost of one additional startle effect every 
26 years. 
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The project is ongoing; its end product 
(scheduled to be avai lable in late 1986) is  a 
computer program that will permit the l ine de
signer to make a probabilistic assessment for 
all the usual situations that can possibly lead to 
an effect. Progress to date includes the proba
bilistic assessment framework, the sample 
case, and a prel iminary, research-grade com
puter program. Although the project's results 
wi l l  not be avai lable in user-friendly form unti l 
late next year, l ine designers with in-depth ex
pertise in this area who want to obtain the in
terim report can do so by contacting the EPRI 
project manager at (415) 855-2305. 

When the computer program is completed, 
l ine designers will be able to easily and quickly 
calculate the probability of induction effects 
from ac lines and perform sensitivity analy
sis to compare the cost of proposed line de
sign revisions with the resulting increase or de
crease in effects. Project Manager: John 
Dunlap 

TRANSMISSION SUBSTATIONS 

10-kV light-triggered thyristor 

A project is under way to develop new designs 
and production processes for l ight-triggered 
thyristors capable of blocking at about 10 kV 
(RP2443). Such a device would have the po
tential to reduce the number of thyristors and 
associated components by about a factor of 
two over the present state of the art (4.5-kV 
rating, 5-kV breakdown voltage) for HVDC and 
static VAR controls. This would reduce any sys-
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forward junction 

p 

N-

p+ 

Positive-beveled 
reverse junction 

tern's conduction losses. Moreover, the de
vice's l ight-triggering capability would greatly 
reduce system gating costs and complexity. 

To meet the above objectives, the first major 
task of this project was the development of a 
suitable breakdown voltage technology. Spe
cifically, the objective was to develop a pro
cess that would enable both forward and re
verse breakdown voltage (symmetric) to be at 
least 90% of the ideal breakdown voltage at 
any design level. The first attempt at this goal 
was based on an ion-implanted junction termi
nation extension (JTE), as i l lustrated in Figure 
3a. This work was successful on low-current, 
small-area devices, but yield losses prevented 
achievement of the ideal breakdown voltage. 

The second attempt to obtain 90% or more 
of the ideal breakdown voltage also involved 
the JTE approach, but this time an epitaxial 
charge control layer was used (Figure 3b}. Epi
taxy defects present on every wafer reduced 
the breakdown voltage by about 1500 V in 
large-area devices. 

The third attempt at meeting the 90% level 
was a new double-positive-bevel geometry, 
with more sil icon material removed from the 
lightly doped side of the junction (Figure 3c). 
This approach is very promising and has be
come the process of choice for the 10-kV l ight
triggered thyristor project. The success of the 
double-positive-bevel technique, which will 
give up to 95% of the ideal breakdown voltage, 
indicates that the project goal can be 
achieved, once the proper starting sil icon ma
terial is received. Project Manager: Harshad 
Mehta 
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ENHANCED ACID DEPOSITION 
DECISION FRAMEWORK (ADEPT) 

Concern over the possible impacts of acidic 
deposition has led to proposals for additional 
controls of utility sulfur oxide (SOJ and other 
emissions thought to be precursors of acidic 
deposition. EPRI developed the ADEPT model 
(version 1) under RP2156-1 so utilities and pol
icy makers evaluating these proposals could 
integrate scientific information and uncer
tainties related to the transport, conversion, 
and impacts of acidic deposition with judg-

, ments regarding policy costs. Recently en
hanced to keep pace with the increasingly 
complex debate surrounding acidic deposi
tion policy, ADEPT (version 2) now represents 
nitrogen oxide (NOJ as well as SOx emissions, 
provides for multiple source and receptor re
gions, and allows more complex descnptions 
of lake and forest impacts. Applications to date 
provide strong evidence that ADEPT can serve 
as a vehicle for developing a consensus about 
acidic deposition policy issues. 

To evaluate alternative control strategies re
quires an understanding of the relationship be
tween various levels of emission reduction and 
the impacts of acidic deposition. Policy mak
ers then may weigh the potential changes in 
impact against the cost of achieving emission 
reductions. Several factors, however, compli
cate the comparison of control strategies. For 
example, a large degree of uncertainty re
mains about the relationship between emis
sions and effects. Reducing uncertainty about 
this relationship requires further scientific 
knowledge, which wi l l be developed over a 
period of years; how long the research wil l take 
is itself uncertain. In addition, it is difficult to 
compare the value of changes in impacts with 
the costs of emission reductions. People in
volved in assessing control and mitigation 
strategies assume d ifferent degrees of uncer
tainty and disagree on how to evaluate costs 
and impacts. 

The decision framework implemented in 
ADEPT allows explicit treatment of each of 
these factors, separating the evaluation of 
costs and impacts from the issue of resolving 

uncertainty over time. The framework provides 
a vehicle for the discussion and investigation 
of sensitive assumptions. By identifying the im
portant areas of agreement and disagreement 
motivating policy decisions on acidic deposi
tion, ADEPT can assist decision makers, facili
tate consensus build ing,  and improve the 
quality of debate. 

