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R&D for Electric Utilities: Cost-effective for the Ratepayer 

During March, a contingent of senior EPA! officials "went on the road" to 
report on the lnstitute's program and accompllshments to the electric utility 
industry. Regional meetings took place in seven cities. The fol/owing is a 
condensation of remarks made by Or. Starr at those meetings. 

The real justification for a large electric utility R&D program is its 
potential for holding down capital and operating costs. The effort 
will help provide electricity at reasonable costs to consumers. 

EPRl's R&D program can maintain the industry's 
technical ability to respond to future external pressures that 
are certain to develop. These developments can be as mild as 
a subtle shift in consumer use patterns or a small increase in 
fuel costs, or they can be as severe as restrictive legislation or 

regulation or the loss of a basic fuel source. Few other industries are as susceptible 
as this one is to forces beyond its control. The result can be a substantially increased 
financial burden on its customers. R&D can reduce this susceptibility. 

The industry is likely to be tested in a number of ways in the years ahead. 
The fossil fuel supply situation is a puzzle at best. Not much more is known about the 
shape of coming regulations governing the burning of these fuels, but all indications 
are that they will be more restrictive. The future of nuclear power is still a subject for 
speculation, with the long-range outlook for the light water reactor somewhat less 
fuzzy than that for the breeders. Most disquieting is the uncertainty in the future 
demand tor electricity and attendant issues, such as economic growth, oonservation, 
and broad environmental questions. 

To say, in the face of this, that the industry is looking at moving targets 
would be doing injustice to a truly bewildering set of unknowns. Creating a single plan 
to deal with these contingencies is a virtual rmpossibility because of the variety of 
conditions that need to be anticipated, their different intensities, and very major 
questions of timing. So rather than a set plan, the need of the utility industry is for 
flexibility and adaptability, alternative choices, or more specific to R&D, a set of 
technical options. 

There are many examples, but one that makes the point as well as any is 
the coal situation. Do any of us really know how much and in what form we will be 
able to use this most plentiful resource? We face a long list of variables on that 
question-some are technical, some are economic, some are environmental, and 
some have more to do with other industries and other fuels than with coal. How 
many of these variables can the electric utility industry influence? Unfortunately, the 
industry's role must be a partially passive and reactive one. 

But our preparation today for the answers to these questions tomorrow 
needs to be anything but passive and reactive. Working through EPRI and its own 
facilities, and cooperatively with government research organizations, the industry rs 
mounting a coal-related R&D campaign on a broad front. This work should put electric 
utilities in a position of readiness for the time when the curtain is slowly drawn open 
and the destiny of coal finally becomes visible. 
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In the meantime. we mus1 move with optimistic vigor on scrubber 
development, even though there is no assurance that scrubbers wlll be the answer. We 
must move on gasification technology and on liquefaction technology, even though 
there is no guarantee that therein lies the way. And we must move on technologies 
that will allow utilities to burn coal dirE;ctly in environmentally acceptable ways, even 
though the same uncertainty applies. 

I am not suggesting that we play research roulette. The reality we face is 
that any promising technology has so many operating and economic question marks 
that reliable predictions of its commercial feasibility are impossible. We cannot afford 
the luxury of putting a single favored technology in the race now with the assumption 
that other entries can be added if the leader should falter. Development times are too 
long to allow this luxury. We need to make a thoughtful selection of strong technological 
candidates and bring them all along as fast as the R&D process allows. The future 
economic value of our national R&D could be mostly lost if we cut down our options 
by trying to crystal-ball the outcome of each long and arduous effort. 

Consider the similarity between R&D and preventive maintenance. Both 
require planning, both requ ire a budgeted outlay, and both have their roots in the 
need for continuity of efficient and economical operation. And while maintenance 
programs help mitigate the effects of physical depreciation of equipment, R&D helps 
guard against technical depreciation in a technology-based industry. Finally, it should 
be kept in mind that maintenance, like R&D, can be deferred with no immediate effect 
on the system's ability to deliver electricity. The benefits of both activities lie in the 
future, as do the serious economic consequences of delaying them today. 

EPRI is cost-effective for the electric utility customer, and that is the ultimate 
measure of any electric uti lity expenditure. The Edison Electric Institute reported recently 
that investor-owned utilities alone plan to spend $122 billion on new plants and 
equipment in just the next five years. In that same time period, EPRI will be spending 
less than 1 % of that amount on programs that will maximize the effectiveness of those 
major capital outlays. 

It comes down to the issue of whether the electric utility industry can afford 
to gamble on meeting tomorrow's needs with today's conventional technology. To the 
degree that this is not economically wise, the industry's support of EPRI will continue 
to meet the test of prudent business. 

Chauncey Starr 
President 
Electric Power Research Institute 
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Authors and Articles 

The future is what EPRl is all about. 
Even so, the same as anyone else, EPRi 
and its people can slip easily into a 
narrower frame of mind that looks 
only at yesterday, today, and tomor
row: the advisory committee meeting 
attended, the contractor's progress 
report under review, the new project 
authorization to be sought. 

The future comes sharply to mind, 
however, in reviewing the articles in 
the JOURNAL this month. Regional 
and national implications and conse
quences, not tomorrow but one or 
more decades from now, are more 
than usually evident.. 

a "Geothermal Energy-The Hot Pros
pectu (page 6), for example, could be 
the new source of 40,000 MW on-line 
in the year 2000. It's just now moving 
out of the category of exotics and into 
the conventional. 

The new outlook is the resu lt of 
increasing experience. Until recently, 
the absence of experience has been a 
subtle check on even the .most far
sighted developers and utilities. This is 
one impression g;:iined by JOURNAL 
feature editor Ralph Whitaker in de
veloping this month's cover article. 
Whitaker's sources, starting with Vase! 
Roberts, EPRI's program manager for 
geothermal energy, included assess
ments of worldwide geothermal develop
ment and an inventory of U.S. potential. 

But though geothermal experience 
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may yet be scant, technology is not. 
This is another impression, gained 
from EPRI-sponsored reports that lead 
to an upcoming hydrothermal demon
stration plant. Resource assessment, 
for example, has benefited immeasur
ably from geochemical thermometry, 
the determination of reservoir temper
atures from the chemicaJ and ionic 
composition of fluids and their rates 
of change and precipitation. 

In sum, geothermal technology has 
moved quickly, hitchhiking at times 
with geology and other sciences. Geo
thermal experience is still at the low 
end of the curve, but the slope is in

creasing and there shouldn't be any 
inflections in the next 25 years. 

o The future for U .5. energy poli-
cies, as for many other national affairs, 
has been symbolized in these early 
months of 1977 by the new President 
and the new look he has brought to 
Washington. That look includes "Joseph 
Fisher: An Energy Leade.r in Congress" 
(page 14). Just elected to his second 
term, Fisher is also a member (and 
former chairman) of EPRI's Advisory 
Council and a professiona1 economist. 
He brings all those roles together in 
this interview by Barry Sulpor, manager 
of the EPRl news bureau. 

o The further we go into the future, 
the more our growth and interdepen
dence encourage large technological 

systems. The U.S. 1:nergy network is 
one such system. lt is undeniably 
valuable; it confers benefits. It is also 
costly; it entails 1isks. Responsible 
development therefore calls for con
scious evaluation of "Energy and En
vironmen t Trade-Offs" (page 18). 

Staff writer Stan Terra's article looks 
into the subject of risk-benefit ana lysis, 
especially the practice of teclu1ology 
assessment an.d the major components 
of technological impact. Terra reviews 
a recent book that features three EPRJ 
names: President Chauncey Starr key
noted the 1974 seminars that became 
its chapters; planning director Ric Rud
man and planning staff member Chris 
Whipple were two of jts editors. 

a The future use of coal as a boiler 
fuel, whether we treat it or convert it 
or just clean up its combustion products, 
occupies a lot of professionals in R&D. 
The context is simple: There's more 
coal than oil and gas, so we have to 
make the switch, 

But time is limited and we may be 
facing fuel shortages, In "Coal Con
version -A Partial Answer" (page 22), 
George Hill suggests how oil- and gas
fired power plants themselves can help 
us make the transition. 

George Hill has been helping coa I 
along for most of hjs ca.reer. Now 
director of the Fossil Fuel Power Plants 
Department in EPRI's Fossil fuel and 
Advanced Systems Division, he previ-



Hill 

ously headed the Office of Coal Research 
in the U.S. Department of Interior. For 
26 years before that he was on the 
facu lty of the University of Utah, 15 
years as founding chairman of the Fuels 
Engineering Department and 6 years 
as Dean of the College of Mines and 
Mineral Industries. 

o The JOURNAL's technical feature 
this month puts another twist on the 
subject of coal-not as a substitute for 
oil but as an additive to help it go 
further. The author is H. H. Gilman, 
engineering manager for EPRI's 
Advanced Fossil Power Systems 
Department. 

After graduating from Stanford 

Gilman 

University in mechanical engineering, 
"Pete" Gilman spent over 25 years 
with refineries, designing subsystems 
and support facilities; supervising 
design, engineering, construction, oper
ation, and maintenance; and trouble
shooting. His early work with Standard 
Oil Co. of California and its subsidiaries 
led to a 20-year association with Amer
ican Gilsonite Co., ultimately as divi
sion manager in charge of a Colorado 
refinery. 

With that kind of experience, Gilman 
prefers research of the "hands-on" 
kind. A good example is the innovative 
tinkering needed in adapting boilers 
and burners to test "Coal-Oil 
Emulsions for Boiler Fuel" (page 56). 
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L ook down. Beneath your feet 
there is geothermal energy, the 
earth's interior heat, constantly 

leaking out in elusive patterns and 
varied forms. Some we have already 
harnessed, some we will never capture. 
But can we categorize it, even for the 
U.S. alone, and can we define and 
evaluate the amount that might be 
useful for generating electricity? 

The answer is yes, and the task was 
authoritatively begun with U.S. Geo
logical Survey efforts reported just two 
years ago. But there are some impor
tant conditions: 

o First, consider only the geothermal 
reservoirs hotter than 150°C (that's 
300°F and pretty much the lower limit 
for an efficient steam cycle) 

o Second, set aside all questions of 
how to extract the heat (it will tax our 
ingenuity to sink a well into magma!) 

a Third, completely disregard cost 

On these bases, the U.S. geothermal 
resource is equivalent to about 450,000 
MW, just a little Jess than the total 
U.S. generating capacity today. 

Scaled down to include only the 
steam and hot water that could be 
tapped by methods known today, but 
still without regard to cost, the re
source is a respectable 46,000 MW. 

Developed geothermal capacity, 
however, stands in distinct contrast: 
502 MW, all of it belonging to Pacific 
Gas and Electric Co. (PG&E) at The 
Geysers in California, produces about 
0.2% of our electricity, or less than 
0,0006 of all U.S. energy consumption. 

Vasel Roberts, EPRI's program man
ager for geothermal energy, prefers to 
look through the funnel from the other 
end. "The important thing right now," 
he says, "isn't how big a resource base 
there is, but how well we are putting 
to use our known reserves-the geo
thermal 1!nergy we can extract eco
nomically with today's knowledge and 
equipment." 

On this basis we're doing well From 
11 MW in 1960, PG&E's capacity at 
The Geysers grew to 290 MW by 
1972. Two plants of 106 MW each 
were later added, raising the total to 
502 MW in 1975. Three more units 
are now being built, and capacity at 
The Geysers, by PG&E alone, is 
planned to hit 2000 MW by 1987, 
quadrupling the 1975 figure in just 12 
years. 

GEOTHERMAL 
ENERGY-

THE 
HOT 

PROSPECT 
Natural heat inside 

the earth is a long-lived energy source. 

Four prospects 

The most vivid understanding of geo
thermal energy comes from distin
guishing its different physical forms, 
why and how they occur, and their 
relative importance. 

Dry steam is the most obvious, eas
iest to use, and rarest geothermal form 
-some say less than 0.5% of the us
able potential. Whether tapped by a 
well or occurring naturally in a geyser, 
this geothermal fluid flows to the sur
face under pressure or is flashed to 
vapor as 1t rises. 

Hot water is the next most attrac
tive form - 20 times the amount of 
steam, or perhaps 10% of the resource. 
Where it is under pressure, it may 
be as hot as 360°C, well above geo
thermal steam. Both fluids exist at 
accessible levels and useful temper
atures because of convection currents 
that gradua1Jy transfer heat upward 
from its source, the hot rock (and 
sometimes magma) squeezed into 
fractured portions of the earth's hard
ened crust. The water in these systems 
originates as rainfall runoff that 
percolates down over very long time 
spans and sometimes over great hor
izontal distances. It is not known 
whether steam and hydrothermal re
sources are renewable, because fluid 
extraction on a time scale of years 
inevitably upsets the natural cycle of 
heat supply and dissipation, which 
is on a geologic time scale. 

Geopressured systems are a very 
different type, but at an estimated 20% 
of U.S. geothermal resources, they are 
potentially important. They consist 

We generate electricity now with steam from geysers. 

and soon we'll do it with hot water from geothermal wells. 

An EPRI state-of-the-art feature 
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Convection loops in geothermal reservoi rs are the last stage in the natural migration of heat outward from the 
earth·s molten core. where they are also the initial stage. In unbroken portions of the earth's crust. heat is trans
ferred by conduction. a slow and diffuse process revealed by gentle temperature gradients that decrease toward 
the earth's surface. 

But where that surface is weakened, as by the fractures and faults at crustal plate boundaries, magma intrudes 
- a hot mass transported from below. Geothermal heat is thus concentrated in geologically active regions. Hydro
thermal convection cells transfer the heat up, where it vents naturally in hot springs, fumaroles. or geysers-
or to a level that is accessible for extraction through wel ls. 

Rain Hot spring or geyser 



of water from 150°C to 200°c (and 
usually dissolved methane) trapped 
in sediments by overlying imper
meable shales. These 1•eservoirs lie 
under the U.S. Gulf Coast and off
shore, where they were formed by the 
successive deposition of sediments 
that account for their depth (below 
3 km) and pressure (thousands of 
pounds at the wellhead). Oil explo
ration has thoroughly mapped the 
extent and cap depth of the geo
pressured regions, but records of 
geothermal yield are scant because 
drillers have not produced from 
these strata. 

The largest geothermal prospect-
some 70%-is crystalline rock and 
magma, together classed as hot ig
neous material. Magma is the hotter 
medium, having originated at great 
depth and then intruded into the 
crust above, causing volcanic activity. 
It is frequently an intermediary in the 
transfer of interior heat into steam and 
hydrothermal convection cells. 

Pattern of origins 

The link between volcanic activity 
and useful concentrations of geo
thermal heat is basic. lf the earth's 
crust were uniform, so also would be 
the transfer and dissipation of heat 
outward through it to the surface. But 
this order and symmetry are moder
ately altered by variations in the 
thermal conductivity of different rocks 
and strata, and they are sharply dis
torted by the occurrence and effects of 
tectonic and volcanic activity. 

Tecto11ic has to do wHh crustal defor
mation and the forces behind it. On 
a world scale, the geologist's concept 
of tectonic activity postulates crustal 
segments, or plates, that move, im
plying boundaries (faults) between 
them where they part or where they 
meet. (Interestingly, one fundamental 
geologic view holds that multiple con
vection cells in the earth's plastic 
mantle produce upward and outward 
flow and that this is the essential 
mechanism causing lateral movement 
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of the continental and oceanic plates.) 
Specific occurrences of fracture or dis
location constitute seismic activity, and 
they create the weakened zones where 
volcanic activity is most likely to occur. 

Geologic and geothermal mapping 
thus coincide. Crustal plate boundaries 
throughout the world also mark the 
regions of active or recent volcanism, 
0£ fault ing, of earthquakes and their 
epicenters, and of geothermal resources 
(other than geopressured). The frac
tured state of crustal rock provides 
access for percolating water, which 
becomes the geothermal fluid con
vecting heat upward and outward 
throughout a reservoir or field . 

The boundaries where plates are 
formed and from which they move 
apart are called spreading ridges (or 
rifts). With few exceptions, they are in 
the oceans. Where plates meet, one 
generally sinks beneath the other. These 
active boundaries are called subduction 
zones, and they exist mostly at the 
edges of continents. 

Pattern of development 

To catalog the world's geothermal 
resource base, or even its known re
serves, has little meaning. Data are 
incomplete and inaccurate, and devel
opment depends on many criteria that 
are not consistent worldwide. But it is 
instructive to assess major capacity and 
thus learn the locations and applica
tions of geothermal heat. 

lardereJlo, Italy, is the field devel
oped longest and one of only three 
sites in the world producing commel'
cial dry steam. (The others are The 
Geysers in California and Matsukawa 
in Japan.) Recovery of boric acid from 
mineral waters at Larderello dates at 
least to 1804; use of geothermal steam 
as heat began somewhat later. Elec
tricity generation, first tried in 1904, 
has been continuous since 1913 and 
capacity now exceeds 395 MW. 

Iceland began using hydrothermal 
energy for municipal heat in the 1930s. 
It was first used in the city of Reykjavik, 
but now it is used by ove1' half the 

Geopressured fluids are contained in 
sedime.nts buried deeply and quickly-in 
geologic terms- by further deposits from 
rivers and the progressive sinl(ing of the U.S. 
coast along the Gulf ot Mexico. lmperrneabte 
shales seal lhese reservoirs. and overlying 
strata compress them, creating thousands of 
pounds of pressure that can lifl the hot water 
to the surface and also be harnessed to 
produce power. Methane dissolved in the 
geopressured water ts thought to be an 
important fraction of this energy resource. 
If recovery is ever lo be economically 
attractive, it will depend on lhe combined 
value of the methane and the geothermal 
energy. 

Major geothermal regions of the world 
coincide with crustal plate boundaries. Most 
of the spreading ridges or rifts where plates 
move aparlare beneath the oceans: lhe 
European. African, and both American 
continents are slowly relreating from a rill I hat 
splits the Atlantic floor south of Iceland 
Boundaries called subduclion zones, where 
plates come togelher and slide over and under 
each other, rim the continents of the Pacific 
Ocean. 

The Gulf of California marks an unusual 
juxtaposition of plate boundaries. Here a NII 
"comes ashore" under the Colorado 
River delta and the Sallon Sea trough just 
northwest of it - in a region where crustal 
plates also collide. Thus the soulhweslern 
United States represents a complex geologic 
dynamic and at the same tfme a rich and 
widespread geothermal resource. 



Texas Louisiana Mississippi Alabama 

Edge of continental shelf 

Gull of Mexico 
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nation. Remarkably low mineral con
tent of the water (distr ibuted at 80°C) 
simplifies the operation and mainte
nance of the system. Geothermal fluids 
are used in a lesser way for industrial 
process heat and to generate electricity. 

New Zealand's hydrothermal re
sources have been developed since the 
1940s. Generating capacity at two sites 
totals 202 MW, and steam and hot 
water are also used to process wood 
pulp, to run mill machinery, and for 
heating. Additional geothermal power 
capacity had been planned, but natural 
gas discoveries changed the course of 
development. 

Japan's geothermal electric capacity 
so far remains small, even though ex
perimental generation began in 1924 
(and there had been direct use even 
earlier). Since World War II, experi
ments and exploration have led to 
many small applications: 30 kW for a 
hotel on Honshu, 20 MW for a utility 
on Honshu, 13 MW for a utility group 
on Kyushu. Developments continue to 
be widespread, but most of the energy 
is directly used in therapeutic and 
recreational baths and for some agri
cultural purposes. 

Most geothermal energy exploitation 
has taken place in the industrially 
developed nations, but exploration now 
covers a surprisingly wide spectrum: 
Chile, China, El Salvador, Ethiopia, 
Guadeloupe, Hungary, Indonesia (vol
canic heat was suggested on Java in 
1918), Kenya, Mexico, Nicaragua, Phil
ippines, Taiwan, Turkey, USSR, and 
Zaire. Another 30 countries have be
gun to gather data or otherwise show 
interest. 

North American focus 

Mexico's latest geothermal power de
velopment, 75 MW at a plant just be
low the California border, overshadows 
all other foreign geothermal capacity 
in its implications for the U.S. Cerro 
Prieto, in operation since 1973, lies at 
the south end of the geothermal zone 
overlain by the Imperial Valley and 
Salton Sea. Each of its 15 production 
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Wyoming 

'color ado 

Arizona 

New Mexico 

General extent of western U. S. hydro thermal resources is revealed by the coincidence of 
geothermal (top) and tectonic (bottom) indicators on maps of the region. 

At top, colored dots mark the locations of most hot spri ngs and wel ls. The isothermal con· 
tour of 120°F ( 49° C) surface spring temperature includes all of those sites and also takes in 
significant additional area. 

At bottom. colored dots mark volcanoes. For si mplicity, faults of all types are shown by jusl 
one style of colored line. 

Hydrothermal resources of Yellowstone and Lassen Volcanic National Parks won't be devel
oped , and a large area in southwestern Idaho is conjectural because of its apparent low 
temperature. Scattered hydrothermal convection systems elsewhere in the 48 conterminous 
states will remain uneconomic for some time to come because of their great depth. 

\\Colorado 
\ 
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wells averages 230 Mg/h of superheated 
brine from reservoirs of more than 
300°C at an average well depth of 1.5 
km. About 20% of the brine flashes to 
steam for power plant use, so the aver
age well is equivalent to about 5 MW. 

Cerro Prieto is important to U.S. 
research and development partly for 
what it reveals about an essentially 
shared geothermal resource i11 the Sal
ton Sea trough, the northern end of 
the rift between Baja California and 
the rest of North America. It is im
portant also to utilities for its operating 
experience in handling corrosive brine 
and in dealing with environmental 
consequences, mainly from the dis
charge of waste heat, chemicals, and 
brine. 

Thus, the southeastern California 
desert, north of the Mexican border, 
has high priority among geothermal 
reserves for new exploitation, even 
though developed capacity at The 
Geysers will dominate for many years. 

Imperial Valley developments began, 
in at least one case, as early as the 
1930s, when shallow (150 m) wells 
were drilled at Niland to obtain carbon 
dioxide gas. The value? Production of 
dry ice to refrigerate rail-shipped pro
duce from the area's year-round h:'Uck 
farms. Jn later years both potassium 
chloride and calcium chloride were 
recovered from Niland's geothermal 
brines, and 3 MW were generaletl in 
an experiment early in the 1960s. 

Systematic assessment 

ln contrast to the The Geysers, a local
ized dry steam field that may total 
2200 MW, with equal hydrothermal 
potential nearby, the Imperial Valley 
is thought to have twice that develop
ment potential-approximating 9000 
MW. Such is the incentive for a geo
thermal resource assessment that has 
been systematized and expanded in 
recent years to include all 11 wes tern 
states. 

Most comprehensive is a 1975 report 
by the U.S. Geological Survey, notable 
for its estimates of volume and heat 

content for 290 steam and hydrothermal 
systems-258 of which are in those 
same western states (and 32 in Alaska 
and Hawaii). By their detail and internal 
consistency, the USGS figures super
sede various earlier geothermal resource 
estimates that differed by two orders 
of roagn.itude-that is, by 100 times! 
Converted to electricity generating 
capacity that m.ight be realized with 
current technology, the major avail
able hydrothermal systems tabulated 
by the USGS represent about 8000 
MW for 100 years (8000 MWcen). 
This total omits Yellowstone and Lassen 
Volcanic National Parks and the vast but 
apparently low-temperature Bruneau
Grandview system in southwestern 
Idaho, all of which would add another 
9000 MWcen. 

This time-based measurement-the 
unit called a megawatt-century-envi
sions a subterranean reservoir that is 
emptied of its recoverable heat, with
out any replenishment during 100 
years. It is conservative in that it makes 
no allowance for heat recharge, the 
natural inflow and warming of new 
groundwater, or even the rewarming of 
geothermal well water that is injected 
into the earth rather than wasted on 
the surface. (Geologic studies of earth 
and rock thermal conductivity, perme
ability to fluid flow under var.ious pres
sure conditions, and the like, lead to 
the cuuclusiun that this recoverable 
heat is about one-fourth the total.) 

But why exhaust a geothermal reser
voir in a century, or in any selected 
time interval? Since jt js replenishable 
by natural processes, it may be pos
sible to enhance those processes, man
aging the reservoir so as to draw on it 
and enjoy its benefits for a longer 
time. 

In practice, today some degree of 
overproduction is a necessity for 
several reasons. One is almost intui
tively evident: A geothermal resource 
is truly in balance only in its unex
ploited state, but its natural heat dissi
pation is usually so low, slow, and 
diffuse as to be useless . To spread 

development and plant costs over as 
much power production as possible, 
and to do so over a normal plant 
economic lifespan, encourages faster 
heat withdrawal . All in all, the rate of 
geothermal extraction from any well or 
field, like the rate of overall geother
mal energy development, is controlled 
by perceptions of risk (as with any 
new resource), by economic uncer
tainty, and by technological and envi

ronmental matters. 

Potential generating capacity 

Beyond the USGS's assessment of 8000 
MWcen of near-term resources in 
identified western hydrothermal sys
tems, some more specific questions 
need to be addressed on behali of 
electric utilities. Such has been the 
purpose of numerous studies sponsored 
by EPRJ, notably those of The Ben 
Holt Co. and Procon Inc. and of TRW, 
Inc., from which can be drawn several 
estimates of geothermal capacity seen 
to be technologically available, the cost 
ranges for successive increments, and 
some idea of a timetable. These esti
mates are a measure of the state of the 
geothermal art in terms meaningful to 
electric utilities. 

o The hydrothermal resource associ
ated with hot springs above 150°C 
in the western states is some 15,000 
MWcen. This is about twice the USGS 
figure, extrapolated from it to account 
for resources that have not been eval
uated but ru'e indicated by the zones 
lying within boundaries defined by 
elevated spring temperature. 

o The total western hydrothermal re
source is still larger (by a factor of 2) 
at about 30,000 MWcen. This extrapo
lation assumes that even in the absence 
of hot springs, hydrothermal resources 
fairly consistently underlie those west
ern lands that share a similar tectonic 
pattern and concentration of fault evi
dence, volcanic activity, and recorded 
earthquake epicenters. 

o Some 6000 MWcen of geothermal 
capacity is available, most of it in a 
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few large systems, at a capital cost of 
from $600/kW to $950/kW for both 
plant and reservoir development. (The 
figures are 1976 dollars and assume 
"overnight" construction.) 

o With a wide allowance (a factor of 
2) for uncertainty in resource projec
tion, another 18,000 MWcen may also 
be available during the twentieth cen
tury, again at from $600/kW to $950/ 
kW in 1976 dollars, depending on the 
incentive to go after it. 

In addition to the western hydro
thermal resource, the Texas and Louis
iana coastal geopressured region holds 
some 24,000 MWcen of potential ca
pacity in hot water, plus about 10,000 
MWcen-equivalent in the mechanical 
energy of its tremendous pressure, not 
to mention another 34,000 MWcen ca
pacity represented by dissolved methane. 

No cost experience 

The rationale for costing available geo
thermal resources is complex, but 
among the major elements are power 
plant costs of from $400/kW to $650/ 
kW. These figures are partly based on 
estimates made by EPRT and other 
research groups for specific sites. The 
spread accommodates design differ
ences for such factors as salinity and 
condensing temperature and also the 
considerable variation in costing ap
proach by different estimators. 

Wells are expected to cost anywhere 
from $300,000 to $600,000, depending 
on depth and rock type, and flow rates 
are taken as ranging from 200,000 to 
600,000 lb/h-the lower figure being 
an economic minimum for any but the 
hottest reservoirs. Overall average cost 
of fluid delivered at a plant is esti
mated at from $0.60 to $1.00/106 Btu. 

-

[] 502 MWcen 

Presenl technology 
(for hydrothermal and geopressured reservoirs) 

DJ ---Fu1ure technology 
(for hot rock and magma) 

3500 MWcen 

---- -- -- / 

42,000 MWcen so,ooo MWcen 

-----
I/ 

100,000 MWcen 212,000 MWcen 

Modest improvement is forecast in 
technical capability to handle the high 
temperatures and hard volcanic rock 
that distinguish geothermal from oil 
and gas well drilling. 

Resolution of these cost uncertainties 
for hydrothermal power generation (as 
opposed to steam) will come in 1980, 
when a 50-MW demonstration plant at 
Heber, California, is planned to go on
line for San Diego Gas & Electric Co. 
(SDG&E) and its utility associates. 

Much of the stage for this effort was 
set by EPRI-sponsored research: the 
feasibility study, reservoir analysis 
(leading to the choice of Heber, just 
south of El Centro in the Imperial 
Valley), conceptual design, economic 
analysis, preliminary environmental 
assessment, and heat exchanger per
formance tests. 

