
Ten Options for Clean Coal 

ELECT R IC POWE R RESEA R CH INSTITUTE 

EPRI OURNAL 
NUMBER 

NINE 

NOVEMBER 
1976 



EPRI JOURNAL is published by the 
Electric Power Research Institute. 

The Electric Power Research Institute 
was founded in 1972 by the nation's 
utilities to develop and carry out 
a broad, coordinated technology program 
for improving electric power production, 
transmission, distribution, and utilization 
in an environmentally acceptable manner. 

© 1976 by the Electric Power Research Institute, Inc. 
Permission to reprint is granted by EPRL 
Information on bulk reprints available on request 

Address correspondence to: 
Editor, EPRI JOURNAL 
Electric Power Research Institute 
P.O. Box 10412 
3412 Hillview Avenue 
Palo Alto, California 94303 

COVER: Coal in abundance for boiler fuel-but 
how to cut its sulfur content, how far, and at 
what cost? 



EPRIJOURNAL 

2 

6 

R&D Success Begins 
With R&D Priorities 

Clean Coal: What Does 
It Cost at the Busbar? 

14 Gas-Insulated Cable Research 
Aims for Versatility 

20 Plutonium: Facts and Inferences 

R&D STATUS REPORTS 

Dwain F. Spencer 

Ralph Samm 

Cyril L. Comar 

25 Fossil Fuel and Advanced Systems Division 
33 Nuclear Power Division 
38 Electrical Systems Division 
43 Energy Analysis and Environment Division 

DEPARTMENTS 

4 Authors and Articles 
46 At the Institute 
48 Project Highlights 
51 New Publications 

Volume 1, Number 9 November 1976 

On the basis of sulfur removal costs, EPRI ranks 1 O major 
coal fuel technologies as a means to focus R&D efforts. 

Design refinements, better materials performance, and 
longer fabricated sections of gas cable will open up more 
opportunities for use. 

Plutonium's toxicity is unquestioned, but its hazard to 
human health-the probability of toxic effect-is no more 
than for some other chemicals. 



R&D Success Begins With R&D Priorities 

When EPRI began, there was no alternative to relatively subjective judgment in 

allocating our R&D resources among the competing power generation, transmission, 

and distribution technologies. Together, we and our advisory committees relied on our 

personal professional responses to questions like, What is needed by the industry? 

and, What proportion of the R&D budget should we plan to spend on this? 

Our approach also relied heavily on the competence and experience of the technical 

staff, which was just being drawn together when EPRl's first program plan was in 

development. But during 1975 the Fossil Fuel and Advanced Systems Division began 

looking for a quantitative way to rank the benefits of competing technologies. Its 

work took the form of an analytic effort-just one of several planning and analysis 

activities in the division-and focused first on an economic comparison of the technical 

approaches to coal utilization. 

This year, as part of a division reorganization in May, a Power Plant Requirements and 

Analysis Program was formally established in the Advanced Fossil Power Systems 

Department. The express objective of program manager Rene Loth is to assess the 

relative benefits of various power generation technologies being pursued by the 

division. Lath's program includes: (1) utility systems analysis, (2) process evaluation 

and cost estimation, (3) advanced fossil power systems reliability, and ( 4) critical 

resource assessment. All these analytic components share a single element-the use 

of accepted techniques from electric utility operations and planning practice. And they 

share a goal- to estimate the potential market penetration of new power generation 

technologies. 

This structuring of analytic efforts in the Fossil Fuel and Advanced Systems Division 

will help us to communicate more effectively with our advisory committees and 

thereby to establish R&D priorities with a new level of confidence. Our limited R&D 
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resources may therefore be focused on the alternatives shown most likely to be 

commercially available and economically attractive between, say, 1985 and 1990. 

On the other hand, we may very consciously make an R&D allocation specifically to 

improve the prospects of a technology that otherwise seems to be out of the running. 

Either way, the ability to set R&D priorities in a consistent way is itself an R&D success 

and should prove to be a key to later success in specific research. 

The leading feature article in this issue of the JOURNAL reviews our first results, 

a busbar cost-ranking of clean coat utilization technologies. Rene Loth and I developed 

the approach, using information drawn primarily from EPRl-sponsored projects. 

We recognize that this analysis omits many factors that would be included in a truly 

complete evaluation, but its value lies in its consistent approach to busbar energy 

cost, despite the many variables and assumptions behind even that single factor. 

Even this "first cut" has assisted us in revising our priorities in coat conversion and 

related power generation research. In addition, the methodology is now being extended 

to include analyses of generation expansion on representative utility systems. 

Dwain F. Spencer, Director 

Advanced Fossil Power Systems Department 

Fossil Fuel and Advanced Systems Division 
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Authors and Articles 

Electric utilities are confronted with a 
bewildering array of technologies for 
cleaning and converting coal. As a fuel 

for generating electricity, coal has 
potential for being used in at least two 
dozen ways, varying from direct firing 
of low-sulfur coal to burning of low­
or medium-Btu gases from processes 
still being developed. 

The variables that underlie these 
technologies are legion. A yardstick is 
needed to evaluate them and serve as 
a guide to coal R&D on behalf of the 
utilities. 

o This month's cover story, "Clean 
Coal: What Does It Cost at the Bus­
bar?" (page 6 ), details the design, el­
ements, and application of such a 
yardstick, all of which are the aim of 
a research project in EPRI' s Fossil Fuel 
and Advanced Systems Division. 

The article was prepared by JOUR­
NAL features editor Ralph Whitaker, 
with close assistance from Dwain F. 
Spencer, director of the Advanced 
Fossil Power Systems Department. 

o Both the history and the use of gas­
insulated underground transmission 
cable are short: barely 5 years and 4 
circuit miles. Eighteen U.S. utilities, 
however, have gas cable installations, 
and it is expected that their experience 
will stimulate others. 

The development of gas-insulated 
cable systems capable of transmitting 
large blocks of electric power is the 



goal of a research project under way in 
EPRI's Electrical Systems Division. 
In "Gas-Insulated Cable Research 
Aims for Versatility" (page 14), Ralph 
Samm, manager of the Underground 
Transmission Program, reviews the per­
formance considerations of gas-insu­
lated cable and the developmental 
status of its major elements: gas, con­
ductor, spacer, and enclosure. 

"Taking full advantage of gas­
insulated transmission," says Samm, 
"depends on successful design co­
ordination of all components into an 
operating system." 

Samm joined EPRI in 1974 as a proj­
ect manager and was appointed to his 
present position the following year. 
Samm had been project manager of 

research and development at I-T-E Im­
perial Corp. in Greensburg, Pennsyl­
vania, for 16 years before coming to 
EPRI. He has an MBA from the Uni­
versity of Pittsburgh and a BS in elec­
trical engineering from Johns Hopkins 
University. 

o Cyril L. Comar, director of EPRI's 
Environmental Assessment Department 
and a pioneer in the use of radioactive 
materials for biological research, re­
cently prepared an EPRI report aimed 
at clarifying the controversial issues 
surrounding the use of plutonium. 
The overview that prefaced the report, 
"Plutonium: Facts and Inferences," 
appears, slightly abridged, on pages 
20-24. 

Samm 

Comar presents statistical data and 
offers analyses -based on experience 
since the mid-1940s in both nuclear 
power and weapons development and 
testing-on aspects of plutonium use 
such as potential releases from a nuclear 
power industry; behavior of plutonium 

in the biosphere; its predicted effects on 
human beings; differences and rela­
tionships between toxicity and hazard; 
and the potential for malevolent use 
of plutonium from nuclear power 
installations. 

Comar held responsibility in the late 
1940s for national programs dealing 
with radioactive fallout. More recently 
he chaired a National Academy of 
Sciences study of effects of low-level 
radiation on human populations. He is 
a member of ERDA's Nevada Applied 
Ecology Group Advisory Plutonium 

Comar 

Committee and of the Scientific Review 
Panel for the Inhalation Toxicology 
Research Institute, Lovelace Foundation 
for Medical Education and Research. 

Before joining EPRI in early 1975, 

Comar was professor and head of the 
Department of Physical Biology and 
director of the Laboratory of Radiation 
Biology at Cornell University. He was 
also director of the Cornell Energy 
Project. Earlier he served as chief of 
biomedical research at the Oak Ridge 
Institute of Nuclear Studies. He holds 
the title of professor emeritus, Cornell 
University. 

Comar has a doctorate in agricultural 
biochemistry from Purdue University, 
has published more than 200 scientific 
papers, and belongs to more than a 
dozen professional societies. 
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I 
f you're working with a coal-burning 
electric utility today, you could be 
looking into as many as two dozen 

ways to use coal as a fuel. They vary 

from the direct firing of low-sulfur coal 
to the burning of low- or medium-Btu 
gases derived from processes still in 
development. 

In between those extremes is a spec­
trum of both generic and proprietary 
approaches: 

o Intermittent generation controls to cut 
the volume of sulfur dioxide emissions 
when ground level concentrations get 
too high 

o Filters and scrubbers to clean combus­
tion products before they go up the stack 

o Washing and chemical cleaning 
schemes to remove sulfur, as well as 
particulates, ahead of the combustion 
process 

6 E'PRIJOURNAL November 1976 

Clean Coal: 
What Does 
It Cost at the 
Busbar? 

o New combustors and combustion 
processes that minimize the release of 
sulfur compounds 

o Liquefaction processes (like those for 
gasification) that convert coal's heating 
value to an entirely different, clean, 
efficient form 

But is there a best way to use coal? 
Which way? How do we decide? And 
what do we do about it? 

Too many variables 

Measuring the state of the art in coal 
technologies is difficult. For one thing, 
differences between processes tend to 
make any comparison a matter of " apples 
and oranges" - because of the subtleties 
of chemistry that govern feedstock re­
quirements, efficiencies, and through­

puts. Then there are the differences in 
the states of development of candidate 
processes that defy easy or precise pre-



We need a way to evaluate coal fuel 

technologies, using the fewest 

possible variables. Sulfur criteria for 

coal, process, and environment are 

one set of variables. Plant capital, 

O&M, and fuel costs are another. 

Together, they permit consistent 

comparison of busbar power costs 

for 10 major clean coal options. 

o An EPRI state-of-the-art feature 

diction of time and cost to commer­
cialization, land and other resource 
requirements, operability, reliability­
and even the very probability of devel­
opment success. 

Equally important are the number and 
range of what economists call exogenous 
variables, those that originate outside the 
R&D community but bear significantly 
on the practical economic potential of 
any approach to coal cleaning or conver­
sion. One such factor is the resource 
base itself-our reserves, their character 
(especially their sulfur content), and 
their geographic distribution. Another 
factor is the coal industry and its tech­
nologies and capabilities for growth in 
mining and transportation. Together, the 
two factors will influence the quality of 
coal and the price electric utilities will 
pay for it. 

In addition, of course, there is the 
electric utility industry, with all its own 

variables in system load characteristics, 
growth, reliability, capital and operating 

costs, and fiscal capability of taking on 
new or modified generating plants. 
Regulation enters the analysis, too, 
not only in affecting revenue require­
ments but in setting environmental 
standards for coal-burning plants. 

Selecting a yardstick 

The list of variables goes on. How­
ever, a yardstick is necessary to guide 
R&D efforts on behalf of utilities. De­

signing and applying that yardstick, in 
a first-cut, screening exercise, has been 
the aim of a technical analysis conducted 
by EPRI's Fossil Fuel and Advanced 
Systems Division during the past 15 
months. The methodology and conclu­
sions of that work are summarized here. 

What follows, then, focuses on the 
yardstick, its construction, its precision, 
and its application. The measurement 
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unit is busbar electric power cost, figured 
in 1975 dollars and expressed in mills/ 
kWh. Distinctions are not made be­
tween and within individual coal tech­
nologies, other than to name them and 
to characterize them by their sulfur 
removal capabilities. 

Initially, a list of two dozen alterna­
tives was drawn up. However, in many 
instances-notably coal cleaning, dry 
alkali/bag filters, and several regenera­

tive scrubbing processes-the available 
basic data were inadequate for valid 
analysis. So the pioneer evaluation was 
necessarily limited to 10 options (Table 
1). As the study is updated ( at least 
annually), however, many of the others 
will be incorporated. 

Because all the candidate technolo­
gies are seen as options for limiting 
502, even low busbar power costs 

would be meaningless if the options 
could not reasonably be expected to 
meet environmental standards. EPRI's 
work, therefore, also had to include 
some assessment of future sulfur re­
moval requirements, based on projected 
coal utilization, environmental stan­
dards, and coal quality. 

The remaining stages of the study 
were devoted to estimating the capital 
costs for coal cleanup or conversion 
plants to meet the calculated sulfur 
removal requirement and then com­
puting busbar power costs for each 
candidate technology as it might be 

employed in both baseload and inter­
mediate generation modes. 

Sulfur criteria 

National energy consumption is ex­
pected to rise from 70 quads (quad­
rillion Btu) in 1975 to 170 quads in 
2000. (With greater efficiency and the 
resultant conservation, the latter figure 
would be 150 quads, a value frequently 
used in energy growth estimates by 
EPRI.) Considering only the coal used 
for electricity generation, the need will 
increase from 11 quads in 1975 to 30 
quads in 2000. This growth implies an 
increase in coal consumption by elec­
tric utilities from 400 million tons in 
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1975, to 900 million tons in 1985, and 
to 1500 million tons in 2000. 

Based on a 3% annual replacement 
rate for coal-fired power plants, a 

capacity equivalent to 300 million tons 
(of 1975's 400 million) will have to 
meet what are called new-source per­
formance standards (NSPS) in the year 
2000-that is, control of sulfur emis­
sions to at least the present upper 
limit of 0.6 lb/106 Btu. Of course, the 
capacity growth represented by 1100 
million tons will be similarly governed. 
Thus, by the turn of the century, more 
than 90% of U.S. utility coal-fired 
plants will be subject to NSPS levels. 

More stringent controls 

But what is the likely level, or string­
ency, of sulfur control? Of course, it is 
not certain what action various federal, 
state, and local agencies engaged in 
environmental regulation will take. 
But several present and probable strat­
egies were considered in the study, 
with particular respect to 502 and 
derivative compounds: 

o New-source performance standards 

o State implementation plans for pri­

mary ambient air quality 

o Possible new national ambient air 
quality standards 

o Limited and controlled growth pro­
visions within the Environmental Pro­
tection Agency's (EPA) policy for 
preventing significant air quality de­
terioration 

o Potential sulfate control standards 

NSPS at 0.6 lb/106 Btu sulfur in coal 
is a likely upper bound on control 
requirements. The next three strategies 
listed are projected to result in a sulfur 
limit of about 0.4 lb/106 Btu. Although 
much less certain, control of sulfates 
could further reduce sulfur emission 
levels to about 0.2 lb /106 Btu ( and 
also call for control of precursors such 
as trace metallic catalysts and ammo­
nia). In sum, a reasonable expectation 
is that sulfur levels must be controlled, 

on average, to 0.2-0.4 lb/106 Btu by 
the year 2000. 

It should be noted that today's strat­
egies and standards apply only to 

the direct firing of coal. There are no 
formal emission regulations for coal 
conversion processes or for power 
plants fueled by their products. How­
ever, in at least one case (Lurgi dry 
ash gasification and cleanup trains for 
synthetic natural gas [SNG] produc­
tion), EPA is considering even more 
stringent requirements that would call 
for emission levels comparable to those 
from the resource replaced ( natural 
gas). The implication is that separate 
control requirements might be placed, 
for example, on a gasification or lique­

faction plant ( considered as a refinery) 
and on a power plant fired with syn­
thetic gas or petroleum-type fuel. Cer­
tainly, this would add significantly 
to the processing costs for fuel con­
version. However, in its study EPRI 
adopted for each conversion process a 
range of sulfur removal capability that 
can achieve the 0.2-0.4 lb/106 Btu 
sulfur level also assumed for direct­
fired plants. 

Coal quality and sulfur removal 

Annual production of 1500 million 
tons of coal by the year 2000 is an 
assumption of the study. The logistic 
implications for production, processing, 
and transportation are neglected. So is 
the competing or overlapping demand 
for perhaps 850 million tons of coal to 
be used in synthetic fuel production 
(SNG, solvent-refined coal, low- and 
intermediate-Btu gas, and petroleum­
type fuels). Some of these would be 
available to electric utilities, but pro­
duction "splits" have not been esti­
mated. The focus is simply on the 
sulfur quality of the coal. 

Perhaps 100 million tons of low­
sulfur eastern coal will be available to 
utilities each year, and from 300 to 
600 million tons of low-sulfur western 
coal. Low-sulfur coal is considered 
to be less than 0.5% sulfur by weight; 
it runs about 8000 Btu/lb, so its sulfur 



quality can be expressed as being 
about 0.6 lb/106 Btu. It is thus con­
sidered capable of meeting today's 
new-source performance standards 
without sulfur control measures. 

The balance of the coal expected to 
be needed in the year 2000 will be 
about 800 to llOO million tons each 
year. It will be high-sulfur (2.5-3% ) 

coal, running about 12,000 Btu/lb and, 
therefore, between 2 and 2.5 lb/106 

Btu. Today's utility coal ( overwhelm­
ingly the high-sulfur variety) averages 
a sulfur content of about 2.4 lb/106 

Btu. Assuming the same average in 
2000, the sulfur removal requirement 
is 83-92% to attain likely regulatory 
levels of 0.4 to 0.2. 

Of the estimated 1500 million tons 
of coal in the year 2000, some 150 

million tons will be burned by the 
10% of power plant capacity still ex­
empt from emission controls. Of the 

balance, some 350-650 million tons 
will be low-sulfur coal requiring only 
minimal beneficiation. This leaves 700-
1000 million tons of high-sulfur coal 
likely to need extensive cleaning or 

Method 

conversion. The average sulfur removal 
requirement for that coal is in the 
range of 80-90%. 

Stated simply, 80-90% removal of 
sulfur will be sufficient to meet pro­
jected 502 standards between now 
and 2000. This is extremely significant 
because it implies that flue gas desul­
furization with today's wet alkali scrub­
bing process will remain adequate 
throughout the same period. (Wet 
alkali scrubbing carries with it, of 
course, the need for either a sludge 
ponding area or some means to dis­
pose of wet slurry.) 

Estimating capital costs 

The yardstick of direct comparison 
of alternatives takes shape in the dol­
lar estimates of total power plant cost 
(Table 2). Consistency is the key, yet 
it is difficult to achieve when estimates 
come from different sources ( as in 
this study)-even though many of the 
sources are conceptual design studies 
performed under EPRI sponsorship: 

o Gasification, by Fluor Engineers and 
Constructors, Inc. 

Table 1 

TEN CLEAN WAYS TO BURN COAL 

Direct firing, pulverized low-sulfur coal 
Direct firing, pulverized high-sulfur coal with wet alkali scrubbing and 
on-site sludge disposal 

Direct firing, pulverized high-sulfur coal with regenerative scrubbing (using 
hydrogen produced on site) and reduction of gas to elemental sulfur 
Direct firing, pulverized coal in a fluidized bed at atmospheric pressure 
with dry limestone added to the bed 
Direct firing, pulverized solvent-refined coal 
Liquid firing, petroleum-type fuel 

Low-Btu gas firing (100-150 Btu/scf) after gasification in moving-bed, 
dry ash Lurgi gasifier and Selexol process for acid gas removal 
Medium-Btu gas firing ("-'300 Btu/scf) after gasification in slagging 
moving-bed gasifier and Selexol process for acid gas removal 
Low-Btu gas firing (100-150 Btu/scf) after gasification in atmospheric, 
two-stage entrained gasifier and Stretford process for acid gas removal 
Medium-Btu gas firing ("-'300 Btu/scf) after gasification in pressurized, 
two-stage entrained gasifier and Selexol process for acid gas removal 

o Solvent-refined coal and petroleum­
type fuels, by Ralph M. Parsons Co. 

o Low-Btu gasification, by Combustion 
Engineering, Inc. 

o Direct coal firing with wet alkali 
scrubbing, by Ebasco Services, Inc. 

Other basic data came from a num­
ber of individual manufacturers. Nota­
bly, the estimates for atmospheric 
fluidized-bed combustion were supplied 

by General Electric Co. from its prelim­
inary report on the National Science 
Foundation's Energy Conversion Al­
ternatives Study (known as ECAS). 

The estimate for a coal-fired plant 
with wet alkali scrubbing (and on-
site sludge ponding) was used for 
normalization: Ebasco's estimate was 
compared with others by Combustion 
Engineering and by General Electric 
(for ECAS). This estimate assumed the 
use of eastern coal with 3% sulfur 
content, and all basic plant cost esti­
mates fell within a range of 2%. 

Table 2 also lists design heat rates 
assumed to be attainable in baseload 

Sulfur Removed(%) 

none 
80-90 

90-95 

80-90 

70-90 
90-95 

>95 

>95 

>95 

>95 
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Table 2 

CAPITAL COSTS FOR TEN CLEAN WAYS TO BURN COAL 

Conventional Steam Plants 

Low-sulfur coal 
High-sulfur coal with 
alkali scrubbing 

High-sulfur coal with 
regenerative scrubbing 

Atmospheric fluidized-bed 
combustion 
Solvent-refined coal 

Petroleum-type fuel 

Low-Btu gas, moving-bed, 
dry ash Lurgi 
process 

Medium-Btu gas, slagging. 
moving-bed process 

Low-Btu gas, 
atmospheric, two-stage 
entrained process 

Medium-Btu gas, 
pressurized, two-stage 
entrained process 

Combined-Cycle Plants 

Petroleum-type 
fuel 
Low-Btu gas, moving-bed, 
dry ash Lurgi 
process 

Medium-Btu gas, 
slagging moving-bed 
process 

Low-Btu gas, 
atmospheric, two-stage 
entrained process 

Medium-Btu gas, 
pressurized, two-stage 
entrained process 

Heat Rate 
(Btu/ kWh) 

9,000 

9,500 

10,000 

9,500 

9,000 
BC:"10,000 

9,000 
BC: 13 ,400 

BC: 13 ,600 

BC: 11 ,300 

BC: 10,600 

BC: 9,800 

7,500 
BC: 11 ,200 

7,500 
BC: 9,500 

7,500 
BC: 9 ,100 

7,500 
BC: 8 ,400 

7,500 
BC: 8 , 150 

Base 
Cost 

($/kW) 

290 
{ PP: 290 

SR: 50 
340 

{ P P :  290 
SR: 150 

440 
PP: 340 

PP: 290 

PP:  190 

r
P :  190 

SR: 390 
580 

{ PP :  190 
SR: 255 

445 

{
PP: 190 
SR: 210 

400 

{
PP :  190 
SR: 155 

345 

PP: 160 

PP :  160 
SR: 335 

495 
PP: 160 
SR: 215 

375 

PP: 175 
SR: 180 

355 
PP: 160 
SR: 130 

290 

., Includes IDC and startup at 30% (except 22% tor combined-cycle petroleum-type fuel plant). 
PP = power plant. 
SR = sulfur removal system. 
BC = basis coal (coal conversion and power generation). 
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Contingency 
(%) 

+ 10 
+ 10 
+ 20 

+ 10 
+ 20 

+ 20 

+ 15 

+ 10 

+ 10 
+ 20 

+ 10 
+ 20 

+ 10 
+ 20 

+ 10 
+ 20 

+ 15 

+ 15 
+ 20 

+ 15 
+ 20 

+ 15 
+ 20 

+ 15 
+ 20 

Uncertainty 
(%) 

± 10 
± 10 
± 20 

± 1 Ol 
± 20f 

+ 25, 15 

± 15 

± 10 

± 10 
± 15 

± 10 
15} + 25, 

+ 25, - 15 
± 10 

} 

+ 25, - 15 
± 10 

} 

± 15 

± 15 
± 15

} 

+ 25, - 15 
± 15 

} 

+ 25, - 15 
± 15 

} 

+ 25, - 15 
± 15 

} 

Total 
Cost''' 

($/kW) 

375-460 

485-625 

575-740 

450-665 

375-500 

250-300 

760-1 ,000 

585-800 

525-710 

490-600 

185-250 

650-875 

490-695 

460-650 

375-530 



operation. (For intermediate load op­
eration, as in daily cycling, the heat 
rate was assumed to be 5% higher.) 
Other vital assumptions were: 

o Conventional steam plants-2400 
psi, 1000°F superheat, 1000°F reheat 
conditions 

o Combined-cycle plants-2200°F gas 
turbine inlet temperature and 16:1 
pressure ratio, coupled to a 2400-psi, 
1000° F steam bottoming cycle 

Base capital cost for each plant is 
given in mid-1975 dollars per kilowatt. 
In each case, this figure consists of 
total construction cost, including con­
tractor's overhead and fee, land cost, 
and owner's head office costs. It ex­
cludes contingency, escalation, and 
interest during construction. A con­
tingency was then added, the amount 
depending on the degree of definition­

for example, 10% for a coal-fired plant 
but 20% for a stack-gas scrubber. 

The accuracy of estimates was con­
sidered separately and a range, or 
band, of uncertainty was assigned. 
Understandably, wider bands of un­
certainty were linked with the less 
well-defined options that are still in 
early development. By adding or sub­
tracting uncertainty figures, upper and 
lower capital cost estimates were ob­
tained. Interest during construction, 
together with startup costs, was ap­
plied to each of these plant costs at a 
rate of 30%. (The combined-cycle op­
tion using petroleum-type fuel is an 
exception; a rate of 22% was used 

because of a significantly shorter con­
struction period.) The total cost col­
umn in Table 2 gives the probable 
range of capital requirements for each 
plant. 

Capital costs for the solvent-refined 
coal and petroleum-type fuel options 
do not include increments for their 
respective coal liquefaction plants. 
Costs associated with the liquefaction 
processes are incorporated in the fuel 
costs. 

Estimating busbar power cost 

The ultimate unit of measurement on 
this yardstick of coal utilization tech­
nologies is mills/kWh, the bus bar cost 
of power from each candidate. Values 
were calculated for both baseload op­
eration (at 0.65 capacity factor) and 
intermediate or cycling operation ( at 
0.35 capacity factor). 

Busbar cost comprises both fixed 
and variable charges. A fixed charge 
rate of 18% per year was applied to 
the range of capital costs derived for 
Table 2. (Current utility experience 
varies around the U.S. between about 
15% and 22%.) This covers interest on 
debt, return on equity, depreciation, 
insurance, and federal, state, and local 
income and property taxes. 

Variable charges include the costs 
of fuel, chemicals, and operation and 
maintenance. Two levels of coal cost 
were investigated, $1/106 Btu and 
$2/106 Btu, but only the former, which 
is representative today, was used in 
the computations for Figure 1. (An ex­
ception is the case of direct-fired low­
sulfur coal, estimated to cost $1.25 /106 

Btu because of delivery charges.)  Rais­
ing the coal cost across the board 
would increase plant fuel expense by 
varying amounts, depending on the 
heat rates of the different options. 