Structure 

The relationship between control alternatives 
and the impacts of acidic deposition is keyed 

Control 
alternatives 

to three stages: the effect of control strategies 
on emission levels, the effect of changes in 
emissions on acidic deposition, and the effect 
of changes in acidic deposition and of miti
gation alternatives on the potential impacts 
(possibly, for example, decreased forest pro
ductivity and the loss of sport fisheries). As 
shown in Figure 1 ,  ADEPT's decision frame
work addresses these three stages through its 
source, transport and conversion, and recep
tor modules. 

Considerable uncertainty exists regarding 

Mitigation 
alternatives 

Source 
module 

(emissions) 

Transport 
and conversion 

module 
(deposition) 

Receptor 
module 
(effects) 

Control costs 

I 
Mitigation costs 

Net 
benefits 

Evaluation 
module 

Monetary equivalent 
of effects 

Figure 1 The ADEPT model. The source, transport and conversion, and receptor modules determine the 
environmental effects of acidic deposition, given a particular control and mitigation strategy. Each of these 
modules provides for the explicit consideration of uncertainty. The evaluation module then uses value judg
ments to assess how much the outcome of a particular control and mitigation strategy is worth to society. 
Thus the benefits of the strategy can be weighed against its costs. 
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the extent and rate of acidic deposition im
pacts, the transport of emissions to receptor 
areas, and the chemical transformations that 
take place during that transport. Estimates in 
these areas by respected scientists vary by 
several orders of magnitude. The first stage, 
however, which concerns the relationship be
tween control strategies and emission levels, 
shows somewhat less uncertainty. Accord
ing ly, the importance of uncertainty in the sec
ond and third stages has been stressed in im
plementing the framework. 

ADEPT uses decision tree methodology to 
consider both the available strategies and the 
resolution of uncertainty at d ifferent points in 
time. A decision tree is simply an efficient way 
of describing a series of scenarios, each 
defined by a set of choices and uncertainty 
outcomes (Figure 2). Thus the ADEPT meth
odology provides for a time sequence of deci
sion making and uncertainty resolution. 

The first two points in  Figure 2 represent 
decisions within the next few years on control 
and mitigation options and on the funding and 
direction of acidic deposition research. Next 
are two points of uncertainty resolution in the 
late 1980s, when researchers will be obtaining 
new scientific knowledge on acidic deposition; 
these uncertainties involve emission levels, the 
relation of emissions to deposition ( i .e . ,  trans
port and conversion), and the impacts of de
position. Then comes a decision point in the 
early 1990s, when policy makers can reassess 
policy on control and mitigation and choose an 
alternative on the basis of the new information 

available. The methodology concludes with 
two points of uncertainty resolution represent
ing long-term research outcomes on transport 
and conversion and deposition effects. 

The decision tree approach provides a use
ful separation between value judgments on the 
costs and benefits of a strategy and judgments 
about the uncertainties in the science of acidic 
deposition. Each decision tree scenario has 
consequences for a number of concerned par
ties: consumers, who may have to pay more for 
electricity because of decisions to impose 
controls on power plants; fishermen and recre
ational property owners, who may be involved 
if acidic deposition affects sportfishing in a 
given lake; forest product firms and property 
owners, who may suffer economic losses if 
acidic deposition reduces forest productivity; 
and those members of the general public con
cerned about possible ecological changes 
from acidic deposition. The evaluation of these 
consequences is difficult because the parties 
involved know that some will bear more of the 
costs resulting from a particular decision while 
others will receive more of the benefits. 

The political reality is that government offi
cials will decide what trade-offs to make be
tween the costs that one group bears and the 
benefits that another group receives. Because 
issues of equity and property rights make such 
value judgments extremely difficult, it is useful 
to separate these value judgments from uncer
tainties about the long-range transport of sulfur 
and other pollutants and about the effects of 
acidic deposition. Therefore, the decision 

Research 
outcomes on 

framework makes a distinction between the 
determination of what will happen in various 
control, mitigation, and uncertainty resolution 
scenarios and the evaluation of what each out
come is worth to society. 

Implementation 

The ADEPT computer software implements an 
acidic deposition decision framework devel
oped by Decision Focus, Inc .  The initial version 
of this model (version 1) was primarily for na
tional or regional use. As state legislatures 
considered measures to protect sensitive eco
logical areas within their boundaries, growing 
interest in adapting the framework for use in 
state-level analyses led to a revised version of 
the model (version 1 . 1 ) .  This version was dem
onstrated in a case study sponsored jointly by 
EPRI and utilities in Minnesota (EPRI EA-2540, 
Vols. 1 and 3) .  

Versions 1 and 1 . 1 of ADEPT have been 
avai lable for distribution through the Electric 
Power Software Center (EPSC) for about two 
years. The model is avai lable for both main
frame computers and IBM-compatible per
sonal computers. Twenty utilities, seven state 
or federal government agencies and their con
tractors, and four universities have copies of 
the model. 