SDG&E now has three owner-

Installed 
geothermal 

capacity 

Geothermal 
reserves 

Geothermal 
Identified resource 

resources base 

7 

Eslimaled 
resources 

(undiscovered) 

l/ 

How much fs down lhere? Today's 502 MW capacity at The Geysers is only a fraclion of the potential . Expressed 
in elecltic generaling capacity lhal would operate uninterrupledly and would last for at least 100 years. lhe U.S. 
geothermal resource base is estimated at nearly 450.000 MW. Today's technology could tap all the 146,000 
MWcen hydrolherrnal porenlial (including geopressured fluids), especially lhe 46.000 MWcen classed as reserves 
and identified resources. New technology will be required lo exlracl geolhermal heat from hol rock and magma, 
source of 1he remaining 302,000 MWcen. 
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participants who plan to share in the 
project (including its output power): 
Southern California Edison Co., the 
Los Angeles Department of Water and 
Power, and the Imperial Irrigation 
District. In addition, Portland General 
Electric Co. and Nevada Power Co. are 
interested in contributing funds be
cause of what the Heber plant can 
mean for geothermal development 
elsewhere, particularly in their own 
service areas. The utilities and EPRI 
are going ahead with a detailed design 
effort this year. But beyond that stage 
the project depends on cofunding by 
ERDA, which is being proposed by 
SDG&E. 

Geothermal development pace 

With electric utilities being the major 
present and future direct users, it fol
lows that they are one of the three 
broad groups now controlling the pace 
of geothermal development. In turn, 
confidence in the resource and its eco
nomics are the main issues influencing 
their postures and actions. Exploration 
and assessment have proceeded rapidly 
in recent years and are now at the 
point where use of geothermal energy 
is development- rather than resource
limited. Some 100 utilities in 13 west
ern and Gulf states have geothermal 
prospects for development in the near 
and intermediate term. 

Energy firms are the second in
fluential group in the pace of geo
thermal exploitation. Oil companies, 
in particular, have leading roles in 
exploration and development where 
their technological experience and 
perceptions are essential (in solving 
rock-drilling problems, for example). 
There is economic motivation, of 
course, as with oil and gas, and the 
result is a sharp and shrewd focus on 
the best geothermal prospects. In terms 
of early oil exploration, "you take the 
seeps first," then go on to the shallow 
wells in the best fields, taking what is 
most convenient. 

Public and regulatory groups to
gether are the third influence, moti-

These wells, operated by Union Oil Co., supply dry steam to PG&E's first two units at 
The Geysers, 90 miles north of San Francisco. U.S. geothermal power generation on a con
tinuing basis began here in 1960. The tal lest plume is from a well that is "on standby" and 
is being allowed to vent slowly lo maintain a clean flow. The plume on the right is from the 
cooling tower for PG&E's 11-MW and t3-MW turbine generators. Steam is also emerging 
from fumaroles (natural vents) characteristic of the area. 

vated by the new institutional and 
environmental issues that surround the 
new energy form. Because geothermal 
energy is essentially untransportable, 
the sites of resource production and 
of electricity generation coincide: the 
power plant is not on the wellhead, 
but it is close at hand. The unreg
ulated geothermal producer and the 
regulated electric utility must distin
guish clearly their responsibilities, 
costs, and inevitable interactions. 

Certainty for western states 

In great measure geothermal energy 
can be exploited today; the uncertainty 

of the resource itself is more of a 
limitation than is current technology. 
Steady dependability of a steam or 
hydrothermal well and how long it 
will produce are the main questions. 
Only experience can dispel them. 
Systematic assessment and demonstra
tion are preliminary steps. They have 
been done for dry steam and are well 
under way for hydrothermal energy. 
Today we have The Geysers. Tomor
row, the Salton Sea trough and a much 
wider area of the Southwest. Then, 
by the turn of the century, the rest 
of the West and the Gulf Coast states 
of Texas and Louisiana. 

EPRI JOURNAL April 1977 13 



Joseph Fisher: 
An Energy 
Leader in 
Congress 

The second-term congressman and 

EPRI Advisory Council member 

speaks his mind on the new 

administration and Congress and 

on his personal hopes for the 

country. o An EPRI interview 
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Long before the Arab oil embargo 
dramatized the energy crisis, 
Joseph Fisher was guiding the 

efforts of various experts in determining 
the best ways to use and conserve the 
world's natural resources in his role as 
president of Resources for the future, 
a Washington, D.C., research organi
zation. 

Fisher soon moved on and was elected 
to Congress in 1974 in an upset victory 
over an incumbent who had held the seat 
for 22 years. Representing northern 
Virginia, Joseph Fisher was one of that 
new breed of congressmen who believed 
the days of the seen-but-not-heard fresh
man legislator were over. 

When it was decided that no amend
ments would be allowed on legislation 
revising the country's estate and gift 
taxes, Fisher and fellow member of the 
Ways and Means Committee Abner 
Mikva, congressman from Illinois, 
refused to go along. In a seldom-used 
move they took the matter to the full 
Democratic Caucus and forced a change. 

Unlike many of his £el1ow members 
of Congress, Fisher is a maverick in his 
willingness to address long-term prob
lems. His dream for the country is 
to "have a democratic, representative 
government that will continually address 
its long-term problems and opportunities, 
arrive at a consensus on objectives, and 
then proceed within its free institutions 
to make necessary policies and plans 
for realizing the goals." 

As a member of the House Ways and 
Means Committee, Fisher was appointed 
to coordinate the committee's seven 
energy task forces and to prepare a set 
of energy policy proposals during the 
last Congress. Those proposals were 
watered down on the floor of the House 
and most of them never made it through 
the Senate. Fisher says bluntly that 
"Congress ducked the issue.'' 

One of the problems, he says, is that 
jurisdiction over various energy matters 
is split among several committees. 

"By stretching the point a bit, you 
could say that every committee in the 
House and Senate has some involvement 

"/ hope that with the new Congress 
and administration we can move 
the energy policies of the country 
toward consistency, and keep them 
there in the longer range.' ' 



in energy matte.rs because energy is basic 
to everything," he says. He explains, 
however, that there are five committees, 
of which the House Ways and Means 
Committee is one, that have principal 
jurisdiction over energy legislation. 

Fisher favors the appointment of an 
ad hoc select committee on energy that 
would basically consist of the chairmen 
and the leading members of those com
mittees. This committee on energy would 
have authority to prepare bills and to 
work closely with the administration so 
that "everyone works toward one com
prehensive energy plan that can pass 
Congress and also be acceptable to the 
president." The second-term Democrat 
feels the present system doesn't work 
very well. He says that as the system now 
stands, "even if the president sends 
Congress a comprehensive and consis
tent energy package, the proposals will 
be sorted out and considered by separate 
committees, such as the House Ways and 
Means Committee or the Science and 
Technology Committee." 

Shortly after being interviewed in late 
December, Fisher was elected to the 
House Budget Committee. The House 
committee and a corresponding com
mittee in the Senate review the federal 
budget as a whole, set priorities for federal 
expenditures, and relate these expendi
tures to anticipated federal revenues. 

The soft-spoken congressman is very 
eager to participate in President Carter's 
plans to reorganize the federal bureau
cracy. And although he warns that "the 
great problems of the country cannot be 
solved by reshuffling the boxes," he 
does feel that there is something to be 
gained "just by shaking the system." 

Specifically, Fisher states that in the 
executive branch it would be advan
tageous to have one person head the two 
principal government energy agencies -
the Energy Research and Development 
Administration and the Federal Energy 
Administration. Fisher remarks that the 
proposed creation of a department of 
energy and natural resources would also 
be desirable, although that might not take 
place for some years. 1n the meantime, 

he recommends consolidating the energy 
programs in government as best we can. 

When can the nation expect to have a 
national energy policy? Three and a half 
years after the Arab oil embargo, with 
domestic oil production declining, we 
see oil imports growing to over 40%. 

Congressman Fisher points out that 
at any given time there is n set of policies 
on energy, transportation, housing, and 
other areas. But there is never one, single 
policy. 

"That term n 11afio11nl energy policy is 
passed off rather glibly," he says. "What 
we have are a lot of pieces, and we hope 
that the whole adds up to something 
that's consistent. 1 hope that with the 
new Congress and administration we can 
move the energy policies of the country 
toward consistency and keep them there 
in the longer range." 

The congressman is optimistic that 
with new Senate and House leadership 
and with a new president in the White 
House, it's going to be different from the 
last Congress "when the president vetoed 
most of the bills that Congress sent him, 
while Congress, in turn, wasn't interested 
in the proposals of the president." 

Where will the legislative emphasis be 
on energy? According to Fisher (who, in 
addition to his congressional duties, 
serves on the EPRl Advisory Council and 
was its first chairman), new measures 
will be brought to restrain oil imports, 
perhaps through a sliding tariff or quota 
system. rn addition, he says there will be 
''lots of bills to stimulate energy conser
vation, especially in areas of home insu
lation and home design." 

Fisher is also working on measures to 
increase the efficiency of new air con
ditioners by means of producer tax in
centives or charges levied against waste
ful instruments. At the same time, Fisher 
foresees new proposals that will en
courage expanded production from 
existing domestic oil and natural gas 
reserves, including offshore drilling with 
tighter environmental safeguards. 

The representative of Virginia's 10th 
Congressional District also believes that 
the House Ways and Means Committee 

'The American people have been 
accustomed to cheap and plentiful 
energy in a variety of forms for a 
long time . . . the expectation 
has to be changed. " 

EPRI JOURNAL April 1977 1 5 



can and will play a very special role in 
new energy legislation. (The traditional 
jurisdiction of this committee is taxes, 
tariffs, ;md import quotas.) 

''The way you try to affect the operation 
of a private industry is largely through 
taxes and tax incentives," he explains. 
"If you want companies to invest in ex
ploration and the development of energy 
commodities faster 01· differently, about 
the best way to do it is by providing tax 
incentives. In the same way, if you want to 
get conservation mov.ing faster than it 
otherwise would, be it in industry or 
among consumers, the best way to do it, 
again, is by tax incenfives or some kind 
of stimuli." 

Fisher admits that it is often difficult 
for legislators to balance the. ticklish prob
lem of public popularity versus the 
advice of technical experts on energy 
priorities. 

He acknowledges that it is "always a 
tug-of-war," unless a congressman is on 
a committee that is deeply involved in 

hearings with technical experts. Other 
congressmen, who are not exposed to the 
technical experts, are more inclined to 
respond to popular desire. But Fisher 
does not believe that responding to public 
pressure is wrong "because decisions 
that don't have consensus and bl'Oad 
support tend not to work well.'' 

As an example, he cites a Ways and 
Means Committee bill he proposed in 
the last Congress that would have placed 
a fuel efficiency tax on new automobiles, 
beginning with the 1978 mode-ls. It would 
have resulted in a progressive tax on 
Cal's getting less than 18 miles per gallon, 
with this figure going up slightly each 
year for a number of years. The bill was 
defeated mainly by the combined op
position of automobile companies and 
the unions. 

looking back, the congressman ac
knowledges that if "you can't get the 
support, you probably don't deserve to 
have your bill passed." 

With a background in economics and 
a reputation as a national energy leader, 
Fisher feels a special responsibility to 
warn the public not to be taken in by 
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their "love affair with solar energy." He 
does not hesitate to caution his fellow 
congressmen to "watch themselves and 
not overrespond in solar or any other 
new technology with more money than 
the.re are ideas or good people to de
velop it." 

Fisher sees the enthusiasm over solar 
energy, for all its more distant promise, 
as an escape, for many people, from other 
problems. 

"The American people have been ac
customed to cheap and plentiful ene.rgy 
in a variety of forms for a long time. 
And the energy industries, including the 
utilities, have boasted that their per
fonnance has given the American people 
all the energy they want at low cost; 
then rather suddenly, it turns out that 
there isn't an endless supply of energy 
at low cost. So, the expectation 'has to 
be changed, aHhough up to now the 
American people have not been willing 
to face the music." 

Fisher concedes that Americans do not 
want to give up setting the thermostat 
at 75, nor do they want to g ive up riding 
in big automobiles that consume a lot 
of gasoline. But although they do not 
want to do it willingly, he does think 
that over time they can be persuaded 
to change by higher prices, by educa
tional campaigns, by taxes, and by other 
incentives. "But it is not something that 
happens with a snap of the fingeTs," 
he says. 

Although the congressman does feel 
that solar and other new technologies 
have an important place in our country's 
energy future, he says that conservation, 
coal, and nuclear power are going to have 
to be the immediate answer. And peop.le 
are just going to have to conserve, as 
well as face the "dirty, mucky problems 
of how to use more coal without too 
much damage to the environment and 
health." He also says there is no choice 
but to increase our reliance on safe 
nuclear power. 

"No matter where you get the energy, 
there are going to be some trade-offs," 
he states, citing as an example a front 
page story last December in the W11sT1i11g-

ton Post on the effects of increased coal 
use in Wyoming. The story detailed how 
people in northeastern Wyoming were 
having second thoughts about the coal 
boom. From initial expectations of more 
jobs and economic prosperity, citizens 
in two Wyoming coa l towns were suffer
mg from mile-long strings of coal cars 
that rumbled through their towns with 
ever-increasing frequency. At the same 
time, new and unforeseen social stresses 
were being placed on the families because 
of the rapid growth. 

There remains no doubt in Congress
man Fisher's mind that whatever our 
energy future, EPRI has a major role 
to play. He says that government agen
cies will be looking to Congress, as well 
as to EPRI and private industry, for 
guidance and advice, especially in this 
year of government change. 

"EPRl should make available the best 
of its thinking to the 1\ew adminLstra
tion," Fisher comments. "EPRI ought to 
respond to invitations to testify as com
mittees of the House and Senate consider 
various energy bills. In addition, all 
EPRI's reports should be made readily 
available to the new people who are 
coming in to head the energy agencies. 

"I think EPRI bas quite a bit to say on 
the best way to distribute energy R&D 
money, as well as having a general ap
preciation of what can be done and what 
needs to be done," asserts Fisher. 

The congressman applauds the fob 
EPRI has accomplished so far. In fact, 
being one of the first members of the 
EPRI Advisory Council, there are few 
people more aware of EPRI's objectives, 
achievements, and problems, than Joe 
Fisher. 

He does recognize that the Advisory 
Council has a "distance to go yet in 
feeling out how it can be most helpful 
to EPRl in bringing public thinking into 
the picture." While he admits that he is 
not completely satisfied with the Ad
visory Council's role in EPRI thus far, 
he is also not highly critical. 

'1 think that the brnad social and 
institutional issues that the Advisory 
Council often brings forward are some-



times thought by EPRl and its Board of 
Directors to be unrealistic or missing 
the point. But it is just at those times that 
they should take stock and think again.'' 

fisher currently serves on the Ad
visory Council commjttee involved witb 
national issues affecting EPRI. This com
mittee is one of four committees in the 
Council; the other three examine ques
tions on environment and ecology, power 
sources and uses, and cOJnmunications. 

The congressman is optimistic about 
what these recently formed committees 
can accomplish. His committee has rec
ommended the establishment of a joint 
group comprised of members of the 
Board of Directors and the Advisory 
Council to formulate a modest program 
of policy-related research. Such research 
would enable the power industry to 
anticipate and prepare for the impact 
of national policies on electric energy 
supply and demand. lt would also inform 
national decisions by pointing out, at 
an early date and in a credible manner, 
the impact of policy choices on the costs 
and conditions of electric power supply. 

The type of policy studies envisioned 
would involve problems associated with 
the utilization of coal and nuclear re
sources; conflicts between energy and 
environmental goals; energy effects of 
changes in national patterns of housing 
and urban development and i.n modes 
of transportation; prospects for, and 
public acceptance of, conservation mea
suTes; changes in fiscal and monetary 
policies as these bear ori energy; and 
other broad issues. 

Fisher feels it's essential that the 
Advisory Council continue to stand out-

side the electric power industry and 
provide input to EPRI on what is happen
ing in the economy and in the country 
that will affect electric energy R&D. 

In the field of architecture, for exam
ple, Fi.sher notes that the design and 
construction of homes is something 
that the EPRI staff cannot deal with 
expertly, but which could be addressed 
by the Council. Another example would 
be a tax policy on investment stimulation 
that would impact the kinds of invest
ments taking place in electric power 
development. 

On a personal level, Joe Fish.er is a 
man very much in touch with his en
vironment. The congressman has a deep 
love and appreciatfon for nature and 

often relaxes by canoeing in his home 
state. He emphatically points out that 
any economic growth must be reformed 
and redirected along lines that will be 
socially and environmentally acceptable 
over the long run. 

Joseph Fisher-congressmanr trained 
economist, dedicated environmentalist, 
and eoergy specialist- is a futurist fight
ing for what he believes is best for the 
country and his constituents. He is 
basically optimistic about the future of 
the United States and the world and be
lieves there is enough knowledge, tech
nology, management, and money to 
make things better. 

"As always," he says, "the principal 
obstacles are less in the nature of re
somces than they are in the nature of 
people and their institutions." 

fs he optimistic enough to believe that 
the nature of people and their institutions 
can ever be changed? He says he is, 

although such change will not be easy. 
"But one hopes that it can be done in a 

civilized and methodical way. And that,'' 
he states, " is the problem." 

During his first two years in Congress, Joe 
Flsher was deeply involved ln the chief lssues 
confronting the nation in the mid-1970s. 
Those issues- the federal budget, infla-
tion, unemployment, tax reform, energy, and 
the restoration ol confidence in the federal 
government- are going to continue to de
mand the congressman's attention as he 
begins his second term. 

Prior to his electlon to Congress in 1974, 
the long-lime Democrat was president of 
Resources for the Future, which is a private 
foundation for research and education on 
natural resources conservation and develop
ment, environmental protection. and urban 
problems. 

A former chairman of the EPRI Advisory 
Councll and one of the early supporters of 
the EPRI concept. Fisher is also a former 
executive officer and senior economist on 
the Council of Economic Advisers, as well 
as an economist for the U.S. Department 
or State. In addttion to his experience in 
energy and environment affairs, the congress
man is a professional economist, having 
earned a PhD in economics from Harvard. 

In Congress, Joe Fisher serves on the 
House Ways and Means Committee, the 
Subcommittee on Trade, and the Subcom
mittee on Unemployment Compensation. 
Very recently, he was elected to the House 
Budget Committee. The House committee 
and a corresponding committee in the Senate 
review the federal budget as a whole, set 
priorities for federal expenditures, and relate 
these to anticipated federal revenues. 

Outside Congress, Flsher is moderator and 
board chairman of the Unitarian Universalist 
Association, on the board of directors for 
the American Forestry Association, on the 
board of trustees for the Joint Council on 
Economic Education, and a member of the 
American Association for the Advancement 
of Science, the American Society for Public 
Administration, and the American Economic 
Assooiatlon. 
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Energy and 
Environment 
Trade-Offs 

Expert opinions on approaches to 

energy and environment risk-benefit 

analysfs are offered in a recently 

published book. 

Energy and /he Environmenr: A Risk-Bene/ii Approach, 
edited .by H, Ashley. R, L. Rudrnan, and C. Whipple, 
is published by Pergamon Press, Elmsford, New Yori( 
and may be ordered through bookstores at sn,so 
a copy. 
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C 
ruising along a freeway in your 
car, you risk 1 chance in 4000 of 
having a fatal accident. When 

you travel by commercial airliner the 
odds improve considerably to 1 in 
100,000 (statistics based on annual death 
rate- average citizen). These are only a 
couple of the countless risks we accept, 
often daily,_ in exchange for benefits we 
value as members of modern society. 
Whjle most ofus go about our daily lives 
giving little or no thought to such risks, 
there are those who do give attention to 
what is known as risk-benefit analysis
a study of the advantages of technicaJ sys
tems and the effects they have on people 
and on our environment as a whole. 

Discussions by prominent experts on 
various aspects of this relatively new sub
ject as it re1ates to national decision mak
ing have been published by Pergamon 
Press under the title Energy and tlie Enviro11-
mei1t: A Risk~Be11eftt Appronclr. These dis
cussions of risk-benefit analysis took 
place in 1974 in a series of seminars at 
Stanford University, cosponsored by 
EPRI and the Institute for Energy Studies 
at Stanford. 

In the keynote talk of the seminar, 
EPRI President Chauncey Starr's topic 
was "General Philosophy of Risk-Benefit 
Analysis," or as he put it more specific
ally, "How does society go about deciding 
the major issues of balance between the 
advantages of large technical systems that 
so 'Pervade our lives and all the other ele
ments of social value that these systems 
impact?" 

We can no Jonge;r use the trial-and
error approach of the past in making risk
benefit trade-off decisions. New technol
ogy advances so rapidly and is put to use 
so quickly throughout society that the 
former luxury of time in which to make 
adjustments is no longer available. What 
we need, says Starr, is "a mechanism for 
predicting our adjustment to the technical 
systems and the ways these systems will 
move into social use." Such a mechanism 
has become known in professional circles 
as technology assessment. There is a rel
atively new federal Office of Technology 
Assessment that advises Congress on the 

expected impact of new and future tech
nologies. 

No clear guidelines 

Unfortunately, since sodety typically 
makes its trade-offs in an empirical, trial
and-error fashion, we have no well
defined guidelines for telling us when 
we've passed over the boundary from an 
acceptable to an unacceptable trade-off, 
Starr points out. So we are forced to ex
amine past decisions, Ul-defined as they 
are, in approaching present questions 
such as "How safe is safe enough?" and 
"How clean (environmentally) is clean 
enough?" Clearly, Starr notes, we do not 
have the resources to achieve total safety 
and total cleanliness and still attain the 
benefits of our technical systems. Thus 
the necessity for trade-offs. 

There are voluntary and involuntary 
risks. A voluntary risk, for instance, 
would be the choice of a ski slope, the as
sumption being that- we make our own 
risk evaluation. If we live ina city or large 
industrial center, we a;re exposed to such 
environme.ntaJ conditions as traffic den
sity, air pollution, high noise levels and 
the like. We have little choice in these 
risks, so they are involuntary. 

Personal response to risk is tied to the 
individual's perception of lt in terms of 
time and distance: if it's close and immi
nent, there is great concern; if it's remote 
and distant, the attit1.1de is that "it won't 
happen to me." On the other hand, na
tional response to a disaster is linked to 
the scope of political responsibility. A 
major flood or earthquake, for example, 
prompts a federal gove1mment response 
in the form of aid out of a sense of na
tional responsibility. 

If we are going to do any kind of pre
dictive analysis of risk-benefit, we have 
to give quantitative measures to risk situ
ations. 

How have we historically haTidled risk 
trade-off situations ir\ technical systems? 
Starr examines the data compiled on ma
jor disasters-air crashes, earthquakes, 
floods, tornadoes, and so on-and points 
out that records show a large number of 
events where a few people are killed and 



a small numbeJ of disast-ers where there 
are many fatalities . 

Value of life 

There has not been adequate quantifica
tion of the total social value of a human 
life. Some early attempts to define this 
value were made in terms of individual 
lifetime earning potential. By this mea
sure, an infant is worth more than an old 
man in potential productivity. It is clear 
we need measures that more accurately 
re.fleet societal values. 

Mining is one industry where the 
unions representing the workers negoti
ate pay sca les based mainly on the degree 
of risk involved in the work. The degree 
of risk in relation to the rate of pay, in ef
fect, is a measure of the value these work
ers place on their lives. 

Society has made a trade-off in the 
death rate from automobile accidents at 
a leve l that is roughly equivalent to the 
death rate from disease. Having found 
this an acceptable level, Starr notes, "We 
don't really put much pressure on reduc
ing the death rate from automobiles any
more." 

An examination of accident data shows 
that when the individual has the choice 
of how to use a given system-a car or a 
farm tractor, for instance-the safer the 
system is made, the further a user will 
push to its safety limit. So the accident 
rate doesn't change much. 

Voluntary and involuntary risks 

Starr makes a point about the difference 
in the degree of safety society requires 
in risk exposures that are voluntary, 
where the individual makes the choices, 
and those that are involuntary, in which 
we usually give the government control 
over setting the standards. "In a society 
where we appoint an agency to keep us 
from getting hurt," says Starr, "we ask 
that agency to give us a thousand times 
more protection than if we leave it up to 
ourselves." He cites this example to illus
trate that we require more safety in sys
tems that others control than in those we 
control: Notice the distance between the 
knife blade and your fingers when you 

A hypothetical relationship between involuntary risk and derived benefit is expressed by this 
graph. The upper and lower limits of risk are represented by the annual death rates from 
disease and natural hazards. respectively. Risk levels for involuntary activlties are unacceptable 
to society if they fall above the $-shaped curve. The risk level for a i 000-MWe power plant is 
in the negligible range. 
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hold and slice a loaf of bread; then look 
at the distance between the blade and 
your fingers when you are holding and 
someone else is slicing. 

The historical data on death rates from 
accidents lead us to conclude that there is 
a level below which the fatality rate can
not be reduced, And that level is equiv
alent to the natural hazard death rate, 
which is 1 pei· million persons per year. 
That sets a baseline below which we can't 
make things safer. As an upper limit, we 
take the annual rate of death from dis
ease, which is 10,000 per million. So we 
can set up a scale that ranges from below 
the baseline (negligible) to above the up
per limit (excessive) a,s a guideline to ac
ceptable and unacceptable risks. 

What significance such a guideline 
would have in terms of national policy 
making is unclear, Starr observes, but we 
need such a guide "because it will tell 
us what the incremental effect of money 
spent to improve the safety of a technical 
system would be in terms of the choice of 
what system we put it into." 

Future options 

In a separate discussion, "Future Alterna
tives and Technical Options for the Na
tional Energy System," Stan lists our 
principal options as conservation, plan
ning, and the traditional American way 
of "lucking it out." 

Surveys show that residential energy 
use is tied to income-the higher the in

come the more energy consumed. High
income people use energy for amenities 
as well as necessities, while those with 
low incomes concentrate their energy use 
on necessities. So any reduction in energy 
or rise in energy price affects low-income 
people at the level of survival, whereas 
affluent people have more flexibility in 
cutting back. This is important to take 
into account, says Starr, when consider
ing programs of energy conservation and 
rationing. 

The long-established pattern of energy 
use in this country, based on the assump
tion of an unlimited supply of fuels,needs 
to be changed. The major uses of ene1·gy 
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are in running industry (37%}, power
ing transportation (25%), and in heating 
homes and offices (18%). Thro~gh more 
efficient use of energy in the systems we 
have and by way of new technology, we 
can effect energy conservation in indus
try, transportation, and in residential and 
office space heating. But conservation 
alone doesn't solve the energy problem, 
says Starr. ''It buys us time, time to do 
more sensible things in terms of oux en
ergy options and social structures." 

ln reviewing the technical options, 
Starr notes that at present the utility in
dustry relies heavily on gas and oil as 
fuels-gas is clean, oil is relatively clean 
and can be made cleaner. Recent concern 
over the high levels of energy imports has 
resulted in an incentive for industry to 
expand its use of domesticaUy abundant 
coal. With present technology, a shift 
to coal from oil and gas will increase en
viroruneutal costs. Utilities also favor 
nuclear fission-the light water reactor 
-since the total social costs, which even
tually someone will be paying, appear to 
be low. Solar space heating is moderate 
in cost and desirable, and we anticipate 
developing this resource in the future.. 
Geothermal dry steam is attractive but 
unfortunately is limited. Coal and ura
nium will be the primary sources of elec
tricity for the balance of this century. 
Solar and geothermal will make only a 
small contribution nationally. 

Let the marketplace decide 

ln another discussion, economist lester 
B. lave says that two of society' s major 
decisions are answers to questions on 
how much electricity is to be produced 
and which fuels should be used. He con
tends that of the va1ious ways open to us 
for n;iaking these decisions - by govern
ment, by experts, by the marketplace
the interplay of the marketplace is the 
best. 

"The advantage of using the market
place," he says, "is that if all of the costs 
of producing electricity-the full social 
costs - are embodied in the price of elec
tricity, the market will act to produce 
electricity efficiently, at low cost, and in 
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the way that the consumers desire. In the 
past, the full social costs have not been 
reflected in the price; in particular, envi
ronmental degradation was largely ig
nored. Past mistakes are important, but 
they suggest reform rather than abandon
ing the system." 

Lave has attempted to calculate the 
health costs per kilowatthour of electric
ity produced by each of the major fuels
gas, oil, coal, uranium. Comparing coal 
and uranium, Lave figures that in terms 
of coal mine accidents, the loss of life and 
disability would add roughly $0.08 per 
thousand kilowatthours to the cost of 
electricily. for uranium mining accidents, 
the cost wouid be 10% as great. For 
chronic disease associated with mining, 
the costs are about three times as large as 
those for mine accide11ts. For the pressur
ized water reactor, public health effects 
are considerably less than the lung cancer 
risk to miners. For coal, public health ef
fects are much greater than occupational 
hazards for miners; whereas for uranium, 
public health effects are much less than 
lung cancer risk to miners. 

How then can we use the marketplace 
to decide how much electricity we should 
produce and with which fuel? Rather than 
having government, a public utility com
mission, or responsible business make 
this decision, "We would be better off by 
allowing the market to do it, after having 
the price of electdcity reflect the total en
vironmental and health costs of produc
ing that electricity," Lave says. For the 
coal-produced electricity, it would mean 
that the price would be much higher than 
it was a few years ago. And for that pro
duced by light water reactors, it would 
rise hardly at all, he adds. 

If we used those costs, we would make 
sure the public had the correct informa
tion about whether or not to use electric 
toothbrushes and can openers, for exam
ple. We would also be giving the utilities 
the correct info1·mation for making deci
sions about what kind of and how many 
facilities to build. The analysis suggests, 
Lave concludes, "that one of the reasons 
for the very stringent EPA standards that 
came about under the Clean Air Act of 

196'7 and its amendments in 1-969 is that 
there were considerable environmental 
costs associated with producing electric
ity by coal, that we were underpricing it 
by a factor of two, and that fact led the 
utilities to make a series of bad deci
sions." 