Fuel costs for the solvent-refined 
coal and petroleum-type fuel options 

are based on high-sulfur feed coal at 
$1/106 Btu, but they also include plant 

charges for liquefaction. Recent cost 
estimates for such plants are $2.50-
$2.75 / 106 Btu and $3.50-$3.75/106 Btu, 
respectively. 

Chemical costs were found to be 
negligible for most plants (0.1-0.2 
mills/kWh), except for the coal-
fired plant with wet alkali scrubbing 

and the atmospheric fluidized-bed 
combustion plant. In the latter case, 
for example, stoichiometric require­
ments for sulfur removal are uncertain 
but range between 0.3 and 0.6 ton of 
limestone per ton of coal. Since the 
cost of limestone itself varies from 

$5/ton to $20/ton, the resulting range 
of chemical cost becomes significant, 
and two levels were computed for use 
with the high and low busbar cost 
estimates, respectively. 

Operation and maintenance costs 
were estimated on the basis of plant 
complexity, ranging from 2 mills/kWh 
for direct coal firing ( without stack­
gas scrubbing) to 4 mills/kWh for a 
combined-cycle plant with coal gasifi­
cation. For intermediate cycling service, 
all operation and maintenance costs 
were assumed to be 0.5 mill/kWh 
higher than for baseload operation. 

Reading the yardstick 

It is perhaps no surprise that direct­
fired low-sulfur coal comes in with the 
lowest busbar power cost for both 
baseload and intermediate operation: 

25-28 mills/kWh and 36-41 mills/ 
kWh, respectively. Nor is it unexpected 
that high coal costs tend to favor op­
tions with lower heat rates-generally, 
the combined-cycle plants. 

But the most telling conclusion of the 
study, to date, intimately related to 
projected emission standards and 
foreseeable needs for sulfur removal, 
is that direct firing with wet alkali 
scrubbing, a technology almost fully 
developed today, is the second most 
attractive baseload option, at 28-34 
mills/kWh with high-sulfur coal. 

Other findings ( all apparent in Fig­

ure 1) are: (1) busbar power costs 
for baseload operation are in the 25-
40-mill range, except for Lurgi low-Btu 
gas and petroleum-type liquids fueling 
conventional steam plants; (2) regen­
erative scrubbers, advanced gasifiers 
(beyond the Lurgi), and atmospheric 
fluidized-bed combustors are all com­
parable for use with conventional 
steam plants-and only slightly more 
expensive than plants with wet al-
kali scrubbing- for either baseload 
or intermediate duty; (3) only the 
combined-cycle versions of advanced 
gasification processes show promise 
of being less costly than low-sulfur 
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coal; (4) combined-cycle plants using 

petroleum-type fuels and medium-Btu 

gas from advanced gasifiers have com­

parable costs for intermediate service; 

(5) atmospheric fluidized-bed com­

bustion looks attractive in baseload 

operation, but there is significant un­

certainty in its economic performance. 

Using the yardstick 

The payoff from this study is not the 

economic benefit that any utility can 

get by adopting the "winning" coal 

technology. The payoff is in the better 

shaping of R&D emphasis in EPRI's 

direct coal utilization and coal conver-

sion programs. Six examples suggest 

the ramifications: 

o New funding is being allocated to 

research on scrubbers, because they 

are the most economically attractive 

prospect for plants that must comply 

with tighter S02 emission standards. 

Direct util ization Conversion processes 
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Reliable operating procedures for wet 

alkali scrubbers (to overcome corrosion, 

fouling, and plugging) should improve 

their availability and cut maintenance 

charges by one third. For regenerative 

scrubbers, which require less land area 

for waste disposal, the aim is to de­

velop practical process alternatives 

meeting a range of utility needs. (Dif­

ferent process by-products are salable 

in different regions.) 

o More attention is being given to 

total plant requirements, all the way 

from raw coal to busbar energy. It's a 

system view rather than a narrow 

focus on one or another coal conver­

sion technology. And it is particularly 

pertinent for solvent-refined coal and 

petroleum-type fuel processes. For 

example, EPRI is exploring how such 

fuel processing costs might be cut 

by modifying gas combustors and gas 

turbines so they can accept lower qual­

ity fuels. 

o Two major coal liquefaction pro­

cesses, H-Coal (Hydrocarbon Research, 

Inc . )  and Donor Solvent (Exxon), are 

getting the thumbs-up sign to produce 

both utility fuel oil and gas turbine 

fuels. EPRI plans major funding to 

support the operation of large pilot 

plants (250-600 ton/day) for both 

these processes. In contrast, major 

pilot plant support is not planned for 

any other process that yields petro­

leum substitutes from coal. 

o Coal gasification integrated with a 

combined-cycle plant remains a high 

priority because of the need for op­

erating experience with this technol­

ogy. Three coal gasification schemes 

are taking favored positions for fur­

ther EPRI R&D attention: the slagging 

moving-bed gasifier (British Gas Corp.) 

and the partial-oxidation entrained 

gasifier (Texaco), both for combined­

cycle plant application, and the at­

mospheric, two-stage entrained gasifier 

( Combustion Engineering, Inc.) for 

fueling a conventional steam plant. 

Research efforts on other advanced 

gasification systems are being cut back. 

o EPRI's fluidized-bed combustion 

research is now focused on the atmo­

spheric-pressure process, and a test 

facility is being built. The pressurized 

FBC concept is being minimized. 

o The importance of reliable gas-steam 

combined-cycle power plants is newly 

evident and getting attention. One 

major new effort for EPRI has been 

the work with utilities and suppliers 

toward demonstration of an air-cooled 

gas turbine that can operate in the 

temperature range of 2100-2300 °F. 

Is cost the only yardstick? 

The seeming simplicity of EPRI's "first 

cut" at analyzing coal technologies 

suggests the question whether cost is 

the only yardstick. The answer is yes, 

but only because it is so nearly univer­

sal a way to recognize many variables. 

A better question seeks to clarify the 

cost of what. 

This article- and up to now the EPRI 

analysis it portrays -has focused on 

the cost of one factor alone: sulfur 

removal. The criterion for the various 

options was only their design capabil­

ity to meet projected sulfur control 

levels of 0.2-0.4 lb/106 Btu with coal 

having a 2.5-3.0% sulfur content 

(2-2.5 lb/106 Btu). 

What must be emphasized is that 

many other important variables, and 

their inevitable effects on costs, have 

knowingly been omitted in the 

interest of simplicity and so that an 

R&D guidance scale could be quickly 

assembled. One example is NO, con­

trol. What will be required? How 

widely? When? By what process means 

and at what cost? 

Similar questions can be asked about 

siting restrictions, cooling water re­

quirements, and waste disposal, to 

name a few. Always, the bottom-line 

question is "At what cost?" As more 

of these variables are researched and 

included in the estimates, the busbar 

power costs will change, and perhaps 

even the relative ranking of options. 

Despite their favorable ranking on 

the basis of sulfur removal cost, wet 

alkali scrubbers may not retain their 

advantage as other coal technologies 

show the need for less land area, or a 

smaller volume of cooling water, or as 

they exhibit lower overall heat rates 

(which some already do). 

Mid-term commercialization (that is, 

between 1985 and 2000) is now the 

earliest foreseen for even the most 

promising coal options. Today's simple 

screening, based solely on the cost of 

sulfur removal, enables a more focused, 

efficient allocation of R&D funds. As 

the cost implications of other factors 

are included, the resultant fully docu­

mented research will reveal the best 

choices for clean coal utilization. 

Modeling future capacity 

The existence of consistent, directly 

comparable cost data for coal conver­

sion technologies enables some inter­

esting modeling, too. It's one thing to 

use the figures for direct comparison 

of isolated plants. But it would be 

more meaningful to see the effects of 

utility system interaction. EPRI is 

therefore using its study data as inputs 

to a half-dozen representative utility 

system models that will expand in 

generating capacity by selecting the 

technologies that yield minimum in­

cremental power costs. Since these 

expansion models closely simulate 

utility systems throughout the United 

States, it should be possible to better 

assess the potential for each technology 

in a future national generation capacity. 

The modeling should also help to 

answer a perennial question about R&D 

leverage. The new coal conversion and 

power generation technologies, as se­

lected by the operation of the expansion 

models through some period of time, 

can be identified and assessed, and their 

total economic benefit to the national 

energy picture can be estimated. Com­

paring the benefit to the R&D cost 

gives the leverage, another tool for 

figuring priorities and establishing 

funding- possibly for the next annual 

updating of this benchmark study of 

clean coal and what it costs at the 

bus bar. 
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Design refinements, better materials 

performance, and fabrication 

in longer segments will reduce the 

installed cost of gas cable and 

increase reliability. That's when 

applications of gas cable at greater 

d istances and at smaller power and 

voltage ratings will be possible. 

o An EPRI program feature 
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Gas-Insulated 
Cable Research 
Aims for 
Versati I ity 
by Ralph Samm 

G 
as-insulated transmission cables 
have a short history: barely 5 
years of use and only a little more 

than 4 circuit miles in operation. But 
these cables, from 100 to 3300 ft long, are 
on 18 electric utility systems, and more 
than a third of the total length has been 
added just this year (Table 1). 

Although surveys tell us that the use 
of underground transmission will grow 
slowly in the next several years (perhaps 
100-125 circuit miles annually), the 
proportion of gas-insulated systems is 
expected to increase as utilities gain con­
fidence from their operating experience 
and a better perception of the most eco­
nomical applications. Economy, of course, 
is the motive, and it is found today in 
higher power ratings, simpler installation, 
easier maintenance, and lower operating 
cost-all in comparison with high­
pressure oil-filled cables. 

Understandably, gas cable technology 
is still undergoing major developmental 
change. The EPRI-sponsored research 
program has as a goal gas-insulated 
systems that can transmit large blocks of 
electric power-functionally equivalent 
to overhead lines in the EHV (345-500 
kV) and UHV (2::765 kV) range. Part 
of the program therefore concerns the 
most logical sequence for technical im­
provements in today's systems, with cost 
reduction a major objective. Another 
research focus is the development of flex­
ible cable enclosures. This article briefly 
reviews the system performance consid­
erations of gas-insulated cable and the 

Ralph Samm is manager of the Underground Transmis­
sion Program in EPRl's Electrical Systems Division. 

developmental directions of major com­
ponents: the gas, the conductor, the 
spacer, and the enclosure. 

The system 

The basic gas-insulated cable is schemat­
ically simple: a hollow aluminum conduc­

tor (or three conductors) symmetrically 
positioned at intervals by spacers within 
a grounded sheath. Rigid sections 40-60 
ft long are factory assembled and sealed 
for shipment, then evacuated (to remove 
moisture) and filled with a dielectric 
gas after installation. Conductors mate 
(sliding contacts) when cable sections are 
butt-welded together in the trench. 

The isolated-phase (one-conductor) 
configuration has been in commercial 
service in the United States since 1971. 
The three-conductor design has recently 
been developed for transmission systems 
in this country; however, it is already in 
substation use in Japan and in Europe 
(France, Germany, the Netherlands). 

At present, gas cables compete mainly 
at the higher voltages (345 kV and above), 
higher power ratings (2000 MV A or 
more), and shorter lengths (Yz mi or less). 
Compared with other cables they are 
physically large, due to dielectric consid­
erations. But they have an inherent self­
cooling capacity to match overhead line 
ratings, and still higher voltages are ac­
commodated simply by scaling up in size; 
dielectric losses are negligible, and forced 
cooling, easily added and maintained, 
could more than double the self-cooled 
ratings. A first approach to gas cable 
cooling is the use of water pipes to 
remove heat from the cable enclosure. 

Size, materials costs, and manufactur­
ing costs today tend to make gas cables 



Table 1 

GAS-INSULATED CABLE EXPERIENCE 

3-Phase 
Cable Circuit Year 

Utility Rating (kV) L ength (ft) Installation '' Energized 

Cleveland Electric Illuminating Co. 362 450 A 1 97 1  
Cleveland Electric Illuminating Co. 362 450 A 1972 
Consolidated Edison Co. of New York, Inc. 362 520 u 1 972 
Potomac Electric Power Co. 145 210 A 1 972 
Public Service Electric and Gas Co. of New Jersey 242 600 u 1 972 
New Orleans Public Service, Inc. 145 150 A 1972 
Southern California Edison Co. 242 550 U/A 1 973 
Potomac Electric Power Co. 145 520 A 1973 
Duke Power Co. 242 2200 0 1974 
American Electric Power Co., Inc. 145 1600 u 1974 
Arizona Public Service Co. 242 370 A 1974 
Commonwealth Edison Co. 362 1900 A 1974 
Boston Edison Co. 362 630 u 1 974 
Central Illinois Light Co. 362 1 100 A 1 975 
Bonneville Power Administration 550 700 u 1975 
Hawaiian Electric Co., Inc. 1 45 150 A 1975 
Quebec Hydro-Electric Commission 800 100 A 1 975 
Arizona Public Service Co. 242 300 0 1975 
The Hydro-Electric Power Commission of Ontario 242 2300 A 1976 
American Electric Power Co. ,  Inc. 145 2000 u 1976 
Public Service Co. of New Hampshire 362 3300 A 1976 
British Columbia Hydro and Power Authority 550 1760 T 1976 

Source: Guide to the Use of Gas Cable Systems. Final report prepared by l-T-E Imperial Corporation, Greensburg, Pennsylvania, September 1 975. EPRI 7825. 

t1 A = Above ground 

U = Underground 

0 = Open trench 

T = Tunnel 
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expensive per unit length, so-everything 
else being equal-they are most advanta­
geous over short distances where overall 
economy is preserved by their simple, 
inexpensive terminations and the ab­
sence of costly pressure maintenance 
equipment. 

Although gas-insulated cables and sub­
stations differ as applications, and there­
fore in some operating conditions, the 
basic technology is common to both. 
Concepts and hardware are frequently 
interchangeable. For example, gas-moni­
toring systems (to measure density and 
moisture content) and terminations being 
developed for substations will have di­
rect application to cables. Similarly, flexi­
ble cable enclosures, low-cost insulating 
spacers, better contamination control, 
and components for higher operating 
temperatures under development for gas 
cables will improve the technical and 
economic performance of gas substations. 

The gas 

The dielectric gap between conductor( s) 
and grounded sheath is filled with SF 6 gas 
compressed to 22-45 psig (2.5-4.0 bars) 
maximum. Other gases and mixtures are 
being investigated, but gas system de­
signs in the near term depend on the 
qualities and technology of SF6 . 

Initially, gas cables were designed for 
an operating stress at the conductor of 
60-80 kV/ in, less than one-third the 
stress on an oil-paper-insulated cable. 
This conservatism was directed by the 
requirement that a system maintain di­
electric integrity at operating voltage 
even if a leak caused complete loss of 
gas pressure. Early cable designs were 
severely penalized by the resultant ma­

terials costs. 
With better control of both factory 

and field welding techniques, which low­
ered the incidence of leaks, the pressure­
loss criterion was eliminated. Systems 
now operate at 45 psig with an operating 
stress of 80-100 kV /in. 

But even in attaining these stress lev­
els, new problems were encountered. 
Inherent in any compressed-gas system 
are small conductive particles that act 
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as contaminants, reducing the dielectric 
strength of the gas below its theoretical 
level under absolutely clean conditions. 
Interestingly, under some conditions of 
contamination the dielectric withstand 
value peaks near 45 psig and then falls 
off at higher pressures. Better and cleaner 
factory and field assembly techniques 
are making higher stress levels possible. 
So are methods to immobilize (trap) the 
particles. Development now under way 
is aimed at a 120-kV /in operating stress. 

Particle control to allow operation at 
higher pressures is not necessarily the 
ultimate answer. Dewpoint temperature 
must also be considered. SF 6 at 45 psig 
has a dewpoint of -40 ° C ( 40 ° F). 
Therefore, in areas where temperatures 
are expected to go this low, the operating 
pressure must be limited. Fortunately 
for most systems, underground temper­
atures remain above 40 ° C, and higher 
pressures can be planned. Alternative 
designs with lower pressures must be 
used where systems come to the surface 
(or for systems built entirely above 
ground). 

Other qualities of SF6 influence cable 
design, particularly for surface appli­
cation. SF 6 is very stable up to 150 ° C, 
and it has excellent convective heat trans­
fer characteristics. The present maximum 
temperature limit for a gas cable con­
ductor is 105 ° C (hot spot), but the dif­
ferential from conductor to enclosure 
does not exceed 25 ° C. Buried cable is 
limited also to a 70 ° C maximum enclo­
sure temperature ( to minimize earth 
drying and possible thermal runaway). 
This means a nominal conductor tem­
perature of 95 ° C ( allowing 10 ° C for a 
hot spot in the sliding contact). 

A surface system ( or one that is forced­
cooled) can dissipate heat more readily. 
Therefore, its conductor temperature 
may rise above 105 °C without the enclo­
sure temperature running above 70°C. 
Subject to limitations in other cable com­
ponents, the conductor could even ap­
proach 150°C. An air-cooled enclosure 
might then exceed 100°C, and for safety, 
such a system would need to be isolated 
from human access. But forced cooling 

would hold down the enclosure tem­
perature under otherwise comparable 
circumstances. 

Two further useful characteristics of 
SF 6 ( as with most gases) are its dielec­
tric constant of just over 1.0 and dielectric 
loss of nearly 0.0. The near-unity con­
stant results in low capacitance and, 
therefore, low-charging current. With 
the combination of low-charging current 

and negligible dielectric loss, a conductor 
can be more fully loaded. 

The conductor 

Present practice for rigid systems calls 
for the use of an extruded tubular alu­
minum conductor. Skin-effect consider­
ations limit its wall thickness to between 
0.5 and 0.75 in; heavier walls are not 
cost-effective. Also to be taken into ac­
count are expansion and contraction of 
the 40-60-ft-long tube. This varies be­
tween 0.5 and 1.0 in and is successfully 
controlled by sliding plug-in contacts 
for operation up to 105 °C. Because gas 
maintains its integrity to 150°C, research 
is in process to uprate the capacity of 
these connectors. 

An alternative to the extruded con­
ductor is one incorporating stranded alu­
minum. Such a design is being developed 
for use in a flexible gas-insulated enclo­
sure. The stranded-aluminum segments 
are held in place by a very thin corrugated 
copper sheath. A design trade-off will 
be made between a conductor compliant 
enough to contain its own expansion, and 

one rigid enough not to sag between spac­
ers. This is not seen as a problem. 

A third alternative for the conductor 
is either a thin rigid tube or a flexible 
tube filled with sodium (for lower cost) 
and sealed in manufacture so that no field 
handling of sodium would be required. 
This conductor is being studied under 
EPRI sponsorship, and if the manufac­
turing problems can be overcome, a less 
expensive and less energy-intensive con­
ductor should result. 

The spacer 

Gas cable designs today usually call for 
either a conical spacer or a post spacer 



(Figure I) to hold the conductor(s) away 
from the ground sheath. The material is 
either a cycloaliphatic epoxy or a bi­
sphenol epoxy. Cycloaliphatics have the 
advantage of being arc resistant during 
low-power flashovers (i.e., power levels 
normally associated with testing). Bi­
sphenol spacers, however, can be coated 
with arc-resistant materials. They also 
offer the advantage of a lower dielectric 
constant than cycloaliphatics and a co­
efficient of expansion more closely match­
ing that of aluminum. Heavy, cast spacers 
normally require inserts at the inner 
diameter for voltage-stress relief. 

Spacers of both materials are under 
continuing development in sponsored 
research. But because they are limited 
to approximately 120°C maximum op­
erating temperature, higher-temperature 
materials are being investigated in the 
hope that better advantage can be taken 
of the properties of SF6. 

A novel approach is the thin-sectioned 
low-dielectric-constant spacer (Figure 2) 
developed under contract for the flexible 
gas-insulated cable system. In this in­
stance, the spacer is made in two iden­

tical halves that are snapped together 
around the continuous conductor during 
factory assembly. One of the prime con­
siderations is low cost, since many more 
spacers must be used per unit length. 
In accomplishing this objective, other 
advantages accrued. For example, the 
thin wall of the spacer creates very little 
field distortion; therefore, the stress gra­
dient on the insulator surface is uniform. 
This, in turn, gives better dielectric with­
stand values for a given size. Arc-resistant 
materials ( those not requiring the use of 
coatings) and materials capable of op­
erating at higher temperatures are prob­
lems still under investigation. 

The enclosure 

For voltage ratings of 345 kV and below, 
extruded aluminum enclosures are avail­
able ( usually a wall thickness of 0.25 in); 
however, a price penalty is incurred due 
to the costly extrusion process. Main­

tenance of dimensional stability is the 
major problem with large-diameter thin-

Figure 1 Conical spacer can act as a 
hermetic barrier and to local ize contam­
inants from fault arcs. Post spacer is 
cheaper for large d iameters because less 
material is needed. Typical ly, three posts · 
are fitted to a col lar on the conductor. 

Figu re 2 Low-dielectric-constant spacers 
snap on flexible cable before dies shape 
the enclosure for welding and corrugating. 

EPRIJOURNAL November 1 976 1 7 



Figure 3 Large-diameter enclosure 
consists of three identical segments, each 
with preassembled conductor and posts. 

F igure 4 Corrugations create flexibi l ity i n  
a long  cable section after enclosure has 
been wrapped around spacers and con­
d uctor and sealed with a conti nuous weld. 
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wall aluminum shapes. On the other 
hand, the advantages of an extruded en­
closure are that both high-strength and 

high-conductivity alloys can be used. 
Essentially these are the 6000 series heat­
treatable alloys. The requirement for 

conductivity needs no further explana­
tion. High strength is necessary because 

the system, normally buried at a modest 
ambient temperature (20°C) and com­
pletely constrained by the earth, is oper­
ated at 70°C and thus experiences a 50° 

temperature differential. Unable to ex­
pand, it must withstand all stresses in­
ternally. The weakest link in a rigid 
system is normally the weld-annealed 
region where the sections are joined. 

An alternative to the extruded enclo­
sure is one formed from aluminum strip 
rolled and welded in a helix. This spiral 
welding procedure, as well as the base 
material, is less expensive; however, alu­
minum strip is not available in heat­

treatable alloys. To gain a moderate 
degree of strength, lower-conductivity 
alloys must be used. This poses a trade­
off for designers in their choice of ma­
terials and techniques. 

For voltage levels above 345 kV or for 
three-conductor systems that require 
large-diameter enclosures, a reasonably 
good solution is an extruded segmental 
enclosure (Figure 3). Because of the di­
mensional stability of this design, there 
is less waste from deformation during 
handling, and the manufactured cost is 
about one-third less than for single ex­
trusions. While the welding required to 
convert three segments into a completed 
enclosure adds to the cost, the lower ma­
terials cost more than compensates. An­
other advantage is that heat-treatable 
high-conductivity alloys are available 
for fabricating this enclosure. 

Beyond these rigid cable enclosures 
lie flexible designs with the potential fea­
tures of lower installed cost and greater 
reliability. They should enable gas­
insulated systems to compete at lower 
voltages, greater lengths, and smaller 
power ratings. For example, a 345-kV 
flexible gas cable (Figure 4) now under 
EPRI-sponsored development is expected 



Figure 5 Flexible gas cable prototype for E PR l-sponsored research has a d iameter 01� 1 2  in (300 mm).  
This cable is 1 20 yd ( 1 1 0  m) long. 

to be at least 25% cheaper on an installed­
cost basis- even at only 1000-MVA rat­
ings, where conventional high-pressure 
oil-filled cables have the edge today. 

The aluminum strip used to fabricate 
flexible cable (by a continuous process 
that forms the strip into a cylinder and 
welds a single longitudinal seam) has a 
relatively low strength but good conduc­
tivity and welding properties. The corru­
gated configuration is also compliant and 
thus adaptable to the stresses of temper­
ature cycling when constrained by back­
fill in the trench. 

Reliability will be enhanced by the use 
of long, factory-tested lengths (300 ft for 
345-kV cable versus 60 ft for its rigid 
counterpart) requiring fewer field joints. 
Field welding is not only costly but also 
affords many more opportunities for con­
taminants to enter the cable enclosure. 

The feature of flexibility also produces 
major economies in shipping and han­
dling costs (Figure 5). The manufacturing_ 
process calls for continuous fabrication 
with lower-cost materials, and lengths 
are limited, in practice, only by the over­
all diameter of the shipping reel flanges. 

Coordinating the elements 

Gas cables must be viewed as systems. 
They offer high capacities, equal to those 
of overhead lines, but at a cost premium. 
However, they are simpler and easier to 
operate, and for many installations they 
are less costly than oil-filled cable. R&D 

is directed toward making gas cable sys­
tems more economical and reliable. Be­
cause the cost of terminations, pressure 
maintenance, and cooling is already min­
imal, reductions in cable cost will make 
longer systems attractive. 

SF 6 gas has advantages and disadvan­
tages as a dielectric. Its advantages are (1) 
near-unity dielectric constant, (2) prac­
tically zero dielectric loss, ( 3) good heat 
transfer characteristics, and ( 4) high ther­
mal stability. Its disadvantages are (1) di­
electric degradation with contaminants 

present and (2) high dewpoint tempera­
tures above 45 psig. 

Extruded aluminum conductors used 
today are limited by thermal-mechanical 
considerations at operating temperatures 
that are otherwise feasible ( above 105 ° C). 
Sodium-filled tubing is being investigated 

as an alternative to the flexible stranded­
aluminum conductor, which will comply 
with the thermal forces. 

Cast epoxy spacers are heavy, expen­
sive, and have nonuniform surface-stress 
gradients. Innovative designs incorporat­

ing thin walls, different materials, and 
less expensive manufacturing processes 
should overcome these problems. 

The gas cable enclosure, normally an 
extruded aluminum tube, is a major ex­
pense item in the system. Spiral-welded 
tubing made from aluminum strip offers 
some relief, and extruded segments are 
less expensive for larger diameters. In 
terms of both cost and performance, the 
major breakthrough is expected to be a 
flexible, corrugated-aluminum enclosure. 

Taking full advantage of gas-insulated 

transmission depends on successful de­
sign coordination of all components into 
an operating system. Today's individual 
applications are the proving ground, and 
the firsthand experience of 18 electric 
utilities should be the basis for wider 
acceptance. 
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Plutonium: 
Facts and 
Inferences 

by Cyril L.  Comar 

Pluton ium has become an 

emotional ly charged word , tr iggering  

i n  the pub l ic  mind fears of  n uclear 

d isaster. Scientific evidence, 

however, ind icates that pluton ium 

as a " hazard " is  no more dangerous 

to h u man health than other 

chemicals we have learned to 

deal with . 