Version 2 of ADEPT, recently released, is 
avai lable from EPSC for use on mainframe 
computers and IBM-compatible personal 
computers. This new version provides many 
enhancements over earlier versions, expand
ing the variety and amount of detail avai lable 

Receptor 
Transport and effect 

conversion outcomes 
Control and Research Research ecological Control and outcomes 
mitigation fund ing outcomes on effects mitigation 

options options transport and options 
conversion 2 

3 
2 2 

2 4 
3 3 2 

3 
4 3 

Pol icy  Decisions Resolution of Subsequent Long -Term 
( 1 980s) Uncertainty Policy  Decisions Outcomes 

(late 1 980s) (early 1 990s) 

Figure 2 Each ADEPT decision tree scenario leads the user through a sequence of policy decision points (squares) and uncertainty resolution points (circles), with 
a number of options available at each point. The methodology explicitly includes the option of adopting an acidic deposition control and mitigation strategy now and 
the option of waiting for better information to become available. 
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for evaluating acidic deposition policy options. 
ADEPT now considers both NOx and SOx con
trols and can also represent hydrocarbon con
trols. In  addition, version 2 can model lake and 
forest impacts as a complex function of depo
sition that has occurred in previous years, and 
multiple source and receptor regions can be 
taken into account. 

Several other enhancements make ADEPT 
more useful for analysis. The model now in
cludes a general capability to add and delete 
assumptions treated in a probabilistic fashion, 
and sensitivity analyses can be performed for 
any assumption. Relations between emissions 
and deposition and between deposition and 
impacts are input as easily understood piece
wise linear functions. The user also has exten
sive control over model input and output. For 
example, input data are organized by tables of 
data, much as they would appear in a report, 
and the model reads these tables directly. A 
notebook function is provided to collect output 
of interest across several cases. Users have 
the option of collecting commands for play
back, so that standard sets of cases may be 
automated. 

Applications 

EPRl 's role is limited to model development 
and testing. The actual application of ADEPT in 
policy debates is left to the individual user. In  
one recent application of the model, the Wis
consin Utilities Association used ADEPT to 
summarize the current state of knowledge re
garding the extent and likelihood of impacts of 
acidic deposition within Wisconsin. 

Acidic deposition is regarded as a poten
tially serious environmental problem in Wis
consin. It has motivated a substantial research 
effort by the Wisconsin Department of Natural 
Resources, the Wisconsin Public Service 
Commission, and the state's electric utilities. 
Although this cooperative research effort 
has yielded a great deal of information since 
its inception in 1981, much uncertainty stil l 
remains. Policy makers confront enormous 
difficulties in comparing the economic and 
ecological impacts of imposing immediate 
controls on SOx emission sources with the po
tential costs of waiting for further research to 
resolve uncertainties about what threat acidic 
deposition poses to Wisconsin's surface 
waters and forests. 

Carried out during a period of two months 
in early 1985, the Wisconsin application of 
ADEPT incorporated judgments, obtained 
from a panel of seven expert scientists, about 
atmospheric science and the aquatic and ter
restrial impacts of acidic deposition. The appli
cation i l lustrates how policy makers can use 
these kinds of judgments as a basis for com-

ANALYSIS 

paring emission control policies. Such com
parison depends on scientific judgments 
about the likelihood and extent of ecological 
damage and on value judgments about the 
trade-off between acidic-deposition-induced 
damage and the economic costs imposed 
by emission control. ADEPT analysis explicitly 
sets forth both types of judgment, and exten
sive sensitivity analyses have shown how the 
relative costs and benefits of alternatives 
change, depending on the judgment used. 

Although there is no definitive evidence that 
ecological impacts from acidic deposition 
have occurred in Wisconsin, the members of 
the expert panel stated that such impacts 
could happen in the future. They added, 
however, that the extent and likelihood of the 
potential impacts are limited. Acidification of 
up to 15,000 acres of lakes was judged to have 
a probabil ity of 10%; this area represents 
about 2% of Wisconsin's lake area. Acidifi
cation of a small percentage of headwater 
streams is also possible, but research in the 
state has produced little information on 
streams. Loss of productivity in forest areas on 
sensitive soil is a remote possibi l ity; a proba
bil ity on the order of 1% was assessed for 
productivity declines within the next 50 years 
affecting up to 10% of Wisconsin's forested 
land area. 

Given the judgments on the likelihood and 
extent of ecological impacts from acidic depo
sition in Wisconsin, the ADEPT analysis indi
cated that the risk of potential resource losses 
from waiting up to 10 years while conducting 
research appears to be small. If future re
search findings indicate that significant eco
logical damage wil l  result from acidic deposi
tion, policy makers could implement additional 
emission controls at a later time. Values placed 
on the sensitive ecological resources in Wis
consin imply a very high benefit to carrying out 
research to resolve the current scientific un
certainties regarding the potential impacts of 
acidic deposition on surface waters and for
ests. Project Manager: Dennis Fromholzer 

EFFECTS OF ACIDIFICATION ON FISH 

Scientists disagree about the extent of fish 
population losses resulting from acidic deposi
tion. The decision to regulate industrial emis
sions to prevent such losses hinges largely on 
questions regarding the causal connection be
tween emissions and the acidification of aqua
tic environments. Just as important to this deci
sion, however, is an understanding of how fish 
populations respond to changes in water qual
ity that result from lake acidification. Predicting 
these responses is critical to assessing the 
costs or benefits of emission regulation. The 
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goal of EPRl's lake acidification and fisheries 
(LAF) project is to develop a method to esti
mate these responses (RP2346). 