Energy and welfare 

Although they were not given at the 
seminar, a pair of lectures on energy and 
human welfare and energy and the envi
ronment by Richard J. Gonzalez, nation
ally recognized energy economist from 
Houston, are included in the book be
cause of their particuJar relevance to the 
seminar theme. The special lectures were 
delivered at Stanford during the same 
quarter as the seminar. 

ln "Energy and Human Welfare," Gon
zalez emphasizes the importance of''edu
cation, machines, and energy as the basis 
for increasing production at a faster rate 
than population." He says that "the po
tential exists for several decades during 
which humanity can use its intelligence 
and ingenuity to try to check population 
growth and increase production. We. can 
change the average size of families in one 
generation. What it takes is education 
and instilling in parents a sense of re
sponsibility for the impact of their chil
dren on their world. This is why l place 
such great emphasis on education." 

Gonzalez lists five factors that are 
needed in combination, as he sees it, to 
bring abouf economic progress. The fac
tors are knowledge, initiative, resource 
development, capital, and energy. 

Knowledge is the basis 0£ technology. 
Jt takes initiative and human effort to put 
knowledge to work to improve the world: 
resources must be converted into useful 
goods and servkes; capital is needed for 
machinery and tools; and energy is re
quired to power the machinery, Gonzalez 
observes. 

"The combination of these five factors 
in the right kind of political, social, and 
governmental situation dete.rmines in
come and wealth,'' he says. "And the re
lation, then, of those factors to population 
determines standards of living." 



If the. world is going to achieve signi fi
cant economic progress, it will have to 
find ways of using more energy. Can we 
do this? There are two reasons to think 
we can, Gonzalez believes. First, we have 
used energy rather inefficiently in many 
cases simply because it has been cheap. 
And if i't's no longer cheap, we dearly wil1 
use it much more efficiently. Second, 
there is a potential for increasing our total 
supply of energy. 

A few ways Gonzalez cites that we can 
use energy more efficiently are by reduc
ing the size and weight of our cars, up
grading our railroads, and redesigning 
our cities so that transportation can be 
mme efficient-bringing closer together 
the places where people live and work. 
And we can reduce our" conspicious con
sumption." Gonzalez ended on the opti
mistic note, ''I believe that we can make 
this a better world." 

Need to balance alternatives 

fn his treatment of "Energy and the En
vironment," Gonzalez defines environ
ment broadly, encompassing the physical 
world, economic life, and cultural and 
social institutions. 

He points out that there is a great deal 
of pollution that occurs naturally in the 
world-floods and rains cause erosion, 
volcanic eruptions spew gases and dust 
into the atmosphere, sulfur oxides are 
naturally emitted from the earth. 

As we increased our lndustri.allzatlon 
and concentrated in large cities, we be
came more conscious of the impact of 
indirect social costs, especially when it 

was apparent that the quality of air, for 
instance, had deteriorated significantly. 

Gonzalez notes that at the beginning of 
the decade we committed ourselves to a 
new program-not knowing what it was 
going to cost or what it was going to ac
complish - when we passed the. National 
Environment Policy Act in 1970. "We 
literally wrote a blank check and said to 
the bureaucrats, 'Set whatever standards 
you want, just clean up the environment, 
don't worry about the costs,''' he says. In 
the case of electric utilities, he points out, 
"We have insisted that they use fuels with 
lower sulfur content. Therefore, we must 
pay higher rates because the low-sulfur 
fuels are.much more expensive thanhigh
sulfur fuels." 

We have to keep in mind the need for 
limiting costs of environmental cleanup 
to keep them consistent with the totai 
objectives we have of reducing poverty, 
improving education, making our cities 
more livable. The billions of dollars 
spent for environmental improvement 
have resulted in reducing the amount of 
capital available to expand plant capac
ity, thus limiting the growth of output in 
some cases, Gonzalez says. 

What we have to look for is a balance 
o.f the best available alternatives that will 
serve our needs. Practically everything 
we do involves pluses and minuses, trade.
offs. We have to concentrate on what we 
can do for the foreseeable future by the 
actions we take now. 

Among the things we need to give at
tention to is bringing population growth 
under control sometime early in the next 

century; finding ways to use renewable 
forms of energy; conservation and more 
efficient use of energy; changes in life
style, whereby we influence where people 
live and change the concentratfon of peo
ple in cities. Such changes won't come 
rapidly. We need to decide on a long
range policy and stick with it. Whether 
we will choose this course remains to be 
seen, Gonzalez concludes, with guarded 
optimism. 

Other discussion topics 

Other detailed discussions from the sem
inar included in the book are "Public 
Health Aspects of Energy Systems" by 
Dr. Leonard Sagan, associate director, 
Deparhnent of Environmental Medicine, 
Palo Alto Medical Oinic; "The Rate of 
Discount of Long-Term Public Invest
ment," Kenneth J. Arrow, Nobel prize
winning economjst from Harvard Uni
versity; "Risk-Benefi t Trade-Offs in 
Nuclear Power Generation," Wolf Ha
fele, director of the International Insti
tute for Applied Systems Analysis in 
Laxenburg, Vienna; "Options for the 

Conversion of Fossil Fuels," E. J. Gor
nowski, executive vice president, Exxon 
Research and Engineering Co.; "U .5. Op
tions for a Transition from Oil and Gas 
to Synthetic Fuels," Alan S. Manne, polit
ical economist with the John f . Kennedy 
School of Government, Harvard (now on 
the faculty of Stanford University); 
"Faitlt-Tree Analysis as an Example of 
Risk Methodology," Gerald J. Lieberman, 
professor of Operations Research and 
Statistics, Stanford University. 
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Coal Conversion-A Partial Answer 
by George R. Hill 

Grven the need to switch to coal, converting it to liquid and gaseous fuels 
can lessen the disruption of facilit ies built to burn oil and natural gas. 

S torm warnings went up for all to 
see in 1973 when the Mideast oil 
embargo cut a major supply and 

hiked the price of a basic energy source 
we had long taken for granted. But with 
the end of the embargo came a disregard 
of the warnings and a return to business 
as usual. Today the United States relies 
on imports for over 40% of its oil, more 
than before the embargo and about one
third of it stiU from uncertain Mideast 
sources. 

As the energy appetite of the U.S. con
tinues to increase, along with the rising 
energy needs of the rest of the world, it is 
crucial that we prepare now to meet the 
energy demands of the future. Conver
sion of coal to oil and gas could provide 
the answer and eventually free us from 
dependence on the Organization of Pe
troleum Exporting Countries (OPEC). But 
unless we move qukkly to develop the 
required coal conversion technology so 
that commercial plants can be built with 
confidence, we may see a period of severe 
fuel shortage with consequent major eco
nomic and sociological disruptions. 

It is not enough that we me.rely switch 
to coal from oil and natural gas, as has 
been advocated. We need to convert 
much of that coal, by liquefaction and 
gasification, to synthetic oil and gas for 
continued use in those forms. 

George R. HIii Is director of the Fossll Fuel Power 
Plants Department in EPRl's Fossil Fuel and Advanced 
Systems DMsion. 
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Pu.shing forward is essential, for even 
with the research and development ef
forts invested in cbal conversion so far, it 
will likely be 10 years before commercial 
plants are tested. Experience has shown 
that market penetration of new technol
ogies is sometimes slow. For instance, it 
has taken 30 years for nuclear-generated 
electric power to achieve just a 10% share 
of the total electJicity produced in the 
U.S. Environmental standards, federal 
licensing regulations, and shortage of 
capital are among the factors that have 
delayed and continue to slow the devel
opment of nuclear power, and they can 
be expected to retard the advancement of 
new technologies for coal conversion. 

Coal conversion promising 

The conversion potential of coal is indeed 
promising. Methane, which constitutes 
over 90% of natural gas, can be derived 
from coal. Processes are available for pro
ducing supplemental natural gas from 
coal at a price per million Bh1 that is not 
much above that of imported liquefied 
natural gas. And research now under way 
shows promise of reducing the cost of this 
coal-derived natural gas by as much as 
20% below the cost from present tech
nology. 

By subjecting coal to high temperatures 
in a hydrogen atmosphere, a petroleum
like substance can be produced that is 
convertible into gasoline, diesel fuel, and 
heating oil for use in generating electric 
power. The energy consumed in the con
version process is from 20% to 35% of the 
energy present in the feedstock. There 
are perhaps half-a-dozen processes that 

have reached the pilot plant stage for pro
ducing petroleum substitutes from coal, 
but no commercial plants have yet been 
built. Cost estimates for such commer
cial-size plants ate placed at $1 billion, 
similar to that of a petroleum refinery. If 
we are willing to pay the price required 
for coal conversion, there need be no fu
ture shortage of gaseous or liquid fuels. 

Fuel consumption pattern 

How did we a1Tive at our fuel shortage 
predicament? Historically, the energy 
consuroption pattern in the U.S. was 
based on the belief that there was an un
limited supply 0£ fuels. The use of natural 
gas, petroleum, coal, and uranium in
creased as the gross national product 
grew. ln recent years, however, the gas 
and petroleum industries have been un
able to meet the increasing demand at at
tractive prices. 

Economical domestic supplies of nat
ural gas and petroleum have fallen short 
of demand. Among the results have been 
the denial of natural gas to new home
owners in many parts of the country, the 
phasing out of industrial interruptible 
contracts, and an alarming increase in oil 
imports. Before the 1950s, the U.S. sup
plied its entire oil needs and had a surplus 
for export. Just pcior to the embargo, im
ported oil accounted for about 30% of our 
total supply. Now, as mentioned earlier, 
that figure has risen to over 40%. 

The criterion "best u.se of fuel re
sources" is new for this country, forced 
by the fuel shortage. Natural gas, the 
cleanest, most versatile primary fuel, was 
used in many plants that could have used 



other fuels, such as coal or residual oil. 
There was a reason for this. Distributors 
of natural gas could justify installation 
of major pipelines and distribution sys
tems only if a larg.e market existed. By 
stimulating large contracts with indus
trial users and electric power companjes, 
the natural gas producers established a 
substantial baseload, which then made it 
possible for them to sell gas to individual 
homeowners and to set up a pipeline sys
tem to supply it. Then the FPC, under di
rection of Congress, froze the price of 
natural gas at an arbitrarily low level to 
protect the interests of residential users. 

As a consequence of the. low price and 
extensive pipeline supply ne.twm:k, nat
ural gas was put to even wider use as a 
fuel in systems where coal and residual 
oil could have served. 

Another major factor that has contrib
uted to our fuel shortage is America's love 

affair with the automobile. The living pat
tern of Americans has been profoundly 
influenced by the automobile. The splen
did network of highways and secondary 
roads that link the country resulted froxn 
a seemingly unlimited flow of cheap gas
oline and diesel fuel for an abundance of 
mass-produced cars and trucks. But in 
recent years it became necessary for gas
oline producers to reach overseas for pe
troleum in order to supply the enormous 
volumes of fuel needed to power our four
whee.1ed addiction. This dependency on 
foreign oil made us vulnerable to the con
tingencies of the import market, as was 

dramatically underscored by the em
bargo. A positive effect of the embargo, 
which could eventually lead to breaking 
our preoccupation with the automobile, 
is the attention now placed on the need 
for efficient mass transit systems through
out the country. 

Coal has had a checke1·ed history, wax
ing and waning in popu larity. In the early 
decades of this century, coal consump
tion in the U.S. reached a high level as it 

replaced wood as the primary source of 
heat and energy. Then along came petro
leum and natural gas to displace coal as 
the main fuel for space heating and for 

powering the railroads. Many electric 

utilities also turned from coal to oil and 
gas. Since the: beginning of this century, 
annual coal production has been on a pla
teau because the expansion of utility net
works increased the amount of coal used 
by electric utilities and thereby offset the 

decreased use by railroads and other con
sumers. However, the percentage contri
bution of coal as a primary energy source 
in the U.S. has steadily decreased. 

Coal consumption in the U.S. in 1975 
was 624 million tons, of which 406 mil
lion tons {65%) were used by electric util
ities. The FEA forecasts an increase in 
U.S. coal consumption to nearly 800 mil

lion tons in 1980, over 1 billion tons in 

1985, and more. than 1.3 billion tons in 

1990. Fortunately, the coal reserve is large 
-about 90% of the country's total fossil 
fuel reserve. 

Fossil fuels a stopgap 

It is evident to those familiar with the 

world's energy problem that fossil fuels 
offer, at best, a bridge to such long-range 
solutions as solar energy, nuclear fusion, 
and the use of waste, wind, and waves. 

Research and development work on all 
these potential energy sources must pro
ceed as rapidly as can be justified eco
nomically. 

The breeder reactor offers a prospec
tive intermediate solution to meeting our 
electric power needs. Conversion of non
fissionable uranium-238 and thorium 

in a properly designed nuclear reactor 
can increase our supplies of fuel for elec
tric power generation bya factor of100 or 
more. However, the costs of producing 
elecb:icity from a breeder reactor, as weU 
as from. fusion and solar energy, will 
probably be higher than from present 
technology. But as the past has shown, by 
the time new technologies are perfected 
the public has been able to afford them. 
Adjustments in energy use patterns will 
be made to accommodate the price. 

The problem is how to best use the 

fuels and technology we have to generate 
the energy we need until the promising 
new technologies are developed and put 
to wide.spread use. Several steps should 
be taken. For instance, we ought to free 

the natural gas now being used on an 
interruptible basis and divert it to com
mitted use in residential heating and in 
special industrial applications that re
quire a clean fuel. The use of dean fuels 
should be restricted mainly to those ap
plications where substitutes are not pos
sible. 

We need to pursue discovery and de
velopment of new natural gas and oil res
ervoirs. We should move. forward with 
production of fuels of required purity 
from coal, oil shale, tar sands, and by sec
ondary and tertiary recovery methods 
from petroleum. Research and develop

ment in improving the state of the art of 
energy conversion must be continued. 
The relative costs of producing energy by 
new methods need to be calculated and 
taken into account as the new technolo
gies become economically viable. 

At the same time, we must increase our 
efforts to achieve energy conservation 
through such methods as insulating 
homes and designing new homes, com
mercial buildings, and factories to make 
use of sunlight as an energy source. Oty 
and industrial planners need to bear in 

mind the desirability of siting plants and 
housing at convenient distances from 
each other. Mass transit systems need to 

be planned and built for the efficient, con
venient movement of people and to -re
duce automobile use. 

The current slowdown in construction 
of electric power plants resulting from 

the recession and the accompanying de
crease in electl'icity demand will have to 

be reversed if the projected future power 
demands are to be met. Most utilities an

ticipate building a number of oil-fired 
plants to take up the slack in supply. This 
type of plant is quicker and less expen
sive to build than coal-fired plants, which 

need more complicated materials-ha1l
dling facilities and require stack-gas 
cleanup systems, or their equivalent, to 

meet federal clean air standards. As soon 
as utilities can get supplies of coal that 
meet these standan:ls, they plan to con
struct major coal-fired power plants. 

If the utility companies could be as
sured a continuing supply of oil for tur-
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bine-powered generating plants and for 
direct firing 0£ boilers, they would no 
doubt maintain existing phmts and in ad
dition, plan to build less costly oil-fired 
facilities. Eventually, oil from petroleum 
wiU become scarcer and too expensive 
unless supplemental sources are avail
able. The two such sources that have 
potential for conversion development 
within the next 10 years to supply re
quired needs are coal and oil shale. The 
cost of oil from either of these sources will 
probably be higher than cwTent prices 
for imported oil. The major U.S. oil com
panies are reluctant to build commercial
size conversion plants because of the 
uncertainty that the end product can be. 
sold at a profit. For instance, OPEC pro
ducers could drop the. price of their oil 
sufficiently to make the synthetlc fuels 
from coxwersion unmarketable. So it is 
unlikely that U.S. companies will venture 
into the coal and shale oil conversion bus
iness without some form of risk protec
tion and price guarantee. Financing of 
conversion plants with a guaranteed re
turn on investment is needed in order to 
move forward with the essential work of 
proving at least one production process 
for coal liquefacHon and one for shale oil. 

From R&D to commercialization 

The programs supported by ERDA aimed 
at improving the processes for energy 
production need to be continued for they 
lead to lower-cost second-generation 
plants. However, in order for the new 
technologies to reach the commercial 
market, companies with the capability of 
commercialization must be involved early 
enough so their staffs can acquire the 
skills and technical know-how required. 
The technology-transfer problem de
mands that personnel familiar with pro
duction and plant operation be factored 
in soon enough to ensure that the com
mercial unit is put on stream by a target 
date. 

Currently, much government-sup
ported research is conducted in discon
tinuous stages . Research is done by one 
group, extending through the process 
development stage. Those involved in the 
research and development phase ordi-
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narily do not also build and operate the 
pilot plant, since each phase of the work 
is treated as a separate package. Entirely 
different groups frequently are involved 
in constructing the demonstration plants. 

TheoreticaUy, after the demonstration 
plant stage, any company could build a 
commercial plant with the knowledge 
then available. But historically, no group 
has stepped forward to build a plant de
veloped with government funding be
cause it is common knowledge that initial 
commercial-size units rarely are as eco
nomical as the second and third units that 
would later be built by a competitor. The 
only exceptions have been nuclear power 
and space technology development, in
cluding the moon shuttle, where govern
ment laboratories played a principal role 
because no counterpart technology ex
isted in private industry. The national 
laboratories and contracting industrial 
groups provided a combination that 
brought these enterprises to fruition 
within the normal economic pattern of 
the country. 

However, in the case of energy de
velopment-electricity and liquid and 
gaseous fuels-there already exists an 
economic system that is an integral part 
of the national structure. Plans and pro
cesses developed in national laboratories 
rarely are transferred ,to the private sector 
unless the development work is done by 
the companies that subsequently build 
the commercial plants. 

Need to revise approach 

In some instances, development of the 
required technology has taken a different 
course. At the start of World War Il, there 
was a critical need for synthetic rubber 
and for high-octane fuels for military air
crafi. The processes in e.ach case were 
developed by awarding contracts to com
panies with the necessary technical capa
bility and experience in related areas to 
build large plants. The front-end capital 
was provided by the government. After 
the plants were in operation and proved 
economically viable, they were sold on a 
bid basis either to the companies that had 
developed them or to their competitors. 

It is recommended that a s imilarproce-

dure be followed for development of first
of-a-kind plants for producing oil from 
coal and shale, high-Btu gas from coal, 
and electricity using fluidized-bed com
bustion. The company given responsibil
ity for each program would understand 
that the plant design and all requisite 
know-how would be available to any 
company Msiring to build such a plant. 
If economic conditions were such that the 
plant could operate at a profit, it could be 
sold for the cost of construction to a com
pany that would operate it as a commer
cial enterprise. And should the price of 
the resultant product prove competitive 
with available petroleum supplies, rev
enue from the sale of the oil would be 
plowed back to pay for the plant. 

The important accomplishment here 
would be that problems always present in 
first-generation plants would be solved in 
the construction and shakedown stages, 
and we would have a viable, proven tech
nology for production of supplemental 
fuels. 

We would get the same results if one 
commercial plant of each type we've men
tioned was built. Currently, there is no 
knowledge of the real cost of using the 
new technologies to produce oil or high
Btu gas or electric power. 

Successful operation of the first one
of-a-kind plant is imperative if we are to 
place a ceiling on the price of imported oil. 
We cou1d then avoid serious economic 
dislocation during the 20-year transition 
period to advanced technologies. Since 
we have a plentiful domestic coal supply, 
the cost of this raw material for the con
version plant would remain stable. As the 
price of OPEC oil escalates, it would reach 
the point of parity with the demonstrated 
cost of oil from coal and shale. Petroleum 
companies would then be willing to in
vest stockholder capital in building ne.w 
plantsrsince there would be assurance of 
a £air return on invesbnent. 

The U.S. is facing a critical period in 
its economic history. Solutions to the 
problems are available by using methods 
a_pp1ied successfully in the past. It is ear
nestly hoped that the necessary programs 
will be implemented before the situation 
becomes more critical. 



At the Institute 

Board Increases Funding for Coal Liquefaction Pilot Plant 

EPRI's Board of Directors increased to 
$40 million EPRI's share in a joint gov
ernment-industry effort to design, con
struct, and operate a 250-ton/day pilot 
plant for demonstrating a process to de
rive clean liquid power plant fuels from 

coal. 
At a February 4 meeting in Atlanta, 

Georgia, the Board authorized nearly $64 
million for electric energy research in
volving 45 new projects and 23 ongoing 
projects. The $40 million will go toward 
demonstration of the Exxon Donor Sol
vent process, a method of coal liquefac
tion that is at a relatively advanced stage 
of development and appears to compare 
favorably with other candidate processes. 

In fossil fuel research, the Board ap
proved two new projects geared toward 
helping the industry meet air quaJity stan
dards for coal-burning power plants. In 
one, EPRI will provide funds, subject to 
further approval by the EPRl Research 
Advisory Committee, for additional test
ing and evaluation at an advanced coal
cleaning plant being built by General 
Public Utilities at Homer Gty, Pennsyl
vania. The plant would provide a cost
effective method for cleaning ash and 
sulfur from coal before combustion. The 
second project is for the design, construc
tion, and operation of a 10-MW test facil
ity for developing advanced sulfur oxide 
scrubber systems. 

The Board also approved an important 
ecological study to assess the differences 
among fish species in their tolerance to
ward heated water discharged from 

Wagner Warren 

power plants. In the area of energy sup
ply, another major study will investigate 
the geochemistry of uranium deposits to 
improve the ability to predict the location 
of such deposits. 

A number of projects were also ap
proved in the area of electrical systems 
research for increasing the reliability of 
electric energy transfer. In nuclear power 
research, several projects were authorized 
on improving nuclear power plant safety 
and availability. 

Another major action of the Board re
sulted in the election of Aubrey J. Wagner 
to the Executive Committee of EPRT's 
Board of Directors. Wag1-1er, who recently 
became a director of EPRI, is now serving 
his second term as director and chairman 
of the Tennessee Valley Authority. He 
has also served as a member of several 
presidential councils and commjssions. 
1n addition, the Board elected as its vice 
chairman frank M. Warren, president of 
the Portland General Electric Co. 

Scullhorp Esswein 

New members were appointed to 
EPRT's Advisory Council and Research 
Advisory Committee. Appointed to the 
Advisory Council was Lenton G. Scul
thorp, vice chairman of the Michigan 
Public Service Commission. The Advi
sory Council provides liaison between 
the public and EPRI's Board of Directors, 
officers, arid staff. 

The new member of the Research Ad
visory Committee is L. A. Esswein, man
ager of corporate planning for Union 
Electric Co. in St. Louis, Mjssouri. The 
Research Advisory Committee advises 
EPRfby helping to identify and rank R&D 
needs of the electric utility industry. 

At the present time, EPRI is managing 
or has completed more than 900 projects 
under contract to manufacturers, univer
sities, research institutes, and other orga
nizations. The value of tl}ese projects, 
including funding from cosponsors, is 
almost $752 million; EPRI's share is $569 
million. 
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Major Support for Zinc-Chlorine Battery 

A $3.8 million award was recently given 
by EPRI to Energy Development Associ
ates (EDA) for the continued develop
ment of the zinc-chlorine battery. EDA is 
matching the award with equal funding 
for a total of $7.6 million. 

"This award represents a major step 
forward in our program to develop an ad
vanced energy storage battery for utility 
use," stated Dr. Robert Loftness, director 
of EPRI's Washington, D.C., office at a 
New York press conference, where the 
new award was first announced. 

The 39-month effort will lead to the 
fabrication and testing of a 10-MWh pro
totype zinc-chlorine battery. Currently 
the only practical technology for storing 
energy is pumped storage. Researchers 
have been working on other kinds of ad
vanced storage batteries that employ 
sodium-sulfur and lithium-metal sulfide, 
but EDA and EPRI officials believe that 
the zinc-chlorine version is the furthest 
along. 

The present program calls for investi
gators to design, fabricate, test, and eval
uate a 100-kWh battery submodule in 
1977. The effort will then involve re
search, development, and engineering 
leading toward construction of two 1-
MWh battery modules in 1978 and a 
10-MWh battery system by 1980. The 
1-MWh battery module is the basic 
bujlding block for utility use. Commer
cially, about 100 of these modules might 
be sited at a distribution substation-in the 
utility network. The resulting 100-MWh 
system could level the load for a utility 
system serving the needs of a town of 

Economics Analyses Presented 

Project Manager James Savitt of Wharton 
Econometric Forecasting Associates presents 
the results from an EPRI project to a 
December seminar at the University of 
California at Berkeley. The Wharton project 
is geared to analyzing and forecasting energy 
use for transportation services. Results frorn 
a companion project with Math Tech, Inc., on 
the implications of electric automobiles on 
utility systems were discussed by Pat Marfisi. 
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Key participants In a recent press conference to announce further development of the zinc
chlorine battery for energy storage display the frozen chlorine hydrate: (from left) Phflip 
Symons, chief scientist. Energy Development Associates; Robert Loftness, director of EPRl's 
Washington, D.C., office; Art Guffey, executive vice president, Hooker Chemical Corp.; and 
Milton Hollander, vice president of technology, Gulf and Western Industries. Also participating 
in 1he press conference were two utility executives: Sidney H. Law, director of research and 
system studies for Northeast Utilities Service Co., and Peter A. Lewis, assistant manager for 
research and development, Public Service Electric and Gas Co. 

60,000 people. 
The battery harnesses the chemical en

ergy released by the reaction of zinc and 
chlorine in the formation of zinc-chloride. 
According to Milton Hollander, a director 
of EDA, the major innovation in EDA's 
research was learning how to store chlo
rine (which by itself is volatile and poi
sonous) as a solid yellow chlorine hydrate. 
The battery's advantages, according to 
Jim Birk, EPRI project manager for bat
tery development, are that it operates 
near ambient temperatures and uses a 
water-based electrolyte. All the other ad
vanced energy storage batteries operate 
at much higher temperatures and use 
either molten salt or ceramic electrolytes. 

The capital cost goal of the fully devel
oped zinc-chlorine battery is $25/kWh, 
the same cost as a pumped hydro storage 
system. 

It is anticipated that the 10-MWh sys
tem will be the first advanced battery to 
be tested in the national Battery Energy 
Storage Test (BEST) Facility, which is 
scheduled for completion by 1979. The 
BEST Facility is now being designed and 
will be constructed by Public Service 
Electric and Gas Co. of New Jersey on a 
PSE&Gsubstation in Hillsborough Town
ship, Somerset County. The jointly 
funded EPRI-ERDA project will test pro
totype batteries under closely controlled 
conditions. 



Energy-Economy Modeling Workshop 

On January 4 and 5 a workshop was held 
at EPRI headquarters to develop energy
economy scenarios that could be run on 
the Wharton Annual Energy Model. 

Ideas for scenarios were suggested by 
W. Thompson, Philadelphia Electric Co.; 
D. Walters and B. McPhee, TVA; R. 
Weber, Public Service Electric and Gas 
Co.; N. Ricci, Wisconsin Electric Power 

Co.; and other participants from EPRI and 
the academic community. 

Among the questions posed for possi
ble analysis were: What would be the ef
fect of continued energy shortages on 
unemployment and inflation? What 
would be the effect on the national econ
omy of another energy supply interrup
tion, such as the Arab oil embargo? What 
would be the best response by the U.S. 
government to another embargo? How 
rapidly will the demand for electricity 
grow under varying assumptions about 
future national income? 

The Wharton Annual Energy Model 

was designed under an EPRI research 
project that examined the effects of en
ergy cost and availability on the national 
economy. The Annual Energy Model was 
developed from the Wharton Annual In-

Turbine Workshop 

John Mundis, EPRI Nuclear Engineering and 
Operations Department, confers with Ralph 
Ortolano, senior apparatus engineer, South
ern California Edison Co., and Paul Lewis, 
manager of engineering for R&D, Mechanical 
Technology, Inc., at a recent three-day work
shop on improved turbine availability. About 
70 people attended the workshop, which was 
sponsored by EPRl's Nuclear Engineering and 
Operations Department, Nuclear Systems and 
Materials Department, and Fossil Fuel Power 
Plants Department. The workshop was held 
in cooperation with the EEi Prime Movers 
Committee, Steam and Combustion Turbine 
Subcommittee. 

A January 4 and 5 workshop at EPRI examined the effects of energy costs and availability on 
the national economy. Discussing the proceedings are (from left) Bill Finan of Wharton EFA; 
Lawrence Klein, president of Wharton; and Stephen Peck and Martin Greenberger of EPRl's 
Systems Program. 

dustry Model, which has provided com
mercial forecasts for some years. It was 
built under the guidance of L. R. Klein, a 
professor at the University of Pennsylva
nia and a pioneer in the field of macro-

econometric modeling. 
The workshop included a discussion of 

recent progress on the Annual Energy 
Model and a consideration of ways to 
model supply constraints. 
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Power Cable Test Facility 

A test facility in Waltz Mill, Pennsylva
nia, will someday affect the lives of mil
lions of Americans, although the effect 
will never be seen, and that is the whole 
purpose of the Waltz Mill Underground 
Cable Test Facility. It is here that tests are 
made daily on underground power cables 
- an increasingly important alternative 
to overhead transmission lines in areas 
that are either densely populated or have 
environmental constraints. 