This overview of what we know and can 
infer about plutonium is drawn from a re­
cently published 164-page EPRI report, "Plu­
tonium: Facts and Inferences" (EA-43-SR). 
The scientific review, intended to help place 
the plutonium issue in clearer perspective, 
was prepared by Cyril L. Comar, director of 
EPRl's Environmental Assessment Depart­
ment. Major contributors were Waldemar B. 
Seefeldt, William J.  Mecham, and Martin J. 
Steindler of the Argonne National Laboratory; 
Bernard Cohen, U niversity of Pittsburgh; 
Gwyneth Howells, Central Electricity Research 
Laboratories, United Kingdom; and Newell 
Stannard of the University of Rochester Med­
ical Center. 
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E 
very so often a word or phrase 

captures the public imagination 

as the embodiment of deep-seated 

apprehensions. "Plutonium" is now such 

a word. It triggers fears of nuclear warfare 

and annihilation, of humanity's manipu­

lation by technology, of growing terror­

ism, and of the loss of civil liberties. It 

arouses frustrations with inadequate 

political and economic processes as well 

as anxiety about laying a health burden 

on present and future generations. 

A basic question is whether society 

should create plutonium for industrial 

purposes, given that it is toxic and could 

be hazardous if enough were to be de­

posited in the bodies of workers or the 

general public. Today's power reactors, 

which are fueled by uranium, create 

plutonium internally as an inevitable 

by-product of their energy production, 

so two additional questions arise: Is plu­

tonium the limiting safety factor in 

nuclear power? And is the industrial use 

of nuclear power justified at all, in terms 

of its biological risk as compared with 

the risks in producing electricity in other 

ways or the risk of having electricity 

and energy shortages? 

Isolated statements can be made that 

are true in a limited sense but misleading 

as a basis for public opinion and public 

policy. For example: it may be true that 

a single pound of plutonium could de­

liver millions of doses of lung cancer­

inducing radiation. This statement is 

misleading because of the ease of con­

trolling plutonium and because expe­

rience has shown that only a minute 

fraction of any uncontrolled plutonium 

could conceivably get into human lungs. 

It is comparable to the statement (also 

true) that the amount of arsenic imported 

annually into the United States is suffi­

cient to cause more than a billion human 

fatalities -a statement that ignores the 

fact that arsenic, however lethal, cannot 

and does not kill people who are not 

exposed to it. 

In the opposite vein, it is also literally 

true that, although about five tons of 

plutonium have already been released 

to the biosphere from nuclear weapons, 

not one case of lung cancer ascribable 

to plutonium has been recorded. This 

statement may be equally misleading as 

proof, because present radiobiological 

theory, interpreted conservatively, would 

predict some increase in worldwide can­

cer rates as a result of such plutonium 

exposure, even though the increase might 

be too small to show in our medical 

statistics. 

The broad decision about whether to 

develop nuclear energy for power pro­

duction must therefore take many com­

plex issues into account: the comparative 

environmental and health costs of vari­

ous modes of electricity production; the 

possible health costs of inadequate 

electricity; demand patterns; the avail­

ability of resources; and the timing of 

bringing new energy sources into pro­

duction. Our task here is not to explore 

those issues. Rather, it is to set forth a 

fair representation of facts about plu­

tonium as one component of nuclear 

energy that has become a special focus 

of public concern. These facts should lead 

to a more realistic understanding of plu­

tonium risks and should offer some guid­

ance in reaching policy decisions about 

comparative risks in energy production. 

Role and chemistry 

Shortly after its discovery, plutonium 

was found to undergo fission with ther­

mal neutrons. Knowledge of this fact 

spurred tremendous efforts to produce 

it in large quantities for military pur­

poses. Of broader significance for soci­

etal purposes, however, is that plutonium 

is central to the use of nuclear fission for 

producing electricity and that it has other 

uses in industry and medicine. 

The element plutonium is a silvery­

white metal, atomic number 94 in the 

actinide series. There are at least 16 

different isotopes of plutonium, of which 

the four most important are: pluto­

nium-238 (half-life, 86.4 years ), plu­

tonium-239 (half-life, 24,390 years), 

plutonium-240 (half-life, 6580 years), 

and plutonium-241 (half-life, 13.2 years ) .  

Plutonium-238 is very useful as an 

isolated power supply: in space, for 

communications in remote locations, 

for cardiac pacemakers, for artificial 



heart devices. About 40 kilograms of 

plutonium-238 have already been spe­

cially produced for such purposes. It is 

not a significant component of normal 

nuclear fuel. 

Plutonium-239 is the most common 

plutonium isotope, being abundantly 

produced in reactors . A light water re­

actor contains about 600 kilograms; the 

liquid metal fast breeder reactor pro­

posed for commercial operation would 

contain about 3000 kilograms. And over 

200 tons of plutonium-239 have been 

processed for weapons purposes. 

In its assorted applications, plutonium 

is composed of varying percentages of 

the different isotopes, the higher ones 

being produced by the action of neu­

trons on plutonium-239 in the reactor. 

Reactor-grade plutonium is roughly 

70% plutonium-239 and 20% plutonium-

240, whereas weapons-grade plutonium 

is roughly 93% and 7%, respectively. 

Generally, the longer the fuel is utilized 

in the reactor, the higher the proportion 

of plutonium-240 produced and the less 

suitable it is for weapons purposes. 

Several characteristics of plutonium 

are important in determining its biolog­

ical impacts. First, plutonium emits 

alpha radiation, which penetrates matter 

poorly. So it is not a hazard as long as it 

is outside the body ( the radiation does 

not penetrate the outer layer of dead 

skin). But plutonium is highly carcino­

genic when deposited in or on living 

tissue. Second, plutonium usually exists 

as plutonium dioxide, a compound that 

tends to be highly insoluble in water 

and in body fluids. Third, plutonium 

tends to adsorb onto undigested food 

and other materials, which causes it to 

be poorly absorbed from the gastroin­

testinal tract, and also to migrate very 

slowly in soil. Fourth, plutonium, unlike 

many other carcinogens, is easily detect­

able both in the environment and in 

living things so that any needed protec­

tive action can be anticipated and imple­

mented. Finally, plutonium, because of 

its long physical half-life, must be re­

garded as a permanent contaminant, as 

are many other stable industrial chemi­

cals that pollute the biosphere. 

Toxicity and hazard 

The public has been told, "Plutonium is 

the most toxic substance known to man." 

T oxicily is a medical term defined as the 

inherent capability of a substance to 

produce injury once it reaches a partic­

ular tissue within the body. In this sense, 

plutonium is certainly highly toxic . How­

ever, of greater importance to human 

beings is not toxicity but, rather, a more 

inclusive property called hazard. The 

hazard of a substance takes into account 

not only its toxicity but its availability­

the extent to which the substance can 

actually reach individuals and have its 

toxicity take effect. For plutonium, the 

factors that determine its hazard are the 

amount that is handled, the effective­

ness in preventing its release from the 

time of production through waste stor­

age, the degree to which environmental 

and biological processes tend to deter­

mine the exposure of human beings to 

that which may be released, and finally, 

its toxicity. 

Toxicity and hazard are not necessar­

ily closely related. The hazard of highly 

toxic materials can be maintained at low 

levels by proper means. Conversely, 

materials that are only moderately toxic 

can represent great hazards if handled 

carelessly or if their toxicity is unrecog­

nized. The hazard of ingesting plutonium 

is much less than that of ingesting other 

equally toxic substances, because plu­

tonium is so poorly absorbed from the 

gastrointestinal tract and because the 

penetrating power of its radiation is so 

low. For example, it may be surprising, 

but plutonium taken by mouth is rela­

tively innocuous because so little is ab­

sorbed into the body and, being mixed 

with intestinal contents, it cannot ap­

preciably irradiate the tissues as it passes 

through the tract. Swallowing plutonium, 

then, is much less hazardous than swal­

lowing ordinary chemicals such as 

various compounds of cyanide, lead, 

and mercury or radionuclides such as 

iodine-131 and strontium-90. Inhaling 

plutonium or being injected intrave­

nously with it is just about as hazardous 

as the same procedures would be with 

various compounds of cyanide, lead, and 

mercury-and much less hazardous than 

with so-called supertoxics, such as bot­

ulinus toxin and others produced by 

biological processes. 

These comparisons are made, not to 

justify an exposure to plutonium in light 

of the hazards of other chemicals, but 

rather to emphasize that society has 

learned to protect itself against harmful 

substances and must continue to be 

vigilant in the improvement of public 

health procedures. It is also important 

to note that the effects from plutonium 

are not manifest for many years, whereas 

those from many other toxic substances 

are apparent immediately. This is not to 

say that a premature death delayed for 

15 years or so is any less deplorable than 

an immediate death, but the lack of im­

mediate effects does reduce the suitabil­

ity of plutonium for terrorist or criminal 

purposes. 

The long-term effects of plutonium 

are of greater concern than immediate 

toxicity. It is difficult to compare pluto­

nium with chemical carcinogens because 

of a lack of data on them and the absence 

of standard methods for estimating their 

long-term toxicity. But there is little 

question that inhaled plutonium would 

rank on a weight basis with the chemi­

cal carcinogens now recognized. Recent 

conservative extrapolations (indirectly 

derived and admittedly imprecise) sug­

gest that inhalation of I microcurie of 

plutonium-239 could cause roughly a 

I% incidence of induced cancer, with 

lung cancer being about twice as likely 

to occur as either skeletal or liver cancer. 

Expressed in other ways, it could be as­

sumed that if 100 persons each inhaled 

I microcurie of plutonium-239, one per­

son might die from plutonium-induced 

cancer; or it could be assumed that one 

radiation-induced cancer might occur for 

each 100 microcuries of plutonium-239 

inhaled by the general population. 

Estimates of possible genetic effects 

have been made on the basis of observa­

tions that systemic plutonium-239 can 

become deposited in the testes and 

ovaries. These estimates involve large 

uncertainties, but the genetic effects per 

unit of plutonium-239 deposited within 
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the body appear to be equal to or lower 
than the direct carcinogenic effects. It is 
important to note here that our numer­
ical estimates of risk from low-level 
radiation are considered upper limits, 
and useful for comparative policy pur­
poses rather than as quantitative pre­
dictions of actual effect. 

Applications 

Military Over the past 30 years or so, 
there has been a great amount of in­
dustrial experience in handling large 
amounts of plutonium, mainly in con­
nection with weapons production and to 
a lesser extent with the nuclear power 
cycle. Billions of dollars have been in­
vested to produce tons of the metal, to 
utilize its energy, and to manage its 
degradation products. 

Military operations have included 
separation of plutonium from spent 
uranium fuel, its conversion to oxide 
and fluoride, reduction to metal, metal 
fabrication, scrap recovery, and large­
scale shipping. More than 200 tons 
(200,000 kilograms) of plutonium have 
been processed and about 8000 ship­
ments made. Experience indicates that 
inadvertent releases from processing in 
facilities designed to handle radioactive 
material can be kept at low levels. 

Two accidents involving nuclear weap­
ons have been reported. At Palomares, 
Spain, in 1966 two weapons acciden­
tally dropped from a United States plane 
were detonated by high explosives on 
impact, and plutonium was dispersed 
over 1200 acres. Near Thule, Greenland, 
in 1968 a United States bomber crashed, 
causing four weapons to burn and leave 
plutonium-contaminated debris and fuel 
scattered along a path about 700 meters 
long. Extensive cleanup operations were 
performed in both cases, and large quan­
tities of contaminated material were 

shipped to the United States. Despite 
these accidents, the concentrations of 
plutonium in the bodies of villagers near 
Palomares and the levels of plutonium 
in the air at Thule remained considerably 
below the exposure levels permitted in 
the U.S. for workers who come into con­
tact with radioactive materials. 
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Commercial Estimates of the plutonium 
that would be released into the environ­
ment by an expanding civilian nuclear 
power industry are of great importance. 
The estimates summarized later in this 
overview are based on actual operating 
experience, where it exists, and on de­
tailed analytical studies, where it does 
not, as in the case of certain hypothetical 
accident situations. 

In fuel reprocessing, plutonium com­
pounds recovered from spent uranium 
fuel are converted into plutonium oxide. 
During the conversion process, minute 
particles of plutonium oxide could be 
carried by the gases given off. All off­
gases are therefore passed through sev­
eral high-efficiency particulate-air 
(HEPA) filters in series. The performance 
and reliability of these filter systems have 
been intensively studied. There are op­
erational data available from two gov­
ernment plants and one commercial 

plant, which operated for seven years 
until it was closed in 1971 for expansion 
and improvement of procedures. 

In fuel fabrication, plutonium oxide 
is ground into a fine powder, blended 
with uranium oxide powder, granulated, 
pressed into pellets, and machined for 
loading into fuel rods. Most operations 
are carried out in airtight glove boxes, 
the air from which is passed through a 
series of HEP A filters. Operating data 
for this phase are available from govern­
ment facilities and six commercial plants. 

Observations are also available from 
the 13 most serious plutonium-handling 
accidents that have occurred in the past 
30 or so years. In all these cases pluto­

nium releases have been kept below a 
level that would constitute any observ­
able or expected health risk. Two reasons 
for such low health risks are that burning 
plutonium produces large particles, 
which tend to settle out rapidly in the 
vicinity of release; and that the airborne 
particles tend to adsorb onto nearby 
surfaces. The performance of air-cleaning 
systems is recognized as the main safe­
guard in maintaining or improving this 
effective record of containing releases. 

Because there have been no major 
plutonium-handling accidents, it is 

necessary to rely on theoretical studies 
for prediction of possible consequences. 
Accordingly, eight detailed analytic 
studies have been made, covering repro­
cessing plants, mixed-oxide fuel fabri­
cation plants, transportation risks, and 
the liquid metal fast breeder reactor. 

Releases from the routine operation 
of reactors are almost exclusively gases 
and volatile materials. Since plutonium 
is not volatile, its release from a reactor 
could occur only under extreme circum­
stances. A serious reactor accident ( an 
occurrence of admittedly low probabil­
ity) could be a major source of plutonium 
releases, although the strontium, iodine, 
and cesium isotopes released at the same 

time would pose even greater hazards 
than the plutonium, especially in the 
near and intermediate future. The prin­
cipal danger in a reactor accident is that 
portions of the fuel would melt, releasing 
radioactive materials as a vapor or as an 
airborne dust. Since plutonium com­
pounds have high melting points and 
low vapor pressures, they would be the 
least likely to be released. 

Statistical estimates of probable plu­
tonium releases from reactor accidents 
are based upon three factors: the fraction 
released, the probability of an accident, 

and the average amount of plutonium in 
the reactor. We have estimated the first 
two items using the Rasmussen report 
on reactor safety (Atomic Energy Com­
mission, WASH-1400, 1974). The re­
lease fraction cited by that report has not 
been questioned; the accident probabil­
ities have been criticized, but we consider 
it doubtful that they could be in error by 
more than a factor of ten. The estimates 
we present are based on the Rasmussen 
study, scaled by plutonium content. 
Because there could be errors in both 
directions, these estimates seem to be 
reasonably conservative. 

Waste management 

A major public concern is whether plu­
tonium releases might occur thousands 
of years from now from current waste 
storage. It is possible to estimate the 

chance that buried waste could ever 
reach the surface. The calculations take 



into account such matters as the prob­
ability of contact between waste and 
groundwater, the rate at which waste 
could be leached, the rates at which water 
and waste could move through the 
ground (including atypical situations 
such as the formation of artesian wells), 
the impacts of meteorites or volcanoes, 
the data on the observed entry into the 
biosphere of naturally occurring alpha­
emitters in soil, and possible random 
mining operations carried out by future 
societies. These scenarios assume no 
watching, no special attention, no keeping 
of records, and no deliberate choice of 
areas that are arid and of low volcanic 
activity for repositories-all of which 
are measures that would tend to reduce 
the chances of exposure of future so­
cieties. This method of estimation has 
not, of course, been tested, but it appears 
to be reasonably based and, it is hoped, 
could be made more definitive long 
before large amounts of waste were 
produced by the nuclear power industry. 

It should be noted that the hazard 
from radioactive waste will be dom­
inated in the first hundred years by 
strontium-90 and cesium-137, for the 
next few thousand years by americium 
isotopes, and after 30,000 years by ra­
dium. Although the discussion here 
focuses on plutonium, the principles 
generally apply to radium as well. We 
have assumed, in accordance with pres­
ent regulations, that the waste would be 
converted into an insoluble solid (for 
example, a borosilicate glass) and then 
buried at a depth of about 600 meters. 

Plutonium in the biosphere 

Present knowledge of the movement of 
plutonium in the biosphere comes from 
observation of relatively large amounts 
released from weapons and of lesser 
amounts released from points near the 
ground. The latter are more relevant in 
regard to releases from nuclear power 
facilities. The observed behavior of these 
releases is in accord with the known phys­
icochemical properties of plutonium. 

Plutonium particles in the air are rap­
idly deposited by rain and dry precipita­

tion onto the earth's surface- onto soil, 

water, and living organisms. Particles 
that land in bodies of water usually settle 
to the bottom in sediments. Of course, 
both these particles and the ones that 
land on the soil can be stirred up and 
resuspended, thus becoming an addi­
tional source of exposure. Particles can 
land on vegetation and be swallowed by 
grazing animals, but the amounts that 
do are relatively small. For example, 
following an accidental release of plu­
tonium from a military fabrication plant 
at Rocky Flats, Colorado, 96% to 98% of 
the plutonium deposited near the plant 
was found in the soil, 1% to 3% was 
found in plant roots and litter, and only 
a small amount on standing vegetation. 

Plutonium is strongly adsorbed onto 
soil. Therefore, it migrates slowly, and 
experiments indicate that only 0.1% of 
the plutonium deposited in soil is ex­
pected to be leached. Two apparently 
contrasting developments highlight this 
characteristic. In Gabon a natural re­
action producing plutonium-239 from 

uranium-rich deposits was found to have 
occurred some 1.8 billion years ago, and 
the migration of the plutonium during 
its 24,000-year half-life has been shown 
to have been less than 1 millimeter. At 
Maxey Flats, Kentucky, plutonium in 
small amounts was found in test wells 
several hundred meters from surface 
trenches in which it had been buried in 
a primitive manner by a waste-disposal 
contractor. The mechanisms of this latter 
movement are not yet clear, since there 
is the possibility of contamination by the 
drilling and testing apparatus. If migra­
tion occurred, it would probably be ac­
counted for by seepage through fractures. 

Plants take up very little plutonium 

from soil, with the concentration in 
plants ranging from one one-thousandth 
to one one-hundredth-thousandth of 
that in soil. In contrast, plants living in 
the water take up much greater amounts. 
The higher an organism is in the aquatic 
food chain, however, the lower its con­
centration of plutonium tends to be. 

Plutonium in human beings 

There are three major routes by which 
plutonium can reach human beings: 

ingestion via the food chain, inhalation 
of airborne or resuspended particles, and 
subcutaneous contamination of wounds. 
Ingestion is not a significant hazard 
because of the cumulative dilution in 
transfer from soils or water to food. In 
addition, ingested plutonium is very 
poorly absorbed from the gastrointesti­
nal tract. Contamination of wounds is 
not likely. Thus, the route of most im­
portance is inhalation. 

A great deal of work has been done on 
respiratory physiology, and although the 
behavior of inhaled plutonium is com­

plkated by many variables, some gen­
eralizations can be made. About 40% of 
inhaled plutonium is lost immediately 

by exhalation. The retained material is 
deposited in various parts of the respira­
tory system, depending on the size of the 
plutonium particles. Except for those 
very fine particles that get to the deepest 
part of the lungs, the particles are re­
moved from the lungs by ciliary action 
and transferred to the gastrointestinal 
tract, from which they are excreted. 

Quantitative estimates 

To understand the overall significance 

of possible plutonium releases from a 
full-scale nuclear power industry, it is 
helpful to relate the amounts already 
handled, stored, and released from weap­
ons activity to the actual exposure pro­
duced in the population and then to 
project similar comparisons for civilian 
nuclear power. Such data are presented 
in the table, expressed in microcuries 
rounded off and written without expo­
nents, for ease of comparison. 

More than 500 billion microcuries 
(rCi) of plutonium have been released 
to the earth's biosphere, primarily from 
weapons fallout. The amount of pluto­

nium handled industrially to produce 
those weapons is guessed to be about 
15,000 billion rCi. 

As a result of the 500 billion micro­

curies of plutonium released, each per­

son in the United States inhaled ( during 

the year of highest levels-1963) about 
1 one-hundred-thousandth of a microcu­
rie, ingested (1972) about 2 millionths of a 
microcurie, and acquired a body burden 
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(1964) of about 4 millionths of a micro­
curie. The body burden is roughly a fac­
tor of 101 7  less than the amount released. 

Inhalation of about 1 microcurie of 
plutonium-239 is estimated to cause a 
1 % incidence of cancer. Therefore, the 
amount of plutonium inhaled during the 
peak year ( 1963) is about a factor of 
100,000 less than that which could cause 
a 1 % incidence of induced cancer; or, 
expressed another way, the amount in­
haled during the peak year could cause 
only about a 0.007% increase in the nor­
mal incidence of cancer. 

The plutonium handled in a nuclear 
power economy will depend upon the 
types of reactors in operation. Amounts 
range from about 150 billion microcuries 
(per 1000-MWe plant per year) for light 
water reactors without plutonium recy­
cle to 700 billion microcuries for liquid 
metal fast breeder reactors. It will be a 

long time before the commercial han­
dling requirements for a full-scale nu­
clear power industry will equal that 
required for weapons production. 

More important than amounts han­
dled are the estimates of release of plu­
tonium from a nuclear power industry. 
The major routine releases will occur 
from reprocessing and fabrication plants. 
Experience so far indicates that such 
releases have been about 1000 micro­
curies per 1000-MWe plant per year. 
Through improved technology we can 
now reduce these releases by factors of 
SO to 100. Statistical estimates of releases 
from catastrophic reactor accidents 
( events that are highly improbable) give 
values that range from 10,000 micro­
curies per 1000-MWe plant per year for 
light water reactors to 50,000 for liquid 
metal fast breeder reactors. It is clear 
that these estimated releases are far 
surpassed by the release of 500 billion 
microcuries of plutonium that has al­
ready occurred from weapons fallout. 

Malevolence 

The possible diversion of plutonium for 
malevolent purposes is more difficult to 
treat than the subjects discussed so far 
because human behavior and motivation 
are involved. 

24 EPRIJOURNAL November 1976 

PLUTONIUM IN THE ENVIRONMENT 

(estimates in microcuries) 

Amount Processed 
Military purposes 

Nuclear power production 

Releases to Date (since mid-1 940s) 
From weapons fallout 
From space equipment burnup 

U .S. Population Exposure 
Inhaled (per person/per year) 

1963 (peak year) 
1972 

15,000,000 ,000,000 
Negligible by comparison 

500 ,000,000 ,000 
17,000,000,000 

0 .00001 2 
0 .000001 

Ingested in diet and water (per person/per year) 
1972 (New York City) 0.000002 

Body burden ( per person) 
1964 (peak year) 
1 973 

Health Effects 

0 .000004 
0 .0000025 

Amount of plutonium-239 (inhaled, per person) 
that could induce a 1 % incidence 
of cancer 

A fundamental question is whether 
the existence of reactor-grade plutonium 
makes it easier for terrorists to achieve 
their objectives. There are differences of 
opinion as to how difficult it is to build a 
plutonium bomb. But most would agree 
that the terrorist would be better off 
stealing a bomb, or at least stealing plu­
tonium that was produced for military 
purposes, than attempting to build a 
bomb with reactor-grade plutonium. 
Furthermore, dispersing stolen pluto­
nium as a toxic agent would be largely 
ineffective because it lacks an immedi­
ate, dramatic impact. Even those exposed 
persons who eventually developed 
cancer would not be likely to do so for 
several decades. Other than capitalizing 
on public panic, it is fair to say that any 
terrorist objective could be more readily 
achieved by using other substances and 
other means. 

Benefit or bane? 

In general, predicting possible effects 

from plutonium rests upon several 

bodies of knowledge that tend to sup­
port and complement each other. These 
include: (1) known physical, chemical, 
and biological properties, from which 
predictions of plutonium behavior are 
generated; (2) actual behavior of fallout 
plutonium and that released in the wea­
pons industry, which fits the predictions; 
( 3) a lack of observed effects in known 
exposed populations, which does not 
signify zero effect but which does place 
an upper limit on any error in our pres­
ent understanding of the relationship 
between exposure and effect. Thus, al­
though plutonium should in no way be 
discounted as a hazard to human health, 

it does not critically limit nuclear power 
safety and is not uniquely hazardous or 
more difficult to control than many other 
substances that are safely and commonly 
handled in our industrial society. The 
broader policy decision about nuclear 
power should be based on the judgment 
as to whether or not it provides a net 
benefit to society. 



R & D  Status Report 
FOSSIL FUEL AND ADVANCED SYSTEMS DIVISION 
Richard E .  Balzhiser. Di rector 

FOSSIL PLANT PERFORMANCE AND RELIABILITY 

This new program was initiated because of the major contri­
bution to total power generation that wil l be demanded from 
conventional power plants over the next two decades. The 
program incorporates and will bu ild on a series of projects 
that were formerly part of the Advanced Systems Department. 

At th is stage, effort is concentrated on designing a program 
that wil l fit the short- and medium-term needs of the electric 
util ities, provide an essential interface with federal programs, 
and encou rage and assist vendors to augment and d i rect 
thei r research efforts in directions beneficial to the power 
generation industry in genera l .  The EPRI program wil l  con­
centrate on generic deficiencies in operation, design, and 
material areas and will focus on the need for more effective 
contributions from the vendors rather than displace the i r  
present contributions. Some new projects have been identi­
fied and planning studies for other projects are under way. 

The most important event in the past six months has been 
the completion of a series of informal meetings to d iscuss 
reliability problems with representatives of some 30 util ities 
operating fossil-fi red units of 600 MW and up .  There are more 
than 80 units of this size in operation in the United States. 
These are representative of plants that will be carrying the 
bulk of the load du ring the next 20 years. However, it is rec­
ognized that the contri bution of smal ler units, especially in 
the near term, will be equal ly important and the discussions 
at these meetings covered their problems as well . 

These informal meetings were useful in provid ing an up­
dated and more detailed description of plant performance 
than could be obtained from data published by the Edison 
Electric Institute. These data, which have been widely quoted , 
ind icate that for the 1 0  years 1 964-1 97 4 ,  the average avail­
ability was 65% for units over 600 MW and about 80% for 
smaller units. The data produced by the regional meetings 
ind icated 69% average availability and 1 5% forced outage 
rate for units over 600 MW, not counting fractional year 
shakedown periods. In general, therefore, plant matu ration 
has not produced major improvements. A significant featu re 
was the wide scatter in range of performance -forced outage 

rates varying 5-35% and availabilities 50-90% .  This sug­
gests that there is a good possibility of achieving average 
levels of availabil ity on the order of 80% for the large units. 
Such an achievement would be worth a capital saving of 
some $3 bil l ion on the basis of existing capacity and a fu rther 
$20 billion on new capacity over the next 1 5  years at p ro­
jected growth rates. Against these savings must be set the 
cost of incorporating measures to improve rel iabi lity. The 
research program must of cou rse identify, evaluate, and , 
where appropriate, j ustify these measures. 