One approach to determining the relationship 
between lake acidification and fish population 
response is to survey the water quality and 
fisheries status of many lakes over a wide 
range of acidities (pH levels). Typically, this in
volves correlating the presence or absence of 
fish species with water qual ity conditions to 
identify the pH thresholds required to maintain 
fish populations. Although this approach is 
fairly inexpensive on a per lake basis and rap
idly generates data for a wide range of spe
cies, i t  has several drawbacks. 

First, single (or limited) samples may not 
provide a realistic picture of chemistry and 
biota for a given Jake. Such sampling may miss 
biota p resent in small numbers, and it ignores 
the possible importance of episodic acid 
pulses in affecting the ability of biota to exist in 
a water body. Second, in assuming water 
chemistry to be the primary determinant of fish 
occurrence, the approach disregards physical 
factors (e.g . ,  the presence of spawning areas) 
and biotic factors (e.g . ,  the presence of preda
tors) that are known to affect the distribution 
and density of some fish species. To include 
these additional factors in analyses calls for 
increased data and a larger number of sample 
lakes, raising the survey costs. Third, because 
this approach does not examine mechanisms, 
predictions of population response for indi
vidual Jakes are subject to substantial error, 
as are regional conclusions based on such 
predictions. 

Researchers on the LAF project are taking 
an alternative and complementary approach 
by combining population models and labora
tory toxicity data to assess the responses of 
fish populations to lake acidification. Specifi
cal ly, they are studying four fish species that 
are widely distributed in waters sensitive to 
acidification and that represent a range of acid 
sensitivities, fish families, and l i festyles. This 
approach generates data more slowly than 
the survey approach; however, once it is vali
dated, it has the potential to predict population 
response to a wide variety of conditions in acid 
Jakes. 

The EPRI approach has two disadvantages: 
in its simplest form it ignores interspecies inter
actions, and it is applicable to only a few of the 
important fish species. To compensate for 
these limitations, three of the fish chosen are 
"top predators," fish that may be less sus
ceptible to losses of prey because they have 
the abil ity to switch to another species for food. 
In addition, the studies include an inves
tigation of toxicity mechanisms, which may 
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allow results to be ·generalized to other species 
on the basis of physiological simi larity. 

Methodology 

The LAF project is a highly integrated effort: 
although it comprises four distinct tasks, re
searchers working on one task exchange infor
mation with those in the other areas (Figure 3) .  
The project is also coordinated with other work 
sponsored by EPRI ,  EPA, the Ontario ministries 
of Natural Resources and of Environment, and 
federal and state fisheries agencies in the 
United States and Canada. 

The primary objective of task 1, being con
ducted by researchers at Oak Ridge National 
Laboratory in Oak Ridge, Tennessee, is  to de
velop fish population models that simulate the 
responses of fish populations in acid lakes. 
(Data for these models are being gathered 
from both the literature and the field in  task 2.)  
A secondary objective is to develop and apply 
statistical models to help design the toxicology 

studies (task 3) and interpret their results. 
The conceptual framework for task 1 divides 

the fish life cycle into three periods-juvenile 
to adult, reproductive period, and egg to 
juvenile-based on expected differences in 
sensitivity to stresses of acidification. Optimal 
input to the models includes i nformation ob
tained in tasks 2 and 3 on survival, g rowth, 
maturity, and fecundity for f ish at each age. 
The models have two uses: to focus the tox
icology studies on critical life stages and hy
potheses and to predict relative population 
responses to specific conditions of pH, alumi
num, and calcium. These predictions wil l be 
compared with case histories of fish popu
lations in the field. 

I n  task 2 researchers at Western Aquatics, 
Inc. (WAI) ,  in  Laramie, Wyoming ,  are compi l ing 
published and unpublished field data on rates 
of fish survival, growth, and fecundity for use in 
modeling populations of the selected species 
that inhabit sensitive (low-conductivity) lakes. 

1 j 

Figure 3 Fish population models provide the focus for internal integration of the LAF project Feedback 
loops between the tasks are iterative; for example, the generation of a hypothesis in task 3 may lead to the 
identification of data needs by task 1 researchers and the collection of such data by investigators in tasks 
2, 3, and/or 4. 
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Such data are required because fish are not as 
productive in sensitive waters as they are i n  
insensitive (hard water) lakes. The WAI staff 
is also compi l ing a compendium of past work 
on acidification response for each of the LAF 
fish species. 

Task 3 investigators at the University of 
Wyoming, also located in Laramie, are deter
mining the effects of various levels of pH, alu
minum, and calcium on survival, growth, and 
reproduction at different l ife stages of each 
species-for example, brook trout (Figure 4). 
For early-l ife-stage studies a fu l l  matrix of ex
posure regimes is being used, including five 
levels each of pH and aluminum and four of 
calcium. This is the most extensive matrix ever 
attempted for simulating water acidification 
in the laboratory, and it requ i red the construc
tion of a complex dosing system. Further ex
periments wil l  involve the same or fewer re
gimes, depending on in itial results. Exposure 
for the early-life-stage studies covers the time 
from egg fertilization through early juveni le, 
a period that may last 90 days; during this 
t ime hatchabil ity, survival, and g rowth wil l  be 
monitored. 