Supported by the electric utility indus
try since 1.967, the facility is owned and 
operated by Westinghouse Electric Corp. 
An agreement signed in early February, 
however, will result in EPRl' s being re
sponsible for the facility's operation as of 
June 15, 1977. 

ln fact, two agreements were signed by 
EPRI and Westinghouse. The first calls 
for EPRI to lease the facility from Wes
tinghouse at a cost of $7 million for a 
period of 10 years. The second contract 
makes Westinghouse the operator of the 
faciJity on behalf of EPRI for the first 3 
years of the lease. 

Essentially, the agreements allow EPRI 
to have managerial control over the re
search program and to make capital im
provements. 

At Waltz Mill, new cable designs are 
installed and operated under realistic 
field conditions. Such tests are usually 
carried out during a two-year period in 
which the cable system is regularly over
loaded and subjected to overvoltages. 

"If a cable system survives this test 
satisfactorily, it can normally be said that 
the cable is good for a 20- to 40-year ac
tual service life," says John Dougherty, 
director of EPRI's Electrical Systems Divi
sion. Dougherty explains that it is less 
expensive to pinpoint any shortcomings 
in a new cable during the Waltz Mill 
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Under the terms of two contracts signed early in February by EPRI and Westinghouse Electric 
Corp., EPRI is responsible for the operation of the underground cable test facility at Waltz 
Mill, Pennsylvania, and Westinghouse will operate the facility for EPRI. Signing the agreements 
are (seated, from left) Chauncey Starr, president of EPRI, and Herbert Gray, vice president, 
southeastern region, Westinghouse; (standing, from left) Joe Dillard, manager of the Advanced 
Systems Technology Division, Westinghouse; Charles Paine, manager. southeastern zone. 
Westinghouse; and John Dougherty, director, EPRI Electrical Systems Division. 

phase than after the cable has been 
bought and installed by a utility. 

Proving out different cable designs and 
technologies at Waltz Mill is an integral 
part of EPRI's objectives in underground 
transmission development, which are to 
provide reliable cables with higher volt
ages and capacities. 

Underground Lines cost five to twenty 
times more to install than overhead lines. 
EPRl officials believe that more and more 
underground transmission and distribu
tion lines will be installed as costs are 
brought down, although it is unlikely that 
it will ever pay to put all Hnes under
ground. 

A typical test inspection port showing a solid 
dielectric cable splice under evaluation at 
Waltz Mill. 



Project Highlights 

EPRI Negotiates 30 Contracts 

Contractor/ Contractor/ 
Funding EPRI Pro;ect Funding EPA/ Pro/eel 

Number Tille Duration ($000) Manager Number Tille Duration ($000) Manager 

Fossil Fuel and Advanced Systems Division RP89H On-Line Analysis of 6 months 177.4 Systems Conltol, 
Power Plant Inc. 

RP239-4 Economic Studies of l8 months 500.0 Fluor Engineers Disturbances A. Long 
Allernalive Coal and Construo-

RP891 -2 on.Line Analysis or 42 months 189.9 Combustion 
Gasification tors, Inc. 

M. J. Gluckman Power Plant Engineering, Inc. 
Disturbances A. Long 

RP642-1 Open-Cycle MHD l year 248.3 Avco Everell 
RP892-5 Acoustical Imaging 

Generator Inverter Research Labo- 4 months 4.8 Lockheed Mis-

lnteracllon Test ratory, Inc. of SS Samples siles and Space 

P. S. Zygielbaum Co., Ina. 
E. Reinhart 

RP779-11 Testing of ParahO 2months 8.0 Paraho Develop. 
RP895-1 P0wer Shape Moni- 3 months Exxon Nuclear 

Shale Oil menLCorp. 50.0 

A. Wolk torlng System Corp. 
F. £::. Gelhaus 

RP780-2 Emission Analysls 1 year 73.4 LFE Environ-
Services mental Analysfs 

Laboratories 
R. Carr 

Electrical Systems Division 
RP780-3 Emission AnalyslS 1 year 74.7 Meteorology 

Services Services. Inc. RP213-3 Faull Data Acquisll1on 25 months 559.9 Boe111y Engi· 
A. Carr System and Data nearing and 

RP786-1 By,product-Waste 1 year 188.0 Michael Baker. Logger (or the HVDC Construction 

Disposal for Aue Gas Jr., Inc. Compact Terminal S. Nilsson 

Cleaning Proces.~f'.S T. Morasliy RP764-2 Research in Long-Term 26 months 366.5 General Electrn; 

RP787-2 Capital Costs of 1 year 55.0 Arthur D. Little, Power system C-o. 
Advanced Batteries for Inc. Dynamics P. M. Anderson 

Utility Energy Storage J. R. Birk RP796-1 Composite Wood Utility 3 years 366.0 Michigan Tech-

RP832-2 Evaluation ol Advanced 8 month& 93.4 Catalytfca, Inn. Poles nologicat Uni-

Liquefaction Concepts H. LeboWitz varsity 
A. s. Tacl<aber,y 

RP834-1 Economic Evalua1ion of 11 months 150.0 Stearns-Rogers, 
Fabric Filtration Versus Inc. RP930-1 Gas-insulated, Vapori- 25 months 1050.0 Westinghouse 

Electroslallc Precfpi- D. Teixeira w1ron-cooled Electric Corp. 

talion lo/ Ultrahigh Transformers R. racka/Jerry 

Particulate Collection 
E1ficlenoy 

RP905-I Acceptance Test Meth- 10 months 21.6 Environmental 
Energy Analysis and Environment Division 

odology for Cooling Syslems Corp. 
Towers J. S. Mau/be/sch 

Dr. J. Daniel RP664-2 Critical Assessmen t 7 months 15.0 
RP910-1 Trace Element Removal 2 years 149.9 Stanlord Unr. and Modification of the Khazzoom 

by Absorption on Iron versity Bechtel Energy Supply R. Miehe/son 
Hydroxides R. Jorden Planning Model 

RP914-1 Fixed-Bed Gaslfica- 2 years 785.0 (,e[leral Etect(lc RP676-2 Laser-induced Fluores- 3months 2..4 Georgia Teall 
tlon-Combined,Cycte Co. cence lo Study Power Research 
Control Study M. Gluckman Plant Plume Chemlslry Institute 

f1P924· 1 Phoenix House Solar- 4 months 45.0 Kaman Sciences 
C. Hal<karinen 

AsSISled Heat Pomp Corp. RP855-I Characterizalfon of the 21 months 199..5 Asplundh Envl-
System Evaluation J . E. Cummings Ecological Ettecls o( ronmental 

Waste Heat Rejection 10 months 149.3 R. W. Beck & 
Overhead Transmis- Services 

RP927-1 sion Line Rights-of-Way K Ray 
From Geothermal Associates 
Power Plan ts P. LaMorl RP879-I Evaluation ol Chlorine 1 year 93.6 Public Service 

RP982-1 Development of a 1 year 85.5 Pence-Environ-
Monitoring Techniques Electric and 

Gas Co. 
Process Design/Evalu- mental Specialist, R.K. Kawaratani 
ation Data Book tor Inc. 
Lime--ba:,ed FGD T. M. Morasl<y RP880-1 Synthesis and Analysis 18monlhs 143.8 Ballelle. Pacific 
Systems of Cooling Impound- Northwest Lab-

ment Information oratories 

Nuclear Power Division 
A. A. Go/ds/eln 

RP939-1 Aquatic Microbfornes 1 month 55.8 Lawrence 
RP248-2 EFLOD Code Develop- 9 months 16.2 University of for Assessment o1 Berkeley 

men! tor Retlood Heat Texas at Austin EfOuent Eflects Laboratory 
T1ansfer L. Agee R. K. Kawaratan1 
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Earthquake Effects on Nuclear Power Plants 

EPRI is investigating the response of 
model nuclear power plant structures to 
simulated earthquake ground motions 
through a contract recently awarded to 
the Gvil Engineering Research Facility at 
the University of New Mexico. 

The project is part of a program on the 
interaction of soil and nuclear power 
plant structures. fnvestigafors are study
ing how a seismic event might be trans
mitted through soil to a nuclear plant. 
The purpose of the program is to provide 
an expanded data base and new method
ologies that will aL1ow for more efficient 
designs of nuclear power plants. 

"Nuclear plants are designed according 
to very strict and conservative standards 
to withstand the effects of a hypothetical 
seismic event," stated Conway Chan, 
EPRI program manager for the research 
effort. "The current study will expand ou:r 
knowledge in this area and provide us 
with new options for evaluating possible 
earthquake effects." 

The overall program involves the de
velopment of methods for generating 
earthquakelike ground motions with 
conventional high explosives; a series of 
studies with soil response models; the 
testing of scaling laws to permit investi-

Data Lacking on Health Effects of Sulfur Oxides 

Information is badly needed on the health 
effects of various sulfur oxides that peo
ple may be exposed to from the burning 
of fossil fuels. Until this information is 
available, it's difficult to make rational 
decisions for setting sulfur emission 
standards and for developing emission 
control strategies, 

These were the conclusfons of a study 
recently released by EPRI, which is based 
on a one.-year evaluation of current data 
and information. The EPRI-sponsored 
study was conducted by the San Rafael, 
California, research firm of Greenfield, 
Attaway & Tyler, Inc. 

Electric utilities are particularly inter
ested in this issue because they are the 
major users of the nation's coal. The issue 
is timely because emission standards on 
sulfur oxides will be reviewed by the 
government in the near future. 

Safer Power Transformers 

EPRI has announced a new research pro
ject to develop safer power fransformers. 

The objective of the $2 million study is 
to develop gas-insulated, vapor-cooled 
transformers that compare economically 
with oil~Hlled units but eliminate the fire 
hazards sometimes associated with oil. In 
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Efforts are also needed on the develop
ment of technologies for controlling 
sulfur emissions from fossil fuel combus
tion. The type of control system and the 
costs of its operntion will depend on the 
amount of emission reduction necessary. 
Because coal use is expected to increase 
dramatically in the years ahead, research 
on sulfur oxides has a special urgency. 

"Utilities must protect public health 
but must also avoid pollutant controls 
that raise electricity costs without provid
ing significant environmental and health 
benefits," says Dr. Cyril Comar, director 
ofEPRI's'Environmental Assessment De
partment The cost of sulfur cont,ols can 
run into billions of dollars. 

''The report makes clear just how com
plex the issue really is," states Or. Comar. 

Although sulfur dioxide is the main 
sulfur compound emitted into the air, the 

addition, the project will provide a sub
stitute for polychlorinat.ed biphenol-a 
compound that has been widely used in 
transformers but is now banned because 
of its nonbiodegradable characteristics. 

It is anticipated that the two-year proj
ect will culminate in the construction and 

gators to use small models in lieu of an 
actual fuH-scale experiment; and the test
ing, which will begin shortly. 

During the testing at a site south of 
Albuquerque, strong earth-shaking will 
be induced by conventional explosives; 
both the ground and the models will be 
heavily instrumented to measure the re
sponse to the movement. Of the five 
models to be u.sed in the test, the largest 
will be 12 ft (3.66 m) in diameter and 5 ft 
(1.52 m) high. The smallest will be 3 ft 
(0.91 ro) in diameter and 3.75 ft (1.14 m) 
high. One of the models will be buried 
underground. 

report notes that this substance has been 
thoroughly studied by scientists and by 
itself appears to pose no threat at present 
levels. 

Instead, the report says, other sulfur 
compounds, such as sulfates, sulfites, or 
sulfurous and sulfuric acids, may be more 
important to study than sulfur dioxide
especially because these compounds may 
combine in the air and act together 
with such pollutants as particulates, ni
trogen oxides, photochemical oxidants, 
and polycyclic organics. 

The report, Su/fur Oxides: C1ment StM11s 
of Knowledge, EA-316, concludes by des
cribing the type of research needed. In 
particular, it urges researchers to investi
gate which sulfur compounds pose health 
threats, under what circumstances, and 
how these compounds react with other 
air pollutants. 

field testing of gas-tnsulated, vapor
cooled transformers in three sizes. 

The project is being cooperatively 
funded by EPRI, Niagara Mohawk Power 
Corp., Empire State Electric Energy Re
search Corp., and Westinghouse '.Electric 
Corp., who will conduct the research. 



R &D Status Report 
ELECTRICAL SYSTEMS DIVISION 
John J. Dougherty, Director 

Tangible results of research by the Electrical 
Systems Division have been achieved in a 
variety of projects. This report and those to 
follow throughout the year wil l highlight 
results that are of immediate value to utilities 
and their suppliers. 

Publication of research results, however, 
simply states proven technical options that 
utilities can use to meet current and future 
energy demands. Since actual implementa
tion is the ultimate measure of the division's 
R&D effort, we invite your questions or com
ments on the progress reported below. 
Above all, we urge your adoption and use 
of the results. 

UNDERGROUND TRANSMISSION 

A simplified splice for extruded high-voltage 
cable insulation has been completed under 
a contract with Esna Corp. (RP7815). This 
138-kV, factory premolded splice (Figure 1) 
is expected to be tested at several utility 
installations this year and is also scheduled 
for long-term testing at Waltz Mill. 

A utility's application of the splice should 
result in at least a two-thirds reduction in the 
time required to make field splices (1 O man
hours versus 30-70 man-hours per phase 
for taped splices). The ability to factory-test 
the premolded splice should result in greater 
reliability of joints. (According to industry 
reports, the joint is where the overwhelming 
majority of field failures take place in ex
truded cables.) Hopefully, the availability 
of this simple, reliable splice will promote 
the use of more efficient and economic 
extruded dielectric cable systems. The final 
report has been published (EPRI EL-354). 

A milestone in gas-insulated cable R&D 
has been reached with completion of 
the three-conductor compressed-gas cable 
project (RP7840) by Westinghouse Electric 
Corp. The final report (EPRI EL-389) shows 
that as much as a 15% savings in total 
installed cost can be realized over a rigid, 
isolated-phase, gas-insulated system at 345 
kV. The most cost-effective development to 
come out of this project is the design of a 
segmented enclosure for the large-diameter 

Figure 1 This factory premolded splice for use on 138-kV solid d ielectric cable promises to 
reduce field installation time by as much as 70%, while increasing the reliability of cable joints. 

Figure 2 A novel fabrication technique (longitudinal welding) for aluminum tubes forms a 
rel iable, rigid enclosure for this 3-in-1, gas-insulated cable rated 345 kV. 

tubes required on a three-conductor system. 
The method of fabrication is the key to this 
design-three extruded aluminum segments 
are welded longitudinally to form the tube 
enclosure (Figure 2). 

This system can now be made com-

mercially available. The full economic bene
fits will be realized as manufacturing and 
installation experience are acquired. A pro
totype installation is planned with a coop
erating utility as a fi rst step. Program 
Manager: Ralph Samm 
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ELECTRICAL SYSTEMS DIVISION R&D STATUS REPORT 

OVERHEAD TRANSMISSION 

Compact transmission line design has 
been high on the list of priorities at EPRI, 
the research having been initiated nearly 
three years ago because of the decreasing 
availability of rights-of-way for overhead 
transmission. 

Now the feasibili ty of operating 115- and 
138-kV lines with 3-ft (0.9 m) phase spacing 
has been demonstrated as a result of a 
research project (RP260) with Power Tech
nologies, Inc. A reference book is now being 
published, giving detailed mechanical and 
electrical design concepts based on tests 
and operating experience obtained on a 
short 138-kV compact test line. 

While the current edition of the National 
Electric Safety Code does not permit con
struction of lines with such small clearances, 
the ·practical limits of compact design have 
been shown. Hot line maintenance tech
niques have been demonstrated. Utility 
planners may now wish to consider this type 
of line design for solution of special prob
lemswhere uprating of lower voltage circuits 
or constricted rights-of-way must be utilized 
(Figure 3). 

Four utilities are presently using the re
sults of this research to design compact 
lines for their systems. Another utility is 
extrapolating the 138-kV data for design of 
a compact 230-kV circuit. Final proof of the 
validity of this concept must await con-

struction and operation of a prototype line 
by a utility. 

The primary value of this research is in 
providing the utility industry with another 
alternative scheme for overhead transmis
sion lines. Planners and designers can now 
consider compact lines for those special 
locations on their system where constricted 
rights-of-way will not permit construction 
of conventional circuit designs. Should a 
compact design meet the need, sound 
engineering data are now available on which 
to base line design and operation. 

A second target of research in overhead 
transmission has been the problem of wake
induced conductor oscil lations on bundled 
conductor lines. This project originated with 
the Electric Research Council. Violent mo
tion is induced by the wind in bundled 
conductors, resulting in snapover with con
sequential hardware and tower damage 
and possible failure of the conductor. This 
problem was first discovered on 500-kV 
lines, but it extends to all the lines applying 
more than one conductor per phase. 

A project recently completed by Alcoa 
Research Laboratories (RP119) has pro
duced three useful results: 

o Irregular spacing of nondamping spacers 
along the span wil l minimize weight-induced 
oscillations. 

oSpecial spacer-dampers may not be re
quired, as was first thought. 

10 ft 
l+--(3.05 m>--1 

DA computer program has been developed 
to evaluate phase stability for existing lines 
and for new line design. 

The significance of this accomplishment 
is that a simple and economic solution to a 
very complex problem has been found that 
is applicable to most cases. Utilities with 
bundled conductor lines are now benefiting 
from this research and manufacturers are 
recommending spacer applications based 
on these results. For example, Portland 
General Electric Co. is using the computer 
program to evaluate spacer applications to 
reduce wake-induced oscillations on their 
portion of the Pacific Northwest-Southwest 
500-kV lntertie. Southern California Edison 
Co. has already employed the irregular 
spacing concept on its lines. Bonneville 
Power Administration and the Tennessee 
Valley Authority, as well as utilities along 
the Gulf Coast, are also using this concept. 

It is estimated that approximately 20,000 
mi (32,180 km) of lines using bundled con
ductors wil l be buil t between 1970 and 1980. 
If it is assumed that only 25% of these wil l 
be susceptible to subconductor oscillation 
problems, 100,000 conventional spacers 
could be employed instead of special 
spacer-dampers. Since conventional non
damping spacers that cost between $10 and 
$25 each may be used (compared with 
$30-$100 for spacer-dampers). a cost re
duction of 60-75% may be realized. Pro
gram Manager: Frank Young 

-:.-
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I-Right-of-way: 90 fl (27.43 m)-1 
Conventional Design 

l+Right-of-way:60 fl (18.29 mM 
Compact Design 

Figure 3 The advantage of compact overhead transmission line design shown should result in a significant reduction of rights-of-way 
needed for 138- and 230-kV lines. This should enable utilities to construct some lines at these voltage levels on city streets. 
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DISTRIBUTION 

The corrosion of copper concentric neutral 
wires surrounding underground residential 
distribution (URD) cables is a problem of 
increasing concern to utilities. The cable 
life in corrosive areas may be reduced from 
an expected 35-40-year life to only 5 
years. With over 100,000 mi (160,900 km) 
of URD cable now installed, and an addi
tional 100,000 mi (160,900 km) to be 
installed within the next decade, the inci
dence of copper corrosion can be expected 
to increase. A project recently completed 
by General Cable Company (RP671) would 
eliminate this problem on new construction 
by applying a semiconducting jacket over 
the neutral wires to protect them from 
corrosion. This project was conducted in 
cooperation with Long Island Lighting Co. 
and Georgia Power Co. 

By installing cables with the protective 
jacketed neutral in areas known to be 
corrosive. the subsequent high cost of 
replacing corroded cables can be avoided. 
This approach provides the industry with an 
immediate alternative to corrosion mitiga
tion measures that have been used for 
copper neutral wires. The jacket also makes 
the cable safe for joint, random-lay con
struction with other utilities, while preserving 
the normal expected cable life of 35 or 
more years. 

By avoiding eventual replacement of just 
1 % of 10,000 mi (16,090 km) of URD cable 
now being installed annually with bare con
centric neutral the industry could realize a 
savings of $2.6 million. Additional savings 
ol $3.3 million could be realized by in
creased application of joint, random-lay 
with other utilities, and an additional $2.5 
million could be saved by eliminating dam
age to communication and other connected 
equipment. The total potential savings to the 
industry could approach $7.4 million an
nually. This type of cable is now being 
used by the Long Island Lighting Co. and 
Florida Power and Light Co. 

A desirable new piece of equipment for 
distribution substations has been devel
oped-a simple, compact, oil less, quiet, 
and rugged circuit breaker in the medium 
voltage class. All present 15-35-kV power 
circuit breakers have certain limitations that 
inhibit their use in restricted spaces, espe
cially vaults. Oil breakers are large, and the 
use of oil, which is flammable, is undesirable 
for confined areas such as vaults. Vacuum 
interrupters are expensive high-technology 
devices that require precise and elaborate 
material, equipment. and process control 
techniques. Also, current chopping during 

ELECTRICAL SYSTEMS DIVISION R&D STATUS REPORT 

vacuum interruption produces overvoltages 
that can damage other equipment. Air 
power circuit breakers are large, noisy, 
and emit undesirable arc products to the 
atmosphere. 

A novel method of arc interruption that 
is especially well suited to distribution-class 
power circuit breakers has been developed 
under a research project (RP661) just com
pleted by I-T-E. The unit employs a new 
breaker concept that uses the unique tech
nology of spinning the fault current arc with 
a magnetic field to achieve interruption and 
the excellent insulating qualities of SF6 gas. 

The result is a breaker with features that 
are superior to oil, vacuum, and air power 
circuit breakers. The unit is expected to be 
competitive in price with oil power breakers, 

to contain a sealed interrupter having no 
internal adjustments, to require minimum 
maintenance and a low energy mechanism, 
and to be approximately one-half the weight 
of a comparable oil power breaker. Although 
it is suitable as either an outdoor or an indoor 
breaker. it is particularly attractive for appli
cation in metal-clad switchgear. The use of 
SF6 gas as the insulating and interrupting 
medium will permit one module to be used 
in 15-, 25- or 35-kV applications. 

A three-phase test model of a 15-kV, 25-kA 
distribution breaker has been assembled 
and tested; tests on single-phase models 
have achieved interruption at 40,000 A. The 
contractor is preparing designs for com
mercial prototype production. Program 
Manager: Richard Steiner 

Figure 4 Laboratory model of three-phase, SF6 magnetic Interrupter developed under RP661 
by 1-T-E. 
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ENERGY ANALYSIS AND ENVIRONMENT DIVISION 
Rene Males, Director 

DEFINING DISTRIBUTION 
OF POLLUTANTS 

An important ongoing effort of the Physical 
Factors Program in the Environmental 
Assessment Department concerns the identi
fication , characterization, and monitoring 
of pollutants resulting from electric power 
production. The ultimate goal is to define 
the distribution of pollutants in the environ
ment. Such knowledge is essential tor 
evaluating health effects and for studying 
transport phenomena, including reaction 
mechanisms. 

At present, the identification, charac
terization, and monitoring subprogram is 
supporting 16 research projects- 8 at uni
versities, 7 at private research organizations, 
and 1 with a government research group. 
Expenditures for 1977 will amount to approxi
mately $1 million, with about 60% going to 
universities, 35% to private research groups, 
and the remaining 5% to a national labora
tory. Studies have focused almost entirely 
on atmospheric pollutants from coal-burning 
facil ities and will continue to do so for the 
next few years. However, research is in
creasingly being directed toward pollutants 
in terrestrial and aquatic environments and 
pollutants derived from fuels other than coal. 

The subprogram has two main aspects: 
research on sampling and analytic methods; 
and field measurements. Sampling and 
analytic techniques are being studied to 
assess the reliability of existing procedures 
and to develop new approaches. The mea
surement effort deals not only with pollutants 
from power plants but also with those from 
nonanthropogenic and non-power plant 
sources in an effort to define more accurately 
the utility industry's contribution to the envi
ronmental inventory. The three projects 
described below indicate the types of re
search being supported through the sub
program. 

In a study on sulfur dioxide interferences 
in the measurement of ambient particulate 
sulfates (RP262), Radian Corp. evaluated 
the magnitude of error in measuring sulfate 
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concentrations with the use of high-volume 
filters. The specific error suspected arose 
from the possibility that atmospheric S02 

might oe forming sulfates on the fil ter Itself. 
Such formation would, of course, give too 
high an estimate of atmospheric sulfate, 
due to the combined atmospheric concen
tration, and the secondary formation on the 
tilter. If secondary sulfate formation is sig
nificant, existing sulfate data are suspect, 
and many health effects studies are without 
firm foundation. In view of the seriousness 
of the issue, an evaluation of measuring error 
is a high priority. 

The research entailed the cxposum of 
commercial filter materials to a flow of air 
of known S02 concentration, humidity, 
temperature, and, in some instances, partic
ulate matter. The filters were analyzed for 
both S02 and sulfate. The research (Final 
Report, EPRl- 262) demonstrated that S02 

on filters will convert to sulfate in amounts 
equivalent to 1.6 to 8.9 µg/m3 , for a 24-hour 
sample . For 2-hour samples, the interference 
from conversion is especially severe be
cause most conversion occurs within the 
first few hours of sampling. Temperature and 
concentration of S02 are the two major vari
ables that affect secondary sulfate formation, 
the formation being favored by low temper
ature and a high level of S02. Fortunately, 
pretreatment of filters can reduce the inter
ference problem. The problem of more sulfate 
being measured than actually exists is real. 
However, meaningful interference probably 
does not affect values over 10 µg/m3 . High 
sulfate values, therefore, are probably not 
significantly suspect. Conversely, low values 
may indicate significant error. 

Two projects are under way to develop 
laser units for remote measurement of 
atmospheric pollutants. Stanford Research 
Institute (SRI) is developing a mobile laser 
instrument for making field measurements 
of S02 , N02 , and 0 3 • Because of increasing 
concern over air quality, the electric power 
industry needs better and Jess expensive 
methods of measuring atmospheric qualily 

for such purposes as determining the best 
plant sites and monitoring effluents from 
existing plants. The measurement or moni
toring of stack emissions is a key factor In 
judging air quality, in designing control 
devices, and in understanding the chemical 
reactions that occur in the atmosphere, 
particularly those within plumes. 

Present measuring techniques depend 
either on ground stations (which give, at 
best. only an indirect indication of what is at 
higher levels of the atmosphere) or on air
craft (which are limited by cost, weather, and 
flight restrictions). What is needed is a way to 
measure atmospheric consti tuents from the 
ground under all weather conditions. A laser 
device has such capability. A basic laser 
instrument has been developed by SRI. The 
current work is aimed at making the device 
and supporting computation equipment both 
mobile and field operational. Although a 
number of laser units are already in oper
ation, the one being developed with EPRI 
support is unique in that it can operate under 
all weather conditions, day or night, and 
from the ground can analyze the atmosphere 
over any discrete interval (e.g., between 
1000 and 1500 feet) from ground level to 
about 7000 feet. The mobile unit should be 
operational in early 1978. The other project, 
a demonstration of remote air pollution mea
surement capabil ity (RP486) with Stanford 
University, is aimed at developing a laser 
unit that is interchangeable with the SRI 
device and that wi ll operate at shorter wave
lengths than the SRI device. The advantage 
of the shorter wavelength unit is better 
analytic discrimination and less interference. 

New York University is worl<ing on the 
sources and tissue deposition of trace ele
ments in urban aerosols (RP439) in an effort 
to: (1) provide data on present air quality in 
New York City in terms of present fuel use; 
(2) identify the sources of suspended partic
ulate matter in the atmosphere and the per
centage contributed by source-the main 
ones being automobile, fuel oil furnaces, 
incinerators, and natural sources; and (3) de-



fine any relation that may exist between 
trace element content in human tissues and 
that in the atmosphere. Many urban areas 
face the possibility of having to change from 
one fuel to another in the near future, and 
the effect of this change on atmospheric 
quality is a real concern. However, the effect 
cannot be assessed without background data 
for comparison. The need for such data is 
the rationale behind the first goal. 

The rationale for the second goal centers 
on control strategy. An effective control 
strategy needs to be predicated on accurate 
information covering the extent to which 
utilities contribute to the total atmospheric 
loading of pollutants. Existing emission in
ventories, especially those for New York 
City, are of only limited use in providing such 
information. The research in this project is 
providing a much more direct means, based 
on actual collection of ambient pollutants, 
of defining air quality and of indicating the 
amount of pollutants contributed by individ
ual sources. 

The interest in the third goal is really the 
focus of almost all air quality programs, that 
is, what effect does air quality have on 
humans? Certainly the relation between 
changes in air quality and the incorporation 
of pollutants in tissue has profound impli
cation for any type of control strategy. 

In this study, samples have been collected 
at five sites over a period of two years and 
analyzed for a variety of physical and chemi
cal parameters. The data were then analyzed 
statlslically, using correlation-regression 
analysis and factor analysis to identify key 
elements !hat would be indicative of a par
ticular source. The !issue work involved 
collecting tissue (mainly from kidney, liver, 
respiratory organs) plus blood and bone from 
persons who died suddenly. Sudden-death 
victims were selected in order lo eliminate 
the possibi li ty of having tissue samples that 
might be contaminated from a long-term 
illness. nssues were then routinely analyzed 
for the same list of elements as in the air 
quality work. 