Discussions have also been held with ERDA and other fed­
eral organizations. Part of their interest in performance and 
reliability stems from the administration of the many regula­
tions applying particularly to nuclear plants and increasingly 
to fossil-f i red plants . But there are indications that there would 
be federal support for research oriented toward achieving 
eng ineering and operating improvements. Thus,  although a 
large part of the federal concern is in compi ling performance 
data, federal research activity may become more di rect. 

The short-term approach to the Fossil Plant Performance 
and Reliability Program wi l l be to identify major p roblems on 
existing plants, to trace their underlying causes, and to de­
sign research tasks that wil l e l iminate them. The longer-term 
approach will attempt to minimize the impact of new prob­
lems or the repetition of old ones by providing a better basis 
for plant and component specification, test, and quality 
assurance. 

Design is the responsibil ity of the vendor, but any EPRl­
sponsored work on the solution of problems must inf luence 
design. Also, the development of better design depends on 
the completion of feedback loops between the user and the 
supplier. Providing good interfaces for communication be­
tween these two is therefore an essential part of the research 
approach . 

Obtaining information to pinpoint problem causes is not 
easy. Both national ( EE i ,  for example) and utility in-house 
records mainly provide statistics that indicate the avai lability 
of units or components. This assists management in ensuring 
that generating reserves are adequate in setting up mainte­
nance schedu les, in ordering new plants, and in identifying 
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operating deficiencies from whatever cause. Some manufac­
tu rers have good confidential in-service performance records, 
but these are not accessible to EPRI . At th is stage, therefore, 
there are several small studies f i l l ing this data gap, following 
u p  leads such as those provided by informal meetings and 
by other uti l ity contacts. In this kind of work, and indeed in 
all re l iabi l ity-related topics, a close contact is maintained with 
EPRl 's Nuclear Power Division since there are many common 
interests. 

A survey of boi ler feed pump outages has been completed, 
and others wil l  be initiated on feedwater heaters, corrosion 
protection of inoperative units, and coal pulverizers. The 
Nuclear Power Division's su rveys of valve problems and con­
denser leakage incidents have provided other inputs. In the 
case of the feed pump survey, certain generic design faults 
were discovered and successfully corrected by vendors ( or 
by the util ities themselves in several instances), with financial 
benefits many ti mes g reater than the cost of the survey. 

Developments in electronics and instrumentation afford 
ways in which normal plant supervision systems may be ex­
tended to provide an early indication of plant deterioration, 
thus preventing major damage or permitting better mainte­
nance planning . Techniques such as measu rement of noise 
due to discrete fai l u re events ( acoustic emission) or vibration 
patterns from operating machinery have not been widely 
used by electric uti l it ies. These techniques can be applied 
to leak detection, wear detection, fat igue damage detection, 
and other phenomena. Two such projects are under way : one 
is exploratory; the other is di rected specifical ly  at the detec­
tion of water entering steam tu rbines. 

Many uti l ities are suffering from the effects of enforced 
changes in coal supplies which, in many cases, have led to 
an increase in boiler foul ing rates and ,  in extreme cases, 
slagging. In a contract with Battelle ,  Colu mbus Laboratories, 
the mineralogical constitution of coal impu rities is being 
studied to identify reaction sequences that are responsible 
for deposit bond ing mechanisms. The subject of boi ler foul­
ing has been under review for some time by an ASME research 
committee, with which EPRI has a cooperative understanding . 
It is expected that further p rojects will evolve. 

Also related to the subject is an experimental study by 
Foster-Wheeler Energy Corp. on i mproved materials for boiler 
superheaters and reheaters that is aimed at solving both gas 
side and steam side corrosion problems. Corrosion on the 
steam side of boi ler tubes leads to the detachment of scale 
(exfoliation),  which in tu rn causes severe erosive damage to 
valves and tu rbines. The Foster-Wheeler study has dem­
onstrated the importance of relatively wide swings in tem­
perature in initiating exfoliation, which will clearly be an 
increasingly severe problem in cycling plants . The B rit ish 
Central Electricity Generating Board has also made an inten­
sive study of the exfoliation mechanism, mainly in relation to 
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gas-heated nuclear boilers. The results of th is and other un­
publ ished data will be made avai lable to EPRI th rough a tech­
nical planning study. 

A project just starting with Westinghouse Electric Corp . ,  
Babcock & Wilcox Co. , and Commonwealth Edison Co. is a 
comprehensive study of the effects of thermal cycling in 
relation to stresses induced in tu rbines du ring startup.  The 
tests will use a range of control led start cycles that wi l l  include 
the effects of boi ler superheat bypasses and variable steam 
pressu res. 

An important class of materials studies concerns funda­
mental improvements in alloy formu lation or p roduction. A 
new way of producing h igh-strength alloys for generator 
end rings is being explored at the University of California at 
Berkeley and shows considerable promise for this critical 
component. Another contract at the University of Pennsyl­
vania is aimed at improving pressu re vessel steels by reduc­
ing the embrittlement due to impu rity inclusions. 

There are several projects whose objectives are to improve 
the data base underlying the design of major plant items. A 
good example (again in the materials area) is an effort to 
correlate and condense the existing data on creep ru ptu re 
that are scattered over a wide range of temperatures and test 
durations and are often d ifficult or impossible to relate to 
realistic component lifetimes. 

An RFP has been issued for work to provide long-term 
fatigue data relevant to tu rbine blade materials in realistic 
simu lations of the steam turbine atmosphere, which include 
active deposited salts. Steam condensation in tu rbines con­
tributes to the mobility of corrosive species. There is also a 
prospect of minimizing thermodynamic losses due to con­
densation if nucleation can be control led. Westinghouse is 
studying the onset of condensation in the laboratory under 
conditions simulating those in the tu rbine to provide better 
design data for the industry. 

An increase in plant size and a trend to higher flu id pres­
su res have led to a situation where the structu ral integrity 
of condensers has become critical .  A project at the Univer­
sity of Pennsylvania, now almost completed ,  wi l l  provide 
improved structu ral design concepts both for the use of de­
signers and for the assessment of safety margins on existing 
and tendered plants. Program Manager: Donald Anson 

PARTICULATE CONTROL 

A principal constraint on the fi ring of pulverized coal in uti l ­
i ty boilers is the collection and disposal of large quantities of 
f ly ash .  Traditionally, the electrostatic precipitator ( ESP)  has 
been used by electric uti l ities. However,  the ESP has shown 
technological l imitations in satisfying new demands that have 
been placed on it. Whereas a collection effic iency of 95% 
was formerly satisfactory, some new regulations requ i re an 



efficiency in excess of 99.5%. At the same time, the shift 
toward low-sulfur  coal leads to a low-conductivity ash that 
seriously interferes with precipitator performance. These two 
factors result in precipitators that are large and expensive, 
whose efficiency cannot be accurately predicted, and whose 
reliability is seriously reduced, causing outages and increas­
ing requ i rements for pu rchased power. 

EPRI has examined possible technological improvements 
or alternatives to the ESP in a search for a fine-particle removal 
apparatus with high efficiency and low energy consumption. 
This screen ing has narrowed to two technologies-improved 
conventional ESPs and the fabric f i lter- for fu rther consider­
ation  for broad utility use. 

The fundamental objective of the research is to reduce the 
size and cost of particulate control apparatus and to increase 
its collection efficiency and reliabil ity. Much of the develop­
ment effort wil l  be performed by the Public Service Co. of 
Colorado at the EPRl-util ity industry Particu late Control 
Development and Evaluation Center. This $4 mi l lion faci lity 
is capable of testing particulate control devices at tempera­
tures of 300-1 800 ° F and at flow rates of 5000-50,000 
ft3 / min. 

A second portion of the EPRI effort is directed at demon­
strat ing fabric f i ltration for the high-efficiency collection of 
particulates. This technology has shown the potential to 
provide a more rel iable and less cost ly particulate control 
alternative , particularly for the combined problems of f ine­
particulate control and high-resistivity f ly ash. 
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Particulate Control 
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EPRI is establishing a pi lot plant facility to evaluate and 
develop advanced concepts in particulate control under 
utility operating conditions. This facility, scheduled for start­
up in early 1 977, wil l  include 1 0 ,000 ft3 / min and 35 ,000 
ft3 / min precipitator pilot plants, a high-temperature gas 
clean up test facility, and an adjacent laboratory bu i ld ing to 
support test sections. The facility wi l l  be located on Unit 4 at 
the Arapahoe Station of the Public Service Co. of Colorado. 

The fi rst ESP-related technology selected for evaluation 
will be a high-intensity ionizer developed by Ai r Pollution 
Systems, I nc., under contract to EPRI (RP386, RP725). The 
first hot gas clean up  or filtration device selected for test ing 
wi l l  be a high-temperature metal felted-fabric filter developed 
by Brunswick Corp. 

The facility wi l l  be under EPRI management, although an 
on-site faci lity manager, Kaiser Engineers, will be responsible 
for techn ical support and program coordination to ensure 
the flow of techn ical data between EPRI and the project par­
ticipants. Combustion Engineering, I nc., will act as construc­
t ion manager and will be responsible for the design of the 
facility. All precipitator hardware will be supplied by Western 
Precipitation Division of Joy Manufacturing. The host utility 
wil l  provide the site for the pi lot plant and the sidestream on 
which the testing and evaluation of ionizers, preci pitators, 
and filters wi l l  be conducted. 

Figure 1 depicts test sections of the facil ity. U nit 1 will be a 

Figure 1 Plan of the EPRI  Particulate Control Development and 
Evaluation Center showing the test sections and support capabil ities. 
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Figure 2 Conceptual view of the high intensity ionizer attached to a typical utility electrostatic precipitator installation. 

Pressurized hig h-voltage housing 
A field 

Electric rapper 

Distribution grid 

Electrode rapper shafts 

Gas in let 

Ion izer array 

nominal 1 0 ,000 ft3 / min  pilot plant with two precipitators, 
each rated at a nominal 5000 ft3 / min and capable of oper­
ating  either in a series or in a parallel mode. The internals of 
the collectors will be flexibly arranged so that the spacing of 
the plates and the types of the electrodes can be easily 
changed to reflect various commercial or developmental 
precipitator configurations. The arrangement of ductwork 
and dampers will permit operation of the collectors in series 
or in parallel over a temperature range of 200-750 ° F. 

U nit 1 will be used primarily as a technology screening 
tool, whereby a wide range of operating cond itions can be 
considered qu ickly and at relatively low cost. Also, when the 
two 5000 ft3 / min precipitators are operated in paral lel , the 
scatter of test results due to random fluctuations in boi ler 
performance and fly ash composition can be identified and 
compensated for. This will g reatly reduce the test t ime nec­
essary to achieve a desi red confidence level in the test results. 

Unit 2 will have two identical precipitators at a nominal 
35,000 ft3 / min . These will operate in series arrangement 
only. The cleaned gases wi l l  be retu rned to the suction side 
of the boiler induced-d raft fan . This unit wi l l be directed pri­
marily to the prototype evaluation of promising collector 
hardware systems . 

The laboratory bui lding will house the control room, instru­
mentation monitoring ,  data acqu isition / reduction center, 
and a physical/chemical measurement laboratory . An exten-
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sion of the laboratory bui lding will house the high-temperatu re 
gas cleanup pi lot plant, U nit 3. This unit wi l l  be capable of 
test section temperatures up to 1 800 ° F and gas flows up to 
1 0 , 000 ft3 / min . The faci lity wil l  support gasif ication and other 
high-temperature research. The faci l ity instrumentation will 
measu re dust concentrations ,  gas velocity, and composition 
in real t ime. The sampling and measurement procedures wi l l  
be automated and capable of functioning as part of the on­
line data logger. The results can then be transmitted to the 
in-house computer where data reduction also wi l l  be accom­
plished in real time. 

High-Intensity Ionizer Development 

Air Pol l ution Systems, Inc .  has developed a high-intensity 
ion izer array as the fi rst stage of a two-stage ESP ( Figure 2 ) .  
Physically separating the functions of ionization and particle 
charging from collection has the potential to improve ESP 
performance and rel iability, particularly for applications in 
which the dust is highly resistive. 

The high-intensity ion izer, as the fi rst-stage ionizing and 
particle-charging device, also provides the possibi lity of sig­
nif icant improvement in ESP economics due to the following :  

o A high degree of electric charg ing at a high gas stream 
velocity 

o The effective charging of the fine-particulate fraction 



o Relatively small anode (ground) surfaces that can be eas­
i ly maintained in an ash-free condition .  This protects the 
charg ing stage against the phenomena of back corona 
and excessive sparking problems often associated with 
low-sulfu r western coals, as well as with many eastern 
coals. 

o The reduced size of the collector stage due to reduced 
sparking and back corona. This enables the collector to 
ach ieve h igher migration velocities. 

o Reduced energy consumption 

Successfu l  laboratory development of th is device has 
been completed , as has the f i rst phase of verificat ion test ing 
on a coal-fi red uti l ity sl i pstream at the TVA John Sevier 
Power Plant. These tests were conducted at a gas f low of 
2000-4000 aft3 / min ,  using both run-of-stat ion (2 .2-2 .5% 
sulfur) and low-sulfur (0.8% ) coal , both from Appalach ia. 
The ion izer was attached to a th ree-stage pilot precipitator. 
The collection efficiency (total part iculate mass) of the pi lot 
precipitator without ionizer for the run-of-stat ion and low­
sulfur  coal was 98% and 92% ,  respectively. In both cases, use 
of the ion izer reduced total part iculate mass penetration by 
50-60% .  At the present time, an 800-hour test phase has 
been i n it iated at TVA to examine the mechanical and elec­
trical reliabi l i ty characteristics of the ion izer. To date no 
problems have been encountered during either startup or 
steady-state operation. 

The potential cost-effectiveness of the h igh-i ntensity ion­
izer has been examined for EPRI by Kaiser Engineers . This 
evaluation has been made by comparing the estimated costs 
of conventional ESPs with those of precip itators equ ipped 
with the ion izer. In both cases the collector systems were 
designed to operate at 99.5% efficiency on a nominal 700 MW 
coal-fi red power plant. Cost comparisons were made for 
both new and retrofit installations. The results i ndicate cost 
savings from the h igh-i ntensity ionizer to be in the range of 
30% for new installations and 50-70% for retrofit i nstalla­
t ions, depend ing primari ly on the physical d ifficulty asso­
ciated with performing the retrofit modif ication .  

Whi le these results are encourag ing ,  confi rmation of the 
commercial potential of the ion izer must be based on com­
pletion of the orderly development program establ ished for 
this device. Of particular importance will be the prototype 
scale (35 ,000 aft3 /m in )  tests in the EPRI  Particulate Control 
Development and Evaluation Center. This development effort 
is scheduled for completion by autumn 1 977. 

Nucla Baghouse Evaluation 

EPRI  has recently completed a detai led field performance 
and engineering study of the fabric f i lter bag houses installed 
at the Nucla Station of the Colorado Utah Electric Associ-
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ation I nc . ,  (RP534) .  This project has been conducted with 
Meteorology Research , Inc . , and Stearns-Roger, Inc .  The 
detailed results were presented at the Ju ly 1 3th EPRI  Fabric 
Filter Workshop in Denver, Colorado, and the Air Pollut ion 
Control Association 's 1 976 national meeting i n  Portland ,  
Oregon. The baghouses are of  Wheelabrator-Frye manufac­
ture, with a nominal air-to-cloth ratio of 2 .8  i n  six compart­
ments, using f iberglass fabric bags with a si l icone-graphite 
coating .  Normal pressure drop is 4.0 in H20. Du ring shake 
reverse ai r clean ing ,  the pressu re drop increases to 6 in H2 0. 

The performance measu rements conducted on the Nucla 
baghouse included total particulate emissions,  emissions as 
a fu nction of size from 0 .04 µ. to 1 0  µ. particle d iameter, s ize­
dependent trace element emissions, plume opacity, and 
effect of boiler and fuel variations on bag house performance. 

Opacity measu rements at the baghouse outlet, using a 
nephelometer, ind icated that under stable boi ler operating 
conditions ,  visibi lity i n  the stack exceeded 1 3  m i .  This con­
verts to a collection efficiency of 99.92% or greater. U nl ike 
electrostatic precipitators, th is eff iciency is essentially i nde­
pendent of particle size and composition .  U nder the worst 
conditions ,  opacity was 1 % or less ( an i nvisible plume). The 
majority of the emissions occurred during the clean ing por­
tion of the operation cycle. 

As evaluated by Stearns-Roger, the baghouse reliabi l i ty 
over the past two and a half years has been greater than 
99%. Specifically, noninterference with boiler operation has 
been 1 00% ;  abi l ity to produce a clean stack ,  99.4% ;  and 
compartment reliability, 99.8%. The most troublesome main­
tenance items have been bag replacement, control systems, 
dampers , and actuators. The bag fai l u re problem that was 
experienced during startup has been solved by installation 
of thimble flow straighteners in the cell plate. This has re­
sulted in a bag l ife expectancy of at least two years. 

The Nucla study also revealed areas where add itional 
development may have a large payoff to the ut i l ity i ndustry. 
Specifically, a more quantitative air-cloth versus efficiency 
curve is desirable. Th is will provide uti l it ies a design basis 
and wil l provide data for cost-benefit trade-offs between cap­
ital and operating cost. For example, lower air-cloth ratios 
on the order of 2.0 would m in imize cleani ng cycles and thus 
m in imize emissions. Although capital cost may be somewhat 
h igher for this approach , maintenance costs may be re­
duced and bag l ife increased sign if icantly. This was substan­
tiated when the Nucla baghouse was operated at an air-cloth 
rate of 1 .87. U nder these condit ions the baghouse never 
requ i red clean ing ;  that is, the f i lter cake appeared to reach 
an equil ibr ium thickness and then shed natu rally. 

Based on these considerations, a fabric f i lter test module 
is planned for the EPRI Particulate Control Development and 
Evaluation Center. This module will be designed to evaluate 
bag house design factors, bag f i lter materials , clean ing mech-
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anisms, and technology for the d ry removal of sulfur oxides. 
Also, to supplement the Nucla results, we expect add it ional 
field tests on new fabric f i lter installations for coal-fired boilers . 
These new installations will come on-line in 1 977 and wi l l  more 
closely approximate modern utility boiler design and size. 
Program Manager: Kurt Yaeger 

FLUIDIZED-BED COMBUSTION 

Sulfur  dioxide emissions from coal combustion can be greatly 
reduced when coal is burned in a flu idized bed of S0

2 absorb­
ing material. The efficient gas-solid contacting in a fluid ized 
bed provides the means for the reaction between the sulfur 
compounds and the l imestone. Although other advantages of 
f lu id ized-bed combustion ,  such as efficient heat transfer, h igh 
heat release rate, low NO, emission, and reduced equip­
ment size, warrant its development, the desulfurization capa­
bility has been the major incentive for the development of the 
f luidized-bed combustion technology in the U .S. 

Limestone and dolomite have been the most widely used 
S0

2 
sorbents. Use of Ca/S mole ratios two or three times the 

stoich iometric requirements has been necessary to achieve 
low S02 level in the off-gas. Loss of stone reactivity is the pri­
mary reason for low stone utilization . This loss can be due to 
the formation of an impermeable sulfate shel l, loss of porosity 
due to pore pluggage, or formation of limited pore size distri­
bution due to improper calcination. Attrition and decrepi­
tat ion of stone also contribute to high sorbent consumption. 

Limestone is a relatively cheap raw materia l .  Its present 
price is $2-$3 /ton at the quarry, and transportation could 
add up to $3/ton. A heavy l imestone requirement, however, 
would introduce a significant cost. U lti mately, the use of 
fluid ized-bed combustion wil l  depend on how its economics 
compares with that of conventional boilers with stack gas 
desulfurization . 

To enhance sulfur capture and therefore improve the eco­
nomics of fluid ized-bed combustion, two alternatives may be 
pursued: ( 1 ) techniques to improve the uti lization of S02 sor­
bent for a once-through absorption system and (2)  processes 
to regenerate spent sorbent for cycl ical operation .  

Proper disposal of large quantities o f  spent and  unreacted 
sorbent is also a major concern. Improved sorbent utilization 
will ease the burden of disposal, and regeneration of the 
spent material will essentially eliminate the need for disposal. 

EPRl 's research program has been d i rected toward de­
veloping techniques to reduce the quantity of sorbent needed 
for desulfurization in a once-through system. EPRI is sup­
port ing research to investigate the effect of sorbent parti­
cle s ize, carry-over recycle, stone calcination ,  stone type, 
chemical additives, and the fluidization made on the stone 
uti l ization .  

The effect of a reduction in  the sorbent particle size will 
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be studied by Babcock & Wi lcox Co. in a 9-ft2 f lu id ized-bed 
coal combustor. A reduction in particle size resu lts in an 
increase in the surface area available for the reaction between 
S02 and limestone, as well as a reduction in the S02 penetra­
tion depth . Previous work on the use of f i ne partic les has 
shown that the stone utilization and the desulfurization reac­
tion have been improved . An interpretation of these earl ier 
resu lts is given in Figure 3. As the size of the particles is 
reduced, desu lfurization eff iciency is expected to increase. 

The effect of f ine carry-over recycle will be assessed as 
part of the experimental program planned for the EPRI de­
velo pment faci l i ty at B&W. Elutriated fine partic les contain 
partially reacted sorbent. Earlier work on the recycle of the 
unreacted material is encouraging, although the resu lts are 
not concl usive. 

Since limestone must undergo calc ination before sulfation 
takes place, the calcination reaction will affect desulfurization 
(Figure 4 ). However, it is important to determine whether the 
stone decomposition is the limiting factor. Preliminary results 
from Westinghouse Research Laboratories indicate that the 
calcination conditions also have a marked influence on the 
sulfation reaction ( Figure 5 ). This is attributed to the difference 
in the structure and the size of the pores that are formed under 
d ifferent conditions. If calc ination is found limiting, proper 
calcination condit ions will be specified and techniques for 
achieving precalcination will be recommended . 
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F igure 3 As the size of the particles is reduced, the rate of elutriation 
increases until a point is reached beyond which further reduction in 
size does not significantly affect the residence time of the particles in 
the bed. However, more reaction surface area is provided by the use of 
f iner particles. This speculation is somewhat supported by the drop and 
then a further increase in desulfurization efficiency. 



Figure 4 Effect of limestone calcination on sulfation. 
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absorption eff iciency has also been shown to vary 
for d ifferent limestones. The properties and structure of these 
stones vary with the type and source of limestone. These ob­
servations suggest that the physical and chemical p roperties 
of the stone, such as pore size and sod ium content, are critical 
in the sorbent reactivity. Criteria for the selection of S0

2 
sor­

bents will be developed at Westinghouse so that thei r per­
formance can be effectively predicted. 

The presence of additives such as sod ium chloride could 
increase the utilization of l imestone, according to experiments 
conducted by Pope, Evans and Robbins .  EPRI will i nvestigate 
the mechanism of sodium chloride action on sulfur capture 
so that the same results can be achieved with other additives 
in place of the undesirable salt. 

S ince the gas-solid contact provides the means for sulfur 
capture, the fluidization mode inf l uences th is contacting 
med ium. Higher gas velocities th rough the bed and the use 
of fine sol ids provide a more intimate gas-sol id contact, which 
should improve desulfurization. An investigation of this mode 
of operation ( i . e . ,  h igher fluidization velocities) ts being con­
sidered by EPRI .  

It has been suggested that synthetic sorbents could replace 
natural limestone and dolomite. An EPRI plann ing study con­
fi rmed the technical feasibility of using synthetic sorbents. In 
a regenerative process, the stone attrition could result in high 
makeup rates that would cause the system to become un­
economical. EPRI wi l l  cont in ual ly evaluate the results of the 
exploratory work being performed by Argonne National Lab­
oratory and Exxon Research and Engineering to assess the 
economic feasibility of these regenerable sorbents. 
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Figure 5 Effect of calcination conditions on sulfation. 
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While there are no obvious attractive synthetic regenerable 
sorbents, the economic attractiveness of fluid ized-bed com­
bustion can be enhanced if a viable spent sorbent regenera­
tion process can be developed. This is the second alternative 
for the enhancement of sulfur  capture in f lu id ized beds. Re­
generation of spent sorbent has also been suggested to 
reduce the envi ronmental effects of large quantities of dis­
posed spent sorbent. In a regenerative system , the sulfur can 
be recovered from calcium sulfate and the sorbent reused. 
This will min imize the quantity of fresh feed and that of spent 
material .  

In an effort to fu l ly establish the engineering  and economic 
feasibility of regeneration , EPRI is plann ing a systematic R&D 
effort to develop a regenerative S02 absorption process and 
to demonstrate this scheme on a continuous pilot plant. 
Project Manager: M. Maaghoul 

GAS TURBINE SYSTEMS 

The gas turbine system effort has been broadened to encom­
pass reliability and utility interface problems. At the outset, the 
research was slanted toward gas tu rbine design and con­
struction materials to increase eff iciency and ensure compati­
bi l ity with future coal-derived fuels. Now that the longer-term 
projects have been initiated, more attention is being paid to in­
creasing the reliability of gas turbines and to determining the 
consequences of near-term, foreseen changes in  fuel sup­
plies on gas turbine operation ,  design , environmental impact, 
and performance.  

Gas turbines provide nearly 1 0% of current uti l ity capacity. 
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Most of the nearly 50,000 MW capacity is for peaking service, 
although many gas turbines operate in intermediate service. 

R&D under way and planned for gas turbines could lead to 
systems that are attractive from a cost-benefit and environ­
mental impact viewpoint for intermediate and baseload ser­
vice, particularly when integrated with coal gasifiers. 

The gas turbine system research at EPRI is closely coordi­
nated with ERDA th rough joint planning, projects, and infor­
mation exchange. 

The seven projects in progress and five projects in the plan­
ning stage can be classified as: 

o Reliability assurance and operational improvement 

o Fuel flexibility and performance improvement 

The reliability assurance projects are focused on reducing 
maintenance cost and increasing availability. Initially, the 
major specific causes of unsatisfactory operation will be de­
termined th rough workshops, Gas Turbine Working G roup 
meetings, and cooperation with EEi committees. EEi data will 
be reviewed to determine the basic nature of the reliability 
problem and criteria for satisfactory operational characteris­
tics will be developed. P rojects will then be designed that wi l l 
seek to develop technical or operational solutions to the most 
important problems. 