Studies of adults last four to six months to 
encompass egg production through spawn
ing. In addition to documenting the survival, 
growth, and reproduction of adults, research
ers will expose offspring from previously ex
posed adults to a l imited matrix of pH, alumi
num, and calcium to determine whether pre
exposure influences hatchability or survival. 

Data from task 3 wil l  provide the bulk of the 
information needed to express mortality and 
fecundity as functions of pH,  aluminum, and 
calcium; the result ing models wil l  be capable 
of predicting relative popu lation responses to 
acidification. Both laboratory and field experi
ments will be conducted to ensure that the lab
oratory results represent what actually hap
pens in the field. For example, current thought 
is that aluminum complexes formed with dis
solved organic carbon and/or fluoride may 
reduce the concentration of toxic aluminum. 
If this is true, measurements of monomeric 
inorganic aluminum concentrations in natural 
waters wil l be sufficient to describe the con
tribution of aluminum to total toxicity. If labora
tory and field toxicity levels differ significantly, 
however, additional components must be 
added to the laboratory matrix before users 
can rely on the model to produce accurate 
field predictions. 

Project investigators at McMaster University 
in  Hamilton, Ontario, and at the University of 
Wyoming are conducting physiological stud
ies on ionic exchange across gi l ls ,  blood 
chemistry, egg production, and structural 
pathology (task 4). They are searching for 



Figure 4 Brook trout are being tested for survival, 
growth, and reproduction in studies conducted at 
the University of Wyoming. These studies employ 
an elaborate dosing apparatus to handle the exten
sive matrix of exposure regimes. 

mechanistic explanations of toxic responses 
observed in task 3. In  these tests fish are ex
posed to partial matrices of pH, aluminum, and 
calcium similar to those in task 3 and are then 
examined for physiological and structural 
effects. Using this information, researchers 
may be able to extend the findings for the four 
LAF project species to other species with 
somewhat d ifferent sensitivities to acidic lake 
conditions. 

Initial results 

A model (DELREP) has been developed that 
incorporates survival, maturity, and fecundity 
data derived from laboratory studies to predict 
the effect of water chemistry on the number of 
a female's offspring that survive to reach the 
same age as the female at spawning. Sensi
tivity analyses have indicated that reductions 
in the survival of yearling and older fish can be 
more significant than equivalent reductions in 
fecundity or losses of f ish during the first year 
of life. These findings have reinforced the need 
for toxicity stud'1es involving fish beyond early 
life stages, even though the young fish were 
expected to be more sensitive to pH, alumi
num, and calcium. 

The project has accumulated over 1800 
open and g ray literature reports on brook trout, 
white suckers, and smallmouth bass. Contacts 
have been made with researchers and with 
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Figure 5 Brook trout in the eyed-egg stage (about 15 days after fertilization) were exposed to various con
ditions of pH, aluminum, and calcium for 40 days to observe the toxicity relationships among these factors. 
The relationships are indeed complex. For example, for both extremes of calcium level shown here, the 
mean percentage survival at low pH (4.4) is higher in the presence of low aluminum than when no alumi
num is present; however, aluminum clearly increases toxicity at higher concentrations. 
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federal, state, and provincial agencies in the 
United States and Canada to obtain publ ished 
and unpublished data sets. Together, data 
from several of the sets appear sufficient for 
estimating the survival, g rowth, and fecund ity 
rates required as inputs for the baseline model 
(sensitive, nonacidic waters). 

Several general conclusions can be drawn 
from the toxicity tests on brook trout (Figure 5). 
Increased acid ity and aluminum reduce hatch
ing success, but calcium does not appear to 
have much effect on the hatching process. 
Larval survival at low pH levels is reduced by 
aluminum and enhanced by calcium. Calcium 
also enhances larval growth at low pH, but 
aluminum has little effect. A fu l l  90-day early
l ife-stage toxicity study starting with freshly fer
tilized eggs has been completed, and pre
l iminary results indicate that freshly fertilized 
eggs constitute the most sensitive egg stage. 
Adult growth and reproductive effects have 
also been observed at those combinations of 
pH, aluminum, and calcium that reduce egg 
and larval survival and g rowth. 

The most progress on task 4 (physiology) 
has been made in the area of ionoregulation. 
For brook trout, aluminum at concentrations 
near 100% saturation causes large net losses 
of both sodium and chloride; net losses are 
reduced, as is mortality, when pH falls or cal
cium rises. Aluminum toxicity appears to be 
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pH 
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related to precipitation of aluminum hydrox
ides on the g i l ls, but further work is required to 
determine if this is the cause of the ion losses. 
Samples collected for structural pathology and 
reproductive physiology studies are currently 
being analyzed. 