Results include background data and 
source identification (Final Report, EPRl-
117). The study identified the automobile 
and natural sources as making the greatest 
cont(ibution-30% each-to atmospheric 
particulate loading. Fuel oil buming, in
cluding that in power plants, contributes 
11 %. Since 1969 the automobile contribution 
has doubled, the fuel-oil contribution halved. 
Tissue studies show that concentrations of 
chromium, nickel, and lead in air correlate 
with those in lung and lymph node tissue. 
Also, the amounts of cadmium and lead in 
tissue relate to incipient pathological symp
toms in humans. 

Within the identification, characterization, 
and monitoring subprogram, new studies will 
be directed toward atmospheric organics, 
problems related to waste (ash and sludge) 
disposal, and pollutants arising from coal 
conversion processes. Research in the fi rst 
two areas has already begun. Emphasis on 
air pollution will remain, while interest in other 
facets of environmental damage are re
ceiving more attention. Program Manager: 
Ralph Perhac 

FORECASTING REGIONAL 
FUEL SUPPLY AND PRICE 

The Energy Supply Studies Program pro
vides supply curves and analysis for all fuels 
and sources of energy. Such information on 
fuel prices and availability plays an impor
tant role in the evaluation of R&D options for 
power generation. In !he case of oil and na
tural gas, the supply forecasts serve a dual 
purpose. They throw light on the viability of 
technological options. such as the fuel cell, 
and since oil and natural gas are electricity's 
most important competitors in many mar
kets, their projections of price and availability 
are important determinants of electricity re
quirements. A previous report (JOURNAL, 
November 1976) described two projects. 
RP436 and RP665 , whfch reviewed oil and 
natural gas supply modeling efforts that de
termined the state of existing knowledge. 

A study on domestic oil and gas supply 
(RP944) will develop a mechanism for pro
ducing credible, regionally disaggregated 
projections of domestic oil and gas prices 
and quantities over the next 25 years. The 
proposed research wi ll synthesize specific 
elements from selected models (reported in 
the above projects) and augment these with 
new models to provide a computerized eval
uation system. This system wi ll allow EPRI 
analysts and others to project regional oil 
and gas supply and transmission patterns 
under a variety of alternative assumptions. 

To construct this system, the researchers 
will ex1end and refine the models of offshore 
oil and gas supply and examine the potential 
of applying methods to onshore "frontier" 
areas. whose economic and resource de
velopment considerations are operationally 
similar to the offshore areas. The prospects 
for supplemental and synthetic gas supplies 
will be examined from the standpoint of the 
likely timing, regional dispersion, volume of 
gas to be produced, and the economics of 
distribution questions needed for analysis of 
these new supplies. The feasibility of extend
ing methodologies to examine the link be
tween the marketplace of oil and natural gas 
and the resources allotted to exploration and 

drilling will be determined. The research will 
modify a linear programming model of the 
natural gas pipeline transmission network 
to permit regional projections of supply to 
the end user. The oil and natural gas pipe
line studies are most important in view of the 
possibilities tor reversing existing lines and 
building new lines to accommodate Alaskan 
crude oil and natural gas, thus perhaps radi
cally changing regional patterns. 

The contractor, Mathematica, Inc., and 
subcontractors, Institute of Gas Technology 
and the University of Southern California, 
are developing a detailed design for the 
research in this project. It includes meth
odology evaluation and the selection of par
ticular elements of existing methodologies 
tor adaptation in new gas and oil evaluation 
systems, as well as the development of new 
analytic elements where existing methods 
are deemed inappropriate. An important 
component of the design !ask is the specifi 
cation of linkages between model compo
nents. The output of this phase will be a 
more refined design of the remainder of the 
research. Major emphasis in the research 
will be put on regional exploration activity 
models. Methodologies that have been used 
by the FEA and others will be synthesized to 
modify existing models for examining the re
lationship between risk and return in order 
to develop disaggregated projections of gas 
discovery and production. 

A major portion of the research will be 
devoted lo implementing the oil and natural 
gas analysis systems so that analysts may 
examine alternative assumptions and future 
projects. The analysis system will be applied 
to present forecasts of regionally disaggre
gated oil and gas supply for the next 25 
years. The researchers will develop alterna
tive scenarios that describe the likely states 
of nature over the next 25 years for the key 
input parameters. 

Completion of this project will provide the 
Supply Studies Program wfth the mechanism 
to forecast gas and oil supplies. This will be 
coupled with a supply analysis of nuclear 
fuels, coal , and other new technologies to 
provide the production side of the supply 
and demand picture. The analysis in this 
study will be aided by research in other sub
programs. The supporting resources sub
program, for example, will provide supply 
information on input, such as waler, capilal, 
labor, and other materials. The energy de
livery and storage subprogram will analyze 
related transportation problems, such as oil 
tanker characteristics and LNG transport. 
The result will be consistent sets of supply 
curves that wi ll allow analysis of new tech
nologies and projections of future energy 
pictures. Project Manager: Rex Riley 
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ANALYZING 
RESIDENTIAL ENERGY USE 

The timing of this status report on residen
tial sector research is appropriate since two 
major projects were recently completed and 
two others initiated. This allows examination 
of the connections between two links in the 
research project chain as opposed to view
ing an isolated link where the direction of 
research is less visible and the results more 
tentative. 

The recently completed projects were 
'RP333 on the assessment of energy model
ing (Long-Range Electric Energy Demand 
Studies. EA-221 ), and RP431 on the devel 
opment of models to aid in forecasting resi 
dential energy use (Residential Demand for 
Energy, EA-235). A number of conclusions 
from the projects are useful for immediate 
forecasting application. 

RP333 demonstrated that the selection of 
historic data periods often has a dramatic 
effect on forecasting performance. Based 
on tests conducted for the residential sec
tor, RP333 found that two types of models 
yielded relatively strong forecasting perfor
mances. The first was characterized by a 
detailed specification of demographic and 
meteorological variables in addition to in
come and the prices of electricity and sub
stitute fuels. The second approach used an 
estimation technique that captured much of 
the inherent regional variation among states. 

RP431 demonstrated the importance of 
energy prices in determining the amount of 
electricity households consume. The results 
were especially strong in view of the exten
sive methodological and data development 
conducted in the project. The study estab
lished the practical importance of properly 
modeling declining block tariffs and con
cluded that the long-run residential price 
elasticity of demand for electricity may not 
be as large as previous studies indicated. 

The objectives of RP333 were to provide 
points of reference with which EPRl-spon
sored models may be compared and to pro
vide "place-holder" models for forecasting 
while EPRl-sponsored models were under 
development. The project began with the 
development of a set of model selection cri
teria that led to the evaluation of tour resi
dential, one commercial, and three industrial 
econometric models. Given these models, 
an appropriate common data base was con
structed and the parameters of the models 
estimated. The models were then subjected 
to various formal and informal tests concern
ing their ex-ante forecasting capabilities. 

In addition to basic statistical tests con
cerning explanatory power of the estimated 
equations, the models were also analyzed 
in terms of parameter stability, appropriate-
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ness of specification, treatment of lhe error 
structure, and practical usefulness for fore
casting application. The models were further 
analyzed in terms of forecasting and back
casting accuracy over various historic data 
periods. In addition, an annotated bibliog
raphy of electricity demand studies was pro
duced. The results of the study led to the 
selection of a particular commercial sector 
kilowatthour model to be used in the current 
EAE Division's in-house energy forecast to 
the year 2000. These forecasts will assist 
EPRI in its R&D planning. 

In the residential sector, the results of 
RP333 concerning various treatments of the 
error structure led to the use of a particu
lar parameter estimation technlque for the 
models developed under RP431 . The EPRI 
technical staff subsequently selected one of 
the residential models from RP431 for in
tegration into the EAE Division's forecasting 
model. 

The principal objective of RP431 was to 
construct detailed time series data for major 
household appliances and declining block 
rate structures for electricity. Both data se
ries covered 48 states for the years 1956-
1972. Appliance data were constructed from 
Merchandising Week and Bureau of the Cen
sus sources, while the rate structure data 
were aggregated to the state level from ac
tual utility rate structures. The data base 
gives EPRI the capability to conduct detailed 
analysis at the state level, which may then 
be aggregated into national forecasts. The 
study also maintained much of the disaggre
gate data concerning individual utility ser
vice areas. 

The continuing development of those mod
els will focus on improving model specifica
tions, generalizing estimation techniques to 
better account for regional diversity in the 
parameters, improving the treatment of in
terfuel substitution among natural gas, oil, 
and electricity, and improving several as
pects of the analysis of declining block rate 
structures, such as residential electricity 
taxes. These models ultimately wil l allow 
EPRl's Energy Demand and Conservation 
Program to address such questions as the 
effects of natural gas curtai lment and dereg
ulation; regional trends in variables, such as 
income, population, and urbanization; and 
the market penetration of various space
conditioning systems. 

The final reports of RP431 and RP333 both 
noted that the aggregate analysis of house -
hold energy consumption decisions was 
limited by aggregation problems, which 
often mask the true behavior of individual 
households. In response to this need, re
search on patterns of energy use by elec
trical appliance (RP576) was initiated as a 

joint EPRI- FEA project in 1975. This project 
began with a survey by personal interview of 
2000 randomly sampled households. From 
the primary survey, 150 households were 
selected, which had an average of 8 major 
electric appliances individually metered to 
record monthly kWh usage. Using the RP576 
survey data as well as the data collected 
under the FEA-Northeast Utilities Time-of
Day Pricing Experiment, RP1005 was initi
ated to analyze major appliance and fuel 
choice decisions by households. RP1 005 
also will focus on the development and ap
plication of statistical techniques to combine 
survey data sets based on different sampling 
distributions and experimental objectives but 
applying to the same geographic area. A 
number of cross-section data sets are too 
small to be of general usefulness in isolation 
but may provide a rich information base for 
household energy consumption analysis if 
successfully aggregated to meet the needs 
of EPRI. 

A second aggregation question in this area 
is how to utilize simultaneously the informa
tion contained in cross-section survey data 
and aggregate state data such as that col
lected in RP431. The project will analyze the 
applicability of a variety of discrete choice 
models to the problem of forecasting the 
demand for new and existing energy-using 
equipment. These models explicitly recog
nize that many household appliance options, 
such as space heating, result in the selec
tion of one fuel type. The resulting appliance 
forecasts ultimately will be used in energy 
consumption and load forecasting models. 
The RP576 data also are being used by the 
EPRI technical staff in an in-house study of 
the discrete choice modeling of space and 
water heating fuel decisions. 

The second residential sector project 
recently initiated is a study on the analy
sis of load management experiment data 
(RP1006). This project will assess data 
sets forthcoming from load management 
and time-of-day pricing experiments for 
their usefulness to EPRI project areas, such 
as appliance stock forecasting, the demand 
for new goods, and load forecasting. As a 
by-product the study also will examine the 
quali ty of the data in terms of completeness, 
appropriateness of sampling procedures, 
and experimental design . In addition, the 
study will evaluate the usefulness of the data 
for policy inference by individual utilities and 
public institutions. II is expected that these 
experiments will provide useful cross-sec
tion survey data and that they will allow de
tailed analysis of consumer responsiveness 
to time-of-day and seasonal pricing and the 
efficacy of various load management de
vices. Project Manager: James Boyd 
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SURFACE CONDENSER LEAKAGE 

The main surface condenser is a critical 
component in the steam cycle of any steam 
electric power plant (Figure 1 ). This large 
tube-type heat exchanger functions as a 
heat sink for condensing the exhaust steam 
from the power turbines and as a deaerator 
of the resulting condensate. In functioning 
as a heat sink, the condenser is the only 
boundary between the high-purity water in 
the steam cycle and the relatively impure 
cooling water (e.g., lake, river, ocean, or 
cooling--tower water). 

Figure 1 A diagram of the steam cycle in any steam-electric power plant, whether fossil-fired 
or nuclear, showing the position of the condenser. 

The integrity of the condenser becomes 
a crucial factor in the reliability of a power 
plant when considering the plant productiv
ity loss from repairs to condenser leaks and , 
probably more important, the deterioration 
of other components (e.g. steam genera
tors) in the steam cycle as a result of im
purities in the condenser leakage. 

The possibilities for leakage into the con
denser are extensive when one considers 
that today's large power plants have con
densers with more than 60,000 tubes, and 
that each condenser is comparable in size 
with a house. Tube failures can result from 
a number of causes. Mechanical malfunc
tions, such as thrown turbine blades or other 
objects falling on the tubes, tube vibration , 
and broken baffles allowing steam to impinge 
directly on some of the tubes, are prominent 
causes of tube failures. Tube corrosion and/ 
or erosion constitute another class of failure 
mechanisms. 

In general, a condenser's susceptibility 
to the various mechanisms for leakage is 
a function of several variables and combi
nations of those variables, including cool
ing-water environment, condenser design, 
materials of construction, steam-side water 
chemistry, and operation and maintenance 
procedures. 

The Bechtel study 

In order to determine what experience oper
ating power plants have actually had with 
condenser tube leakage, EPRI contracted 

Steam 
supply 

Feed water 
pump 

with Bechtel Corp. for an industry field survey 
and literature search (RP624). The Bechtel 
study addresses several areas related to 
condenser tube leakage, including design, 
materials, chemistry, operation, and main
tenance. The field survey concentrated on 
large fossil-fueled plants, nuclear plants, 
and plants having condensers tubed with 
titanium. During the survey, 30 power sta
tions with 76 generating units (61 fossi l, 9 
PWR, 6 BWR) were visited . The 76-unit con
densers included 116 condenser shells con
taining a total of 2,281,510 tubes with a total 
surface area of 23,189,000 112 (215,433 
m2). The median age of the generating units 
was 12.1 yr, and the median generating ca
pacity, 476 MW. 

A comprehensive field survey form was 
used for the collection of all pertinent data. 
The surveys were conducted by multidisci 
pline teams of 1-3 engineers. 

One area of prime importance in the Bech-

Condenser 

tel work is the analysis of the large volume of 
condenser tube failure data collected in 
the field survey. In order to interpret these 
data, the tubes in a particular condenser 
were grouped into several tubesets accord
ing to their service function. Examples of 
such tubesets are air removal sections, con
densing sections, steam impingement sec
tions, or combinations of these. Tubing fail 
ure rates were then calculated as a function 
of tubeset, tubing material, cooling-water 
conditions, fai lure mechanisms, condenser 
design, condenser size, and many other pa
rameters about which data were collected 
in the field survey. The failure rate calcula
tion used in this study was used previously 
by Newton and Burkett (1) in a similar ap
plication and is defined as the percent of 
tubes fai led (plugged) per 10,000 service 
hours: 

% Tubes plugged 
Failure rate = -------

Service hours x 10-4 
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Table 1 shows the distribution of tubesets 
surveyed by material and cooling-water 
conditions. 

Comparison of tubeset performance 

Probability versus failure rate curves can be 
drawn for many of the tubeset service en
vironments. These curves indicate the prob
ability that a particular tubeset wil l have a 
given fai lure rate. They can be used in con
junction with operating lime versus fai lure 
rate curves to indicate whether or not a par
ticular tubeset wil l have a desired service 
li fe. For example, if 300,000 operating hours 
are assumed optimal for a 40-yr life and if a 
10% incidence of plugged tubes is consid
ered to be the criterion for retubing, then 
the operating time versus failure rate will 
show that a failure rate of 0.333 or less 
is required over a 40-yr service life. The 
probability curve will indicate the chance of 
obtaining this failure rate. Figure 2a is an 
example of how the two sets of curves (prob
ability versus failure rate and operating time 
versus failure rate) can be used to compare 
the performance of different tubing materi
als. Tubesets that were identified specifically 
as air removal sections or steam impinge
ment sections are not included in these com
parisons. The comparison shown in Figure 
2a is for titanium, aluminum brass, 90-1 o 
copper-nickel, and aluminum bronze tubes 
used in a seawater environment. Based on 
data collected in the field survey, the graph 
indicates that titanium has a 94% probability 
of attaining a 40-yr life with 10% plugged 
tubes, aluminum brass has a 47% probabil
ity, 90- 1 O copper-nickel has 40%, and alu
minum bronze has a 33% probability. 

When this same type of comparison is 
made for the three most prominent tubing 
materials in freshwater service (i.e., 90-
10 copper-nickel, admiralty brass, and 304 
stainless steel), the result is a greater than 
90% probability for all three of these ma
terials to attain a 40-yr life with less than 
10% plugged tubes. 

These two comparisons indicate that se
lection of tubing material is a more critical 
factor for good condenser performance in 
seawater or other severe cooling-water ser
vice than in freshwater service. 

It should be pointed out that the prob
abilities used in the above comparisons are 
based on fa ilure rates due to all failure mech
anisms and that mechanical fai lures can be 
independent of the type of tubing materials 
used. Also, as shown in Figure 2b, certain 
operational factors can play a role in the 
performance of tubing materials. Figure 2b 
indicates that 90-10 copper-nickel perfor
mance in seawater can be expected to im-
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Table 1 

FIELD SURVEY TUBESET DISTRIBUTION 

Number of Tubesets 

Material Fresh Water Tower Water Ocean Water 
Total 

(tubesets / tubes) 

Admiralty 102 

90-10 CuNi 17 

70-30 CuNi 0 

CuNi (unspecified) 4 

Aluminum brass 0 

Aluminum bronze 0 

304 stainless steel 95 

316 stainless steel 8 

Titanium 8 

Total 234 

prove with ferrous sulphate additions. 
The location of tubes within the condenser 

can also play an important role in the per
formance of the tubes. Figure 2c shows that 
admiralty brass used in the main body of the 
condenser has a good performance record 
in fresh cooling waters, but when the per
formance of admiralty brass used only in the 
air removal section of condensers is exam
ined, it can be seen that the performance is 
relatively poor, with only a 27% probability 
of a 40-yr li fe with no more than 10% plugged 
tubes. The poor performance of admiralty 
brass in air removal sections is due primarily 
to its susceptibility to steam-side ammonia 
attack. The ammonia is generated from the 
feedwater treatment chemicals and tends to 
concentrate in the air removal section. 

The work done under this project can pro
vide the utilities with a basis for making de
cisions on the type of tubing materials to use 
in their specific application. The study also 
indicates that a large percentage of con
denser tube failures encountered in the field 
survey were mechanical or design-related. 
It discusses what existing units are doing to 
cope with these problems and what design 
considerations would be useful in avoiding 
these problems in new condensers. 

A large body of operating experience data 
has been collected in this study, and more 
importantly, methods were developed for 
using the data to compare the reliability of 
various condenser tubing materials under 
different service conditions. At the same 
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time, there are many aspects of condenser 
performance where sufficient information is 
not readily available to draw meaningful con
clusions. The power plants represent an 
ideal proving ground for large components 
such as condensers, but the task of recon
structing the performance history of these 
components a year or more after the fact 
has proven to be difficult, if not impossible. 
If plant operating experience is to be used 
as an effective tool for assessing large com
ponent performance, a means must be es
tablished for systematically recording this 
experience and making it readily accessible 
for analysis. 

Literature survey 

The literature survey in the Bechtel study 
produced a final bibliography containing 391 
references related to condensers. This bib
liography will be listed in the final report 
on the findings of the study and coded by 
keywords. Reference sources include the 
Engineering Index, National Technical Infor
mation Service Index, Copper Development 
Associates, industry conlacts, and articles 
obtained for review. Many of the articles ob
tained through the literature search wil l be 
referenced in the text of the final report. 
Project Manager: William Lavallee 

Reference 

1. U.S. Department of the Interior. Survey of Con
denser Tube Life in Sall Water Service. Washing
ton, D.C.: The Office of Saline Water, Report No. 
278 (August 1967). 



Figure 2 Failure rate versus probability curves for three situations of condenser tube perfor
mance: (a) shows the behavior of titanium, aluminum brass, 90-1 O copper-nickel, and alumi
num bronze in seawater; (b) shows the effect of adding ferrous sulfate to 90-10 copper-nickel 
tor seawater service; (c) indicates the difference in behavior of admiralty brass depends on 
its functional location w ithin the condenser. 
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POOL SWELL IN 
PRESSURE SUPPRESSION SYSTEMS 

For the past 20 months EPRI has been in
vestigating the phenomenon of pool swell in 
BWR Mark I containment wetwells (Figure 3) 
and is continuing to improve the predictive 
methods, as well as to describe the struc
tural response to pool swell. There is strong 
indication that the structural feedback effect 
on the phenomenon could affect the loads 
experienced. The four areas of study are: 

o Hydrodynamic analyses of pressure sup
pression, or pool swell (RP693-2, with 
Jaycor) 

o Multiple downcomer pool-swell tests 
(RP693-1, with Stanford Research Institute) 

o Fluid-structure interaction analysis 
(RP812, with Science Applications, Inc. ; 
Marc Analysis Research Corp.; and Lock
heed Missiles & Space Co., Inc., Palo Alto 
Research Laboratory) 

o Water impact tests (RP817, with Devel
opmental Sciences, Inc.) 

The hydrodynamic analyses discussion 
that follows documents the model develop
ment that has been performed and validated 
by early two-dimensional Mark I pool-swell 
tests. Future work in this area wi ll extend the 
predictive methods to three dimensions, with 
a data base for validation available from the 
multiple downcomer pool-swell tests. 

EPRl's study of fluid-structure interaction 
is presently focused on the ringheader re
sponse to pool swell impact. The nonrigid 
response of the structure may in fact mitigate 
the loading on the structure. To clarify the 
interaction, both analytic and experimental 
efforts are under way. 

Hydrodynamic analyses 

EPRI is currently sponsoring research to 
quantify the loads in a Mark I containment 
system during a postulated LOCA. This proj
ect wi ll develop and verify (by comparison 
with experimental data) numerical models 
to simulate pool swell. The effort has pro
duced two numerical models (codes) that 
together calculate the kinematics and the 
dynamics of the pool swell from initial dry
well pressurization unti l shortly after ring 
header impact. Two codes were developed 
because two flow regimes were identified 
with the aid of laboratory observations: the 
distinctly three-dimensional flow field during 
and shortly after the vent-clearing process, 
and the essential ly two-dimensional flow in 
the intermediate and late stages of bubble 
growth. The VENT-3 code covers the period 
from the initial drywell pressurization to the 
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Figure 3 Isometric cutaway of a typical Mark I BWR shows relationship of the pear-shaped 
drywell containing the reactor to the doughnut-shaped wetwell below, whose function is to 
protect containment integrity against the possibility of sudden overpressurization in case of 
a release of steam during a postulated LOCA. 

time when water in the downcomer is com
pletely expelled. In this code, the transient, 
three-dimensional nature of the flow is fully 
taken into account. Future work will include 
development of a three-dimensional code to 
simulate the nonuniform pool swell that is 
expected to occur in a Mark I prototype. 

Multiple downcomer pool-swell tests 

The purpose of the tests is to investigate at 
reduced scale (1 : 12) the multidimensional 
hydrodynamic effects during the early pool
swell phase in a Mark I pressure suppression 
system following a postulated LOCA. As yet, 
only single downcomer-pair (two-dimen
sional) models have been tested , and the 
three-dimensional pool-swell effects have 
not been experimentally quantified. The proj
ect is focusing on quantification of this phe
nomenon and the resultant hydrodynamic 
loads. A suffic ient data base wil l be gen
erated to permit validation of a predictive 
method, as discussed in the previous section. 

The planned test model will include 12 
downcomer pairs so that various boundary 
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conditions may be simulated (Figure 4). The 
torus simulation will be a transparent right 
circular cylinder with clear plastic down
comers to allow for photography of front and 
side views. 

The basic test format for the proposed 
multiple downcomer model will involve a 
rapid pressurization of a simulated drywell, 
a blowdown through the vent system that 
connects the drywell to the wetwell, and the 
subsequent pool swell in response to the 
blowdown. 

In the course of our research it has be
come evident that the original scaling law 
derived for incompressible fluid flow was 
not appropriate for the compressible airflow 
through the vent system during the dynamic 
blowdown process. A new scaling law must 
be derived that is dependent on the flow 
characteristic of the particular vent system. 
For the Mark I system where the flow is 
branched and turned a number of times in 
the ringheader and downcomers, a detailed 
flow characteristic study is required . Al
though the exact scope of this research is 

difficult to assess, plans are that two partial 
vent systems (one vent with six downcomer 
pairs) of different scales wil l be flow-tested 
in air. The partial vent systems will be sub
jected to airf low over a wide range of flow 
rates prior to testing on the wetwell model. 
The measured flow rate of each downcomer 
will then be correlated to pressure measure
ments at various points along the partial 
vent system. These tests are required before 
the orifices for flow scaling the wetwell model 
can be specified. Instrumentation in the early 
flow characteristics study wilt include pres
sure transducers. velocity probes. and flow
measuring devices. During the torus model 
dynamic blowdown tests, a high-speed 
movie camera, pressure transducers, and 
load cells will be used. The present plan calls 
for force measurement by load cel ls and for 
pressure measurements in the drywell at 
the downcomer exit, in the wetwell air 
volume, and at the wetted boundary in the 
lower half of the torus. High-speed movies 
will examine hydrodynamic response of the 
water from both the front and the side. 

The data base generated by this experi
mental series wilt be a reference data base 
for the computer code development de
scribed earlier. 

Fluid-structure interaction analysis 

A parallel effort to investigate the effects of 
fluid-structure interaction in the Mark I pres
sure suppression system under postulated 
LOCA conditions was initiated in July 1976 
with preliminary effort directed toward a 
determination of the response of the ring
header under pool-swell impact loading. 
Various computation techniques are being 
employed to perform a coupled fluid
structure impact analysis of the ringheader 
under idealized conditions. This project is 
closely coordinated with a parallel experi
mental program investigating hydrodynamic 
impact of simple ringheader models. 

The primary objectives are to assess the 
effects of ringheader flexibility on pressure 
loads sustained during water impact and to 
investigate the applicability of various com
putation methods for coupled, fluid-structure 
impact analysis. 

A simple flu id-structure model is con
sidered in which the ringheader is modeled 
as a long, thin cylindrical shell (without 
downcomers) subjected to normal impact by 
a large body of water. The cyl indrical shell, 
initially at rest, is located just above a large 
mass of water moving upward with an initial 
uniform velocity. The diameter and thickness 
of the prototype ringheader are taken as 58 
in (1.47 m) and 0.25 in (6.35 mm), respec
tively. Calculations will be performed for 
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Figure 4 A model of a section of the wetwell and its internal components to be used In water 
impact tests to confi rm the ability of the structure to withstand the hydrodynamic forces that 
would be exerted during pool swell. 

various initial water impact velocities. In 
addition, analyses will be performed for 
geometrically scaled shells for comparison 
with scale model impact experiments. 

The calculations will be performed in two 
phases. In the initial set, the cylindrical shell 
will be assumed to be perfectly rigid. The 
results. of the analytic techniques uti lized 
will be compared with each other and with 
available experimental data. In the second 
set of calculations. flexibi li ty of the shell will 
be introduced. Comparison of pressure his
tories and impulse during impact for both the 
rigid and flexible shells will be used to assess 
the effects of fluid-structure interaction. 

Water impact tests 

A series of water impact tests is being con
ducted to provide data for comparison with 
analytic results. The tests consist of driving 
cylindrical steel models of the ringheader 
onto a surface of water. Models at two nom
inal scales (0.30 and 0.15) are being tested 
to provide data to evaluate scaling relation
ships. The models are instrumented to mea
sure impact pressure, forces, strains. and 
accelerations. Impact pressures measured 
on thin-walled scale models will be com
pared with pressures on thick-walled models 
to assess the magnitude of load mitigation 
from fluid-structure interaction. 

To meet this objective, both the models 
and the loading technique are as simple as 
possible, while still maintaining the essential 
characteristics of the prototype system. 
This ensures that investigation of scaling 
relationships and correlations with analyt ic 
results will not be clouded by second-order 
complexities. 

The models are simple versions of the 
straight segment of ring header pipe between 
support columns: cylindrical shells with 
simple supports at the ends and no down
comers. Duplication of the actual support 
conditions (continuous over support col
umns) would be difficult. The simple model 
supports are adequate for the purpose of 
estimating fluid-structure effects and are 
well characterized for comparisons with 
analyses. 

Since pool-swell tests have shown that the 
water surface is almost flat in the local region 
of ringheader impact, a flat surface of water 
is being conservatively used in the early 
tests. Also, for ease of testing, the models 
will be driven at constant velocity into a stag
nant pool of water. It is recognized that this 
simplified impact condition does not account 
for the presence of discharge air bubbles in 
a real pool swell, which would tend to de
crease the loading by introducing a nearby 
free surface that reduces the effective mass 
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Figure 5 A complex moving-carriage system has been devised for the water impact tests of 
models of the ringheader. For experimental convenience, instead of jets of water striking the 
model, the model itself is driven into a stagnant pool of water; the effect is the same provided 
the velocity is the same. 

of the impacting water and accounts for the 
compressibil ity of the air bubbles. 