A project has been established at Turbo Power and Marine 
Systems, a subsidiary of United Technologies Corp., to de­
velop a system to control corrosion resulting from sodium 
ingestion. TPM wil l  conduct tests to determine parameters 
causing corrosion, develop monitoring equipment, and add 
new control system capability to economically operate gas 
turbines in a regime of low corrosion potential . 

A project at the Pratt and Whitney D ivision of United Tech­
nologies Corp. wil l  study erosion and corrosion in gas tur­
bines operating on coal-derived fuels. A ducted burner rig has 
been constructed that permits erosion tests of cand idate tur­
bine blade and vane materials. Particle velocities up to 1 000 
ft /s  are possible. The initial work, done with 20 µ Al203 par­
ticles at a particle loading of 1 30 ppm and using Jet-A fuel, 
showed that erosion from the particulate matter was far 
g reater than baseline oxidation. The effect of decreased par­
ticle loading (1 0 ppm), decreased particulate size (2 µ), and 
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hot corrosion wil l  be evaluated next. Other particulate mate­
rial, such as char, wi l l  be evaluated later. However, since it is 
apparent that uncoated turbine materials wi l l  not survive 
long, the erosive envi ronment and coatings wi l l  have to be 
developed. 

The fuel f lexib i l ity and performance projects are concerned 
with increasing the range of fuels that can be used by gas tur­
bines while also increasing performance and reducing fuel 
consumption. 

Work on combustors with reduced NOx emissions when 
burning residual oils and low-quality coal-derived fuels em­
bodies such advanced concepts as premixed and two-stage 
combustion with ceramic liners. Ceramic heat exchangers 
designed to operate at 1 800 ° F should allow use of minimally 
treated coal in both open- and closed-cycle machines. 

A project at General E lectric Co. on water-cooled turbines 
has shown a significant d rop in hot corrosion with metal tem­
peratures below 1 050 ° F. These tests were 4000 hours in 
duration at temperatures of 800-1 300 ° F.  The motorized test 
rig experiments on water-cooled blades have shown that heat 
transfer under Coriol is forces is lower than expected. New 
cool ing-tube designs that correct for this effect are under test. 
The shrouded scale test rig is being used to study concepts 
for water exit from blade tips. Ceramic combustors for h igh­
temperature operation are being fabricated and should be 
tested before the end of this year. 

The ceramic turbine blades and vane project at Westing­
house Electric Corp. has shown that prel iminary designs for 
joining the ceramic blade to the metal hub are satisfactory at 
twice the nominal stresses expected in an actual machine. 
New yttria-base ceramic specimens have shown improved 
high-temperature creep properties. 

The high-temperature heat exchanger project at Ai research 
Manufacturing Co. of Arizona has shown that the proposed 
ceramic for the heat exchanger has a high resistance to coal 
ash corrosion. Tests show that carbon is impervious to he lium 
leakage at pressures up to 500 psi and at temperatures up to 
2000 ° F .  Slagging of tubes is sti l l  a problem; methods of 
cleaning them are under investigation. In addition, methods 
of ceramic-ceramic and ceramic-metal joint construction are 
now under test. Project Manager: Richard Duncan 
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RELEASES OF RADIOACTIVE IODINE EVALUATED 

Experience with the licensing and operation of LWRs has 
shown that in the event of a release of rad ioactive iodine, the 
l imit ing dose generally is that which might reach the thyroid 
gland of a young chi ld via the food chain. Consequently, even 
though the risk of such an event is remote, it is important to 
study and understand the paths and mechanisms of possible 
iodine release. 

D u ring power operation ,  the major  source of rad ioactive 
iodine released is small leaks of steam and water. These may 
occur  in the reactor and turbine bu i ld ings in BWR plants and 
in the containment and auxil iary buildings in PWRs. 

The majority of the iodine released in  BWRs comes from the 
tu rbine bu ild ing ,  and the major sou rce with in the tu rbine 
build ing is the tu rbine condenser area. 

Prominent sources during refueling and maintenance shut­
downs are the fuel storage pool and the mechan ical vacu um 
pump. The rad ioactive iod ine from those sou rces becomes 
entrained in the ventilation air, with which it is subsequently 
released f rom the plant These once relatively minor BWR 
sou rces have become the primary sources, s ince the radio­
iodine in  the off-gas has been vi rtually e l im inated by charocoal 
f i ltration. 

The critical pathway to humans for rad ioactive iodine is the 
milk food chain. The dosage received via th is pathway is 
determined by the following factors as the rad ionuclide is 
transported in sequential steps from emanation to accumu la­
tion in the thyroid:  

1 . Appearance with in the plant effluent stream 
pressure boundary and process system leakage 

du ring power operation 
vaporization from fuel storage pool d u ring refuel ing 
operation of mechanical vacuum pump du ring plant 

shutdown 

2. Emission from power plant to atmosphere 
effective stack height 
physicochemical form 
release rate 

3. Travel to start of food chain 
distance traveled 
change in physicochemical form 

4. Rate of deposition from ai r to forage 
physicochemical form 
density of forage 
wind speed 

5. Retention by forage 
removal by weathering or other material phenomena 

6. Transfer from forage to milk 
animal feed ing practices 
seasonal variations 

7. Distribution of mi lk  
poo l ing with uncontaminated m ilk 
time before product is consumed 

Each of these steps must be studied for an accu rate deter­
m ination of off-site dosage. 

Rad ioactive iodine can exist in any one of the following 
physicochemical forms: particulate, elemental, other inor­
ganic, and organ ic. Evidence indicates that the chemical form 
changes as the iodine progresses through the power plant 
system and the atmosphere. Only that portion of the release 
that is part iculate or elemental tends to deposit on grass and 
enter the milk food chain. The envi ronmental pathway by 
which the remain ing fraction reaches human beings is d i rect 
i nhalation ,  which produces a much lower dose for the same 
quantity of iodine released. 

EPRI has undertaken two projects in this area: one to deter­
mine the specif ic sources of radioactive iodine releases in  
LWRs and the other to determine the persistence of  the chem­
ical forms and rates of deposition once the iodine is released 
to the envi ronment. 

In-Plant Study 

The f i rst study (RP27 4), conducted by Science Applications, 
Inc. ,  will seek to identify sources and mechanisms by which 
the radioactive iodine becomes airborne in  the power plants; 
evaluate important parameters and model its transport to 
the effluent pathways; and determine what the physico­
chemical forms of the radioactive iodine are at the sou rce 
and how these forms change as they progress to the effluent 
release point 

This in-plant study is being carried out at three BWRs: Oyster 
Creek, Monticello, and Vermont Yankee, and th ree PWRs: 
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Calvert Cl iffs un it 1 ,  Ginna, and Three Mi le Island. Measu re­
ments have also been made at Point Beach. 

To sample venti lation ai r and isolate prominent sou rces, a 
sampler d raws air from the ventilation ducts (F igure 1 ). The 
different iodine species are removed from the airflow and re­
tained on the cartridges in the sampler train (Figu re 2) .  

The study wi l l  also evaluate on site the effectiveness of 
charcoal for adsorbing low concentrations of iodine over 
long periods of time. 

Environmental Study 

The second study (RP600), by Nuclear Environmental Ser­
vices, Division of Science Appl ications, I nc . ,  wi l l  determine 
whether the chemical forms change in the envi ronment once 
they are exposed to natu ral phenomena such as sun l ight ,  
humid ity , and geograph ic variations i n  stable iodine concen­
trations, and to un natural effects such as airborne poll utants. 
P lume depletion caused by rain and deposition rates from air 
to grass wi l l  also be investigated. Prevailing winds will deter­
mine the placement of e ight environmental samplers around 
each nuclear power plant studied. One such sampler is  cur­
rently being used to take measu rements at the Oyster C reek 
plant (Figu re 3) . P lants at which measu rements wil l  be made 
in future are cu rrently being selected , with a view to studying 
a wide variety of envi ronmental conditions .  

Direction of Work 

The u ltimate goal of the in-plant study (RP274) is to identify 
the sou rces of un planned emissions so that escape to venti­
lation air can be prevented by minor design modifications .  
Where it is not practical to eliminate a source by design, the 
component can be isolated and the small q uantity of air around 
i t  can be f i l tered locally. This wil l  achieve a better u ltimate 
cleanup  at a cost much lower than treatment of the total venti­
lation system. Mathematical expressions are being developed 
to describe the behavior of the radioactive iodine as it moves 
from the source to the release point so that important para­
meters can be clearly identified and studied. BWR measure­
ments have been completed, as have measu rements of the 
long-term effectiveness of large charcoal filters. 

The u ltimate objective of the second, or envi ronmental, 
portion of the iod ine study is to deal with most of the important 
phenomena taking place up to the point where the iodine 
enters the agricultural system. This segment of the iodine 
pathway represents the preponderant part of the work re­
maining to be done in this area. 

This information wi l l  be of d i rect benefit in the licensing of 
futu re LWRs and in the calculation of dose impact. 

Future EPRI objectives include development of the capa­
bil ity to describe accu rately the behavior of other important 
rad ionucl ides in plant eff l uent and envi ronmental pathways. 
Project Manager: Henry Till 
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Figure 1 Samplers such as this one monitor ventilation air inside 
nuclear power plants for radioactive iodine. 

Figure 2 Iodine traces removed from ventilation air by a sampler are 
retained on the cartridges in the sampler train . 

Figure 3 External samplers are also located on the plant perimeter 
fence to monitor any airborne iodine that may be released. This 
sampler is at the Oyster Creek nuclear generating station at Toms 
River, New Jersey. 



PROBABILISTIC SAFETY ANALYSIS 

N uclear power plants are among the mechan ical systems 
most thoroughly designed for safety. Because of good engi­
neering, redundancy in  design, and extensive layering of 
safeguard features, system failu res exh i bit ing any out-of-plant 
consequences are extremely few. So few, in  fact, that we have 
not yet seen an event i n  any commercial nuclear power plant 
that has affected the publ ic adversely, except for shutti ng 
down the plant for repai rs. Yet the requ i rement of safeguard­
ing the publ ic makes it necessary to understand and quantify 
the underlying risks associated with a nuclear power plant. 

A complete risk analysis not only yields information on 
potential plant behavior  that may have out-of-plant conse­
quences but also on those aspects of plant operation where 
the risk is plant shutdown. Such an analysis can lead to a 
clearer understanding of how to min im ize and avoid the major 
port ions of  such risks . The EPRI effort in  th is area deals with 
these primary questions, as wel l  as a number of collateral 
aspects that shed light on them. 

Risk Assessment 

A major effort is cu rrently under way in risk assessment. This 
project (RP767 at Science Applications,  Inc . )  is d i rected to the 
question of how to apply and extend the methods and resu lts 
obtained in the ERDA reactor safety study (WASH-1 400). A 
sensitivity study already completed shows that human error is 
not as signif icant a factor in plant risk as had been indicated 
in WASH-1 400. G reat effort is being put into developing an 
understanding of, and documentation for, the codes used in  
the reactor safety study, so as to be able to quantify and deal 
with the optimisms, conservatisms, and l imitat ions of the vari­
ous models used to yield consequences. For example,  it is 
known that the plume rise model and the chemical partit ion 
factors are qu ite conservative , as are portions of the meteoro­
logical models. 

The question of anticipated transients without scram 
(ATWS) is also being treated in th is project. A fi rst report 
shows that the study published by AEC (now NRC) as WASH-
1 270 is qu ite conservative in  its estimation of scram fai lure 
probability-perhaps by as much as two orders of magnitude. 
Futhermore, although analysis of WASH-1 400 ind icates a risk 
of ATWS as h igh as 23% of the total potential r isk, more recent 
EPRI studies show that at the worst it is less than 5% of the 
total potential risk (expressed as 30-day whole-body dose at 
site boundary, assuming no evacuation) .  Hence ATWS 
should not be a l i kely candidate for requ i ring signif icant plant 
modification based on cost-benefit considerations . 

A risk assessment, no matter how carefully done, yields a 
set of numbers that describe the frequency of events having a 
given consequence. But what such numbers mean for publ ic 
or  even technical acceptability is a d i fferent issue.  EPRI is 
currently considering this matter and has in it iated a study 
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(SOA 76-331 ,  at General Electric) whose pu rpose it is to 
establ ish a tentative set of decision criteria for risk accept­
abi l ity. 

Data Base on Failures 

Collateral but vital to such numerical risk assessments is the 
availability of a data base on safety-related fai l u re .  Such a 
data base was put together for the reactor safety study, but it 
is considered to be, in part, inadequately documented, overly 
conservative where data are sparse or unavailable, and in  
some cases out-of-date. EPRI is in  the process of  collecting 
event data from the utility industry. I n  part icular, such data 
(scrams, turbine trips , losses of condenser vacuum,  etc .) are 
of great importance to the ATWS stud ies, s ince fai l u re to 
scram is only part of the ATWS probabi l ity evaluation, the 
other part being the frequency of the antici pated transient 
of sign ificance. 

Our  cu rrent abilities permit us to perform a techn ical risk 
assessment. By redefi n ing risk to mean " plant shutdown with­
out out-of-plant consequences, " we can examine plant de­
sign and operations with a view to min imizing the magn itude 
of such risks. This may permit an increase in plant availability. 
Such reliability studies are being carried out at EPRI  as part 
of our contracts RP767 and RP81 8, the latter with Kaman 
Sciences Corp. as the contractor. 

Although the WASH-1 400 reactor safety study made use of 
event and fault-tree methods, and although such methods are 
the backbone of the studies being done under RP767, there 
are other theoretical approaches. RP81 8 makes use of a sys­
tems approach ,  in that the modeling procedu re produces a 
structure that more clearly appears to be a model of the sys­
tem d iagrams than an abstraction of those diagrams in the 
form of a probability tree. This systems method is sti l l  in devel­
opment but is expected to be available for general use in two 
or three years. 

NRC has licensing criteria and rules that have been arrived 
at empi rically, as carefu l ly as possible, but they do not form a 
fully consistent and objective system. When , for example, the 
Final Acceptance Criteria for ECCS state that, based on a 
certain accepted type of calculation, the peak clad tempera­
ture shall not exceed 2200 ° F, what does it mean with respect 
to reality? How likely is it that, given a LOCA, the peak clad 
temperature would exceed 2200 ° F? Studies on some best­
estimate models indicate that a more li kely peak temperature 
would be 1 200-1 400 ° F. G iven the inaccuracies in herent in  
the experimental ly determined heat transfer and other ther­
mophysical correlations and manufacturing tolerances on 
sizes, one should be able to show from best-estimate calcula­
tions that the probability that 2200 ° F wi l l  be exceeded is insig­
n if icant. EPRI has studies aimed at developing methods for 
i nferri ng such probabi l ities (RP768, West inghouse) . 

S imi larly, NRC has l im its on dose in Regulat ions 1 OCFR1 00. 
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EPRI has studies under way (RP767, West inghouse) that wi l l 
attempt to quantify the probability of exceeding the l im its 
imposed by 1 OCFR1 00. 

Related Studies 

Collateral studies and contracts exist whose purposes are to 
explore a number of advanced appl ications of probabi l istic 
methodology, such as automating the construction of prob­
abil ity trees (RP297,  U niversity of Cal ifornia at Los Angeles) 
and examin ing a given control-room alarm pattern to deter­
mine the pattern's most l i kely cause (RP891 , Combust ion 
Eng ineering and Systems Control I nc.). 

Other stud ies are under way that have suggested the exis­
tence of unsuspected generalities underlying the frequency of 
earthquakes (RP767). These studies yield theoretical justif i­
cation for an absolute upper l imit of magn itude in  the neigh­
borhood of Richter 9.5-1 O; they also ind icate that the shape 
of the frequency/ magn itude curve for magn itudes g reater 
than about 4 is u n iversal. 

Still other studies are u nder way on risk due to tornado­
d riven and turbine-induced missiles (RP61 6 ,  Caro l i na Power 
& L ight Co. ) .  These studies have led to the development ( in­
house, at EPRI) of simple methods of calculati ng impact prob­
abilities and can be used to establ ish locations and conf igura­
tions of tu rbine generators at multi un it sites to m in imize risk. 
Program Manager: Gerald Le//ouche 
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ANALYTIC MODELING OF FUEL PERFORMANCE 

The development of a comprehensive fuel performance data 
base with verified predictive models and codes is a prime 
goal of the EPRI LWR fuel performance prog ram ( 1 ) .  

The analytic code development projects represent points 
of technical synthesis, wherein fundamental U02 and Zi rcaloy 
behavioral data are uti l ized with in  thermal-mechanical models 
of fuel pel lets and cladd ing ,  which are then synergistically 
coupled to provide a system descri pt ion of the fuel rod . 

This is analytic s imulation at a h igh level of detai l .  D u ring a 
modeli ng projects review meeting  with uti l ity engineers in  
Kansas City in  May , some of the uti l ity representatives stressed 
thei r need for this capabi l ity, to assist them in evaluating design 
bids and making strategic operational decis ions. 

The uti l ities have also expressed a need to be able to cal­
cu late and predict the behavior of an enti re core over an 
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exposure last ing three or four reactor cycles. But th is fu nction 
cannot be met with such a detai led type of code: the runn ing 
costs are prohibitive, and the level of  detai l is beyond that 
actually needed for core-management pu rposes. 

Response to these wide-ranging needs is structu red 
i nto EPR l 's program. As shown by the areas h ighlig hted i n  
Figu re 4, model and code research activities occur  at the  rod ,  
bundle,  and core levels of detai l ,  which t he  prog ram treats. 
How the present efforts focus on the goal in a complementary 
manner is indicated below. 

Fuel Rod Studies 

Fuel pellet cracking and reheal ing can play a role in the relo­
cation of a pellet through the transfer of free void space with in  
a fuel rod . Th is phenomenon is being studied in  RP508 at 
Argonne National Laboratory, using an out-of-core thermal 
test device; the data will be evaluated by a new techn ique of 
statistical model ing termed entropy min imax (2). Through 
pattern-seeking ,  th is techn ique allows a model to be developed 
from the data rather than by fitt ing the data to a preestabl ished 
model. 

When the su rface of a fuel pellet contacts the i nside wall 
of the cladding ,  stresses and strains result in the Zi rcaloy 
tube. RP456 studies at General Electric ,  Stanford U niversity 
and Massachusetts I nstitute of Technology are focused on 
obtain ing fundamental material properties and developing a 
constitutive description of Z i rcaloy deformation as a function 
of temperature ,  stress, strain rate , and material microstructu re. 
Other p rojects consider: (1 ) the i n itiat ion and g rowth of flaws 
in the cladd ing wal l ,  (2) the inf luences of fabrication process­
ing  on strength and ducti l ity of the cladding wall, (3) rates of 
flaw g rowth-with and without an accelerating chemical 
envi ronment, (4) micromechan ical aspects of stress and 
strain localization due to d islocation chan ne l ing ,  and (5) the 
applicability of fractu re mechanics model ing for this cladding 
failu re phenomenon. (This work is being carried out under 
RP700 at Fai l u re Analysis Associates and RP455 at NASA­
Ames and Stanford Research I nstitute.) 

I ntegral fuel rod modeli ng codes presently do not model 
th is failu re process, which is felt as a shortcoming that must 
be rectif ied. To prepare for the addit ion of th is computer logic,  
existi ng LWR fuel rod performance codes are being evaluated 
i n  RP397 to determine the best analytic veh icle for this ad­
vanced fai l u re logic. (The contractors are Combust ion Engi­
neering ,  Science Appl ications, Inc. ;  O ' Donnel l  & Associates; 
and S. M. Stoller Corp . )  The result i ng  fuel rod fai lu re code 
must then be further evaluated against prototypical com­
mercial fuel performance data. 

Corewide Predictive Techniques 

To apply the fuel rod fai l u re code described above in the per­
formance analysis of a typical core loading of 50,000 fuel 
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Figure 4 EPRI LWR fuel performance program. Analytic modeling efforts are highl ighted. 
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rods is neither f inancially nor technically reasonable. How­
ever, th is code can be used to generate the parametric 
analytic results from which a less detailed correlation or 
algorithm can be developed. 

Several such algorithms exist, one of which is being eval­
uated (in RP509 at Scandpower, Inc .)  using the Quad Cities 2 
and Maine Yankee reactor core performance data. The his­
tory of this project has underscored the need to employ com­
puter technology in tracking the power h istory of a core . The 
laborious man-hours required just to gather the plant data 
needed-even with an efficient hard-copy filing system for the 
records-demand unattainable levels of effort by uti l ity staffs. 
A proposal for the development of a computerized system that 
can gather and store plant and core data, and subsequently 
calculate the power-exposure history needed as input to the 
fuel-failure algorithm ,  is presently being evaluated. Such a 
system of neutronic-thermal-hydraulic and fuel rod behavior 

Neutronic-thermal- Reactor duty 
hydraulic code- RP1 1 8  cycle data-RP509 

I I 

- Nodal s imu lator-
RP298. RP71 0 

models and codes wou ld provide the util ity engineer a near­
real-time description of corewide fuel performance and would 
allow simulation of an i ntended power maneuver to evaluate 
the variation in the risk of generating cladd ing f issures by 
alternative control strategies (RP895). 

Steps to Understanding 

The goal of providing the nuclear power plant operator with 
a computerized analytic system that can be used as an effec­
tive near-real-t ime core management tool is necessari ly a 
step-by-step process . The LWR fuel performance prog ram's 
projects span what are felt to be the needed steps, ranging 
from discrete to global, and yet they are formulated with suffi­
cient flexibility to respond as requ i red to new data and ad­
vances in understanding.  Program Managers: F. E. Gelhaus, 

J. T. A. Roberts 
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TRANSFORMER TECHNOLOGY 

Transformers account for a major share of the capital cost of 
the transmission system. Accordingly, the major  emphas[s of 
the following projects has been to reduce the cost of the 
equipment, improve the efficiency ,  and maintain the integrity 
of the transformers . The projects can be separated into three 
g roups: equipment, detectors, and insulating materials. 

Transformer Development Projects 

There is a serious need for explosion- and fire-resistant trans­
formers to replace the cu rrent liquid-fi l led transformers used 
in distribution applications. For ecological reasons there is 
also incentive to develop a transformer that will be a satisfac­
tory replacement for polych lorinated biphenyl ( PCB) insu­
lated units. Gas-fi l led and gas-insulated vaporization-cooled 
transformers have been developed in  the past , but have not 
been economical. EPRI has initiated a project with West ing­
house that will develop a gas-vapor transformer at costs that 
wil l  be acceptable to the industry and wil l  eliminate the eco­
logical concern for PCB environmental contamination .  

The  objectives of this project are: 

o A 34.5-kV, 1000-kVa, 200-kV basic insulation level (B IL) 
gas-vapor distribution network transformer that will cost 5% 
less than a conventional oil-fi lled un it .  This transformer wi l l  
replace PCB-fi lled transformers and will cost 30% less . 
o A 15-kV, 2500-kVA, 95-kV B IL  gas-vapor secondary unit 

substation transformer. It is expected that this project wil l  
make this type of transformer available at least one year earl ier  
than would be possible otherwise. This development will 
replace the largest share of the present PCB secondary sub­
station need at a maximum cost objective of 1 20% of a com­
parable oil-filled unit, which is less than the cost for p resent 
PCB units. 

o A 34.5-kV, 5000-kVA, 200-kV B IL  gas-vapor substation 
transformer with a cost objective of 95% of the cost of a con­
ventional oil-filled transformer. Since distr ibut ion systems 
have been requiring larger-size units , this development will 
cover the antici pated future range of utility distr ibution needs. 
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All the above transformers will have a size, overload capac­
ity, load loss, no-load loss, and a weight-to-kVA ratio equal to 
or better than comparable conventional oi l  units. 

Economically and dielectrically superior l iquids and gases 
have been identified. Unique coil designs that take advantage 
of improved performance properties of th is type of transfor­
mer have been developed so that cost objectives can be met. 

Another Westinghouse project will develop a 242-kV, 
4000-A apparatus bushing that is small in  diameter ,  low in 
cost, simple in construction and easy to maintain .  Two strat­
egies are involved. First , a " heat pipe" cool ing system is 
incorporated within the central tubular conductor to permit 
o peration at h igh current density. Second , cast-epoxy solid 
insulation replaces the oi l- impregnated paper and porcelain 
that has been used . 

A full-scale thermal model of the bushing with its heat pipe 
cool ing system has been tested in a laboratory, simulating as 
many as 50 different combinations of heat pipe charge,  load 
current magnitude, ambient temperature , test d u ration ,  and 
bushing mounting angle. Methanol was adopted as the work­
ing fluid for this heat pipe. It was introduced into the central, 
hermetically sealed conductor under vacuum. The fluid 
charge occupied one-quarter of the volume of the lead , a 
depth found advantageous in mitigating thermal transients 
when start ing up cold . 

Successful performance of the bushing requ i res trans­
ferri ng the internal losses to the ambient ai r th rough fins 
attached at the top. Each bushing will be provided with ap­
proximately 1 % m2 (19 ft2) fins-an area that wi l l  permit a 
continuous cu rrent rating of approximately 5000- 5500 A 
The fins are a cylindrical extruded aluminum alloy 292 mm 
(1 1 .5 in) diameter by 457 mm (1 8 in) long.  

The features developed by test ing the thermal model  and 
components have been incorporated in manufactu ring draw­
ings.  From these, manufacturing costs have been developed. 
With heat pipe cooling ,  the central conductor may be loaded 
to approximately twice normal current density. This results 
in heat-p ipe-cooled bushing costs that are about 30% of the 
conventional paper-oi l-porcelain construction  for 5000 A. 



Figure 1 Permeation cell for detecting combustible gases dissolved 
in oil for inci pient fault detector. 

The design will be used to construct 6-1 2 prototypes. 
Manufacturing experience will probably produce design 
modifications. Prototypes wil l be subjected to exhaustive 
electrical and mechanical tests. 

A project by Allis Chalmers stems from research that was 
begun in England . This research has identified a theoretical 
approach to sound enclosure that eliminates many of the 
disadvantages of current practice. Application of this tech­
nology to power transformers offers the potential for lower 
noise and lower costs. The approach uses a unique noise 
shell consisting of close-fitting, tuned sound barrier panels 
mounted on the outside surface of the transformer tank. No 
sound absorption materials are needed and the panels can be 
easily installed at the factory without adversely affecting 
shipping, handling, or installation. 

Three major benefits anticipated from th is technology are 
an up-to-50% reduction in cost of noise abatement, large 
reductions in sound (by 1 5 -20 dBa), and the potential for 
retrofit .  

The purpose of the project is to verify the sound-enclosure 
theory and to develop design rules for its application to power 
transformers. This wil l include both laboratory experimenta­
tion and field tests in a Wisconsin Electric Power Co. substa­
tion and will culminate with the installation and test of an 
experimental shel l on an existing transformer. 