Implications 

The LAF project is establishing an extensive 
data base that documents toxicological and 
physiological effects of acid ity, aluminum, and 
calcium on sensitive life stages of four im
portant fish species. Once the laboratory 
toxicity data have been field-validated, the tox
icity data wil l be incorporated into mathe
matical population response models for these 
species. After field cal ibration, the models 
could be used to predict the responses of fish 
to both increases and decreases in lake 
acidity. Results from this project, along with 
data documenting the response of lakes to dif
ferent levels of acidic deposition on water
sheds and the influence of emissions on depo
sition, will help decision makers compare the 
costs and benefits of emission management 
options. 

Initiated in late 1983, this project is sched
uled for completion at the end of 1988. Reports 
presenting the results for brook trout could be 
available as early as the spring of 1986. Proj
ect Manager: J. S. Mattice 
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HUMAN FACTORS 
CONTROL ROOM DESIGN 

Applying human factors criteria and principles 
in designing a nuclear power plant can reduce 
human error and improve plant safety and 
availability. Research by EPRI and others has 
identified areas in which an appropriate con
sideration of human factors during plant devel
opment can improve plant design (e.g., EPRI 
NP-309, NP-1118, NP-1567, and NP-2035). In 
the important area of control room design, 
EPRI has developed integrated, specific 
guidelines for ensuring the systematic imple
mentation of human factors principles and 
practices. These guidelines, which are pre
sented in NP -3659, can be used both in de
signing control rooms for future plants and in 
backfitting existing control rooms. 

The accident at Three Mile Island,  which was 
thoroughly documented in the Kemeny com
mission's report, focused attention on human 
factors issues and problems. Not since the 
early years of the space age has there been 
such interest in this area. After TMI ,  the NRC 
issued two regulations dealing with control 
room review and backfitt ing, NUREG 0700 and 
0801 , and EPRI published a human engineer
ing guide for enhancing existing control rooms 
(NP-2411 ) that complemented the NRC regu
lations. NP-3659, the new guide described in 
th is report, extends previous work by integrat
ing into one source human factors principles 
and criteria for the design phase of a nuclear 
plant. Most of the material in the guide also 
applies to fossil fuel plants, despite some dif
ferences in the problems encountered in the 
two types of plants (e.g. ,  radiation exposure in 
nuclear plants, coal dust and fly ash problems 
in fossil fuel plants). 

Focusing on operator performance require
ments in the control room, the guide seeks to 
relieve personnel of unnecessary tasks , re
duce the potential for human error, and identify 
design features that are compatible with innate 
human capabilities and l imitations. Since 
backfitting is very expensive and poses spe
cial problems of implementation in a spatially 
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fixed environment, the most cost-effective, 
technically efficient approach is to apply hu
man factors principles and criteria throughout 
the plant development process. The earlier in 
the design phase human factors are consid
ered, the more efficient wi l l  be the final result. 

The guide is a comprehensive reference 
document that wi l l  enable a design team (pref
erably a multidisciplinary one with human fac
tors representatives) to weigh the advantages 
and disadvantages of alternative design ap
proaches and to make the many trade-offs that 
characterize the design process. Also, by en
abling the team to apply scientific knowledge 
gained from empirical research on human per
formance requirements in the man-machine 
interface, the guide helps to maximize system 
effectiveness and minimize operator and sys
tem error in normal and emergency operating 
situations. 

To ensure the guide's usefulness in nuclear 
power plant design (and operations), EPRI es
tablished these criteria: it must be complete 
with respect to the human factors trade-offs 
and decisions made throughout the plant de
sign, development, and operations cycle; it 
must be authoritative and up-to-date; and it 
must be helpful and easy to use for all the en
gineers, operators, specialists, human factors 
engineers, and managers involved in the de
velopment process. To meet these objectives, 
a multidisciplinary approach was fol lowed in 
determining the guide's content and format. 

Representatives from utilities, nuclear steam 
supply system vendors, and power industry 
and architect-engineering consulting firms 
helped identify critical plant development 
processes and trade-off decisions involving 
human factors. After a prototype guide was 
developed, members of the potential users' 
population attended a workshop and used the 
guide to resolve simulated design and evalu
ation problems. They reviewed drafts pro
duced by the project team and contributed 
specific suggestions for improvement. 

The participants in the review process found 
the guide to be technically accurate, compre
hensive, and useful for its intended audience. 

To i l lustrate its scope, here are some of the 
functions the guide performs. 

o Presents step-by-step guidance for struc
turing a human factors program plan 

o Outlines an approach for describing and 
analyzing plant functions and systems and 
operator tasks 

o Provides guidance regarding control room 
layout, environmental conditions, and habit
ability 

o Makes recommendations about defining 
display and control instrument requirements, 
arranging instruments on panel surfaces, and 
applying labeling, demarcation, and coding 
techniques 

o Describes preferred display and instrument 
room features 

o Presents design support guidelines for an 
integrated communications system and for 
alarm and annunciator systems 

o Describes techniques for use in the design 
verification and validation phase (e.g . ,  walk
throughs, models, and full-scale mock-ups) 

o Provides anthropometric design criteria and 
a brief review of basic human capabilities (i .e. , 
sensing, processing, remembering, and re
sponding) 

In addition, the guide contains a glossary, ex
tensive i l lustrations, a checklist at the end of 
each technical chapter, and a comprehensive 
cross-referenced subject index. 