As shown in Figure 5, the models are 
attached from below to a stiff, massive car
riage on rollers and driven downward into 
a pool of water 4 ft deep and 8 ft wide (1.2 m 
by 2.4 m). The test assembly is accelerated 
to the specified test velocity at impact by a 
chain and sprocket network driven by an 
electric motor. The drive system keeps the 
model at virtually constant velocity during 
water impact. Transducers are located 
optimally to monitor pressure and strain 
distribution over the surface of the models, 
total forces at the model supports, and accel
erations of the model centerline and supports 
during impact. About 18 transducers are 
installed on each rigid model and about 
25 on each shell model. 

The measurement of impact pressures on 
the thin shell walls requires special care. 
The piezoresistive transducers selected are 
small and light enough not to alter appre
ciably the dynamic response of the shell. 
They are also insensitive to the effects of ac
celeration and thermal drift that often plague 
water impact pressure measurements. 

The models are being tested over a range 
of impact velocities from about 6 ft/s to 30 
ft/s (1.8- 9.2 m/s). The shell models are 
driven repeatedly into the water at increasing 
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velocities until the level of incipient perma
nent deformation is reached. If results show 
that tests at higher velocities are needed, 
spare models will be used. Rigid-model tests 
can be repeated with the same model over 
the entire velocity range. All rigid-model 
tests and one shell-model test at each nomi
nal scale will be repeated three times to dem
onstrate reproducibility of data (about 50 
tests in all). 

In addition to the electronic instrumen
tation, high-speed motion pictures of the 
impact process will be taken from below the 
water surface. 

The tests are scheduled for completion 
in June 1977. Project Managers: Charles 
W. Sullivan, John J. Carey, George E. Sliter 

Correction 

On page 40 of the article '' A TWS- Impact 
of a Nonproblem" in the March issue of 
the JOURNAL, the first sentence of the 
last paragraph should read: " These are 
both for exceeding the 25-rem two-hour 
iodine thyroid dose" not " These both far 
exceed the 25-rem two-hour iodine thy
roid dose." 



R & D Status Report 
FOSSIL FUEL AND ADVANCED SYSTEMS DIVISION 
Richard E. Balzhiser, Director 

NOxCONTROLTECHNOLOGY 

Coal-fired steam generators 

A major constraint on the use of pulverized 
coal for power generation will be emissions 
of oxides of nitrogen. Relatively minor 
changes in burner designs and boiler oper
ating procedures (i.e., staged combustion 
and low excess air) have been applied to 
satisfy the 0.7 lb/106 Btu new-source per
formance standards for NOx. Refinements 
of these procedures will probably be applied 
in response to the 0.6 lb/ 106 Btu NOx stan
dards for coal-fired steam generators re
cently proposed by EPA, although questions 
regarding furnace tube corrosion and poten
tially toxic by-products, such as polycyclic 
organic matter, are as yet unanswered. 
However, EPA is considering lowering NOx 
standards even further: EPA research goals 
of 200 ppm NOx in 1980 and 100 ppm in 
1985 have been established for pulverized
coal steam generators. 

For obvious economic reasons, the em
phasis on NOx control at EPRI has been on 
the combustion modification method. A $2 
million cost-shared contract has been 
signed with the Babcock & Wilcox Co. (B&W) 
to develop a low-NOx combustion process 
for coal-fired utility boilers. A lower priority 
has been placed on postcombusion alter
natives because of the substantially higher 
costs involved and the likelihood of major 
reliability impacts. 

Low NOx 
combustion process development 

The major problem in trying to achieve low 
NOx levels from coal is similar to that en
countered with sulfur-the nitrogen or
ganically bound within the coal molecules 
is the source of the emissions. Were this 
fuel -bound nitrogen not present , such con
trol technologies as wind-box flue gas re
circulation and staged combustion would be 
adequate to control NO. to very low levels, 
as evidenced by considerable data from 

natural gas and residual oil-fired boilers. 
The fuel-bound nitrogen, however, is unlike 
its sulfur counterpart in that it does not 
necessarily result in a solid by-product 
(scrubber sludge, sulfuric acid. or even 
elemental sulfur) that somehow must be 
disposed. There is a considerable amount 
of data indicating that the fuel nitrogen may 
be reduced to innocuous molecular nitrogen 
by properly manipulating the combustion 
chemistry. 

The fundamental requirement to accom
plish the conversion of fuel nitrogen to N2 

is through fuel-rich combustion. However, 
this cannot be accomplished by an exten
sion of current staged-combustion tech
niques with conventional burners. It requires 
a completely new burner technology that 
can provide the proper temperature, time, 
and stoichiometry for low NOx. The system 
must physically isolate the fuel-rich com
bustion process from the secondary air 
injection zone, which is required to maintain 
an overall oxidizing condition in the boiler. 
One approach is the primary combustion 
furnace concept proposed by B&W (Figure 
1 ). Pulverized coal is introduced into a con
ventional B&W dual-register burner with less 
air than is required for complete combustion. 
Any resemblance to existing burners ends 
at this point. The extended length of the 
combustor provides the necessary residence 
time to partially oxidize the coal and permit 
the desirable N2-producing reactions to 
occur. Heat removal will also occur along 
the combustion chamber to avoid slagging. 
(Note the similarity between this process 
and gasification.) Secondary air is added at 
the exit of the primary combustion furnace 
to bring the combustion products to 
oxidizing conditions for the balance of lheir 
passage through a conventional convective 
section. 

The development of the low-NOx com
bustion process wil l be performed on two 
scales. The first tests wil l be at 4 106 Btu/h. 
These tests will evaluate the process vari-

ables necessary to accommodate low NO. 
while maintaining acceptable combustion 
characteristics. Heat removal, residence 
time, and quantity of air in the primary com
bustion furnace are major parameters to 
be defined. Due to the small scale, only 
overall aspects of reliability can be evalu
ated in this research. Following successful 
completion of testing at lhe 4 106 Btu / h 
scale, research will then move to a 50 106 

Btu/h facility. This research will confirm 
the NOx and combustion process variables 
determined in the earlier work and evaluate 
material requirements, mechanical design, 
and longevity. Results of the 50 106 Btu/h 
tests can be extrapolated to typical full
scale utility burner ratings (150-200 106 

Btu/h). 
Cost estimates for this technology have 

been provided by B&W. New unit costs are 
estimated at under $5/ kW and retrofits 
are projected to be under $20/ kW. While 
these figures must be regarded as pre
liminary, the attractiveness of the com
bustion control approach is obvious when 
one considers that postcombustion control 
techniques for new units are currently 
being estimated at $30 / kW and up. 

Gas turbine
combined-cycle power plants 

In addition to the regulations being con
sidered for pulverized-coal power plants, 
EPA has issued proposed emissions stan
dards for industrial gas turbines. NOx emis
sions wi ll be limited to 75 ppm at 15% 0 2 

for both liquid and gaseous fuels. Emis
sions regulations for CO and hydrocarbons 
do not appear likely. 

The only means currently available for 
meeting these standards involve water (or 
steam) injection into the combustor. Un
fortunately, this technique has a capital 
cost of at least $10-$15/kW and a fuel 
consumption increase of 2-3%. Increased 
maintenance costs are also probable, so 
a system that avoids water injection is 
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Figure 1 Primary combustion furnace concept as proposed by Babcock & Wilcox Co. The 
extended combustion permits N2-producing reactions to occur. 

'"" ./· '"' / ~---..\ _l .. ' --~ 

desirable. In conjunction with Solar Division, 
International Harvester Co., EPRI has 
undertaken a project to evaluate the feasi
bility of a low-emission combustor that does 
not use water or steam, commonly referred 
to as the dry approach. 

There are several ways of controll ing NOx 
without water injection. All these, however, 
requi re that the fuel and air be completely 
mixed prior to combustion. The most difficult 
conventional fuel to accommodate is No. 2 
distillate because it must be vaporized as 
well as mixed before combustion occurs. 
Accordingly, most research has centered 
on this fuel. The most common premixed 
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Primary air 
injection 

Coal feed '\----l,'---
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combustion method uses high-pressure 
(- 10 atm) and high-temperature ( ,_. 650 ° F) 
combustor inlet air to provide the heat of 
vaporization of the distillate oil. Figure 2 is 
a photograph of the combustor tested. The 
main fuel injection is into the premixing 
ports. During its passage through the ports, 
the fuel is evaporated and mixed to a uniform 
stoichiometry with the airstream. At this 
point, the fuel-air charge enters the primary 
zone where combustion occurs. Subsequent 
secondary and dilution zones are designed, 
using essentially conventional combustor 
design principles. Fuel can also be intro
duced through the precombustor. This 

provides the capabil ity to independently 
vary inlet air temperature and also permits 
added turndown flexibility. 

Preliminary results of the emissions per
formance of the dry combustor have been 
obtained. Up to about 7-atm combustor 
pressure, emissions are within proposed 
EPA standards. However, at the design 
operating pressure of 10 atm, emissions 
several times higher than required were 
observed. The probable cause of the high 
emissions is incomplete evaporation and 
mixing of the fuel in the vaporization tubes. 
One solution to improved fuel vaporization 
is increased combustor inlet air tempera
tures. However, increasing the temperature 
produced autoignition of the fuel-air mix
ture in the vaporization tubes. Autoignition 
resulted in fai lure of the fuel preparation 
ports. 

Development of a dry fix for gas turbine 
NOx will require much additional research 
before a commercially acceptable solution 
is found . Project Manager: Donald Teixeira 

CLEAN LIQUIDS FROM 
COAL: IDEAS AND REALITY 

In 1976 two major events put coal lique
faction firmly on the road to commercial
ization. Groundbreaking ceremonies were 
held on December 15 on the site of the 
H-Coal process pilot plant in Catlettsburg, 
Kentucky (Figure 3). When in operation in 
1978, this plant will process 250 ton/d of 
coal to make an all-distillate synthetic crude 
oil, or 600 ton/d to produce heavy boiler 
fuel. This project is being funded by EPRI , 
ERDA, the Commonwealth of Kentucky, 
Ashland Oil Co., Mobil Oil Co., Conoco 
Coal Development Co. (a subsidiary of 
Continental Oil Co.) and Standard Oil of 
Indiana. 

The second event was the agreement 
effective the beginning of 1976 between 
EPRI, Exxon Research and Engineering 
Co., and ERDA to fund further development 
of the Exxon Donor Solvent (EDS) process. 
Based on the current research and develop
ment effort, detailed design of a 250-ton/d 
plant to be located at Baytown, Texas, can 
begin. This plant is scheduled to be oper
ational by 1980. EPRI support for the Bay
town plant was recently approved by the 
Board of Directors. 

Successful completion of these efforts, 
which are based on different technologies, 
will provide a basis for proceeding with 
acceptable technical risk to commercial 
plants in the mid-1980s. 

The major thrust of the Clean Liquid and 
Solid Fuels Program is the development of 
processes for the production of liquid fuels 
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Figure 2 Combustion at 7 atm has been successful in limiting emissions to EPA standards. 
At 1 O atm, however, emissions are much higher than EPA permits. 

Figure 3 H-Coal pilot plant site at Catlettsburg, Kentucky. Construction is to be completed 
in 1978. 
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from coal. One advantage of these fuels is 
that they can meet any reasonable envi
ronmental requirement. Liquid fuels are 
stable, compatible with present equipment, 
and transportable. Of primary importance. 
however, is that their sulfur and nitrogen 
contents can be varied to satisfy rigorous 
emission requirements. They can be best 
used for intermediate and peaking fuels 
when it is uneconomical to install post
combustion pollution control equipment. 

A variety of processes are being developed 
to produce liquid fuels from coal. Those with 
the highest yield of liquids, about 3- 4 
bbl/ton of coal, are based upon hydro
genation methods. Other approaches that 
yield 1-1 .5 bbl/ ton of coal are based on 
pyrolysis, either in the presence of essentially 
inert gas or hydrogen. A major by-product 
of pyrolysis is char with a sulfur content 
that is about the same as the feed coal. 

EPRI has chosen to support the further 
development of two alternative hydrogena
tion processes. Each is the furthest devel
oped of its type and both offer the best 
chance of technical and economic success. 
The H-Coal process is a direct catalytic pro
cess: the EDS process is an indirect catalytic 
process. The terms direct and indirect refer 
to whether the coal and the catalyst are in 
actual contact with each other. 

Simplified flow sheets presented in Figure 
4 identify key features of each process. In 
the H-Coal process, coal is slurried with oil 
recovered from the process downstream of 
the reaction section, mixed with hydrogen, 
preheated, and fed to a liquid-phase, 
flu idized-bed, catalytic reactor in which the 
coal dissolves . 

In the EDS process. coal is slurried with 
hydrogen-rich distillate oil that has been 
recovered from the process and hydro
genated in a separate, fi xed-bed. catalytic 
hydrotreater. This slurry is mixed with 
additional hydrogen, preheated, and fed 
to an empty liquid-phase, high-pressure 
reactor in which the coal dissolves. As a 
result of the different routes, the remainder 
of each plant is very different; even the 
operating conditions in the reaction section 
are different. A quali tative comparison is 
shown in Table 1. 

In both processes, the dissolution of coal 
results from the rupture of the bonds that 
tie together its polymeric structure. The 
fragments of this breakdown react with 
hydrogen released from the slurrying oil 
and the hydrogen provided from gasification 
of a small portion of the products. After re
action, the tendency for the fragments to 
repolymerize is significantly lessened by the 
presence of hydrogen and by dilution with 
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Figure 4 (a) H-Coal process flow sheet shows the direct catalytic liquefaction of coal. The major product is a heavy, low-sulfur, fuel 
oil substitute. (b) Exxon Donor Solvent process flow sheet shows the indirect catalytic liquefaction of coal. Coal and catalyst are not 
in direct contact. The catalyst aids in increasing the hydrogen content of the oil used to dissolve the coal. The major product is a 
distillate fuel oil. 
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liquids having hydrogen-donating qualities. 
Additional cracking of these fragments and 
further reaction with available hydrogen 
results in the production of lower-boiling 
products. The role of gaseous hydrogen is 
primarily to replenish the hydrogen being 
released from the solvent and to quench 
cracked fragments, thereby preventing 
coke formation. 

Technical differences 

Both processes carry out the coal dissolution 
step at about the same temperature. In the 
EDS process, the solvent quality is con
trolled independently by the operating con
ditions chosen for the hydrotreating reactor. 
Therefore, the amount of donable hydrogen 

46 EPRI JOURNAL April 1977 

in the solvent can be controlled to the level 
required to obtain the desired yield of 
product. With the single-reactor H-Coal 
system, the catalyst serves to simultaneously 
hydrogenate solvent and hydrocrack heavy 
products. However, the operating pressure 
of the single reactor must be higl1er than in 
the two-reactor system. On the other hand, 
the total high-pressure reactor ,volume is 
smaller. 

In both processes organic sulfur is re
moved primarily by reaction with hydrogen. 
Hydrogen is converted to gaseous hydrogen 
sulfide, which is subsequently removed 
in the recycle gas purificat ion system. 
Pyritic sulfur, FeSa, is converted by reaction 
with hydrogen to FeS, which is rejected in the 

Coking 

Gaseous products 
to 

hydrogen generation 

Coke and ash to 
hydrogen generation 

Major product: 
Synthetic distillate 

solids separation system. The hydrogen 
sulfide formed is removed in a separate gas 
purification system. All sulfur that is con
verted to hydrogen sulfide is essentially 
quantitatively converted to solid elemental 
sulfur. The sulfur content of the liquid 
products is a function of the amount of 
organic sulfur in the feed coal and the pro
cessing conditions selected. 

As a consequence of consuming all the 
hydrogen in a single reactor, the amount of 
exothermic reaction heat generated in that 
reactor is higher. This allows a significantly 
reduced preheater outlet temperature 
compared to the two-reactor system. Pre
heating reactor feeds to temperatures 
closely approaching those in the reactors 
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Table 1 

COMPARISON OF H-COAL AND EDS PROCESSES 

Technical approach 

Reaction section 

Operating pressure 

Total high-pressure 
reactor volume 

Reactor types 

Catalyst consumption 

Catalyst bed 

Preheater outlet 
temperature 

H-Coa/ 

Direct catalytic 

Higher 

Lower 

One 

Higher 

Fluidized, in contact 
with coal 

Lower 

EDS 

Indirect catalytic 

Lower 

Higher 

Two 

Lower 

Fixed, not in contact 
with coal 

Higher 

Other considerations 

Product objectives Low severity
heavy boiler fuel 

Distillate oil 

High severity
distillate oil 

Solid separation 
alternatives 

Heavy boiler fuel
solvent 

Distillate oil
distillation 

Precipitation or 
filtration 

Distillate oil
distillation 

Hydrogen/ Fuel gas Steam methane reforming 
of light gases 

Steam methane reforming 
of light gases 

Generation 
alternatives 

Partial oxidation of 
precipitation or distillation 
residue 

Fluid-bed coking of 
distillation residue 

Gasification of 
filtration residue 

presents a technical problem in the design 
of commercial systems. Successful opera
tion must be demonstrated on a large scale. 

Eliminating direct contact between coal 
and the heavy products from coal dissolution 
as practiced in the EDS process greatly 
extends useful catalyst life. Catalyst poisons 
are present in the coal ash and the heaviest 
products from coal dissolution. Specific 
poisons include titanium, calcium, sodium, 
and iron. Heavy liquid products that are 
absorbed on catalyst surfaces inhibit cata
lytic activity by blocking pores and pre
venting the flow of reactants into and out of 
the catalyst structure. 

Using a fluidized catalyst bed in the H-Coal 
process has advantages and disadvantages. 
The term ebullated bed has been used to 
describe this fluidization regime, since both 
upflowing gas and liquid play a role in the 

Gasification of 
fluid coke 

fluidization process. Almost all the lifting 
power comes from the flow of liquids. Gas 
flow greatly increases turbulence. In this 
violently agitated system, the heat of re
action is absorbed by mixing with feed to 
the reactor, and there is no pressure drop 
because of the absence of flow restrictions 
between part icles. 

Since the expansion of the bed is con
trolled primarily by liquid flow, large quan
tities of liquid must be recirculated. The 
amount of circulation required is a function 
of the physical properties of the liquid, 
primarily viscosity and density. These change 
as a function of reactor conditions. coal 
type, coal conversion level, and solids con
centration in the reactor. Controllability 
and stability of this system in a large
diameter reactor remain to be demonstrated 
for a coal liquefaction system. They have 

been demonstrated in 13-ft-diameter re
actors for heavy oil hydrogenation (H-Oil 
process). With the ebullated-bed reactor 
system, a small amount of the catalyst in
ventory (1-2%) is replaced each day. In this 
way, catalyst activity can be maintained at 
a desired level. 

Utilization of a fixed-bed reactor in the 
EDS process for hydrotreating distillate oil 
is a modest extension of present petroleum 
refining, hydrocracking, and hydrotreating 
experience. The amount of hydrogen con
sumed and the concomitant high heat re
lease place this process at the upper end 
of the spectrum of commercial practice. 
Special relationships to determine the proper 
amount of catalyst present between quench 
points may have to be developed for this 
system. 

Product objectives can be varied with 
the H-Coal process primarily by varying 
coal throughput. With high coal rates and 
therefore lower hydrogen production, the 
product is similar to heavy boiler fuel. Fil
tration, or more likely solvent precipitation, 
will be used to separate solids. At lower 
throughput rates and higher hydrogen re
quirements, the product is an all-distillate 
syncrude. Solid~ separation can be accom
plished by vacuum distillation. The residue 
from this distil lation is fed to a partial oxi
dation unit to generate hydrogen. With the 
EDS process, solids separation is accom
plished by vacuum distillation. The residue 
is sent to a Flexicoker. In the first stage of 
that unit, additional liquid is recovered by 
coking of the residue. Coke is then fed to 
an air-blown gasifier to produce fuel gas, 
which then provides process heat. 

Current status 

H-Coal has been operated on a 3-ton/d 
scale and EDS process on a 1-ton/d scale. 
This has shown that these processes work, 
using laboratory equipment. However, al
though excellent work has been performed, 
these routes to clean boiler fuel from coal 
are a long way from commercial reality. 
The economic attractiveness of a capital
intensive facility depends very strongly on 
its availability. Present estimates of the 
capital and operating costs of these two 
processes are about the same. It is neces
sary to proceed to the 250-600 ton/d 
pilot plant scale to demonstrate the technical 
feasibility of each key step at a larger scale. 
This will allow a decision to be made on the 
suitability of each process for wide-scale 
commercialization. With a better engineering 
basis, management can evaluate the finan
cial incentives and technical risks involved in 
establishing an industry that will provide 
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clean fuels from coal for power plants that 
will be operating in the 1990s. Without the 
support of these projects by EPRI and the 
U.S. electric power industry, they would 
simply be laboratory ideas instead of alter
native technologies with good potential 
for commercial application. The two events 
described at the beginning must be regarded 
as major accomplishments. Program 
Manager: Ronald Wolk 

FUSION POWER RESEARCH 

For an early and successful commercializa
tion of fusion power plants, utility operational 
requirements must be continually compared 
with the projected capabil ity and perfor
mance ot fusion power systems being de
veloped by the U.S. government. This 
comparison can be accomplished through a 
series of trade studies based on a parametric 
systems analysis of conceptual fusion re
actor designs. Such analysis will result in 
concept and/or requirement changes and 
must be continued as a feedback process 
during the entire development time to ensure 
a fusion power plant of maximum usefulness 
to the utility industry. 

Such an approach is routinely used in 
complex, long-range military and space 
programs. However, for a complex civilian 
technology such as fusion power, in which 
the eventual user and the developer are 
separate entities, a special effort is required 
to ensure a good feedback process for com
paring requirements and system capability. 

EPRI is developing the methodology and 
initial tools for such an approach to fusion 
power. At this early stage only the broad 
critical elements that affect utility require
ments need to be considered. The relation
ship that determines the cost of electricity 
generated by a fusion power system tends to 
be dominated by the capital investment 
(Figure 5) and the degree of plant availability. 
The other factors, annual operating cost and 
fuel costs. tend to be small by comparison. 
Therefore, a study was initiated to define the 
impact of first-wall /blanket design concepts 
and parameters on fusion plant capital 
investment and availability (RP472). In addi
tion, because of the influence of radiation
induced structural damage, a strong 
emphasis was placed on developing the tools 
and techniques for predicting first-wall / 
blanket life. The project is funded jointly by 
EPRI and the McDonnell Douglas Corp. 

The study first defined nine conceptual 
design issues involved in establishing capital 
cost and availability levels: 

o Plasma confinement concept 
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Figure 5 The cost of electricity generated by a fusion power system is dominated by the capital 
investment. The capital costs may be reduced by alternative fusion reactor concepts that 
provide simpler geometries with more economic construction techniques and permit higher 
power densi ties and smaller modular units. 
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The first three issues are intimately related 
to the available technological options for 
fusion and hence have different relative 
risks associated with any choice; for exam
ple, the selection of the plasma confinement 
concept, the subsystem methods of plasma 
heating, and the choice of structural mate
rials tor the first wall. 

A report of these studies has just been 
published (EPRI ER-386). It is through such 
parametric studies that we can ascertain 
that utility objectives for fusion power sys
tems are being met. These studies also allow 
us to identify problem areas and indicate 
where fusion alternatives should be explored. 

Fusion options 

By its very nature and because of its early 
state of development. fusion power has many 
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available options for overcoming or circum
venting its problems. EPRI is assessing this 
option space to seek R&D directions that 
could lead to systems better suited to utility 
requirements. The following examples illus
trate how new options obtained through 
design ingenuity, choice of materials, and 
choice of fusion fuel cycle could impact the 
fusion reactor first-wal l /blanket system. 

Design Ingenuity In fusion, the volume in 
which the neutrons are generated is com
pletely separated from the volume in which 
the energy is extracted. Fusion neutrons are 
generated in a plasma and then interact 
with materials located a considerable dis
tance away. This characteristic of fusion 
systems may be used to reduce the effects 
of radiation damage in a way not available 
to fission systems because radiation damage 
effects are temperature-sensitive. Thus, 
fusion reactors may be tailored so that mate
rials that receive the highest neutron fluence 
operate at a temperature where longer mate
rial lifetimes are achieved. 

Such temperature tai loring has been ap
plied by the University of Wisconsin as part 
of an EPRI study on inertial confinement 
fusion reactors (RP237). Consideration of 
plant efficiency favors a high operating 
temperature for the first wall and blanket, 



whereas structure life considerations favor a 
lower temperature. However, since only 
approximately 20% of the energy is de
posited in the first wall, total plant efficien
cies can be maintained at reasonable levels 
with low first-wall temperatures. For exam
ple, the University of Wisconsin has de
veloped a blanket design that uses flowing 
Li20 particles as the blanket heat transport 
medium, while separately using boiling 
water cooling for a first wall. This offers the 
possibility of sharply reducing the irradia
tion temperature in the fi rst wall to the 
250-300 ° C range. 

Although it is well known that radiation 
damage effects are temperature dependent, 
at this time it is difficult to pick the tempera
ture that will provide the longest life. For 
example, for 316 stainless steel, swelling is 
greatly reduced at 250-300°C compared 
with 500°C, but embrittlement by matrix 
hardening is greater at 250-300°C than at 
500°C. To determine the temperature for 
longest life requires knowledge of the actual 
fai lure mode and, consequently, the material 
properties that control this failure mode. 
Operating the first wall at a lower tempera
ture can provide other advantages, such as 
improved material strength properties, cor
rosion res1stance, and thermal creep resis
tance. Taking all these factors into account. 
the concept of temperature tailoring may 
provide a significant increase in first-wal l 
life. Such a life increase will substantially 
increase plant availabili ty and thereby re
duce the cost of fusion power. 

Low-Activation Structural Materials for 
Fusion Reactors An especially important 
issue, implicit in the fi rst-wal l/blanket sys
tems analysis (RP472), is that operation of 
planned fusion reactors with deuterium
tritium (D-T) fuel will cause all lhe structural 
metals already chosen tor these systems to 
become seriously radioactive. Since these 
materials wi ll be replaced periodically be
cause of thermomechanical wear-out and 
radiation damage, the difficulties of dealing 
with radioactivity could significantly affect 
plant availability and the eventual cost of 
electricity. Among the factors that will 
depend on the activation levels, biological 
hazards, and decay rates of transmutation 
isotopes are: 

o Reactor repair and maintenance 
procedures 

o Storage requirements for activated com
ponents that are removed from reactors 

o Personnel safety 

o Environmental (siting) restrictions 
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These factors will, in turn, significantly 
influence the societal acceptance. as well as 
the cost, of fusion power reactors. 

One way induced radioactivity in fusion 
can be reduced is to seek materials that do 
not become very radioactive in the 14-MeV 
neutron environment or that form radioac
tive daughters that decay very rapidly. Fortu
nately, there are a number of elements, such 
as aluminum, carbon, magnesium, oxygen, 
silicon, beryllium, titanium, vanadium, and 
certain alloys and compounds of these 
elements, that have much more favorable 
activation/decay characteristics than do 
stainless steels, nickel alloys, or the so
called refractory metals. In general, how
ever, the metals and alloys that have the 
most suitable properties for constructing 
large, high-temperature devices become the 
most radioactive, and the materials that have 
low activation levels present other kinds of 
structural limitations (such as inadequate 
temperature resistance, susceptibility to 
radiation damage, brittleness, and incom
patibility with proposed coolants). 

To help assess the feasibil ity of using 
low-activation materials extensively in fusion 
machines, an EPRI workshop was held in 
February 1976 (ER-328-SR). Representa
tives from util ities, architect-engineering 
firms, manufacturers, metals producers, and 
national laboratories attended. The 30 spe
cial ists concurred on the need for a coordi
nated research effort on the activation 
problem and identified two general direc
tions for R&D. Both involve determining 
the capability of materials to implement 
low-activation designs, but differ as to the 
proper trade-offs that will be required. 
One path chooses the benefits of design
ing with ductile metals and thereby ac
cepts a modest level of activation; the 
other chooses the lowest possible induced 
radioactivity, which is obtainable only 
with ceramics, and must confront the 
difficulties of incorporating brittle sub
stances into load-bearing structures. 

Aluminum. magnesium, and beryll ium are 
low-activation structural metals, all having 
limited temperature resistance. Magnesium 
has no known advantage over aluminum, has 
inferior corrosion resistance. and is less 
widely used and characterized. Beryllium is 
expensive, is in short supply, and is difficult 
to fabricate into complex structures. There
fore, aluminum was selected as the most 
likely candidate from this group, especially 
inasmuch as aluminum/aluminum-oxide 
composites offer the possibility of much 
higher strengths and temperature resistance 
than do purely metallic aluminum alloys. 
Titanium and vanadium have reasonable 

temperature capabilities, but vanadium has 
no industrial base and is very sensitive to 
environmental degradation. Thus, although 
relatively li tt le is known about the neutronic 
properties of titanium, it was chosen for 
further study on the basis of a preliminary 
assessment in RP472. A project is being 
initiated to address the fo llowing important 
unresolved issues associated with using low
activity alloys for structures in fusion 
reactor environments: the effects of trans
mutation helium and hydrogen on the me
chanical properties of high-purity aluminum 
and titanium alloys; the probability of finding 
high-purity aluminum alloys with adequate 
corrosion resistance to high-temperature 
water; the evaluation of swelling behavior, 
mechanical and neutronic properties, and 
coolant compatibility of titanium alloys. 