The project is on schedule and results have been extremely 
positive. Based on work to date, it has been established that 
( 1 ) a noise reduction target of 1 5-1 8 dBa with an experi­
mental shell is reasonable and will be met; (2)  noise shell 

theory has been substantiated by lab tests; (3 )  design tools 
have been developed from the theory and verified with con­
trolled sound-room tests; ( 4 )  field tests show that sound 
spectra of simi lar transformers are consistent, al lowing si­
multaneous design of both the transformer and the noise 
shel l ;  ( 5 )  all sides of a transformer tank must be covered for 
reductions greater than 1 0  dBa; (6 )  stiffening ribs (channels) 
are important noise sources and must also be covered ; ( 7 )  
radiators are a significant source, approximately equal t o  the 
noise produced by all four sides; vibration isolation from the 
tank is essential; ( 8 )  treatment of the top and bottom of the 
tank depends on the configuration used -e.g. , gas cushion 
versus oil-fi lled , pier versus base mount, and the noise 
reduction goal; (9) 1 4  different materials are avai lable as 
candidates for shell construction; economics and ease of 
manufacture have resulted in the selection of steel ( 1 1 gage) 
as centerline, with expanded acrylonitrile butadiene styrene 
(ABS) plastic as an alternative; ( 1  0) reductions in excess 
of 25 dBa were achieved with 30 x 30-in panels of these 
materials. 

The experimental shell is in the construction stage and will 
be installed on a 45-MVA transformer of Wisconsin Electric 
Power Co. Testing will be completed in November 1 976 .  

Detection Projects 

One project in this program conducted by McGraw Edison 
Co. will develop the instrumentation and analytic techniques 
necessary for the early detection of partial discharges in 
on-line transformers, using acoustic emission methods. I f  
successfu l ,  it will be possible to  determine the cond ition 
of a transformer in real time. As partial discharges are often 
associated with incipient faults, their detection shou ld lead 
to early recognition of potential failure conditions. 

The project is approximately  40% completed. The instru­
mentation and data analysis systems have been assembled 
and checked out. Partial discharges have been successful ly 
detected in laboratory setups and on-l ine distribution trans­
formers. Due to the sensitivity of the system, signals other 
than partial d ischarges have also been detected. These other 
signals need to be identified as extraneous and not included 
in the analyses. The most serious of these proved to be 
Barkhausen-type noise emanating from the core material. 
The effects of these other noises have now been alleviated. 

Good sensitivity has been achieved ; discharge sources 
of approximately 45 picocoulombs have been detected in 
tests where it was possible to correlate with conventional 
partial d ischarge detector data. Where conventional partial 
discharge data could not be obtained ( on-line testing in a 
distribution substation), correlation was obtained with ab­
sorbed gas-in-oil analysis. 

The next stage of the project will check the system on a full-
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size power transformer. This will be carried out in a manu­
factu ring facility in the near futu re. 

Nucleonic Data Systems is constructing a sensor to monitor 
the temperature of transformer winding hot spots. Several 
compact sensors may be mounted within a transformer. 
Temperatu re information will be transmitted acoustically to 
a receiver mounted on the exterior of the transformer. The 
acoustic spectrum up to 52 kHz has been investigated and 
the region between 40 kHz and 47 kHz has been initia l ly 
selected to transmit the information. The spectrum from 
52 kHz to 250 kHz will also be investigated. Frequency mod­
ulation will be used to encode the temperatu re data. 

This method requires no wi ring in the inter ior of the trans­
former and no connectable insulating link to g round. Two 
approaches are being investigated for the sensor:  a c rystal 
whose frequency output is temperatu re-dependent an'd a 
thermister that wi l l  control the frequency of a transmitter. 
Several alternatives for supplying power to the transmitter 
are also under investigation. At the present time the most 
promising approaches are piezoelectric coupling to the ma­
teria l  f lexure or acoustic noise and inductive coupling to the 
leakage flux. An operating hot spot detection system wil l 
allow the util ity to accu rately read the hot spot tempera­
tu re. This knowledge will greatly help determine proper load 
management. 

The application of advanced heat t ransfer techniques to 
improve transformer cooling, including the use of heat pipe 
and finned convectors, is cu rrently being investigated by 
Sigma Research Inc. In addition, two-phase systems for trans­
former temperatu re measu rement are also being developed. 

The heat pipe transports thermal energy in the form of latent 
heat; the working fluid undergoes evaporation and condensa­
tion at opposite ends of a sealed envelope.  Condensate is 
retu rned to the evaporator by capi llary forces and / or by grav­
ity. Hence, the heat pipe is without moving mechanical parts, 
consumes no auxiliary electric power, and has a very low 
thermal resistance. The use of heat pipes for cooling under­
ground transformers, for example, may increase trans­
former life by a factor of two because of lower operating 
temperatures. 

A second application of two-phase systems involves the 
measurement of hot spot temperatures in power-class trans­
formers, using a passive sensor charged with vaporizable 
fluid . In a prototype unit, benzene working f luid is sealed in a 
small stainless sensor capsule that is 0 .64 cm in diameter 
and 1 .2 cm long. The working-fluid vapor p ressure transmits 
a force to an external monitoring system by means of a min­
iature bellows inside the sensor. A hydraulic line connecting 
the sensor and monitoring system is oil-f i l led and produced 
from a polymer compatible with transformer oil and possesses 
a similar die lectric constant. Since vapor pressu re rise with 
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Figure 2 High-pressure test cell for electrical testing of compressed 
gases at high voltages at Westinghouse. 

temperatures is exponential, as opposed to a l inear pressure 
rise in gas bulb sensors, it is possible to achieve high accu­
racy. In laboratory tests, accuracies of 3 ° C over a temperatu re 
range of 75-1 50 ° C have been demonstrated with the pro­
totype. Preparations are now under way to install a sensor 
system in a commercial power transformer. 

A project with Westinghouse is concerned with the develop­
ment of an on-line device to detect the presence of combus­
tible gases dissolved in the oil. Economic impacts of a power 
t ransformer failu re or a power outage make this study ex­
tremely important. Gas detectors presently used have a built­
in time delay since the oil must saturate before the gases are 
detectable in the gas space above the oil. The concept of th is 
particular device involves using a membrane to separate 
dissolved gases from the insulating oil, passing this gas 
through a simple chromatographic column, and using a ther­
mal conductivity detector to indicate changes in the gas 
composition. 

The concept has been proved feasible in laboratory test 
equipment. Current studies of membrane material have 
shown fluorosi\icone rubber to possess the best stability and 
pf3rmeability. Additional work is establishing the best design 
of the permeation cell and the optimal geometry for the mem­
brane. Both flat and tubular membranes are being studied. 
Nitrogen appears to be the best suitable carrier gas for the 



detector system, providing adequate sensitivity and low cost. 
Various flow rates are being examined to determine the best 
rate for the desired sensitivity. 

Also being studied are the life of the membrane material 
and other components of the system. Thermal aging tests 
are presently in progress. All test results have been very en­
couraging and the prospects of developing a relatively low­
cost device appear to be very good. 

Insulating Materials 

While SF 6 is not used widely in power transformers, a superior 
dielectric gas would give incentive to the designer to develop 
a gas-insulated transformer. Westinghouse Electric Corp. ,  in 
collaboration with E. I. DuPont de Nemours & Co. , Inc. ,  is 
undertaking a two-year project to develop alternative gases or 
gas mixtures superior to SF6 . Mixtures with only small additive 
contents will be included in the program. At present ,  SF 6 is 
used for both dielectric pu rposes and as an arc-interrupting 
medium in circuit breakers. While it is desirable to find a re­
placement gas or mixtu re su perior to SF6 , in all respects it is 
more realistic to look for two alternatives, one for dielectric 
pu rposes and one for arc-interrupting pu rposes. I n  particular, 
the cost of the gas is important for compressed-gas insulated 
equipment. The gas cost for circuit breakers or as an additive 
is less critical. The candidate gases and gas mixtu res will 
therefore be different for two concu rrent investigations of 
dielectric and arc interruption properties. An intensive study 
of the available literature will be undertaken to select the can­
didates for both dielectric and arc interruption media. 

Experimental screening will follow and fu rther experimental 
work will be u ndertaken on the best candidates. Concu rrent 
tests will be run on the compatibility of candidate gases and 

Figure 3 A "passive" hot spot detector sensor charged with 
benzene as the vaporizable flu id. An insulating oil-fil led hydraul ic l ine 
connects the sensor and the monitoring system. 

mixtu res with commonly used materials, both in compressed­
gas insulated equipment and circuit breakers. A design eval­
uation of the final candidates will be carried to the point that a 
realistic estimate of the cost of production of the gases is 
obtained. The benefits of utilization of the gas in existing de­
signs of circuit breakers and gas-insulated equipment will 
be assessed , as well as the improvement in designs that the 
availability of the new gases and mixtu res may make possible. 

Westinghouse will also consider using SF 6 instead of nitro­
gen in the gas space over the oil in power transformers . This 
study will be in sufficient detail to evaluate solubility, electrical 
properties, gas evolution and absorption , convection ef­
fects, compatibility, stability, corona performance, and metal 
reaction .  

This project will evaluate the possibility that an SF6-oil mix­
ture will result in improved transformer characteristics. I n  
addition , if no  adverse effects are discovered it will be possible 
to eliminate oil condenser bushings on transformers that in­
terface with gas-insulated substation (GIS ) equipment. This 
will produce savings in cost, space, complexity, and mainten­
ance. Finally, this p roject will resolve existing questions on 
the consequences of accidental introduction of SF 6 into trans­
former oil at gas-insulated substations. 

Naphthenic crudes have been the basic source of insulat­
ing oil for cooling and insulating electrical apparatus. There is 
a serious concern that we are running out of low-pour crudes 
of this type. With the increased worldwide demand for energy, 
paraffinic or mixed-base crudes will be required. The paraf­
finic crudes are more readily available, and the successful 
completion of this project will ensure a long-range supply of 
insulating oil. General Electric Co. , Westinghouse, and 
McGraw-Edison Co. have separate contracts for evaluating 
these new oils .  

An  initial task i n  the General Electric project was to su rvey 
the supply and demand of transformer oil in the next decade. 
All indications are that the su pply of present transformer oils 
will decrease in a few years as supplies of naphthenic crude 
oils dwindle. Demand for transformer oil will rise and even­
tually will exceed supply. The crossover point will depend on 
the rate of electrical load growth and could come as soon as 
the end of this decade. A more pessimistic forecast of load 
growth predicts a crossover prior to the mid-1 980s. 

Ten oils refined by various means from nonnaphthenic 
stocks have been evaluated by standard test methods. Not 
all oils are satisfactory in all respects. However, it appears that 
transformer oils can be made that are satisfactory at ambient 
and at elevated temperatu res. 

Low-temperatu re behavior of nonnaphthenic oils is being 
evaluated . Preliminary results indicate that heat transfer prop­
erties are comparable with naphthenic oils down to the pour 
point of any given oil. This is apparently independent of 
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whether the oi l forms wax above the pour point and suggests 
that pour-point suppressors (viscosity modifiers) may be ef­
fective in obtain ing satisfactory heat transfer. Work is pro­
gressing to determine whether wax is detrimental to electrical 
behavior at low temperatu res. 

The prospect of a new generation of oils requ i res that the 
most effective tools and test methods be avai lable for evalu­
ation of oils. The mechanisms involved are not electrical. 
Chemical tests are being evaluated and the relationsh ip be­
tween the test results and actual service is being def ined . To 
def ine the most effective and rapid test procedu res , extensive 
work on accelerated aging of oi ls is being done both in actual 
transformers and in other configurations. A variety of analytic 
methods for hyd rocarbon analysis (such as mass and nuclear 
magnetic resonance spectrometry and gas, liqu id ,  and gel 
permeation chromatography) are being appl ied to both fresh 
and aged oil. Resu lts of these analyses are being related to 
the behavior of oils in  an attempt to provide guidel i nes for pro­
duction of optimized oils. 

The Westinghouse investigation will evaluate comparative 
performance between the presently used naphthenic insulat­
ing oils and the paraff in ic insulating oi ls i n  (1 ) accelerated­
life tests in distribution transformers, ( 2 )  tap changers, (3 )  
power circuit breakers, ( 4 )  large gap breakdown stud ies, and 
(5 )  corona stud ies. 

A worldwide study of electric i nsulating oil refi ners was 
undertaken to determine the nature of the crudes being  used 
and the ref in ing processes being employed . It was found that 
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more paraffin ic crudes are being used and that solvent re­
f in ing, catalytic dewaxing, and other methods are being in­
vestigated throug hout the world .  

I n itial special tests have been started on experimental 
insulating oils produced in the United States from paraffin ic 
crudes. These tests consist of lubricity, arc-formed gas anal­
ysis, and materials compatibi l ity. Oi ls that successful ly pass 
these tests will be considered for evaluation i n  the more 
extensive apparatus test ing program described above. 

The McGraw-Edison research project deals with system 
testing of dielectrics and thei r relation to d istri bution and 
power transformers. Using ord inary analytic techn iques, the 
interaction of the various components in an electric system 
is complex and extremely difficult to evaluate. A systems 
approach is being evaluated , using min iature capacitors 
containing a mild steel case, 1 00% treated kraft paper, and 
copper foil. An acid-refi ned base oil will be evaluated with 
some of the new type oils to be put on the market. All oils wil l 
be evaluated with and without an oxidation inh ibitor. All units 
wi l l  be stressed electrical l y  while being aged at two different 
elevated temperatu res. Both oil and kraft insulation will be 
evaluated during the course of the test . 

The benefits of th is project would be (1 ) the ability to qu ickly 
evaluate any modifications in  solid and l iquid insulating ma­
terials, operating temperature, and operat ing voltage, and 
( 2 )  obtain ing a much more accurate correlation between 
laboratory tests and actual units in service. Project Mana­
ger: Ed Norton 
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SYSTEMS 

Analysis for Application 

Assessing the commercial value of alternative future energy 
technologies is fundamental to R&D decision making but it 
involves considerable uncertainty and subjectivity. There is 
uncertainty about when technology options will become com­
mercially avai lable, what their costs will be, and what tech­
nical alternatives they must compete with. Energy models 
cannot, therefore, p rovide definitive answers to questions on 
the relative values of competing technological alternatives, 
but they can provide a useful structure for incorporating sub­
jectivity in a consistent way. 

Two linear programming models being worked on under 
RP442 offer potential usefulness to R&D management: the 
Brookhaven Energy Systems Optimization Model (BESOM) 
and its dynamic version ,  DESOM. 

BESOM is a linear programming formulation that repre­
sents the U.S. energy system from source to use at a key year 
in the future (e.g . ,  1 985 , 2000). Forecasted parameters as­
sumed for the model include the end-use demand for energy, 
the sources and avai lability of supply, and the technologies 
th rough which the energy flows. An important feature of 
BESOM is that consumer energy demand is estimated in 
energy units (Btu) rather than in units of specific fuels , which 
al lows for a ful l ,  feasible range of interfuel substitution. Since 
the range of feasible substitutability depends on the available 
supply and utilization technologies, the model is constructed 
around them. Technology-related parameters appear explic­
itly in the model as the costs (including capital, operat ing ,  and 
fuel), the efficiencies of energy conversion ,  and the emissions 
or environmental effects of each technology. 

The output from BESOM includes a basic solution com­
posed of the mix of energy technologies that, for example, 
minimizes total energy cost. Since the solution only reflects a 
particular set of cost and availability assumptions about the 
various competi ng technologies, it is probably the least useful 
and interesting part of the model's output. More useful are the 
results that can be obtained th rough the standard linear pro­
g ramming procedures of sensitivity analysis and shadow price 
analysis. 

Through sensitivity analysis it is possible to establish the full 
range of relative costs that determine the inclusion or ex­
clusion of a technology in the basic solut ion.  Running the 
BESOM under a range of relative cost assumptions for several 
candidate technologies provides a maximum cost feasibility 
target for the development of a specific technology if it is 
to compete economically. Shadow price analysis with the 
BESOM establishes the marginal value of supply of tech­
nologies that are in the basic solution and the marginal value 
of the resources on which those technologies depend.  Also 
available from shadow prices is the marginal cost of demand 
at the point of end use. Th is cost is particularly useful in eval­
uating end-use technologies and conservation initiatives. 

BESOM was init ially developed for the total U .S. energy 
system. The current project with Brookhaven National Labo­
ratory provides reg ional data for an analysis more appropriate 
for EPRI objectives. 

BESOM is limited because it is a static model of a dynamic 
system. While the dynamic characteristics of the energy sys­
tem may be introduced by applying BESOM sequentially to a 
series of development periods, with growth of demand and 
change in technology specified exogenously, a g reat deal of 
analytic potential is lost in this p rocess. Recognition of this 
led to the current development of the Dynamic Energy Sys­
tems Optimization Model ( D ESOM), an effort supported by 
EPRI. DESOM can be thought of as several BESOMs, one in  
each of  1 0  time periods, connected across all t ime periods. 
DESOM extends BESOM in the following ways : 

o Where BESOM minimizes the cost of energy at a single 
point in time, DESOM minimizes the total d iscounted cost 
over time. 

o DESOM makes it possible to optimize the t iming of imple­
menting available technologies as well as the technological 
mix, thus enabling the user to address questions concerning 
the rate of growth of new capacity. 

o DESOM considers the total avai lability of fuel resources 
and calculates the cost-min imizing rate of consumption over 
time. 
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Such a dynamic optimizing  approach as DESOM, recog­
n izing both interfuel substitution and technological i n nova­
tion with respect to time, provides a sensible way of gauging 
the impact of technical change on the energy system. Like 
BESOM, solutions of DESOM requ i re forecasts of the costs 
and efficiencies of conversion processes, some of which do 
not now exist, and of suppl ies and demands that are equal ly 
u ncertain .  The appropriate use of either model for technology 
assessment is for gaining insight regarding possible impl i ­
cat ions of technology alternatives, rather than for p redicti ng 
what choices wil l  be made. Project Manager: Ron Michelson 

DEMAND AND CONSERVATION 

Transportation Sector 

The Demand and Conservation Program has two demand 
forecasting projects u nder way in  the transportation sector. 
These transportation energy forecast ing models are impor­
tant to EPRI for two major reasons. First, it is necessary to 
know the energy requ i red for transportation in order to com­
plete our  forecasting effort for national energy needs. Second, 
it is necessary to analyze the structure of transportat ion sup­
ply and demand in  order to evaluate the impact and li kelihood 
of the widespread use of electric transportation technology, 
such as electric road vehicles, mass transit, and intercity rail 
electrificat ion.  

Our fi rst project i n  the transportat ion energy forecasting 
area is on the analysis and forecasts of energy used for trans­
portation services, RP757, with Wharton Economic Forecast­
ing Associates of Philadelphia. Projects on electric cars, 
mass transit, commercial electric vehicles, and rail electri­
f ication will dovetail with the Wharton effort. The model is 
d riven by information from the Wharton Long-Term Model, 
which is being tai lored to fit EPRl's needs in a study on the 
effects of energy costs and availability on the national econ­
omy, RP440. The results of the transportation model will 
be fed i nto the Wharton Long-Term Model and will affect its 
projections. 

The model is structured so that the demand for energy is 
derived from the demand for transportation services, itself 
derived from the demand for goods and services either i nter­
mediate or f inal . In tu rn, the demand for goods and services 
is a crucial function of economic activity. Thus, a model of 
energy demand relates the demand back to the economic 
activity through intermediate economic processes. To this 
end a model of transportation must be reduced to its com­
ponents in several mean ingful ways . 

Fi rst, the demand for transportation services is broken 
down into freight and passenger demands. The work ing 
hypothesis of the model is that measu res of industrial activity 
are the prime determinants of freight transportat ion demands. 

On the passenger side, income, employment, and related 
measures play important explanatory roles . There is fu rther 
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detail within each subsector on choice of mode and type of 
commodity or the type of personal tri p that might use each 
mode. Thus, the model can take advantage of the extensive 
information that exists in the Wharton Annual  Long-Term 
Model .  The Long-Term Model dr ives the transportation ser­
vices model through l i nks between the transportation model 
itself and the i n put-output structure of the Long-Term Model. 
A model consisting of only the demand side of the transpor­
tation  services market is only half complete. To close the 
model and to make it fu l ly responsive to economic forces, a 
supply submodel is needed. 

The supply submodel explains the rate of installation of 
new transportation equ ipment and the scrappage and uti­
l i zation of the enti re stock of transportation equipment. It is 
linked to the demand side via the cost of operation of the 
vehicles i n  the fleet, specifical ly the cost per ton mi le for 
freight and the cost per passenger mile on each given mode. 
These costs will play a crucial role i n  determining modal 
choice. I n  turn ,  modal choice gives load factors for each 
mode and hence determines the scrappage of deteriorated 
vehicles. 

Finally, those vehicles must be replaced, bring ing us back 
ful l circle to the investment equations.  From modal choice, 
relative utilization ( load factor) and conversion efficiencies, 
fuel consumption by mode can be derived. The consumption 
of fuel is then aggregated over the modes using the same 
type of fuel, y ie ld ing an aggregate demand for each type of 
fuel . 

I n  its f i nal form the model wi l l  yield pred ict ions of the fuel 
consumption mix, modal use mix, and investment mix as a 
result of alternative assumptions about fuel prices and eco­
nomic activity. I n  add it ion, the model's results wi l l  i nclude 
analysis of the sensitivities of various fuel consumptions to 
changes in the structure of fuel prices. 

Another current transportat ion energy demand project on 
the implications of electric automobiles for utility system loads 
( R P758) is lin ked to the Wharton Transportat ion Energy De­
mand Project through the equations that model automobile 
demand by size of vehicle and type of d rivi ng  cycle (e.g., 
u rban or rura l) .  This project is being carried out by Mathtech, 
I nc., and deals primarily with the supply side of electric vehi­
cles and an analysis of market penetrat ion .  

The supply analysis will reduce the various prototype elec­
tric vehicle designs to thei r  basic engineering  subsystems. 
Cost-estimating relations wi l l  be developed for each subsys­
tem and then combined into cost models for the various 
electric vehicle designs. I nputs into the cost model wil l include 
the price of commodities necessary to build the electric vehi­
cle and several likely scenarios to describe the futu re state of 
battery technology. Outputs of the cost ( o r  supply) models 
will be technical performance and efficiency characteristics 
of the vehicles, their i nitial or capital cost, and a derived de-



mand equation for electric power and energy necessary to 
recharge and operate the vehicles. The impact on electric 
utility system load shapes and kilowatthour sales will be 
computed on a variety of alternative battery recharging 
assumptions. 

It is anticipated that a s imi lar model wil l be developed to 
describe energy demands for commercial electric vehicles. 

Furthermore, development of a transportation energy de­
mand submode! is being contemplated that wil l  focus on 
electric mass transit systems, includ ing current bus and rai l  
technologies and advanced technologies that are likely to 
be introduced beyond the year 2000 . Project Manager: 

Anthony Lawrence 

SUPPLY 

Energy Production 

The future supply of oil and natural gas is of concern to the 
electric utility industry for two reasons: oil and natural gas 
currently supply about 35% of the energy for thermal power 
generation nationally ; and oil and gas are the main competi ­
tors o f  electricity i n  many markets. 

Although the percentage of oil and gas as fuels for power 
generation will probably decline, the rate of decline can be 
significant for utility plann ing. Federal policy, as well as sup­
ply , will of course influence actual availability. Perhaps more 
important in the long run than the supply of gas and oi l  for 
power generation  is the role of these fuels as competitors for 
electric power. In many areas two of the major determinants 
of electricity demand are the price and the availability of nat­
ural gas and oil. They may be more important than the price 
of electricity.  

In order to effectively predict the probability of various 
levels of o i l  and gas supply, the Supply Program is analyz ing 
the extent of natural gas and oil resources and the conditions 
under which they may be found and produced. The overrid­
ing objective of this research is to synthesize specific ele­
ments from selected existi ng research results and incorpor­
ate them into a computerized evaluation system capable of 
projecting regional oil and gas supply and transportation 
patterns under a variety of alternative scenarios. This implies 
correlative objectives that include extension and revision of 
existing models of offshore oil and gas supply and thei r ap­
plication to onshore "frontier" areas; determination of the 
economic environment for evaluation of the role of supple­
mental and synthetic gas supply; examination  of the possi­
bility of extending economic engineering techn iques to 
provide better characterization of the exploration and de­
velopment of these fuels; and examination of the oil and gas 
pipeline network to ensure that regional transportation 
economics and capabil ity are properly reflected . 

Previous research efforts have ranged in scale from sim­
plistic to highly complex models that reflect much eng ineering 

detail. The forecast ing records of these models have varied ­
some have predicted enormous production ,  while others 
have pred icted rapidly dwindling production. 

Specific research projects supported by the program 
include a comparative state-of-the-art assessment of gas 
supply model i ng ,  RP436-1 , and a comparative state-of-the­
art assessment of oil supply model i ng ,  RP665-1 . These 
stud ies report on the major gas and o i l  supply model ing efforts 
and have categorized the existing research efforts into th ree 
types: structural models of resource economics, pure econo­
metric models, and resource-base geologic models. 

Structural models are those that employ a variety of analy­
tic techniques, algorithms, decision rules, various types of 
account ing identities, and similar quantitative methods to 
model the supply process. Modeling phi losophy assumes 
that each of these techniques is selected for its suitability to 
handle specific subprocesses in the overall supply analysis. 

Pure econometric models are those that rely strictly on 
statistical estimation procedures to develop mathematical 
relationships between dependent variables and their respec­
tive sets of explanatory variables. These relationships may be 
incorporated into a s imulation model for maki ng projections.  

Resource-base geologic models are essential ly mathemat­
ical equation-fitting methods used to cal ibrate coefficients 
corresponding to the total of the resource base, flow rates , 
and levels of production with respect to a depletable energy 
resource. 

The research reports for these projects describe the exist­
ing models in a series of modular components so that the 
techniques and methodologies used to model each subpro­
cess may be well understood and compared . The studies 
provide detailed discussions of the oil and natural gas supply 
sectors to give the reader some background and perspective 
i nto the importance of these fuels i n  the domestic energy 
economy and the pattern of evolution that has sign if icantly 
influenced the industry's current composition and cond ition. 
A summary statement of model strengths and weaknesses , 
alternative projections and forecasts ,  and the implications 
of these methodologies were further researched , and policy 
analysis is presented . Recommendations for further study 
are also provided . 