The guide has been published in two ver
sions: a loose-leaf edition prepared primarily 
for electric utilities and a bound edition for the 
human factors and academic communities. To 
ensure the guide's continued usefu lness, the 
loose-leaf version wi l l  be periodically updated 
on the basis of comments and recommen
dations from users and the results of ongoing 
research. EPRI invites utilities to participate in 
evaluating the guide when they design or mod
ify control rooms, and solicits feedback on 
improving its coverage and content. Project 
Manager: H. L. Parris 



IN-REACTOR SOURCE TERM 
EXPERIMENTS 

The source term represents the amount, type, 
and timing of predicted radiation release in a 
reactor accident. There is evidence that ex
perts have overpredicted the consequences 
of many low-probability nuclear reactor ac
cidents and hence their radiation release. 
Overprediction results in overplanning for 
emergency response and an unnecessarily 
negative public perception of potential reactor 
accident outcomes. The key to realistic predic
tion of accident consequences is prediction of 
a realistic source term. An EPRI test program 
studying volatile fission products is being car
ried out to improve the accuracy of such pre
dictions (RP2351). 

Source term analysis requires a good under
standing of a fuel's nuclear isotope inventory, 
aerosol formation and chemical behavior, 
aerosol release rates, and the timing of events 
that affect these processes. Current con
sequence analyses begin with assumed aero
sol particle size distributions based on expert 
judgments that have not been validated by ex
periments. Computer codes treat the chem
istry of the aerosols produced in the nuclear 
core during a severe accident as approxi
mations, which also have not been validated. 

To fi l l this gap in  knowledge, EPRI began the 
source term experimental program (STEP) un
der RP2351. The objective is to conduct in
reactor experiments on the behavior of volatile 
fission products (usually the major contributors 
to risk) for conditions representative of risk
dominant severe accident sequences. The 
project will provide data for validating the vol
atile-fission-product characteristics assumed 
by experts in predicting the consequences of 
severe accidents and for validating such com
puter codes as RAFT (reactor aerosol for
mation and transport), which is being devel
oped by EPRI under RP2135-11 .  

This project wi l l also yield some supporting 
data about the timing and extent of hydrogen 
generation, the timing of fuel degradation, the 
release of volatile fission products, and the be
havior of control rods during severe accidents. 
Data from these experiments should also help 
validate the assumptions inherent in all source 
term ex-pile aerosol tests-that is, that the par
ticle size distribution and chemistry of aerosols 
generated in ex-pi le tests are similar to those 
that will occur in a reactor. 

The tests are carried out in an in-pile test unit 
(Figure 1) .  Each test section of the unit con
tains four irradiated fuel rods, which were pro
vided to STEP by two cosponsoring orga
nizations, the U.S. NRC and Belgonucleaire of 
Belgium. The fuel rods have a burnup of 
30,000 to 40,000 MWd/t and are from the set 

of rods used in the NRC's severe fuel damage 
experiments conducted at the Power Burst 
Facil ity. Steam enters the bottom of the test unit 
from a supply located in an auxiliary box on the 
top of the reactor. A zirconia flow tube acts as 
an insu lator around the fuel rods, which are 
expected to reach temperatures in excess of 
2033 K (3200°F). 

A "sample tree" is suspended over the fuel 
in a plenum region of the test assembly. The 
tree has three sampling locations: lower 
(above the fuel and opposite the entrance to 
the lower aerosol characterization canister), 
middle ( in the middle of the plenum), and up
per (opposite the entrance to the upper aero-

Aerosol 
sample outlets 

Thermocouple 

Aerosol 
sample inlet 

Fuel assembly 
(four rods) 

Flow tube 
and insulator 

Primary 
vessel 

sol characterization canister). Each location 
has 16 coupons, which comprise a mixture of 
material samples (silver, alumina, oxidized 
carbon steel, lnconel, pallad ium, platinum, 
and zirconium) designed to allow deduction of 
the aerosol and fission-product chemistry dur
ing the test. 

An effluent filter is used to trap the majority of 
released fission products to allow straight
forward post-test handling of the test unit and 
the auxiliary box. Each aerosol canister, which 
is designed as an elutriator (settl ing vessel) ,  
has three chambers. By manipulating valves in 
the auxiliary box, researchers can d i rect the 
aerosol flow into different chambers during dif-

Aerosol sample 
outlet line 

Steam 
outlet line 

Aerosol 
characterization 
canister 

Primary vessel 
effluent filter 

Aerosol canister 
effluent filters 
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Steam 
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Figure 1 Diagrammatic view of the in-reactor test unit. Steam enters through the steam supply line and 
travels within the flow tube past four nuclear fuel rods. The flow tube is surrounded by a zirconia insulator 
to allow the test unit to withstand temperatures of 4040°F (2500 K). Aerosol is generated in the fuel region 
and flows past the sample holders on the sample tree, out the primary vessel, through the effluent filter, 
and up to a receiver tank (not shown) at the top of the reactor. A portion of this flow is split off and diverted 
through the two aerosol characterization canisters. Flow through three chambers in each canister is con
trolled by the experimenter to allow time-dependent (sequential) sampling of the effluent. 