Ceramics involve even greater difficulties 
of utilization (and conversely, greater prom
ise) than do metals for first-wall/blanket 
systems. Lower atomic number substances, 
such as graphite and silicon carbide, are 
particularly attractive from the standpoint 
of low activation; compared with even the 
"best" metals, residual radioactivity would 
be decreased by many orders of magnitude 
following exposure to fusion environments, 
as shown by Figure 6. In addition to their 
advantages in terms of activation, these 
low-Z materials have been widely proposed 
for plasma-facing applications because they 
offer the potential for reducing the effects of 
plasma contamination from sputtering and 
erosion processes. These advantages, how
ever, may be ditficult to realize in practical 
systems, since ceramics are brittle. A neces
sary first step is to identify those techniques 
and methods that must be invoked in order 
to ensure satisfactory ceramic components 
( in terms of structural reliability and of 
function) in spite of intrinsic brittleness. 

As a result of the foregoing considerations, 
a modest scoping project has been under
taken to assess the feasibility of constructing 
a fusion reactor with ceramic materials that 
have very low neutron activations or very 
rapid atterheat decay (RP992). The work is 
being conducted in three broad phases: 

o The evaluation , particularly from a me
chanical design standpoint, of structural 
ceramics envisioned for first-wall and 
blanket regions of fusion reactors 

o The elucidation of initial design concepts 
that can form a basic framework for the 
practical application of ceramics in fusion 
reactors 

a As a result of the first two activities, the 
development of a road map, or plan of work, 
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Figure 6 Operation of fusion power reactors with deuterium-tritium fuel wi ll cause the 
structural materials to become radioactive. This induced radioactivity can be significantly 
reduced by choosing materials that do not become very radioactive in the 14-MeV neutron 
environment, or which form radioactive daughters that decay very rapidly. The figure shows 
that the induced structural radioactivity In a D-T fusion reactor after two years' operation at 
5000 MWt can be reduced by as much as seven orders of magnitude and might even permit 
hands-on maintenance. 
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that will lay out the R&D steps necessary to 
develop ceramics for fusion reactor 
applications 

A major goal for these efforts is their use 
as a vehicle for identi fying key limiting prob
lems and the potential payoff (in terms of 
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improved operational limits) that may be 
associated with a successful solution. 

Advanced Fusion Fuel Cycles The present 
national fusion program is progressing to
ward the goal of electric fusion power essen
tially along the path of one fusion fuel, D-T. 

This effectively limits the technology develop
ment to a 14-MeV neutron-producing fusion 
reactor system and imposes the complica
tions of tritium breeding, neutron activation, 
remote handling, and complex blanket 
design. Although no future energy source 
can eliminate all concerns, there are 
alternative fusion paths that may lead to 
simplified and more acceptable technology 
than using D-T fuels, although they require 
the achievement of more difficult plasma 
physics conditions. Two paths are being 
explored in EPRl-funded projects. One 
involves D-D and D-3He fuels, using con
ventional magnetic confinement configura
tions such as tokamaks and mirrors (RP645). 
The objective of this study in its second year 
is to evaluate the merits of the various ad
vanced-fuel reactor systems compared with 
a 0-T system. The project involves three 
principal contractors, the University of 
Illinois, Brookhaven National Laboratory, 
and Lawrence Livermore Laboratory. So far, 
studies show viable designs for D- D and 
D-3He tokamaks, using the recent improved 
estimates for fuel confinement in tokamaks. If 
these encouraging results prove feasible , 
the application of new fusion fuels can 
greatly simplify the ultimate reactor technol
ogy-eliminating tritium breeding, simplify
ing the energy extraction, increasing the 
overall efficiency, and improving potential 
for direct energy conversion. In addition, 
evaluations of field-reversed mirror fusion 
reactors using D-D and D-3He show prom
ise of small unit size and simplicity, offering a 
technological option to tokamaks. 

The other approach to fusion involves 
"neutronless" fusion fuels that have more 
severe fuel core requirements (higher 
temperature and better fuel confinement) but 
produce essentially no neutrons. Much of the 
power output exits as electromagnetic 
radiators (X rays), and the rest, as charged 
particles. These conditions lead to the pos
sibility of very high efficiency of energy con
version. The most likely fusion reaction of 
this sort is 

p + 1 1B ...... 34He + 8.7 MeV 

although there are others. The outstanding 
disadvantages of these reactions are that 
significant fuel burn rates are obtained only 
at temperatures above 150 keV, and the fuels 
require very favorable plasma confinement. 
These objections have traditionally mini
mized interest in such reactors. However, in 
the present cl imate of environmental and 
complex technology concerns, ihe advan
tages of such neutronless reactions have 
created interest in carefully evaluating the 
possibilities of such reactions. Among some 
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Advanced Fuel Fusion Reactors 

Advanced fuel fusion reactors based on 
deuterium-helium or proton-boron mixtures 
release most of their energy as hard X-ray 
radiation or charged partic les and, conse
quently, open the possibility of the so-called 
neutron-free reactor. All such reactions pro
posed 10 date have limited c ross sections and 
require very favorable confinement schemes. 

Coupling such an advanced fuel with a 
more efficient energy conversion concept is 
almost essential if such advanced reactors 
are to be realized. The concept shown here 
accomplishes th is requirement by introducing 
a radiation boiler in which the X rays are 

absorbed in a high-Z working flu id that is 
separaled from the plasma by a low-Z X-ray 
transparent solid wall and a device called an 
energy conver ter, which couples the turbines 
to the high-temperature gases. 

The high-Z working fluid inside the radiation 
boiler absorbs the X-ray energy at very high 
temperatures (about 3000K). The working fluid 
temperatures may be too high for d irect use 
in turbine generators. Consequently, a wave 
energy converter is interposed into the elec
tricity-generating cycle. The converter is used 
to gas-dynamically transfer the enthalpy of 
the high-temperature fluid to a cooler working 

11 

fluid. Acoustic impedance matching between 
the two fluids allows highly efficient energy 
transfer (e.g .. 85- 90%) with the advantage 
that the entire cycle efficiency can be char
acterized by the Carnot efficiency of the high 
temperature of the boiler working fluid. while 
lhe cold working fluid allows the device to 
be coupled to a conventional turbine gener
ator. Overall energy conversion cycle effi
ciencies of better than 60% can be calculated 
for advanced fuel fusion reactors that use 
the radiation boiler-wave energy converter 
concept. 
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of the specific advantages for the utility 
industry are: 

a Substantial reduction of induced radlo
activi ty due to neutrons will reduce nuclear 
issues drastically in the public eye. 

a The fuels are inexhaustible, cheap, and 
presently available. The amount needed is 
small compared with the quantity now used 
commercially. 

a Accessibility and simplicity of the prelimi
nary reactor concept using these fuels 
should improve performance of a future 
fusion power station. Technical advantages 
for manufacturers and utilities include dras
tic modification to the first wall, changing lts 
requirements completely. This is very impor
tant because the first-wall/blanket condi
tions in a D-T reactor have created severe 
problems in the development of fusion 
reactor designs. In the neutronless fusion 
fuel, the first walls connected to external 
cooling systems can be designed with much 
more confidence. 

a The complex blanket is virtually eliminated 
and is replaced by much thinner X-ray-ab
sorbing plates and heat transfer media. 

a The structural integrity and life appear 
to be much improved. 

a The preliminary examinations so far indi
cate the fusion core and boiler would be 
more accessible, permitting different meth
ods of fuel injection and heating. 

a The production of fuslon energy in the form 
of electromagnetic radiation presents oppor
tunities to achieve exceptional efficiency of 
conversion and use. 

A preliminary examination of one reactor 
concept using p- 118 is in progress at TRW. 
This work was stimulated by an EPRl
sponsored assessment effort by Professor 
John Dawson of the University ol California 
at Los Angeles. It embodies a fusion reactor 
concept that uses floating magnetic multi
poles to achieve efficient fuel containment 
and to minimize the internal magnetic field. 
This latter requirement is important because 
of the severe losses incurred at high fuel 
temperatures due to synchrotron radiation 
from the fuel in a strong magnetic field. So 
far the preliminary results show that a driven 
system producing 100 MW at an ion temper
ature of 250 keV. electron temperature ol 
130 keV, can be sustained with neutral beam 
healing. Energy is extracted by X rays 
through a thin Be or Al wall into a high-Z 
gas, which then can be converted at high 
efficiency (55-65%) into electricity, or by 
mixing the high-Z gas with water. The high 
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temperature obtained might be used to break 
water into H2 and 0 2 for synthetic fuel pro
duction. The use of such energy convertors 
tor advanced fuels is being studied at 
Mathematical Sciences Northwest, Inc .. 
under a recent addition to RP645. Program 
Manager: William Gough 

OPEN-CYCLE MHD 

Top attention is being given to open-cycle 
magnetohydrodynamics (OCMHD) as a 
promising concept for efficient power gen
eration from coal. Preliminary economic 
comparisons of OCMHD with competing 
technologies support this position. Over 
the past few years, national funding for 
MHD research has made possible extensive 
investigation of several limiting technical 
issues and signlffcanl advances have re
sulted. While a number of key technical
economic issues remain to be resolved, 
these recent results have considerably 
strengthened the basis for a comprehensive 
development program for OCMHD tech
nology. 

Competitive economics 

The recently completed, federally spon
sored study on energy conversion alter
natives provided a comparison of a number 
of advanced options for baseload power 
generation from coal or coal-derived fuels 
( 1). Conceptual plant designs were de
veloped and analyzed on economic com
petitiveness in fixed plant capacity factor 
(65%), fuel prices, and other assumptions 
(Figure 7). OCMHD appears to be com
petitive with the best alternatives in regard 
to both energy conversion efficiency and 
cost of electricity. This study was only a 
preliminary comparison, since it did not 
account for various important aspects of 
realistic utility situations. EPRI and the fed
eral government are currently performing 
more comprehensive studies. However, at 
this point OCMHD does appear to be an im
portant candidate for advanced power gen
eration from coal. 

Technical progress 

The major technical issues and the extent 
of recent progress are shown in Figure 8. 
The bloc!< diagram represents the major 
subsystems of the most commonly envi
sioned type ot coal- fired OCMHD power 
plant. This configuration consists of an 
OCMHD "topping" cycle and a steam 
"bottoming" cycle. 

As indicated by the bold outlines in the 
diagram, tour major segments of the pro
jected MHD plant encompass limiting tech-

nical issues. The combustor, the generator, 
and the associated power conditioning and 
control equipment, viewed as closely inter
related units, represent one such segment 
of the OCMHD plant. The superconducting 
magnet system required for the MHD gen
erator has presented limiting technical ls
sues in fabrication and assembly. The seed 
recovery and reprocessing subsystem, in
tended to recover the potassium seed 
material injected into the flow to increase 
the electrical conductivity of the combustion 
gases, represents the third area of major 
uncertainty. The fourth area of major concern 
has been the high-temperature air pre
heaters, which would use the exhaust of 
the MHD generator to preheat the combus
tion air to very high temperatures (above 
2000°F). The other major subsystems 
shown in Figure 8 appear to present no 
limiting technical issues al this point. 

Encouraging advances have been made 
in the development of the air preheaters 
that are envisioned as being similar to blast 
furnace heaters, using a series of ceramic 
beds that alternately cool the exhaust gases 
from the generator and heat the air going to 
the combustor. Since the coal combustion 
products will contain some amount of slag 
and potassium seed material (present as 
potassium sulfate), these heaters could be 
subject to severe corrosion. However, re
cent tests (2) indicate that commercially 
available blast lurnace heater materials will 
be capable of long-life service while pro
viding preheat temperatures up to approxi
mately 2500°F, a temperature sufficient for 
the needs of OCMHD systems. Also, a back
up position has been established by the 
successful demonstration of an alternate 
heater configuration. which would be fired 
by a separate gas stream instead of the 
MHD exhaust gases. 

Superconducting magnets tor baseload 
OCMHD power plants present a variety of 
development problems. However, a large, 
high-field superconducting magnet has 
been successfully tested in Japan. Also, 
experience over the last decade with large 
bubble chamber magnets in the U.S. has 
provided overall confidence in the ability 
of U.S. magnet manufacturers to deliver the 
required magnets (3). 

Considering the MHD generator Itself, 
tremendous progress has been made over 
the las! few years in understanding the pro
cesses involved in the operation of coal
fired and other generalors. Recently, Soviet 
investigators operated a channel at the 
highest power output (slightly over 20 MWe) 
ever achieved by their U-25 pilot plant, and 
the actual power output achieved by fhe 
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Figure 7 A comparison of Phase 2 results presented by NASA-Lewis Research Center at the 
ECAS Conceptual Design Review, October 1976. Shaded areas indicate cost and efficiency 
ranges of conventional steam plants with scrubbers. Most of the systems under study operate 
both at lower cost and at higher efficiency. 
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generator was almost exactly the value pre
dicted by theory. In addition, continuous 
generator operation for durations of over 
100 hours has been achieved, using both 
clean-fuel generators and combustion prod
ucts containing coal ash. More important, 
investigators have developed a much better 
understanding of the material degradation 
processes occurring in MHD generators 
(4), and promising approachf!s to the solu
lion of these problems are being tested . 

Since MHD generators represent a small 
fraction of OCMHD plant costs, a generator 
lifetime of a few thousand hours could be 
acceptable, depending on the plant down
time required for replacement of the chan
nel . Such lifetimes appear to be within 
reach. 

The power conditioning and control 
(PC&C) system has been recognized as an 
important aspect of the development of 
dufable MHD generators (5). No advances 
in PC&C technology are required to pro
duce viable equipment for MHD power 
plants, but a clear understanding of the 
fnteractive design and operation of the gen
erator and PC&C system will be required. 
Efforts that address this issue are under way. 

Coal combustors for OCMHD systems 
present a number of difficult technical issues. 
However, recent laboratory tests and ex
perience with related problems in other fields 
give confidence that these issues can be 
resolved successfully. 

Another area still presenting unresolved 
technical issues is that of seed recovery and 
reprocessing . Large amounts of seed ma
terial could be lost by absorption in the coal 
slag present in coal-fired MHD systems. 
Current plant designs are based on the use 
of cyclone combustors to extract a large 
fraction of the slag upstream, thereby limiting 
possible seed loss. In addition, a number of 
designs of seed recovery and reprocessing 
systems have been developed. Although 
these designs remain supported only by 
laboratory tests. recent results are en
couraging (6). 

In summary, potentially limiting technical 
issues associated with superconductlng 
magnets and high-temperature air pre
heaters have been resolved. Definite prog
ress has been made in the development 
of combustor-generator-PC&C subsystem 
combinations to provide adequate perfor
mance and durability. Seed recovery and 

regeneration subsystem designs, while 
involving a number of uncertainties, are 
supported by laboratory tests. 

Demonstration or commercialization? 

With increasing confidence In the ability of 
MHD investigators to successfully resolve 
the remaining technical issues, it is impor
tant to ensure that the program is structured 
and funded to achieve the most effective 
transition to commercial status. A number of 
important questions must be addressed. 
How soon can MHD technology be available 
to the electric power industry, based on the 
current national program? Can this schedule 
be improved? Can the probability of success
ful development be improved? 

Effective transition to commercial status 
wi ll require the new MHD industry to be 
involved as a major partner in the demon
stration plant. The intention of equipment 
vendors to offer warranted equipment for 
sale, pending successful demonstration, 
should be secure. The customers for the 
technology, the utilities themselves, should 
have demonstrated their readiness to accept 
the technology. The demonstration plant 
should verify the engineering techniques 
expected to be employed in the design, 
installation, and operation of full-scale, 
operational OCMHD power plants. 

With these objectives in mind, we might 
structure an R&D program similar to that 
outlined in EPRI SR-12 ( 7). This program 
begins with comprehensive development 
efforts for the major subsystems shown in 
Figure 8 and peripheral equipment. This 
effort should investigate all important pro
cesses involved in the operation of each 
subsystem, resulting in appropriate perfor
mance criteria. These tests should use 
equipment of the smallest useful scale so 
that the difficulty and time required for ex
periments at this stage are minimized, 
without neglecting important scale-related 
effects. Multiple facilities should be used 
where appropriate to increase testing 
capability. Such an effort would be similar 
to the subsystem development effort cur
rently under way. However, the current 
national OCMHD program lacl<s the funding 
necessary to address all l<ey issues com
prehensively. Consequently, a number or 
subsystem issues important to the success 
of the technology are not being addressed 
to the extent necessary to support future 
proof tests at pilot scale or to identify 
problems that could preclude the tech
nology's viability. 

The current approach, instead, empha
sizes the development of coal-fired com
bustors and generators with the associated 
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Figure 8 Coal-fired OCMHD power generation; major subsystems, technical issues, and progress. 
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Recent Progress 

1 Requirements shown to be similar to those of other coal technologies. 

2 Small MHD coal combustors operated satisfaclorily. 
5 Superconductor welding techniques for large test facil ities 
demonstrated. 

3 Design criteria for slagging and nonslagging walls defined. 
Wall degradation mechanisms identified and characterized. 
Need for local power flow control identified. 

Confidence in engineering based on large bubble chamber magnets. 

6 Separately fired heater demonstrated successfully. 

Durability o f generators improved. 
Commercially available materials shown adequate for directly fired 
heaters. 

Performance predictions veri fied at 20 -MWe scale (USSR). 7 Small-scale tests indicate high level o f seed/sulfur recovery possible. 

4 Need for integrated development with generator identified. 
Present technology shown to be adequate. 

PC&C equipment. The engineering of high
temperature air preheaters, the seed 
recovery-reprocessing system. super
conducting magnets, and other subsystems 
lags behind the work on combustors and 
generators. Current plans do not address 
the testing of prototype seed recovery and 
reprocessing equipment until the pilot plant 
stage of the current program. Accordingly, 
some avoidable risks will remain unresolved 
until the initiation of expensive pilot-scale 
testing. The currently planned program 
would proceed from pilot-scale tests to the 
installation and operation of a government-
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sponsored, commercial-scale, demonstra
tion plant, currently set to have a capacity of 
500 MWe or more. Under this program, the 
first commercial plants might be expected 
to enter service only after the year 2000. 

To summarize, the commercialization
oriented approach places increased em
phasis and funding on subsystem develop
ment in multiple small-scale facilities. This 
would reduce risk and perhaps investment 
in the later, more expensive stages of the 
effort. This approach aims at major industrial 
participation in the demonstration, thereby 
accelerating the commercialization step 

and the overall time schedule. Implementing 
such changes to the current program would 
require increases in funding over current 
projections for the next several years. How
ever, the result could be earlier realization 
of the potential benefits of OCMHD tech
nology. 

EPRl's role 

EPRl's unique position in relation to the 
utilities. the government. and the research 
community affords an opportunity to make 
a significant contribution to the OCMHD 
effort with little financial investment. EPRl's 



current and anticipated role in the develop
ment and commercialization of OCMHD 
power generation comprises three main 
types of involvement: 

a Market assessment and plant design 

evaluation 

o Hardware R&D assessment and/or 
assistance 

a Development-commercialization catalyst 

The first area involves continuing assess
ment of the potential market for OCMHD 
technology, coupled with the evaluation of 
reference plant designs in relation to this 
market. The objectives of this effort are to 
evaluate on a continuing basis the relative 
importance of OCMHD development, the 
potential impact of the technology on the 
electric utility industry, and the choice of 
preferred reference plant designs reflecting 
t11e needs of the industry. These questions 
are being addressed directly by EPRI re
search projects now under way. 

The second area of EPRI involvement in 
the OCMHD program concerns the con
tinuing assessment and support of the 
nationwide hardware development effort. 
This activity provides the important capa
bili ty of independent evaluation of the tech
nical direction of the national program, in 
addition to an opportunity to assist the 
hardware development effort. Since EPRl's 
funding for MHD research constitutes a 
small fraction of the required support, the 
research emphasizes technical issues basic 
to the feasibility of OCMHD power gen
eration. Research on processes, rather than 
hardware development, is emphasized. 

The processes associated with the pres
ence of coal slag in OCMHD systems have 
been identified as a central issue. and con
sequently, EPRl's laboratory research 
projects on OCMHD are addressing this 
issue broadly. These projects are investi
gating the behavior of slag in the MHD 
channel flow stream, the electrochemical 
and electrodynamic processes involved in 
current transport through slag layers, and 
the development of advanced diagnostic 
techniques and equipment for use in these 
process investigations and tests of MHD 
hardware. A recently initiated project wil l 
test a flexible PC&C system with an MHD 
generator supplied by ERDA to assess the 
processes involved in the control of power 
flow in the generator, emphasizing the role 
of slag layers and the control of electro
chemical processes occurring at the genera
tor walls. 

Setting constraints on the design and 
operation of the generator-PC&C subsystem 
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to allow for the presence of slag layers could 
have important effects on the operating 
regime of other plant susbystems. For 
example, the requirements for handling 
slag in the generator might directly affect 
design requirements for the combustor, 
the high-temperature air preheaters, and 
the seed recovery and regeneration system. 
Thus the EPRl-sponsored projects on slrig 
effects provide a useful basis for evaluation 
of the remainder of the hardware develop
ment effort, while producing information 
applicable to a wide variety of equipment 
designs. 

The third aspect of EPRl's role in the 
OCMHD program is to develop a coordi
nating position in the commercialization of 
the technology. One objective of this effort 
is to foster effective technical information 
exchange within the MHD community itself. 
Toward this end, EPRI is moving to establish 
a number of groups of technical specialists 
who would address key areas of the MHD 
development program. These small groups 
of investigators would meet on a continuing 
basis to assess research results and recom
mend additional research efforts. 

Another aspect of this role as a develop
ment-commercialization catalyst is to pro
vide continuing communication between 
the MHD community and the electric utility 
industry, both through EPRl's utility advisory 
committees and through public forums. 
Finally, a very important aspect is the initi
ation and coordination of a business plan 
for commercialization of OCMHD tech
nology. The goal of this effort will be to 
provide utilities with information so that 
well-founded decisions can be made on 
support of the OCMHD program, to encour
age technical and financial involvement in 
the program by prospective equipment 
manufacturers, and to establish appropriate 
government cooperation in the commer
cialization of the technology. 

With technical progress evident in all 
aspects of the program, OCMHD represents 
an important potential option for future power 
generation from coal and merits serious 
attention by the electric utility industry. 
EPRI, through its active and planned efforts 
in this area, can play a key role in the con
tinued development and eventual com
mercialization of OCMHD technology. 
Project Manager: Paul Zygielbaum 
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Correction 

In Figure 1, page 27 in the March JOUR
NAL status report on Coal Cleaning, the 
phrase "Fine-coal cleaning" should be 
substituted for "Flue coal cleaning." 
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Coal-Oil Emulsions for Boiler Fuel 
by H. H. Gilman 

Can an oil-fired power plant stretch 

its fuel supply by mixing in some 

pulverized coal? EPRI joined with 

General Motors, ERDA, and others 

to test the scheme. Conclusions are 

technically encouraging, but 

economic justification is limited. 
o An EPRI technical article 

H. H. GIiman is engineering manager for the Advanced 
Fossil Power Systems Department of EPRt's Fossil 
Fuel and Advanced Systems Division. 
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Unavailability of fuel oil for a power plant 
that had been converted from coal to oil firing 
might tempt management to convert back 
to coal. In most such cases, if conversion is 
possible, it probably would be cost-effective 
to make the change and pay out the project 
with reduced fuel costs. At some plants, how
ever, conversion is impractical. A plant orig
inally may have been designed for coal, but 
the coal storage and handling facilities no 
longer exist. Or, conversion of an old plant 
cannot be justified before its scheduled re
tirement. Despite these cases, a scenario 
can be imagined that would require conver
sion to be considered because of fuel oil sup
ply limitations. 

Burning a coal-oil mixture is suggested as 
a near-term means to minimize plant con
version problems and expense, in at least 
some situations, while reducing the depen
dency on oil. The technique has recently 
been investigated in research sponsored by 
EPRI, with additional funding or participation 
by General Motors Corp., ERDA, and more 
than 15 companies-electric utilities, coal 
and oil producers, engineers, and suppliers. 
(EPRI RP527, Boiler Firing Test With Coal
Oil Emulsion. The final report is being pre
pared by General Motors and publication is 
expected mid-1977.) 

Precedent in history 

History certainly indicates that coal-oil mix
tures can be burned as fuel. The first attempts 
were made over 100 years ago. In this cen
tury, Navy tests on the U.S.S. Gem in 1917 
were satisfactory. A locomotive boiler was 
successfully fired in England in 1922. And in 
1932 the Cunard liner Scythia steamed from 
Liverpool to New York and back with one 
boiler fired on a coal-oil slurry. There were 
other successful tests of coal-oil mixtures in 
Japan, Germany, and the USSR. Investiga
tions at the Canadian Combustion Research 
Laboratory resulted in a symposium in 1972. 

Despite this recurring interest, no signif
icant economic advantages became ap
parent, and none of the experiments led to 

commercial ization. Today, the relative costs 
of coal and oil, regulatory agency directives, 
and possible curtailment of oil for boiler fuel 
may change that picture for certain applica
tions. 

Research scope 

Coal-oil fuel can be merely a mixture of coal 
and oil requiring continuous agitation to pre
vent settling, a colloidal suspension requir
ing extensive coal pulverization, or a stable 
emulsion of coal, oil, and water with an emul
sifier additive. There are relative advantages 
to each. For example, an emulsion has the 
advantage of being stable without continu
ous agitation, but it requires a suitable low
cost additive. 

The primary purpose of EPRl-sponsored 
research was to fire a small industrial boiler 
with an emulsion and obtain data to identify 
new technical requirements, as well as to 
determine the economic potential. The focus 
of the project was on slurry preparation , 
burner design, emission controls, ash re
moval, boiler operation, and economic anal
ysis. 

Additional testing at utility plants was 
deemed necessary and ERDA is considering 
further development and demonstration ac
tivity in cooperation with other companies. 
Among them, New England Power Service 
Co. is investigating combustion stability of 
coal-oil mixtures and will conduct firing tests 
at New England Power Co. 's 80-MW Salem 
Harbor No. 1 unit. Also. the City Public Ser
vice Board of San Antonio, Texas, expects 
to investigate the adaptability of a 69-MW 
natural-gas-fired boiler to coal-oil slurries. 
EPRI anticipates supporting further research 
based on needs apparent at completion of 
the GMC work and further discussions with 
utilities and boiler manufacturers. 

Slurry preparation A stable emulsion is es
sential for good flame stability and also to 
keep the coal from settling out in tankage 
and lines. To suspend prewetted coal parti
cles in the oil-in-water emulsion, a propri
etary emulsification chemical was used. 



Laboratory tests indicated that the emulsion 
was completely stable, with no settling. How
ever, during the boiler test there was 5% 
settl ing, probably due to incomplete emulsi
fication of the oil and water. This degree of 
instability did not cause operating problems 
but is unacceptable for storage. More me
chanical mixing energy may have to be put 
into the emulsification process to produce a 
stable emulsion. 

Except for the additive cost ( 40-50¢ / 106 

Btu), no major difficulty is anticipated in 
making a commercially acceptable, stable 
coal-oil emulsion. New development or eco
nomies derived from large production could 
drop the additive cost. The range of 10- 20¢ / 
106 Btu is considered an acceptable goal. 

Burner design Combustion tests were di
rected by Systems Research Laboratories 
at the Institute of Gas Technology (IGT) com
bustion laboratory. The tests involved using 
steam- and air-atomized burners in a test 
tunnel furnace to investigate flame geometry, 
stability, emissivity, and NOx emissions. 
Slurry emissivities were either the same as or 
higher than the values obtained from No. 6 
fuel oil. The presence of 5% water in the fuel 
did not degrade combustion. 

Boiler-firing tests used an oil-fired, flat
bottomed, 120,000-lb/h Wickes boiler that 
generates saturated steam at 250 psig to 
meet a heating load at the Saginaw Works of 
General Motors. The boiler has natural draft 
with no flue gas clean-up equipment and no 
air preheat. 

The burner could be switched from slurry 
to oil with minor air register adjustments. 
Lighting off the boiler on slurry was demon
strated. Both steam- and air-atomized burn
ers were used, the latter giving the better 
performance (Table 1 ). Because of their 
smaller ports, the steam-atomized burners 
had a greater tendency to plug. 

Emission controls Slurry fuel of an accept
able sulfur content was made by blending 
low-sulfur fuel oil and 2- 3% sulfur coal (Ta
ble 2). Whether such fuel wi ll be consid-

Table 1 

BURNER CHARACTERISTICS: OIL VERSUS SLURRY 
(air-atomized Forney-Verloop burner} 

Steam flow rate (lb/h) 

Fuel pressure (psig) 

Oxygen(%) 

NO (ppm) 

CO (ppm) 

Particulate emissions (avg gr /act) 

Opacity(%) 

30.03 lb/ 1 ooo lb gas. 
bo.68 lb/ 1 ooo lb gas. 