The research shows that, although there has been a d i­
versity of results , part of these other supply analyses are 
quite useful. A new project will allow the Supply Program to 
use the relevant portions of existing work in the develop­
ment of its own supply curves for the oi l  and gas i ndustries 
(RP944). A more careful representation of supply curves of 
the natural gas industry, which is based on  both the eco­
nomics of production and the amount of resource in the 
ground ,  will afford a better evaluation of the complicated 
interactions of this fuel with both the electric utility industry 
and the other energy industries. Project Manager: Rex Riley 
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At the Institute 

COAL CHEMISTRY WORKSHOP 

The chemistry of coal, and liquids made 

from coal, was the subject of a two­

day workshop sponsored recently by 

EPRI, Stanford Research Institute (SRI), 

ERDA, and the National Science Foun­

dation. 

Held at SRI's International Center on 

August 26 and 27, the workshop pro­

vided a forum for information exchange 

for more than 170 researchers working 

in the field of coal chemistry conversion. 

Participants represented the federal gov­

ernment, industry, the university com­

munity, and private research institutes .  

"Workshops like this help to avoid 

costly and wasteful duplication of re­

search efforts," commented William 

Rovesti, an EPRI project manager in the 

Clean Solid and Liquid Fuels Program. 

"With so many diverse organizations 

conducting research in this area, it's vital 

to keep abreast of the latest develop­

ments in the field." 

This was the first coal chemistry work­

shop held on the West Coast, as well as 

the first one sponsored by the four par­

ticipating organizations, according to 

Howard Peters, assistant to the director 

of SRI's Chemistry Laboratory. 

Peters noted that the U.S. has been 

called the Persian Gulf of Coal because 

it contains so much of the world's coal. 

"Although we're still in the early stages 

of work on many coal conversion pro­

cesses," he explained, "in a few years 

the U.S. may be called on to make a ma­

jor commitment to expensive hardware 

equipment for this technology. There-
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fore, it's extremely important for us to 

learn about the processes today in order 

to be prepared for tomorrow's demands." 

Reprints of the meeting's proceedings 

are available for $19 per copy from 

Howard Peters, SRI, 333 Ravenswood 

Avenue, Menlo Park, CA 94025 (415) 

326-6200, ext. 3595. 

Participants in a recent coal chemistry workshop sponsored by EPRI and three other 
organizations discuss the latest developments in the field. Left to right are Marion E. Hill, 
d i rector, SRI Chemistry Laboratory; David S. Ross, physical organic chemist, Stanford 
Research Institute; William C. Rovesti, EPRI project manager for liquefaction research; 
Howard M. Peters, assistant to the director, SRI Chemistry Laboratory; and George Hill, 
director, EPRI Fossil Fuel Power Plants Department. 



Assessing Intangible Impacts 

How important are the "intangible" en­
vironmental impacts associated with 
electric power development, generation, 
and transmission? What methods are 
available or can be developed to assess 
such environmental effects as the visual 
impact of cooling towers and reductions 
in visibility caused by air pollution? 

Attempting to answer these types of 
questions were 25 economists, psychol­
ogists, statisticians, and engineers meet­
ing at a recent EPRI workshop held in 
Pacific Grove, California. Ronald Wyzga, 
project manager in the EPRI Environ­
mental Assessment Department, ex­
plains that "increasing concern" has 
been raised about these intangible im­
pacts and some measure of their relative 
importance is necessary so that the utility 
industry "can take proper account of 
them in future energy development 

projects." 
According to Wyzga, the workshop 

group devoted much of their efforts to 
evaluating several potential techniques 
for measuring intangible impacts. They 
suggested the best methodological ap­
proaches for measuring specific impacts, 
such as the siting of a cooling tower or 
strip mining, reduced visibility from air 

pollution, and small changes in the risk 
of health effects. 

Corrosion Meeting 

Louis Martel (standing), EPRI program 
manager for systems materials in the Nuclear 
Power Division, led a discussion last July 
on corrosion problems affecting nuclear 
power plant outages. About 40 scientists and 
engineers from utilities, universities, national 
laboratories, private industry, the U.S. 
Nuclear Regulatory Commission, and organ­
izations abroad make up the EPRI Corrosion 
Advisory Committee. They meet twice yearly 
for discussions on corrosion and are instru­
mental in identifying needed R&D projects 
for EPRI. 

Alan Kneese (left), professor of economics at the University of New Mexico and chairman of 
a recent EPRI workshop on intangible environmental impacts, reviews one of several current 
studies in this area with Tom Crocker, professor of economics at the University of Wyoming. 

Economic techniques were among 
those discussed. "For example, economic 
methods exist for measuring intangible 
impacts based on observing differences 
in land values as functions of changes in 
visibility," says Wyzga. He added that 
other methods may involve the observa­
tion of changes in individual behavior 
due to environmental quality changes. 

Wyzga points out that there are still 

other methods developed by psycholo­
gists, decision analysts, and economists. 
As an example, Wyzga cites a method 
that involves the determination of indi­
vidual and group preference structures 
"by forcing them to make trade-offs 
among alternatives." The results of this 
approach, he says, allow the importance 

of various environmental impacts to be 
measured. 
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Project Highlights 

EPRI Negotiates 20 Contracts 

Funding Contractor/ Funding Contractor/ 
Number Title Duration ($000) EPRI Project Mgr. Number Title Duration ($000) EPRI Project Mgr. 

Fossil Fuel and Advanced Systems Division R P829-3 Determination and 20 months 1 1 4. 1  General Electric Co. 
Microscopic Study of J. Roberts 

RP241-2  Fate of Fuel Nitrogen 6 months 25. 1  University of Incipient Defects in 

in Backmixed Washington Irradiated Power 

Combustion 0. Teixeira Reactor Fuel Rods 

RP475-2 Central Receiver 2 months 64.2 Black & Veatch RP829-4 Determination and 20 months 1 50.0 Argonne National 

Open-Cycle Gas J. Bigger Microscopic Study of Laboratory 

Turbine Solar Power Incipient Defects in J. Roberts 
Irradiated Power Plant 
Reactor Fuel Rods 

RP779-3 Enhancement of 6 months 1 2.9 General Electric Co. 
Magnetic Separability H. Lebowitz RP830-1 Analysis of Critical 1 year 75.0 Stanford 

in Coal Liquefaction Experiment Benchmarks University 
for Testing Plutonium 0. Ozer 

RP784-1 Detailed Design and 8 months 68.7 Stone & Webster Cross Sections and 
Evaluation of Advanced Engineering Corp. Calculational 
Regenerable Flue Gas K. Yeager Procedures 
Desulfurization 
Processes 

RP837-1 Effect of Chemical 1 year 39.9 University of Electrical Systems Division 
Additives on the Maryland 
Removal of S0

2 
by M. Maaghoul RP577-2 Characteristics of 25 months 296.0 McGraw-Edison Co. 

Limestones Insulating Oils for E. Norton 

RP840-1 Impact of the Voltage 6 months 87.9 Power Semi- Electrical Application 

Safety Factor (VSF) on conductors, Inc. 
RP848-1 HVDC Insulator 2 years 248.1 University of Advanced Power J. Beck 

Converter Flashover Under Southern California 
Contaminated K. Griffing 

RP841 -1 Advanced AC /DC 32 months 497 . 1  United Technologies Conditions 
Power Conversion Corp. 
Equipment for J. Beck 
Batteries and Fuel Energy Analysis and Environment Division 
Cells 

RP857-1 Biological Effects of 1 year 1 29.8 I IT Research I nstitute 
Nuclear Power Division Electric Fields- H. Kornberg 

General Support Study 

RP51 9-5 Documentation of 3 months 20.0 Science Applications, RP866-1 Cost Models for Coal 1 1  months 94.4 Manalytics, Inc. 
Operating Data from Inc. Transportation by R. Riley 
Light Water Power B. Zolotar Common Carrier 
Reactors for Methods 
Verification R P873-1 Applicability of 7 months 84.9 Systems Control, Inc. 

Brookhaven National G. K araganis 
RP81 4-1 An Evaluation of the 1 year 34.9 Rensselaer Laboratory's Energy 

Portability of the Polytechnic Models to Electric 
DATATRAN Modular I nstitute Utility R&D Planning 
Data Base Manager R. Whitesel 

RP882-1 Theory and Estimate of 1 year 61 .4 University of 
RP82 1 -1 Evaluation of the 1 year 1 26.7 Nuclear Water & Residential Electrical I l l inois 

Effects of Hydrogen Waste Technology, Load by Time-of-Day A. Lawrence 
Peroxide Addition in Inc. 
PWRs Prior to 0. Uhl RP883-1 Foreign Uranium 7 months 79.0 NUS Corp. 
Refueling Supply J. Platt/T. Browne 
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Chemical Coal Cleaning 

An alternative method for reducing sul­
fur emissions from coal may be found in 
the use of chemical processes now under 
development, according to EPRI's Terry 
Lund in a recent announcement concern­
ing a new chemical coal-cleaning research 
project to be undertaken by the Atlantic 
Richfield Co. Lund says that this technol­
ogy may be demonstrated by the early 
1980s. 

He explains that in chemical coal clean­
ing a reactant is added to coal that chemi­
cally attacks the bonds that hold the 
sulfur in the coal. "Several factors will 
significantly affect process performance 
and costs," comments Lund. "For ex­
ample, how are the .undesirable by-prod­
ucts separated out while maintaining the 
high energy content of coal? How are the 
chemicals regenerated so that costs can 
be kept down? Which chemicals will work 
and be cheap enough so that the process 
is economical? These are the types of 
questions that need to be answered." 

With EPRI support, Arco will further 
develop its particular process, which is 

one of the most advanced chemical coal­
cleaning techniques being developed. 

Sulfur in coal is either in the form of 
pyrites or organic compounds, both of 
which produce 502 during combustion. 
To meet government standards on sulfur 
emission levels, power plants are de­
signed with systems to remove sulfur, 
mainly through physical preparation 
techniques and/ or flue gas desulfuriza-

New Role at Wilsonvil le for ERDA 

The Energy Research and Development 
Administration (ERDA) agreed last 

month to assume two-thirds of the 
costs of a pilot plant operation at Wil­
sonville, Alabama, where the solvent­
refined coal (SRC) process is being 
developed. The electric utility industry, 
which until now has covered the entire 

cost of the $4.5 million-a-year proj­
ect, will fund the remaining one-third 
through EPRI. 

Researchers working on an EPRI coal study are shown in front of a pilot plant now under 
construction for studying an Arco process for chemically removing sulfur from coal. The 
researchers are (from left) Terry Lund, EPRI project manager; Emmet Burk, Arco senior 
research associate; Lavern Beckberger, Arco project manager; and Jin S. Yoo, Arco research 
associate. 

tion (FGD) systems, such as stack gas 
scrubbers. Before the coal is burned, 
physical preparation can remove most of 
the pyritic sulfur, but it cannot remove 
organic sulfur. 

If chemical processes are successfully 
developed, they could offer utilities an 
alternative to physical cleaning and 
scrubbers. "Chemical coal cleaning has 
the potential of removing both types of 
sulfur. And unlike scrubbers, chemical 
coal-cleaning plants can be totally de­
tached from the power plant, thus simpli­
fying plant operation," remarks Lund, a 
project manager in the Fluidized Com­
bustion and Coal Cleaning Program. 

The Wilsonville project began in 1972 

as a joint effort of the Edison Electric 
Institute and the Southern Company 
utility system for studying the process 
of coal solvent refining. ERDA also oper­
ates an SRC test facility at Fort Lewis, 
Washington. 

The government's involvement in 
Wilsonville will allow the 6-tons/ day 
plant to provide process support experi­
ments for the larger, 50-tons / day Fort 

"Another advantage is that the primary 
coal product is dry, clean, and ready for 
direct burning by the utility." 

Researchers working in chemical coal 
cleaning are unsure of the exact costs, 
although current indications are that costs 
will be similar to those for stack gas scrub­
bing. Lund believes that test results in the 
next few years will clarify the cost ques­
tion and will also identify the most prom­
ising techniques. 

"By the time demonstration plants are 
in operation in the early 1980s, the energy 
industry will have a clearer picture of the 
role of chemical coal cleaning," states 
Lund. 

Lewis facility. 
Coal solvent refining is a process that 

removes most of the major pollutants 
from coal before it is burned. 

"The process produces a solvent to 
dissolve the coal, removes the pollu­
tants, and yields a clean solid fuel," 
stated Norman Stewart, EPRI's project 
manager for Wilsonville. "The product 
can then be burned in utility boilers 
without the use of scrubbers, which 
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are expensive to install and often not 
present on existing coal-fired plants." 

Stewart explained that over half the 
country's electricity is generated in coal­
fired plants. "These plants are designed 
and built to burn a solid fuel and some­
times cannot accommodate scrubber 
systems. Solvent-refined coal would 
offer utilities the prospect of continuing 
to use these plants without extensive 
modification, while meeting environ­
mental emissions standards." 

According to Stewart, the Wilsonville 
plant has been producing low-sulfur 
(less than 0.96 wt%), low-ash (less than 
0.16 wt%) SRC since 1974, about six 
months after coal was first fed to the 
unit. He noted that efforts will continue 
to focus on improving the process, ex­
ploring the performance potential of 
different types of coal, and reducing 
process cost. 

He further noted that the process is 
"well on the way to commercialization," 

Environmental Effects of Power Plant Cooling 

The beginning of a new research project 
to assess the effects of thermal-power­
plant cooling systems on aquatic envi­
ronments was recently announced by 
EPRI. 

The study is directed toward develop­
ing a methodology for use by utilities 
in assessing the environmental effects 
of power stations on a body of water. 
Tetra Tech, Inc., Pasadena, California, 
will perform the research under a 
$478,000 EPRI award. 

Robert Goldstein, project manager in 
the EPRI Environmental Assessment 
Department, says the study emphasizes 

Storage Batteries 

A $2.5 million contract for developing a super­
battery that could be used by utilities for 
bulk energy storage was recently awarded to 
the General Electric Company's Corporate 
Research & Development Center by EPRI. 
The objective of the project (announced 
in the October issue of the JOURNAL) is 
to develop a rechargeable sodium-sulfur 
storage battery that potentially offers five 
times more storage capacity per pound than 
a standard lead-acid battery. GE scientists 
(left to right) Manfred W. Breiter, Stephan 
P. Mitoff, and Robert W. Powers compare a 
small experimental sodium-sulfur cell (right) 
with a larger developmental prototype. 
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a new approach to environmental as­
sessment that is more efficient than tra­
ditional methods, which consider the 
isolated effects of a single project, such 
as the operation of a chemical, electricity 
generating, or sewage treatment plant. 

"We'll now be working to develop 
a methodology that focuses on the re­
source [ water body] first," explains 
Goldstein. "This will enable utility en­
gineers to analyze a water resource and 
plan for power production with mini­
mum impact on the environment." 

According to the EPRI ecologist, this 

approach, called ecosystem manage-

but added that the costs and risks for the 
potential producer are high, so that fi­
nancing a commercial venture is difficult. 

"ERDA's involvement at this point 
adds longevity and promise to the proj­
ect," he commented, "and hope that 
the government will take an even greater 
role in helping the utility industry com­
mercialize a technology that is clearly 
in the public interest." 

ment, is a "more sensible way of using 
our country's resources and could serve 
as a model for many industries." With 
ecosystem management, the focus is 
on the ecosystem and its capacity to 
support a combination of industrial, 
municipal, and recreational demands 
while preserving desirable environmen­
tal qualities. 

Tetra Tech researchers will work to 
develop an analytic framework that in­
corporates the biological, chemical, and 
physical characteristics of water bodies 
as well as alternative designs for power 
plant cooling systems. 



Each month the JOURNAL publ ishes summaries of EPRl 's most 
recent reports . Supporti ng member uti l it ies receive copies of reports 
in program areas of their designated choice. Support ing member 
uti l ities may order additional copies from EPRI Records and Reports 
Center, P .O.  Box 1 041 2 ,  Palo Alto, CA 94303. Reports are publicly 
avai lable from the National Technical Information Service, P .O.  
Box 1 553, Spri ngfield, VA 221 51 . 

New Publications 

Electrical Systems 

TD-1 38 INVESTIGATION OF MECHANISM OF BREAKDOWN 
IN XLPE CABLES 
Final Report 
This research program explores the basic hypothesis that micro­
porosity plays a significant role in the mechanism of breakdown of 
XLPE cable. 

I n  Part I , the potential improvement achieved by impregnating 
the microporous regions of the cable core with a neutral l iqu id is 
evaluated, with relation to ac voltage l ife and impulse strength. 
The effect at higher frequency is also demonstrated. 

In Part I I ,  a simi lar test program is pursued on model cables, de­
signed to explore the effects of gas pressure and gas type on 
breakdown and life, s ince it is reasonable to expect that only the 
mic roporous regions of the insu lation should be sensitive to the 
gas-pressure environment. 

Comparison of gas-pressurized model breakdown stress (and 
related microvoid size) with basic Paschen cu rves demonstrates 
reasonable good agreement, ind icati ng that partial discharge is 
the basic mechanism of fatigue and breakdown. 

The form of the voltage life curve above and below the discharge 
inception level is proposed, and evidence is presented indicating 
that breakdown orig inates in the bulk insu lation as wel l  as at the 
shield i nterface. 

It is also shown that model cable discharge energies are below 
0. 1 pC, even at very high stress, and cannot be measured with 
modern detectors. Results with l iqu id or gas impregnation suggest 
a possible approach to die lectric improvement. Phelps Dodge 
Cable and Wire Co. 

TD-1 53 EVALUATION OF UNDERGROUND FAULT LOCATION 
TECHNIQUES 
Final Report 
A number of techniques already exist to locate cable faults. This 
project is a study of all available techniques and their advantages 

and shortcomings. The objective is to recommend an opt imum 
technique and to design a f irst-order system encompassing the 
best features of all techniques. 

The project report summarizes the study f ind ings and provides 
a recommended design for both a distribution fault location system 
and a transmission fault location system. Improvements incorpor­
ate modular design ,  automation, and reduction of the operator 
experience factor for efficient operation. BDM Corp. 

TD-200 DEVELOPMENT OF Nb3Ge CONDUCTORS FOR 
POWER TRANSMISSION APPLICATIONS 
Final Report 
This report describes successful attempts at the Los Alamos 
Scientific Laboratory to produce coatings of Nb3Ge as thick as 
70 µm, deposited on Nb tubes 0.64 cm in diameter and 23 cm long ,  
exhibiting losses of 1 2 . 7  µW/cm2 at 1 2  K ,  50 Hz ,  and 500 rms 
A/cm, aod carrying a cu rrent density of 4,200,000 A/cm 2

• De­
tails of producing the samples by the chemical vapor deposition 
method are described. The effects of variation of process param­
eters to optimize the superconducting properties of the material 
are given ,  along with descriptions of diagnostic techniques used to 
characterize and correlate these properties. I n itial attempts to 
produce longer lengths of conductor are also described. 

The primary conclusion of the fi rst phase of this work is that 
Nb3Ge possesses the best superconducting properties-high 
current density and low ac losses-yet avai lable for application in  
ac power transmission cables operating at  1 2  K or above. Further, 
if long lengths of conductor could be produced with the properties 
found here in short samples, these would be completely acceptable 
for that cable application. The next phase of the program wi l l  con­
centrate on the latter problem. Los Alamos Scientific Laboratory 

TD-204 SWITCHING TESTS OF SEPARABLE INSULATED 
CONNECTORS 
Final Report 
The need to evaluate changes to ANSI C1 1 9 .2  prior to approval 
of revisions was expressed by a reliabil ity working g roup draft ing 
the proposed revision for the ANSI Subcommittee on Separable 
Insulated Connectors. A testing task force stated the objective: 
"To determine whether consistent switch ing and fault-closing 
results will be achieved when separable load break connectors 
are tested in various testing laboratories in accordance with the 
requ i rements contained in ANSI C1 1 9 .2-1 97 4 and proposed re­
visions developed by the Reliabi l ity Working Group. 11 consistent 
results among various testing laboratories are not obtained, the 
Testing Task Force is to revise the test ci rcuits or procedures re­
quired to produce consistent results . "  

After testing connectors of three manufacturers in three separate 
laboratories, the data were evaluated. 

The conclusion was primarily that no further revision was neces­
sary of the test sections of ANSI C1 1 9 .2 ,  as revised. Consistent 
switching and fault closure results were achieved by the testers, 
using the prescribed ci rcuits and procedures, yie ld ing reproducible 
results that will identify connector designs capable of meet ing the 
proposed rati ngs. American National Standards Institute 
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T0-229 DEVELOPMENT OF AN EVAPORATION-COOLED 
UNDERGROUND TRANSMISSION SYSTEM 
Final Report 

Growing economic and esthetic pressures encourage the develop­

ment of advanced underground transmission ( UT) systems for 
bulk electric power. An attractive general approach is the incor­
poration of forced cool ing into otherwise conventional compressed­
gas-insulated (CGI) cables. Forced evaporation cool ing is one of 
several specific options with the potential of s ign ificantly increasing 
UT capacity and thereby reducing relative transmission costs . 

The objective of this study was to investigate the development 
potential of a particular and novel configuration, described in this 

report as the separated-phase, evaporation cool ing (SPEC ) 
concept. Forced cool ing would be provided by the evaporation of a 
halocarbon in the hollow conductors of a CGI cable system .  Heat 
generated by electrical losses in the conductors is partia l ly ab­
sorbed in the vaporization process . To avoid the large pressure 
drop associated with mixed two-phase flow, the coolant vapor is 
periodically and selectively vented through the conductor wall into 
the insulat ing gas space between conductor and sheath. If the 
coolant vapor has suitable dielectric properties it can function as 
the gas insu lation in the system. The sheath provides a convenient 
return pipe for the vapor to periodic above-ground condenser 
stations. Pumps on the l iqu id side of the condensers supply the 
pressure required to circulate the coolant. 

The development potential of the SPEC concept for underground 
CGI cables was studied by addressing crucial issues associated 
with coolant chemical stability, coolant distribution techniques, and 
system economics . Batte/le, Pacific Northwest Laboratories 

TD-232 MODELING TECHNOLOGY FOR BUNDLED POWER 
TRANSMISSION L INES 
Final Report 

The aerodynamic wake of the upwind conductors on a bundled 
conductor power transmission l ine can i nfluence the aerodynamic 
conditions present at the downwind conductors in such a way that 
a form of conductor vibration known as subconductor osc i l lation 

occurs. This osci l lation wears the conductors and hardware and 
has resu lted in mechanical transmission line fai l u re .  The effects 
of the wake are dependent upon the relative position of the pairs 
of conductors involved. The downwind conductor must be in the 
wake influence area of the upwind conductor (s) ,  before osc i l lation 
will occur. 

This study sought to investigate twist ing of the bundled phases, 
on a model basis, to determine support rotations that would min imize 
the aerodynamic interactions of conductors within the bundle. 
The mechanical properties of model conductor materials were 
measured, along with l ike properties of commonly used conductors. 
The test methods employed in these measurements are described. 
Models of the bundled power l ines ,  based upon engineering si­
mi l itude considerations, were built and tested for behavior during 
twist ing .  

Even though an actual twisted prototype system was not avai l­
able for test, analysis of the 32 models bui lt suggests that bundle 
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behavior was adequately modeled for engineering pu rposes. 
Favorable end support rotations for two, three, and four conductor 
bundles are l isted ,  along with detailed mechanical properties of 
n ine commonly used conductors and 60 model materials. Iowa 

State University 

T0-245 SUPERCONDUCTI NG RECTIF IER DEVELOPMENT 
Final Report 

This is the final report on the evaluation of superconductors for 
rectifiers of large-scale electric power. Although orig inal ly this proj­
ect was to be substantial ly experimental in nature, the results of 

considerations of economics and technical feasibi l ity of a fu l l -scale 
prototype rectifier have clearly shown the impracticality of such a 
device operating at 60 Hz. Therefore the experimental program was 
not concluded, but the prel iminary results obtained are included 
in this report. 

Because of a large number of parameters, many of which could 
not be fixed unambiguously, our calculations are for reasonable but 
also very optimistic values of these parameters. Because the for­
mulas are given throughout, it is a simple matter to scale any re­
sult to different and perhaps more realistic values of the parameters. 
However, since we have always used optimistic values and our 
conclusions are negative, it is clear that such changes will not alter 
the final qual itative conclusions. 

It should be emphatically stated that the superconducti ng switch ,  
although impractical for 60-Hz rectification, appears to be well 
suited to lower-frequency switching appl ications l ike fault cu rrent 
l imiters, and these possibil it ies are described briefly. A more de­
tailed analysis will be part of another report generated by this 
project (RP328) in  the near future. Argonne National Laboratory 

TD�55 SUPERCONDUCTORS I N LARGE SYNCHRONOUS 
MACHINES 
Final Report 

Research progress from the continu ing program to apply super­
conductors in the field windings of large synchronous machines is 
presented in this report. The background of the project si nce 1 969 
is briefly reviewed. The general conclusion is that large super­
conducting  turbogenerators are feasible and that the projected 
advantages given in the report should be real izable .  Contractual 
details and a list of contributors are incl uded. 

Research results are given for work in  three key problem areas 
in the development of superconducting machines. These inc lude: 
a reliable rotor shie ld ing scheme to better satisfy the conflicting 
requi rements for magnetic shieldi ng ,  machine damping ,  mechanical 
strength, thermal capacity, cryogenic performance and good 
machine terminal characteristics; an optimized superconducting 
rotor that has the proper balance between magnetic field intensity, 

magnetic stabil ity, mechanical strength, mechanical rigidity, 
c ryogenic cool ing ,  cryogenic refrigeration requ i rement and tran­
sient electrical performance; and an armature winding and structure 
optimized to fully utilize the high magnetic field produced by the 
superconductor and to take ful l advantage of the opportun ity to 
manage the electric field d istribution and achieve high machine 
voltage. 



The ch ronology of the design ,  construct ion,  and test ing of the 
MIT-EPRI 3 MVA experimental synchronous machine is given. The 
experimental results are summarized and modifications of the 
machine are discussed. Massachusetts Institute of Technology 

Nuclear Power 

N P-1 22 DETERMIN ING FRACTURE PROPERTIES OF REACTOR 
VESSEL FORGING MATERIALS, WELDMENTS, AND BOLTING 
MATERIALS 
Final Report 
I n  March 1 974 the Electric Power Research Institute (EPR I )  i n it i ­
ated a large test ing program to evaluate heat-to-heat variabil ity in  
fracture toughness of  ferritic nuclear pressure vessel steels, 
which are cu rrently described by the reference toughness curve 
(K1R) relationship found in Appendix G. Section I l l  of the ASME 
Boi ler  and Pressure Vessel Code. This program was establ ished 
using a Task A program office to coordinate and admin ister test ing 
procedures, data analysis, and data storage, and to perform a 
statistical analysis of the data. Three Task B test ing laboratories 
were chosen to perform the fracture toughness test ing .  Effects 
Technology, Inc . ,  was selected to be the program off ice, and Bab­
cock & Wilcox Co., Combustion Engi neering ,  I nc . ,  and Effects 
Technology, I nc. were chosen as test ing laboratories. The results 
of the test ing program are given in  EPRI reports NP-1 1 9  (Task B ), 
RP 232-2 , and this report. The in itial statistical analysis of the data 
is reported in  EPRI NP-1 21  (Task A). 