EPRI JOURNAL July/August 1985 65 



NUCLEAR POWER DIVISION R&D STATUS REPORT 

Figure 2 The first stage of a chamber in the STEP-1 upper aerosol character
ization canister (a chamber that sampled throughout the test) includes two 
fine-wire impactors that have been covered with aerosols (light-colored mate
rial). The aerosol stream entered this stage from above, and an impaction 
shadow appears at the left, just in front of the large hole (which contained a 
tube to carry the aerosol stream to other chambers). Almost hidden at the 
lower right is the exit hole to the chamber's next (lower) stage. 

Figure 3 The second stage of a different chamber in the STEP-1 upper aero
sol characterization canister (a chamber that sampled for only the first half of 
the test period) shows less aerosol loading. A scanning electron microscope 
sample collector can be seen on the floor of this stage to the right, just down
stream from one of the open (blank) frames. This collector was oxidized car
bon steel cut from a reactor pipe provided by Ontario Hydro, a project 
cosponsor. 

ferent portions of the experiment. This flexibil ity 
allows time-dependent sampling of the aero
sol emanating from the fuel during the latter 
stages of the test. The elutriators capture 
larger particles near the in lets and smaller par
ticles farther down their 3-m length. Fine-wire 
impactors and scanning electron microscope 
(SEM) sample collectors similar to those on the 
sample tree are scattered throughout the 
length of each chamber. Aerosol filters in the 
sample line, one for each chamber, are down
stream of the canisters to catch aerosol par
ticles too small for the elutriators. 

Researchers inserted the unit into the Idaho 
TREAT reactor, which is operated by Argonne 
National Laboratory for DOE, a project co
sponsor. The reactor is programmed to deliver 
energy to the highly irradiated fuel, which is in 
a flowing-stream atmosphere. The project team 
selected four accident scenarios and varied 
the heat-up rate, system pressure, and control 
rod material for the different scenarios. The 
four planned tests have now been run ,  and 
the researchers are analyzing the data col
lected. 

The first STEP test was a simulation of a PWR 
unterminated large-break LOCA (WASH-1400: 
AD). This test was run at a pressure of 45 psia 
(0.31 MPa), with steam velocity varying from 
5.5 to 1 .9 lb/h (0.69-0.24 g/s) and a temper
ature ramp rate of 5.4°F/s (3 K/s). The thermal 
response was as expected, and the filter cap-
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lured appreciable fission products. SEM and 
microprobe examination revealed significant 
tin deposits on the effluent filter in addition to 
the expected cesium and iodine. Zircaloy con
tains about 1 .5% tin .  Investigators hypothe
sized that the local oxidizing Zircaloy attains a 
temperature adequate to vaporize the tin, 
which then condenses to droplets in the 
steam-hydrogen flow stream. The presence of 
tin suggests that larger particle sizes than pre
viously expected might be observed in the 
fission-product aerosol, because the tin may 
act as a seed for condensation of the volatile 
fission products as they are released from the 
fuel. 

The second STEP test was a simulation of a 
BWR feedwater failure transient with the con
comitant failure of core makeup water systems 
and residual heat removal systems (WASH-
1400: TQUW). This test was run at a pressure of 
25 psi a (0. 17  MPa), with steam velocity varying 
from 2.7 to 1 .8  lb/h (0.34-0.23 g/s) and a tem
perature ramp rate of 4.3°F/s (2.4 K/s). The 
third test simulated the loss of all ac power and 
of reactor coolant system heat removal in a 
PWR (WASH-1400: TMLB') ,  and the fourth was 
a TMLB' simulation with control rods in place. 
These last two tests were run at 1 130 psia (7.8 
MPa), with steam velocity varying from 4.3 to 
1.9 lb/h (0.54-0.24 g/s) and a planned tem
perature ramp rate of 1 °F/s (0.6 K/s). Although 
analysis of the experimental results has not yet 

been completed, evidence at this time indi
cates that the tests may yield significant infor
mation on the behavior of volatile-fission
product aerosols. 

Recently, researchers disassembled the two 
aerosol canisters from the f irst STEP test in a 
hot cell to examine the three chambers in each 
canister. Each chamber contains 14 separate 
stages that form a mazelike path for the aero
sol to traverse. For the first stage of one cham
ber in the upper aerosol characterization can
ister (Figure 2), the radiation reading taken SV2 
months after the STEP-1 test was 1700 mR/h 
(at 15.24 cm); for the second stage of a differ 
ent chamber (Figure 3), which sampled for 
only the first half of the test, the reading was 
500 mR/h (at 15.24 cm). These figures are the 
first STEP photographs of aerosols character
istic of severe accidents. 

The emphasis of the STEP tests is on deter
mining the aerosol size distributions and 
chemistry of volatile fission products, primarily 
cesium, iodine, and tellurium.  During the com
ing year, data analysis is expected to provide 
insight into the character of nuclear aerosols 
generated under p rototypical conditions for 
hypothetical severe accidents. Acquiring this 
information will be a key step in validating 
computer codes, verifying assumptions made 
in earlier studies, and validating assumptions 
inherent in all source term ex-pile aerosol tests . 
Project Manager: Richard Oehlberg 
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