No. 6 Fuel Oil 

40-45,000 

116 

5.2-8.0 

155-198 

6- 33 

0.0153-0.0188a 

0-8 

Table 2 

Coal Slurry 

40-45,000 

140 

4.1- 7.6 

265-328 

4-25 

0.373-0.4721) 

32- 35 

FUEL ANALYSES: OIL VERSUS SLURRY 

No. 6 Fuel Oil Goa/Slurry 

Heat content (Btu/lb) 19,049 15,975 

(Btu/ gal) 146,906 136,922 

Sulfur(%) 0.57 0.88 

Ash(%) 0.056 3.92 

API gravity@ 60°F 21.3 6.0 

Weight@ 60°F (lb / gal) 7.712 8.571 

Viscosity @ 100°F (cs) 509 

Carbon(%) 87.3 78.45 

Hydrogen(%) 11.3 16.8 

Nitrogen(%) 0.51 0.66 

Oxygen(%) 0.28 0.17 

Vanadium (ppm) 21 14 
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COAL-Oil EMULSIONS FOR BOILER FUEL 

ered by regulatory agencies as an "oil" or a 
"coal" was resolved by EPA's ruling that the 
emission limitation be the average of the in
dividual fuel standards, weighted according 
to their proportions in the mixture. 

The test boiler has no particulate collec
tion equipment. During the test the stacks 
produced gray smoke with 30% average 
opacity, which was unacceptable. Evalua
tion of emissions led to a conclusion that a 
precipitator or bag f il ter is necessary. 

Ash removal When coal-oil slurry is burned 
under a boiler originally built for coal firing, 
the boiler's hopper bottom aids in ash re
moval. A flat-bottomed boiler, normal in oil
fired designs. requires special attention. The 
R&D solution was a soot blower designed to 
travel continuously back and forth across 
the boiler floor and sweep ash into a trough 
at the far end for removal in a water slurry. It 
worked very well. Most of the light ash was 
reentrained in the flue gas stream rather than 
swept to the far end. However, the heavier 
ash particles were removed in the water 
trough. It was found unnecessary to run the 
machine continuously. 

Different coals will produce different ash 
deposits. However, either a traveling design 
as tested or stationary steam nozzles to re
entrain the ash seems to be a practical solu
tion for ash handling. 

Boiler operation Data at high loads were 
not obtained with the General Motors boiler, 
so it is difficult to evaluate any reduction of 
nameplate rating when burning slurry. Tests 
are to be made at high loads, and the find
ings and their significance wil l appear in the 
research project report. At medium loads 
(60,000-75,000 lb/h) the boiler required 
30-40% excess air to keep the stacks rea
sonably clean. 

The boiler responded to load changes with 
no problem. No slagging was observed on 
the walls after about 200 hours of slurry oper -
ation. The wall tubes were clean. There was 
a light buildup of ash on horizontal surfaces 
in the convection section, but it was easily 
removed by a soot blower. Although some 
deposit was observed to grow at the tip of 
the burner, it was soft and easily blown off 
with a steam lance. 

Economic analysis During tests there was 
difficulty in maintaining a constant 40% slurry 
concentration. However, this could be over
come with more operating experience. (A 
50% coal concentration should be attainable 
in the future, making the economics more 
attractive but also increasing the sulfur and 
ash concentration of the slurry.) 

The cost of a 40% coal-oi l slurry (Table 3) 
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Table 3 

COST COMPARISON: COAL-OIL EMULSIONS 

Ingredient 

40% Coal 

No. 6 fuel oil (15 API) 

Coal (Kentucky bituminous) 

Water 

Emulsifier ($1 / lb) 

Emulsified fuel mix 

50% Coal 

No. 6 fuel oil (15 API) 

Coal (Kentucky bituminous) 

Water 

Emulsifier (50¢/lb) 

Emulsified fuel mix 

833% on Btu basis. 
CNol including slurry prepaialion costs. 
043% on Btu basis. 

Concentration 
(lb/lb) 

0.570 

0.400a 

0.023 

0.007 

1.000 

0.470 

0.5ooc 

0.023 

0.007 

1.000 

is little better than the cost of oil alone: $2.44 
versus $2.50/106 Btu. Therefore, with the 
added cost of a preparation plant, particulate 
emission controls, and ash-handling equip
ment, there would be no overall economic 
incentive to burn coal-oil emulsions. Moti
vation would exist only if oil was cut back and 
conversion of a specific plant to coal firing 
was either not possible or not economically 
attractive. 

With further development it is reasonable 
to expect higher concentrations of coal and 
lower costs for the additive, such as in the 
50% coal-oil slurry of Table 3. The sensitivity 
of slurry cost to coal concentration and addi
tive price is apparent, and the basic conclu
sion is unchanged: Coal-oil slurry firing is an 
attractive alternative only when conversion 
of an oil-fired boiler to coal is not practical. 

Technical justification 

It appears that oil consumption can be re
duced by approximately 40% on a Btu basis 
by using coal-oil slurries and that conversion 
of a plant to accept slurry fuel can be ac
complished with a minimum of downtime. 
Although some further development of tech
nology is desirable, coal-oi l fuel is a near
term alternative for small utility and industrial 
boiler applications. As analyzed to date, op-

Higher 
Heating 
Value Cost Ash Sulfur 

(Btu/lb) ($/ 106 Btu) (%) (%) 

18.675 2.50 0.2 0.5 

13,350 1.00 9.0 2.5 

0 0 0 0 

0 0.44 0 0 

15,984 2.44b 3.7 1.2 

18,675 2.50 0.2 0.5 

13,350 1.00 9.0 2.5 

0 0 0 0 

0 0.22 0 0 

15,452 2.09b 4.5 1.5 

erating costs are higher than for straight 
coal, but they compete with oil on a Btu basis. 

An extremely attractive feature of the coal
oil slurry concept is that an extensive new 
technology doesn't need to be developed 
before application. The fuel could be com
mercially available within two years, with a 
minimum requirement for new equipment 
and technology. 

Since preparation of the coal-oil mixture 
is complicated and expensive, a central 
slurry preparation plant can be visualized 
that prepares and ships a stabilized fuel 
mixture to outlying power plants. Fuel blend
ing may become a new business venture. 
Small users could buy blended fuel and 
presumably interchange slurry fuels and oil 
with a minimum of turn-around efiort and 
expense. Larger users could justify their 
own preparation facilities. 

For boilers originally designed for oil, 
conversion to coal is unlikely lo be practical 
without serious derating of the plants. Man
agement would undoubtedly allocate avail
able oil to these plants as long as possible 
to avoid the tremendous expense of down
time and conversion. But, to conserve oil 
for such plants where oil is essential, it 
makes sense to adapt small stations and 
industrial boilers to coal-oi l mixtures. 
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ELECiRICAL SYSTEMS 

Superconducting Fault Current Limiter 
EL-329 Final Report (RP328) 
This report evaluates the use of a superconducting 
element as the active part of a faun current limiter 
tor power utilities. Such a device is technically 
feasible over a wide range of parameters for the 
required eleclric power source and material prop
erties of the superconductors available. Limiting 
is achieved by driving the superconductor into its 
resistive slate and commuting the current into 
a shunt resistor. For a three-phase, 145-kV (rms), 
2-kA (rms) line, the total cost. excluding instal
lation in the power system and shunt resistor, 
is approximately $300,000. The specific advan
tages and disadvantages are indicated, as well 
as the outstanding problems to be tackled next. 
Argonne National Laboratory 

Fundamental Investigation 
of Arc Interruption in Gas Flows 
EL-284 Final Report (RP246-1) 
This document reports work of a multidisciplinary 
team on physical and aerodynamic processes 
involved in early, or thermal, recovery of gas 
blast interrupters. Nozzle and electrode geometry 
investigations exhibited a sharply defined optimal 
position for the upstream electrode with respect 
to the nozzle throat. A diffuse arc section, con
tributing very little to the recovery speed, was 
lound at the downstream end of nozzles in which 
large divergence angles and/or low nozzle pres
sure ratios led to separation of the flow from the 
wall and associated in1ernal shock waves. 

Investigations ol model 1esting techniques re
vealed that recovery speed (RRRV) is independent 
or power frequency over a wide range, provided 
nozzle blocking and metallic electrode vapor 
contamination are avoided. General Electric Ca. 

ENERGY ANALYSIS 
Ir E IVIRONMENT 

Residential Demand tor Energy 
EA-235 Final Report, 2 Vol. (RP431) 
This publication reports on residential energy 
demand from 1956 to 1972, with principal em
phasis on demand for electricity. In order to deal 
with decreasing block pricing in the sale of 
elec tricity in a manner that is theoretically appro
priate and econometrically sound, a new price 
data set was constructed from actual residentia l 

rate schedules published in the National Electric 
Rate Book. The price of electricity is represented 
in the econometric demand functions as the 
marginal price plus a measure of intramarginal 
expenditure. The basic unit of observation is 1he 
state, and the models are estimated using the 
variance-components technique. 

Two types of dynamic models are estimated: 
(1) logarithmic flow-adjustment models in which 
appliance stocks do not appear explicitly and 
(2) stock-adjustment models in which they do. 
The lat1er employ annual estimates for the years 
1960 to 1972 of 11 types of electrical appliances. 
Data Resources, Inc. 

Determination of the Feasibility 
of Ozone Formation in Power Plant Plumes 
EA-307 5 Vol. (RP572-1, 2) 
This publication reports on investigations con
ducted in cooperation with 1he University ol 
Washington Cloud Physics Group regarding the 
potential for ozone formation in the plumes of 
coal- and gas-fired power plants in the south
western U.S. IL includes a review of pertinent 
scientific literature, a colleclion of extensive air 
quality and meteorological data by two aircraft 
at three southwestern power plants, analysis of 
the data, and testing of a computer simulation 
model for chemically reactive plumes. 

The results of this research are described in 
five volumes: 

Volume I: Executive Summary 
Volume II: Final Report 
Volumes 111-V: Data Summaries 
A topical review of techniques for characterizing 

power plant plumes (EC-144) and a final report 
on the University of Washington's investiga
tions (EA-270) have been published separately. 
Meteorology Research, Inc .. and Systems Appli
cations, Inc. 

Effects of Electric 
Fields on Large Animals 
EA-331 Interim Report (RP799-1) 
This interim report briefly describes progress 
toward the establishment of a colony of Hanford 
miniature swine (HMS) for long-term study of the 
effects of 60-Hz electric fields on development 
and physiologic function. Major tasks to date 
have included: design and erection of an electrode 
system ta provide uniform. vertical fields or large 
magnitude; design of nonconducting housing 
meeting criteria or durability and electrical ac
ceptability; and establishment of a breeding 
protocol for the first generation of HMS. 

This animal was developed by selective breed
ing for laboratory use as a stand-in for man. 
Effects in linemen and switchyard workers noted 
by the USSR (nausea, loss or appelite, etc.) 
reportedly occurred after prolonged and repeated 
exposure to HV fields. Similar effects have not 
been seen in the U.S. If such effects can be 
caused by strong electric fields, related responses 
should be demonstrable in the experimental 
animals. 

This project is part of an EPRl-sponsared 
biological research program comprising a bal
anced spectrum of HV investigations. The overall 
program includes projects concerned with effects 
an specific ecosystems, on cardiac pacemakers, 
and on behavior of social insects, and with the 
development of a data base designed to maintain 
awareness of worldwide research in this area. 
Ballelle, Pacific Northwest Laboratories 

FOSSIL FUEL AND 
ADVANCED SYSTEMS 

An Assessment of Energy Storage Systems 
Suitable for Use by Electric Utilities 
EM-264 Final Report, Vol. Ill (RP225) 
(ERDA E(t 1-1)-2501) 
This volume provides expanded treatment of 
the material on conventional and underground 
pumped hydro plants in Vol. II. ft describes their 
current state of development and characterizes 
their typical, or expected, unit sizes, head. effi
ciency, charge/discharge ratio, reliability and 
availability, storage capacity, turnaround time, 
life, and siting potential. 

Principal findings are that hydro pumped stor
age is a well-developed, mature technology. 
Where suitable sites are available for two surface 
reservoirs, no technical obstacles exist to impede 
implementation. Underground reservoirs may ex
tend the areas where hydro pumped storage can 
be used, and further development of high head 
equipment will be desirable for use in high 
head underground plants. Public Service Elec
tric and Gas Ca. 

Development of Sodium-Sulfur 
Batteries for Utility Application 
EM-266 Annual Report (RP128-3) 
The results of this past year's work (part of a 
multi-year program) have considerably strength
ened our previous opinion that the sodium-sulfur 
battery will meet all technological requirements of 
a successful load-leveling and peaking system. 
The emphasis of the total program has been to 
demonstrate that high capacity, long life, and 
high efficiency can be obtained from the sodium
sulfur system, using economical materials and 
practical fabrication methods. This year, the 
testing and study or small cells was accelerated, 
and new programs on module and system design 
were initialed. 

This report includes discussion of two Initial 
cell /module/system designs (the cells consisting 
of many individual beta-alumina tubes separating 
single sodium and sulfur compartments). It also 
includes the results of heat conduction experi
ments, a thermal analysis of the system, and a 
comparalive cost analysis. Supporting research Is 
also presented, including corrosion studies on 
container materials, sodium motion and detect 
structure in beta-alumina. pressure-temperature 
stability of beta and beta-alumina, and the ef
fects of grain orientation on the electrical prop
erties of beta-alumina. General Electric Ca. 

Evaluation ol Regenerable 
Flue Gas Desulfurlzation Processes 
FP-272 Final Report, 2 Vol. (RP535-1) 
This report evaluates eleven regenerable flue gas 
desulfurization (FGD) processes on a common 
design and cost basis to assess their future 
potential and make recommendations regarding 
the level of addi1ional developmental activities. 
(One lhrowaway FGD process, lime/ limestone 
wet scrubbing, provides a "baseline" far process 
comparisons.) Due to the preltminary development 
status or many of these processes, capital invest
ment costs are not estimated. Additional topics 
considered include reducing gas production, 
lime/limestone sludge regeneration, and sulfur 
versus sulfuric acid production. 

Although capital costs have not been estimated, 
they will undoubtedly represent a major factor 
in the total annualized cost of these processes 
and will become the key to selecting one process 
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over another. Designs and operating data cur
rently available for most second-generation FGD 
processes do not appear adequate for scale-up 
to commercial-sized (100-MW) units. The choice 
of sulfur or sulfuric acid production is a criterion 
that will have a major impact on the cost of an 
FGD system and will have to be evaluated on a 
site-specific basis. Radian Corp. 

Experimental Fusion Power 
Reactor Conceptual Design Study 
ER-289 Final Report, 3 Vol. (RP323-1) 
This final report describes a conceptual design 
study of a fusion experimental power reactor 
(EPR) and an overall EPR facility. The primary 
objective of the two-year program was to develop 
a conceptual design of an EPR that operates at 
ignition and produces continuous net power. A 
conceptual design was developed for a doublet 
configuration based on indications that a non
circular tokamak offers the best po1ential of 
achieving a sufficiently high f1 (the ratio ot the 
plasma pressure to the pressure of the confining 
magnetic field-on the order ot 0.10) to provide 
a viable reactor concept at reasonable cost. 
Other objectives included the development of a 
planning cost estimate and plant schedule and 
the identification of critical R&D programs required 
to support physics development and engineering 
and construction. General Atomic Co. 

Electric Utility Solar Energy Activities 
ER-321-SR Special Report 
This report is an updated version of thePreliminary 
Survey of Electric Utility Solar Projects. February 
1976. Like the initial survey, ii has a threefold 
purpose: (1) to provide a basis for the exchange 
ot information between individual utilities inter
ested in the various project areas; (2) to assist 
EPRI solar energy project managers in developing 
programs responsive to utility needs; and (3) to 
lnform representatives of state and federal agen
cies and commissions, and other appropriate 
individuals, of the range of interests and extent of 
participation of the electric utility industry Tn 
solar project demonstrations. Included for cross
reference are a list of utilities involved with proj
ects designated by category and an address list 
ot the utilities. 

Guidelines for the 
Design of Mist Eliminators for 
Lime/Limestone Scrubbing Systems 
FP-327 Final Report (RP209) 
A remain ing source of much diHiculty in flue gas 
desulfurization (FGD) systems employing lime/ 
limestone scrubbing is mist-eliminator (ME) 
plugging due to scaling and solids deposition. 
In this study, the various ME types. construction 
methods, configurations, and washing procedures 
employed in commercial systems on large-scale 
lime/limestone scrubbing installations were 
investigated on a plant-by-plant basis. The report 
presents basic information necessary for super
visory and operational personnel to selecl or 
modify an ME system. 

Chevron and battle-type mist eliminators are 
treated extensively. Radial vane, radial baffle, and 
electrostatic precipitator mist eliminators are 
covered to a lesser degree. Background informa
tion covers collection, reentrainmenl, mist elimi
nator failure mechanisms, and other factors 
affecting performance, cost, and collection 
efficiency. Batte/le, Columbus Laboratories 
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Advanced Technology Fuel Cell Program 
EM-335 Final Report (RP1 14-1) 
In 1971 and 1972 studies showed that high 
efficiency in low ratings, modular design, and low 
pollution characteristics permit siting fuel cell 
generators at dispersed locations in the electric 
utility transmission and distribution network, with 
substantial beneFit to the electric utility industry. 
Two efforts evolved from the initial activity: (1) 
to develop and demonstrate FCG-1 , the ini1ial 
dispersed generator, and (2) to establish the 
technical feasibility of advanced concepts to 
improve the economic characteristics, fuel flex
ibility, and operating flexibility of dispersed 
generators, and to estimate the potential charac
teristics of central sta1ion fuel cell power plants 
operating on coal. This report describes the 
results of these activities between April 1973 and 
March 1976. 

Economics studies focused on the fuel cell 
power sec1ion and demonstrated that molten
carbonate fuel cell power plants are capable 
of meeting the program heat rate goal of 7500 
Btu/kWh at a cost less than or equal to initial 
dispersed generators. Progress in extending 
molten-carbonate cell endurance was achieved 
and the initial scale-up to engineering hardware 
was demonstrated. New configurations promising 
lower cost phosphoric-acid fuel cell stacks were 
identified. 

Fuel investigations included liquid fuel capa
bility for dispersed generators and coal central 
station concepts. Hydrodesulfurization of naphtha 
was adapted to fuel cell conditions; catalyst 
endurance and the ability to use naphthas from 
a range of U.S. refineries were demonstrated. 
One study showed that a naphtha hydrodesul
furizer could be incorporated into the initial dis
persed generator with minimum impact on power 
plant characteristics; this technology has now been 
incorporated into the FCG-1 power plant. United 
Technologies Corp. 

Economic Assessment of the Utilization 
of Fuel Cells in Electric Utility Systems 
EM-336 Final Report (RP729-1) 
This stu.dy evaluates the long-range economic 
benefits of first-generation and advanced fue l 
cells in the future generation capacity plans of a 
representative electric utility system. The benefits 
of fuel cells' unique characteristics (such as lower 
heat rate, relatively flat heat rate characteristic, 
better availability, reduced construction lead 
time, and dispersed siting) are quanti fied sepa
rately in terms of reliability, production cost. and 
optimum generation mix methods commonly used 
in generation planning in utilities. 

First-generation fuel cells appear to be attractive 
for intermediate duty in a utility expansion program 
if lhe EPRI projected goals of $250/l<W installed 
capital cost and 9300 Btu/kWh heat rate can be 
met. The penetration of this generation will depend 
on factors specific to an individual utility such as 
fuel availability and cost. environmental con
straints, load factor, and .the other generation 
options coupled with the relevancy of special 
fuel cell penalties and savings. The second
generation fuel cells will have significant market 
penetration at installed capitaJ costs of $200 
- $300/kW and a 7500-Btu/kWh heal rate. 

This report discusses the relationships between 
market penetration, fuel price. and capital cost 
for the two fuel cell types and quantifies lhe 
various penalties and savings of fuel cell installa
tion. Public Service Electric and Gas Co. 

Coal-fired Power 
Plant Capital Cost Estimates 
AF-342 Final Report (RPSOA76-329) 
This study is part of a broad examination of the 
to1al cost of producing electricity from coal-fired 
and nuclear power plants in 1976 and over the 
next twenty years. EPRI will use this study as a 
reference document and also to improve industry 
and public understanding of such present and 
future electric power costs by widespread pub
lication. 

Capital cost estimates have been prepared 
tor 100-MW coal-tired power plants in four 
regions of the United States: northeast, southeast, 
Great Lakes, and western. The plants were de
signed to burn regionally representative coals. 
For the Great Lakes location, cost estimates 
were made for both Illinois and Wyoming coals. 
For the western location, two Wyoming coal-fired 
plants were studied, one designed to EPA new 
source pertormance standards and the other 
designed to New Mexico emission standards. The 
effect of building lhe plant on a remote site was 
also studied tor the western location. Bechtel 
Power Corp. 

NULL.EAR POWER 

A RELAP4 Analysis of the GE BWR Slowdown 
Heat Transfer Two-Loop Test Apparatus 
Experiments, Tests 4902, 4903, 4904 and 4906 
NP-169 Final Report (RP444-1-1) 
This report presents the resulls of modeling 
studies of the RELAP4 thermal-hydraulics code 
to predict the blowdown response of 1he General 
Electric Two-Loop Test Apparatus (TLTA). The 
TL TA is a scale-model test system used to simu
late BWR blowdown transients. Areas investigated 
in the study included the selection of critical flow 
multipliers to be applied at the break area, the 
geometric input modeling of the broken toop jet 
pump, and the use of alternative assumptions 
in defining the phase separation In the lower 
plenum. The results of these studies were com
pared with experimental data from various break 
size tests performed in the TL TA experiments. 

This project is one of a series sponsored by 
EPRI 1hat involves the verification and develop
ment of thermal-hydraulic computational methods 
and participation in the Nuclear Regulatory Com
mission's (NRC) "Comparative Analysis ot 
Standard Problem" (CASP) program. Energy 
Incorporated 

Mechanical Fracture Predictions 
lor Sensitized Stainless Steel 
Piping With Circumferential Cracks 
NP-192 Final Report (RP585-1) 
Circumferential intergranular stress corrosion 
cracks have been discovered In the heat-affected 
zones ot girth welds in the Type 304 stainless 
steel recirculation bypass systems of several 
BWRs. These cracks initiate at the inner surface 
of the pipe wall and grow through the thickness 
by combined stress corrosion and fatigue. The 
work outlined in this report is based on the sup
position that such a crack has been detected and 
that its size and shape are known. To determine 
the residual strength of lhe cracked pipe, an 
integrated program of small-scale laboratory 
experiments, full-scale pipe tests, finite-element 
computations, and a mechanical failure analysis 



was conducted. A simple plastic collapse criterion 
can be used eflectively to predict failure. On this 
basis, the report provides a predictive method 
for determining (1) the failure point of a cracked 
pipe under combined bending and internal pres
sure loading and (2) the applied load-crack size 
combinations under which a leak-before-break 
condition might be expected. Recommendations 
for further study are also given. Battelle, 
Columbus Laboratories 

Comparison of RELAP4 Predictions 
With Standard Problems 1, 2, and 3 
NP-205 Key Phase Report (RP444-1-2) 
This report contains the results of RELAP4 best 
estimate calculations of standard problems 1, 2, 
and 3, including comparisons with experimental 
data. These analyses were perlormed to assess 
the capability and identify areas of the RELAP4 
code that need further improvement. RELAP4 
is a digital computer program developed to predict 
the thermal-hydraulic behavior of experimental 
systems, such as water-cooled nuclear reactors 
subjected to postulated transients. 

Standard Problem 1 was based on the straight 
pipe depressurization experiments performed 
by Edwards et al in Great Britain. Standard 
problems 2 and 3 were based on an isothermal 
blowdown of the 1 ~-loop semiscale system, 
Tests 1011 and 1009, respectively, and were 
similar experiments except that an emergency 
core coolant (ECC) injection system was added 
to the latter problem. 

In addition to comparisons with experimental 
data, several sensitivity studies were performed 
on Standard Problem 1. In these studies, several 
deficiencies were discovered, including coding 
errors in the critical flow multiplier and form loss 
coefficient when used with a time variant valve, 
and the average volumetric flow calculation when 
related to the treatment of momentum flux. 
Additional areas of deficiencies identified from 
the studies of standard problems 2 and 3 included 
the separation model used in the lower plenum 
and the prediction of wall surface temperatures. 
The RELAP4 calculated overall response of the 
three s1andard problems in comparison to the 
experimental data was quite satisfactory with 
the exception of the ECC injection effects. 
Energy Incorporated 

A Study of Crack Growth Under Operational 
Conditions in Steam Turbine Steel: Phase 1 
NP-325 Technical Report 9 (RP700-1) 

This two-phase study is part of an EPRI program 
to develop a steam turbine rotor bore life predic
tion system. The data required for the calibration 
of this analytic system derive in part from bore
sonic inspections of retired rotors. The subsequent 
cutting and sectioning of these rotors permit 
metallurgical analyses that yield detailed informa
tion on flaw sizes, orientations, and distributions, 
and also specimen fabrication and tests that 
generate materials behavior data. Further calibra
tion data are available in the open literature, but 
certain information must be provided by separate 
research efforts. The work effort described in this 
report is directed to this latter need. 

This report evaluates those factors which 
control the initiation, stable growth, and rupture 
of bainitic Cr-Mo-V rotor steels under operating 
conditions. Phase 1 has concentrated on the 
eflects of cyclic loading and repeated strain 
aging, during steady-state operation, on fatigue 

crack growth and rupture. Material has been 
tested from air melted rotors removed from service 
after about 20 years and newer rotor forgings, 
which are vacuum degassed to reduce the number 
of inclusions. Failure Analysis Associates 

Fracture of Zircaloy 
Cladding by Interactions With 
Uranium Dioxide Pellets in LWR Fuel Rods 
NP-330 Technical Report 10 (RP700-1) 

Power reactor fuel rod failures can be caused 
by uranium dioxide fuel pellet-Zircaloy-cladding 
interactions. This report summarizes a detailed 
theoretical study of Zircaloy-cladding fracture 
caused by the growth of stress corrosion cracks 
that form near fuel pellet cracks as a conse
quence of a power increase after a sufficiently 
high burnup. Stress corrosion crack growth in 
irradiated Zircaloy must be able to proceed at 
very low stress intensifications if uniform friction 
effects are operative at the fuel-cladding interface, 
when the interfacial friction coefficient is less 
than unity, when a symmetric distribution of fuel 
cracks exists, and when symmetric intertacial 
slippage occurs (i.e., " uniform" conditions). 
Otherwise, the observed fuel rod failures must 
be due to departures from "uniform" conditions, 
and a very high intertacial friction coefficient, 
and particularly fuel-cladding bonding, is a means 
of providing sufficient stress intensification at 
a cladding crack lip to explain the occurrence 
of c ladding fractures. Failure Analysis Associates 

Utilization of Ultrasonic 
Tomography for the Mapping of Residual 
Stress Fields In Thick Metal Sections 
NP-338 Final Report (RP504-1) 
In the past it has not been possible to measure or 
accurately calculate residual stresses in thick 
metal structures. As a result, designers, structural 
analysts, and regulators have had to make conser
vative assumptions of structural residual stress. In 
an evaluation of the safety of a flaw in a heavy steel 
structure, all stresses, including residuals, must be 
accounted for. If conservative values of residual 
stress are used in flaw evaluation calculations, 
structures that are, in fact, safe (were actual resid
ual stresses known) might be shut down for unnec
essary repair. The objective of this project was to 
determine the engineering feasibility of nonde
structively measuring residual stress in thick steel 
sections and thereby eliminating the necessity of 
making a conservative stress assumption. 

The velocity of sound propagation through a 
solid is altered when a stress is applied. The velocity 
change is small and dependent on the type of wave 
being propagated as well as the magnitude of the 
stress. This report describes the successful prelim
inary work done in measuring this velocity change, 
evaluating computerized reconstructions of veloc
ity fields from velocity profiles, and constructing 
residual stress maps from velocity field information. 
Batte/le, Pacific Northwest Laboratories 

Numerical Simulation of Hydrodynamic 
Response of Mark I Suppression Pools 
NP-345 Key Phase Report (RP693-2) 
EPRI is currently sponsoring several studies to 
quantify the loads in a Mark I containment system 
during a postulated loss-of-coolant accident. This 
program will develop and verify numeric models to 
simulate pool swell. The program has produced 
two numeric models (codes) that together calcu
late the kinematics and the dynamics of the pool 
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swell from the initial drywell pressurization to 
shortly after ringheader impact. The VENT /3 code 
covers the period from the initial drywell pressur
ization to the time when water in the downcomer is 
completely expelled. The SURGE code traces the 
evolution of the bubbles and hydrodynamics in the 
wetwell after vent clearing. This report describes 
the SURGE code (MOD 1), which treats the air as 
an incompressible. A future report will describe 
SURGE (MOD 2). incorporating compressibility. 
Jaycor 

ADDITIONAL SOURCE 
FOR EPRI REPORTS 

As our publications program has grown 
and as an increasing number of individ
uals and organizations have expressed 
an interest in receiving our reports, the 
need for an additional avenue of com
munication has become apparent. 

EPRI technical reports are now avail
able to nonmembers from two sources. 
Nonmembers may sti ll order reports from 
the National Technical Information Ser
vice, P.O. Box 1553, Springfield, Virginia 
22151. EPRI reports are also available 
to nonmembers at moderate prices 
from Research Reports Center, P.O. 
Box 10090, Palo Alto, California 94303. 
Publication lists, prices, and ordering 
information can be obtained from the 
Research Reports Center. 

As in the past, reports are automatically 
sent to supporting member utilities. 
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