A further analysis of the data and development of a statistical ly 
based reference toughness curve (K1R) is being performed by 

Fracture Control Corp. under RP696-1 . The results of this work wi l l  
be avai lable in  January 1 977. Babcock & Wilcox Co. 

N P-1 52 STUDY OF RADIATION DOSAGE TO STRUCTURAL 
COMPONENTS IN NUCLEAR REACTORS 
Final Report 
This study was sponsored in order to provide the nuclear industry 
with an analysis of the radiation levels inside typical l ight water 
reactor pressure vessels ,  with emphasis on those components 
designed to function throughout the l ifet ime of the system. 

The report describes the calculation of the neutron and gamma­

ray f luxes and spectra, determined by applying two-dimensional 
radiation transport computer codes to physical models of a pres­
su rized water reactor and a boi l ing water reactor. The calcu lated 
neutron and gamma-ray distributions may be used to estimate the 
total radiation exposure to which a reactor component is exposed 
over a period of time for the two generic reactor systems studied. 
The accurate knowledge of these radiation levels can be used to 
estimate the safety and l icensabil ity of the pressure vessel and in­
vessel components. 

The report also provides a complete description of the method­
ology used in the analysis. The neutron and gamma radiation levels 
are given on a f ine mesh spacing for al l  points within the pressu re 
vessel .  The radiation spectra are also given in a manner that can be 
correlated to physical property changes known to occur  under 
i rradiation. Science Applications, Inc. 

N P-1 61 CONVERSION OF 2 3 8 Pu AND 2 5 2Cf PRODUCTION 
CHAIN CROSS SECTION DATA TO ENDF / B-IV FORMAT 
Final Report 
Heavy acti nides such as Np,  Pu ,  Am, Cm,  and h igher-mass nucl ides 
are produced when nuclear fuel is i rradiated in  power reactors. Al­
though the cross section information for the major f iss i le and ferti le 
n ucl ides 2 3 5 U,  2 3 8 U ,  and 2 3 9Pu are fai rly wel l  known because of 
the i r  d i rect impact on the design of nuclear reactors, much less is 
known about the other heavy actin ides. 

The Savannah River Laboratory (SRL) has for some time been 
involved in  a government program aimed at producing the two 
heavy acti n ide nucl ides 2 3 8 Pu and 2 5 2Cf. While one of these, 2 3 8 Pu,  
is  used as an isotopic power source for  space and medical appl i­
cations (e .g . , heart pacemakers) ,  the other, 2 5 2Cf, is used as an 
intense source of neutrons for various physics experiments. 

Because of this involvement, SRL has been able to accumulate 
a considerable amount of information on the cross sections and 
decay properties of over twenty heavy actin ide nucl ides produced 
when u ranium fuel is i r radiated in thermal reactors. 

U nder RP-451 , these data have been processed into a form 
compatible with the national cross section data l ibrary ( ENDF / B )  
and made avai lable for inclusion in  the next version o f  the l i brary to 
be released. At present the data are being reviewed by the commit­
tee responsible for the production of the fifth version of ENDF / B  
and are being merged with other ERDA-supported evaluations 
emphasizing h igher neutron energies. E. I. du Pont de Nemours 
& Co. 

N P-1 79 WELD REPAIR OF HEAVY SECTION STEEL 
TECHNOLOGY PROGRAM VESSEL V-7 
Final Report 
The in situ repair of a flaw i n  a large nuclear pressure vessel is 

l i kely to be a complex undertaking .  Normally, a thermal stress re­
l ief is required to reduce peak weld ing stresses; however, accom­
pl ishing this task under field conditions can result in difficulties 
related to warpage of the vessel .  Consequently, Section XI of the 
ASME Boiler and Pressure Vessel Code has provided gu idel ines for 
making major repairs without a subsequent thermal stress re l ief . 
The repair weld procedure employs a technique known as the half 
( or temper) bead technique. I n  theory this procedure is structu red 
so that each weld pass is applied in a manner that resu lts in temper­
ing the preceding weld pass . Thus brittle transformation products 
created during welding will be rendered ducti le. Although this 
technique is used in  the repair of petrochemical pressure vessels ,  
a demonstration of i ts practicality and effectiveness has yet to be 
accomplished for a nuclear pressure vessel .  

The Heavy Section Steel Technology ( HSST) Program conducted 
by the Oak Ridge National Laboratories (ORNL)  and sponsored by 
the Nuclear Regu latory Commission ( NRC) has been pressure­
testing  i ntermediate-sized vessels roughly scaled to n uclear re­
actor pressure vessels. One such vessel ,  ITV-7, which was inten­

tional ly flawed in  the axial d i rect ion,  was hydrau l ical ly pressurized 
to fai l u re .  Leakage occurred when the vessel was pressurized to 
2 11:, t imes the design pressu re. Arrangements were made with the 
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HSST program office to use this vessel for the pu rpose of repair ing 
the through-wall flaw according to Section XI procedures in order 
to demonstrate the util ity of such a weld repair. 

The repaired test vessel was retu rned to ORNL along with ac­
companying test pieces for the pu rpose of retesting the vessel . 
Plans are to reflaw away from the weld and pneumatically pressurize 
to fai l u re .  Since the applied flaw will be simi lar to the original , the 

effect of pneumatic loading will be evaluated. After this test, plans 
are to repair the vessel ,  reflaw in  the new weld repair heat-affected 
zone, and retest. Thus, the serviceability of the Section XI repair  
procedure wi l l  be demonstrated for both the unflawed and the 
flawed conditions. Detai ls of the testing conditions and results wi l l  
be made known through HSST reporting channels. Combustion 
Engineering, Inc. 

N P-1 86 DEVELOPMENT OF SYSTEM FOR MONITORING 
IN-SERVICE STRAINS IN  POWER PLANT P IP ING 
Final Report 
As a f i rst step in developing a system for monitoring in-service 
strains in power plant piping systems, Southwest Research I nsti­
tute developed and laboratory-tested a biaxia l ,  long-life, high­
temperature strain transducer. The transducer used a variable 
shield capacitance principle, and in  laboratory tests had a resolu­

t ion of 20 µE (0 . 1  % ful l  range) and a drift rate of 6 µE/ hr ( 0.003% fu l l  
range) at 1 1 00 ° F. I ts resolution and drift compared favorably with 
the best characteristics of commercial ly avai lable un iaxial strain 
transducers. Also, the differential capacitance design provided for 
in-service cal ibration of the transducer. 

Future development of the strain monitoring system wi l l  i nclude 
field evaluations in  operati ng fossi l  fuel and nuclear power plants. 
Southwest Research Institute 

N P-1 89 FEASIBILITY STUDY OF ON-LI NE SAFETY 
EVALUATION AND MONITORING OF MALFUNCTIONS OF THE 
NUCLEAR REACTOR SYSTEM BY DYNAMIC DATA SYSTEM 
Final Report 
This report describes an advanced time-series analysis method­
ology and i l lustrates its application to reactor core barrel dynamics 
problems. Auto-regressive moving average (ARMA) time-series 
model ing is used. 

To demonstrate the viabil ity of this data-dependent approach, 
neutron noise data from two nuclear units were analyzed. The re­
port claims these analyses dupl icated classical statistical results 
but without complications of variance or bias. The superiority of the 
time-series method in procuring parameter estimates in  a data­
efficient manner is also discussed. University of Wisconsin 

N P-21 3 REACTOR-COMPONENT INSPECTION WITH 
COMPUTERIZED TOMOGRAPHY 
Final Report 
I n  the last few years a new X-ray diagnostic tool called computerized 
axial tomography has produced many impressive results in  medical 
examinations. Because of this success, a project was undertaken 
to evaluate whether this process was suitable for generating three­
d imensional details on reactor components. An existing medical 
scanner was used to generate experimental data on objects geo-
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metrically s imi lar to pipe joints. The combination of the experimental 
results and computer simulations indicates that this process has 
such promise for pipe inspection that a laboratory system should 
be assembled in  order to evaluate the process on actual p ipe sam­
ples. The detai ls of this project are contai ned in  this report. Stan­
ford Research Institute 

NP-251 ATWS: A REAPPRAISAL. PART ONE, AN 
EXAMINATION AND ANALYSIS OF WASH-1 270, TECHN ICAL 
REPORT ON ATWS FOR WATER-COOLED POWER REACTORS 
Key Phase Report 
This document is the fi rst of a series that wi l l  examine the basis for 
the problem of antici pated transients without scram (ATWS). 
The purpose of these documents is to evaluate risk due to ATWS in 
the l ight of developments subsequent to the publ ication of WASH-
1 270 and to reevaluate the probabil istic basis for ATWS. The 
project 's goals incl ude estimates of: the actual probabil ity of fai l­
ure to scram; the probabi l ities of in itiating events, such as MSIV 
closure ;  and the risk due to ATWS. There is also the possibi l ity, in 
the very long term, of a cost-benefit evaluation for specific plant 
modifications . 

The pu rpose of this report is to upgrade the numerical information 
presented in WASH-1 270 by correcting deficiencies in that docu­
ment and updating the in put data. The two additions in  the present 
approach are the use of a demand failure mode l instead of a time­
dependent model for the scram system and the incorporation 
of Bayesian Priors into the probabil istic treatment of the data. 
Science Applications, Inc. 

Energy Analysis and Environment 

SR-45 PROCEEDINGS OF THE WORKSHOP ON MODELING 
THE I NTERRELATIONSHIPS BETWEEN THE ENERGY SECTOR 
AND THE GENERAL ECONOMY 
The Workshop on Model ing the I nterrelationships Between the 
Energy Sector and the General Economy was sponsored by the 
Electric Power Research Institute ( EPRI ) .  It was held in  Washing­
ton, D .C . ,  on January 29 and 30, 1 976, and was attended by econ­
omists and energy specialists. This report contains the proceedings 
of the workshop. 

The importance of model ing the interrelationsh ips between the 
energy sector and the rest of the economy has become increasingly 
evident, particu larly since the oil embargo of 1 973.  EPRI has an 
ongoing program of energy systems model ing ,  with emphasis on 
model ing the interrelationsh ips between the energy sector and the 
general economy. EPRl 's purpose in sponsoring the workshop was 
to examine the state of the art of such model ing and to identify 
future research needs. One chapter of the proceed ings discusses 
this. 

At present, a leading effort to l ink the energy sector to a macro­
economic model of the United States economy is the Hudson­
Jorgenson model ,  which was fi rst reported as part of the Ford 
Foundation Energy Policy Project ( EPP) .  A short discussion paper 
of this model appears here. 

The rest of the document reflects the workshop schedule. It 
contains the papers and prepared comments presented at the 



workshop and provides synopses of the general discussions by 
the workshop participants at the end of each session. Appendix 
A contains workshop materials; Appendix B shows extracts from 
the Grant Administration Manual of the National Science Founda­
t ion. J. 0. Khazzoom, Stanford University 

EC-1 39 EFFECTS OF POWER PLANT EMISSIONS ON 
MATERIALS 
Summary Report 
This study assesses the available knowledge on the effects of a i r  
pol lutants on materials, with special emphasis on those poll utants 
emitted from or related to emissions from fossil fuel power plants. 
The study indicates the relative importance of these various effects, 
summarizes current research on the material effects of a i r  pol lution ,  
and identifies areas o f  needed research.  

The areas of suggested research inc lude the effects of atmos­
pheric su lfates on materials, the effects of air poll utants on concrete, 
evaluation of the effects of acid smut from oil-fired boi lers, and the 
development of more accurate estimates of S02 damage costs to 
materials. Research Corporation of New England 

EC-1 40 COOLING WATER D ISCHARGE RESEARCH PROJECT 
Final Report 
The p roject, which was in itiated in 1 963, supported activities that 
e lucidated environmental effects result ing from once-through 
cool ing  systems. This report summarizes the diverse activities 
conducted over the duration of the project that inc luded: theoret­
ical and experimental studies of heat dissipation from condenser 
discharges; thermal effects studies of plankton, benthic inverte­
brate , and fish populations; entra inment effects studies of phyto­
plankton and zooplankton populations; and the construction and 
test ing of a f lume to study the interaction of fish species with cool ing  
system intakes. 

B iological effects studies were conducted both in  the laboratory 
and the field .  The field studies, which were conducted at three 
power-generati ng stations in  mid-Atlantic states, ind icated no 
sign ificant detrimental effects to plankton, benthic invertebrate, 
and fish populations as a result of thermal discharges, and no sig­
nif icant effects to phytoplankton and zooplankton populations as a 
result of entrainment. Johns Hopkins University 

EC-1 41 COOLING WATER DISCHARGE RESEARCH PROJECT 
Progress Report 
This report covers the final 8-month period of the project, which 
was i n itiated in  1 963. Among the topics reported are the design ,  
construct ion,  and cal ibration of a test f lume to study the interaction 
of fish species with cool ing system intakes; laboratory and field 
experiments to determine impact of entrain ment on zooplankton 
populations; a workshop ( held June 1 975 at Johns Hopkins U niver­
sity) on biofoul ing control procedures and their ecological effects; 
a study of the natural mortality rate of striped bass eggs; develop­
ment of containment structures for studying the response of phyto­
plankton populations to perturbations ; and the appl ication of a 
mathematical model to study the effect of algal destruction on 
dissolved oxygen concentrations. 

The zooplankton entra inment study is un ique in  its attempt to 
measure possible delayed effects of entra inment. The field work 
indicated no sign ificant impact on the zooplankton community in 
the area of the power plant where the study was performed. The 
laboratory work indicated that entrained zooplankton did not incur 
any sign ificant latent effects as a result of entrai nment. Results also 
contradicted the hypothesis that mechanical stress was a major 
cause of entrai nment mortality. Johns Hopkins University 

ES-1 87 ELECTR IC ENERGY USAGE AND REG IONAL 
ECONOMIC DEVELOPMENT 
Final Report 
This study was undertaken by James H. Savitt of the State Univer­
sity of New York at Buffalo to investigate the feasibi l ity of conduct­
ing an analysis of the relationship between electricity consumption 
and regional economic growth. In developing the prototype regional 
model ,  Savitt modified an exist ing model of economic g rowth in  the 
Buffalo SMSA by the addit ion of electricity consumption equations 
and the development of feedback relationshi ps to the income deter­
mination aspects of the economic growth model. The project es­
tablished that it is possible to develop such i ntegrated regional 
energy and economic g rowth models, although a number of re­
search questions remain to be explored more ful ly. State Univer­
sity of New York at Albany 

EC-224 HEAL TH EFFECTS OF MERCURY 
Quarterly Report 
This is the th i rd in a series of topical reports deta i l ing the health 
impact of selected fossil fuel poll utants based on available toxi­
cological and cl in ical research data. The f i rst report dealt with 
selen ium and its compounds, and the second with oxides of n itro­
gen.  The next two reports in the series wi l l  deal with oxides of sulfur 
and polycycl ic organic materials, respectively. 

The pu rpose of these reports is to present an up-to-date critical 
examination of the toxicological and c l in ical data base in  order to 
provide information on a ir  poll utants of importance in a t imely 
manner to uti l ity personnel and to assist EPRI and ut i l ity member­
ship in  establ ish ing priorities for an effective research program 
in  the area of health effects of foss i l  fuel poll utants. Science 
Applications, Inc. 

Fossil Fuel and Advanced Systems 

ER-1 98 PENETRATION ANALYSIS AND MARGIN 
REQUIREMENTS ASSOCIATED WITH LARGE-SCALE 
UTILIZATION OF SOLAR POWER PLANTS 
Final Report 
Studies of solar plants operat ing as part of a conventional electric 
uti l ity network have shown that additional marg in- referred to as 
backup capacity- is requ ired for the solar plants to prevent network 
loss-of-load probability from exceeding establ ished criteria. I n  
this study, computer simulations of  network operation were carried 
out taking i nto account the avai labi l ity for service of both solar and 
conventional plants as a function of scheduled maintenance and 
forced outage events. Solar plant capacities up to approximately 
one-third of the network capacity were examined and were found 
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to require as much as 60% of added conventional plant capacity 
as backup. 

The effect of geographic diversity in which the total solar plant 
capacity is divided between two or three widely separated plant 
sites was also examined. 11 was found that proper distribution of 
solar plant capacity can sign ificantly reduce backup relative to the 
amount required for any si ngle site. Aerospace Corp. 

AF-1 99 COAL LIQUEFACTION DESIGN PRACTICES MANUAL 
Final Report 

This manual assembles exist ing l iquefaction equipment and oper­
ating  history from the German pre-WWII days to the present. Con­
siderable experimental and design effort has been expended over 
this period throughout the world on a variety of coal l iquefaction 
programs. An open exchange of information has not occurred 
that would permit all investigators to contribute to and benefit from 
the experience of others. In many cases the same mistakes have 
been made over and over again .  11 is hoped that this equi pment 
manual wi l l  be the start of an ongoing equipment record so the new 
engineers in the field can readily benefit from previous experience. 
11 is antici pated that periodic updating wi l l  be requ i red to keep the 
record cu rrent and usefu l .  Fluor Engineers & Constructors, Inc. 

AF-202 LIQUID-PHASE METHANOL 
Annual Report 

Chem Systems Inc .  is developing a new methanol synthesis pro­
cess for EPR I .  The key to the process is a three-phase f lu id ized 
system.  An i nert l iqu id is used as a s ink for the exotherm of the syn­
thesis reaction .  This temperature control feature allows g reater per 
pass conversion and improved thermal efficiency as compared to 
presently avai lable technology. 

The fi rst annual report presents experimental f indi ngs from a 

bench-scale apparatus. Thermodynamic calculat ions and a pre­
l iminary economic analysis are presented. Chem Systems Inc. 

ER-2 1 7 SOLAR WATER HEATING AND DATA MONITORING 
SYSTEMS AT SOUTH COUNTY HOSPITAL, WAKEFIELD, 
RHODE ISLAND 
Topical Report 

Representing the i n itial effort to gather and d isseminate information 
on the cost as well as performance of installation packages for 
solar heating and cool ing demonstration  projects, this report des­
c ribes the installation of a hot water heating system at South County 
Hospital, Wakefield ,  Rhode Island .  Engineeri ng design and instru­
mentation of the solar system was a cooperative effort involving 
representatives of  the New England Electric System ( N EES ) and 
Daystar Corp. Engi neeri ng  procurement and installation of the 
instrumentation system was supported by EPRI .  A two-year moni­
tori ng  and reporting  program will be conducted. 

Contained in  this report is a complete descript ion of the solar 
system and the instrumentation pqckage.  I ncluded in  the system 
description are its application and performance, discussion of 
system plumbing, control logic, and collector mounti ng .  The instru­
mentation package is introduced via methodology, general 
description, and functional block diagrams. Each component is 
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discussed in deta i l ,  together with antici pated component and sys­
tem accuracies, cost, and del ivery data. 

As antic ipated ,  certain instrumentation system design and 
installation problems arose both during in-house test ing and 
fol lowing startup at South County Hospital . These are summarized 
in the report. Daystar Corp. 

EM-230 SODIUM-CHLORIDE BATTERY DEVELOPMENT 
PROGRAM FOR LOAD LEVELING 
Interim Report 

This interim report details 1 975 progress for the EPRI-ESB jointly 
sponsored sodium-chloride battery development project. The 
objective of the effort is to develop the sod ium-antimony chloride 
battery into a commercially viable energy storage system for uti l ity 
application.  The battery uses a molten sod ium negative electrode, 
a beta alumina sol id electrolyte, and a molten-salt mixture of anti­
mony trich loride and sodium chloroal uminate as the positive 
electrode. It has an operating temperature of 200 ° C - in principle, 
a temperature h igh enough to al low good performance character­
istics but low enough to uti l ize s i l icone rubber seals .  The cell hard­
ware and testing  activities over the past calendar year (1 975 ) have 
involved transition from small disc cells (1 -2 Wh ) to tubular cells 
(1 0 - 20 Wh) having a design representative of the fu l l-scale cel l .  
Most performance-related problems of the tubular design have 
been solved; however, further improvement in electrolyte qual ity 
appears necessary. Life of disc cells has been extended to 1 5 ,000 
hours and 640 cycles (1 20 Ahr/cm2 ) and l ife of tubu lar cells has 
been as high as 3600 hours and 1 60 cycles (1 5 Ahr/  cm2 ) dur ing 
the 1 975 contract period. The long l i fe of the disc cel ls shows the 
basic compat ibi l ity of system components. However, electrolyte 
fai l u re has prevented tubular cells from consistently achieving long 
life. Work over the present year is d i rected toward improving elec­
trolyte qual ity and therefore cel l  l ife. Fabrication and test ing of a 
mult i-tube 1 -kWh cel l is to begin early next year. ESB, Inc. 

AF-244 ECONOMICS OF CURRENT AND ADVANCED 
GASIF ICATION PROCESSES FOR FUEL GAS PRODUCTION 
Final Report 

The pu rpose of this work was to estimate the cost of low- and 
intermediate-Btu fuel gas produced by gasify ing coal in a variety of 
d ifferent devices. Gasification technologies investigated were: 
1 )  Lurg i  moving bed, d ry ash, 2) IGT U-Gas f lu id ized-bed process, 
and 3) Combustion Engineering two-stage entra ined flow at 
atmospheric pressure .  The cost of producing clean fuel gas at low 
pressure from each of the above devices operati n g  in both the air­
blown (for low-Btu gas) and oxygen-blown (for intermediate-Btu 
gas) modes was estimated. 

The results of t his study indicate that fuel gas produced from coal 
by either the f lu id ized-bed or entrained-flow devices would be 
substantially lower in cost than gas produced by a Lurgi gasifier. 
11 was also shown that for both the f lu idized-bed and entrained-flow 
technologies studied , the cost of fuel gas was independent of the 
oxidant used,  i . e . ,  air or oxygen. This latter conclusion did not hold 
for the Lurg i  gasifier, as the cost of intermediate-Btu gas was con­
siderably higher than the cost of low-Btu gas produced by uti l iz ing 



the moving bed, dry ash technology. 
The report presents detai led f lowsheets with material and energy 

balances for each of the systems studied . Detai led economic 
breakdowns as well as all assumptions used are included. Fluor 

Engineers & Constructors, Inc. 

ER-246 CONCEPTUAL ENGINEERING DESIGN OF A 
ONE-GJ DISCHARGING HOMOPOLAR MACHINE FOR THE 
REFERENCE THETA-PINCH FUSION REACTOR 
Semiannual Report 

A conceptual design for a large, fast-d ischarging homopolar 
energy transfer system for application to fusion reactors is pre­
sented in th is fi rst semiannual report. The design constraints are 
1 GJ of stored energy discharged into an inductive load in 30 ms 
and then recovered with better than a 95% efficiency. The resulti ng 
machine design incorporates 8 drum-shaped rotors spinn ing in 
very h igh magnetic fields provided by superconducti ng coils and 
an array of metal-graphite brushes for current collection. Subse­
q uent project activities include the scal ing  and design of a prototype 

machine.  Los Alamos Scientific Laboratory 

AF-252 THE NATURE AND ORIGIN OF ASPHALTENES I N  
PROCESSED COALS 
Annual Report 

This report presents the results of the first year of a two-year effort 
aimed at obtain ing a fundamental understanding of the chemical 
nature and structure of sol u bi l ized coals and the kinetics and 
mechanisms by which these l iquefied products are formed from 
various coals under solvent-ref ining conditions. 

Coal l iquefaction was studied under somewhat m ild reaction 
conditions and at very low conversions, as well as under conditions 
typical of solvent-refin ing pilot plant operations, so that the sol ubi l­
ization process could be followed more closely. A much more 
detailed investigation of the skeletal structu re and chemical func­
tion of products was pursued than previously. 

A novel chromatographic fractionation procedure for the sep­
arat ion of soluble coal products into discrete chemical classes was 
employed, along with other advanced techniques to better assess 
the nature of the products formed under different reaction condi­
tions. With this description of SRC products, a chemical basis 
for process optimization is being formulated. Mobil Research 

& Development Corp. 

FP-253 HOMOGENEOUS GAS-PHASE DECOMPOSITION 
OF OXIDES OF N ITROGEN 
Final Report 

Control of the emissions of oxides of nitrogen from conventional 
util ity boilers continues as an environmental problem facing electric 
uti l it ies. Present control techniques to l imit oxides of nitrogen 
emissions entail combustion modifications that min imize oxygen 
avai labi l ity or reduce peak flame temperatures. Whi le these con­
ventional techniques have been successful with clean fuels such 
as natural gas and low-sulfur oi ls ,  they may be l imited in their  appl i­
cation to coal-fired boilers due to the inherent problems of burning 
a sol id fue l .  Additionally, the success of these techniques on high 

nitrogen fuels such as shale oi l  ( u p  to 3% nitrogen) remains largely 
unknown. 

Alternatives to l imit ing the formation of NOx through combustion 
modifications are processes that lead to destruction of combustion­
generated NOx . Results of tests in a 200 ,000 Btu / h r  combustion 
tunnel  show that selective gas-phase reduction of nitric oxide, i n  
air-rich combustion products, can be achieved by the injection of  
small quantities of  ammonia ( N H3

) or  other su itable compounds. 
With injection of these compounds into combustion products that 
are at a temperature between 1 300 ° F and 2000 ° F, nitric oxide re­
ductions exceeding 90% have been achieved in the combustion 
tunnel .  Results showing the effect of temperature, excess oxygen 
level ,  in itial NOx leve l ,  and the amount of reducing agent injected 
are d iscussed. Measurements of the emissions of ammonia and 
cyanide are also presented. KVB, Inc. 

EPRI 1 235-3 INVESTIGATING STORAGE, HANDLING,  
AND COMBUSTION CHARACTERISTICS OF 
SOLVENT-REFIN ED COAL 
Final Report 

EPRI 1 235-4 INVESTIGATING STORAGE, HANDL ING ,  
AND COMBUSTION CHARACTERISTICS OF 
SOLVENT-REFINED COAL 
Final Report 

The 1 235 series of reports documents the results of the investiga­
tion of the storage, handl ing ,  and combustion characteristics of 
solvent-refined coal (SRC) .  Such information would permit boiler 
manufactu rers to design new units for burn ing SRC and to deter­
mine retrofit requ i rements (if any) for exist ing un its burn ing coal. 

The SRC reports summarize activity for a wide range of tasks. 
I nitial work included bench-scale analyses of SRC, such as fuel 
analysis, pulveriz ing, and transport. The culmination of the effort 
was a 2-t /h r  ball-and-race pulverizing and d i rect-f i r ing test to sim­
ulate as closely as possible operating conditions in a uti l i ty plant 
using conventional equipment. Babcock & Wilcox Co. 
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