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How Much Reserve Margin Is Enough? 

In a recent editorial, William C. Hayes of Electrical World asked, 

"How much system reliability can you afford?" Because of the 

tremendous pressure on regulators to keep electric rates from 

rising, Hayes noted, utilities' construction programs are being 

based more on financial considerations than on system reliability 

requirements. He suggested that utilities are at a crossroads: 

either finance and build new plants at the expense of stockholders 

or reduce construction at the expense of service reliability. 

The editor concluded that the "real costs of reduced reliability must be forcefully 

presented to the regulators." In addition, he strongly urged that consumers be made 

aware of the true costs of reduced system reliability. (Even without stockholders, of 

course, publicly owned utilities face a similar conflict in fiscal and operating decisions.) 

Utility executives and regulators have always had to grapple with the problem 

of balancing reliability criteria against the goal of minimizing the consumer's price for 

electric service. This balancing has taken place with forecasts of electricity demand 

becoming more and more uncertain. Recently, as explained in this month's lead article, 

"Planning for Uncertainty," utility planners, EPRI staff, and a consulting firm have 

developed a novel analytic framework for examining the problem. Indeed, the "over and 

under capacity" model discussed in the article makes explicit Hayes's concern that there 

is a direct cost to consumers if system reliability is reduced. It is not just the delivered­

and billed-cost of electricity that planners and regulators must examine, but the costs to 

consumers and society of outages as well. Total costs must be calculated. 

Critics of the industry label some reserve margins as "excessive" and point at 

"unused" capacity as blatant examples of "gold-plating" in the guise of reliability. 

Regulators generally recognize such arguments as nonsense, but they remain concerned 

that there might be some "fat" in reserve capacity. However, when extremely cold 

weather dealt New York, Ohio, and other states a cruel blow during the winter of 

1976-77, reserve capacity was strained to take up the energy burden caused by 

subfreezing temperatures and natural gas curtailments. Similarly, during the earlier oil 

embargo, "fuel-by-wire" was shipped to the East Coast as utilities along the Mississippi 

River and elsewhere shared generation capacity, by displacement, with customers along 

the Atlantic seaboard. 

Just this past winter, coal stockpiles shrank during the long strike. Layoffs 

loomed in several industrial centers, and reserve generating capacity-much of it nuclear 

-in neighboring states was pushed to nameplate ratings around the clock. There was 
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little criticism, if any, of the utilities having excess reserve margins. In fact, David Bardin, 

head of DOE's Economic Regulatory Administration, said that he would "rather have too 

much reserve than too little." And referring to the problems caused by the strike, Bardin 

added that he appreciated "every bit of (capacity) redundancy" that was available. 

Outage or chronic shortage costs must not be ignored. For example, during 

the coal strike Chase Econometrics estimated that in the industrialized states, a 10% 

curtailment of electricity would idle about 20% of the labor force. The effect on the 

economy of a 30% power cutback in the states hardest hit by the strike was analyzed by 

Data Resources, Inc. If such a reduction became necessary, ORI estimated, industrial 

output losses alone would total $2 billion a month, and more than half a million jobs 

would be lost. 

Still, how much planning reserve margin is enough for a utility? EPRl's "over 

and under" model doesn't have all the answers. But, it certainly allowed four utilities that 

helped develop the model to probe the question deeply and explicitly. This type of 

analysis, when presented to regulators, can make sense out of a complex problem. It is a 

credible probing of a contended issue-the expected rate of growth in electricity demand. 

Furthermore, because several assumptions can be varied to accommodate different 

subjective views, the model helps to determine if the differences of opinion are crucial to 

the decision on how much is enough. 

Many EPRI Journal readers are familiar with the Federal Power Act and its 

Section 202, which directed the voluntary interconnection and coordination of facilities 

for the generation, transmission, and sale of electric energy. These measures and 

facilities have served the nation in several recent crises to ensure "an abundant supply 

of electric energy throughout the United States with the greatest possible economy and 

with regard to the proper utilization and conservation of natural resources." 

Nevertheless, utilities must build new plants to meet increasing U.S. energy needs. The 

"over and under" model, in a limited but practical way, offers decision makers some help 

in reconciling the utility industry's dual mandates: to provide reliable service and to 

conserve natural resources, both at the lowest possible total cost to consumers. 

Robert G. Uhler, Director 

Energy Analysis Department 
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Authors and Articles 

As we look ahead, we need to know 
what the size of our market will be-or 
failing that, what size utility systems to 
build so as to maintain reliability at least 
cost in whatever market eventually ma­
terializes. Uncertainty is thus a matter 
that we seek to accommodate in the most 
efficient, least costly way. "Planning for 
Uncertainty" (page 6) develops this idea 
in terms of utility planning reserve mar­
gins and an EPRI modeling study that 
correlates demand probabilities and the 
cost components of various generation 
expansion alternatives. 

The EPRI study is headed by Jerry 
Karaganis, a mathematician and member 
of the Systems Program research staff for 
the Energy Analysis and Environment 
Division. Margaret Laliberte, writing for 
the Journal, joined Karaganis and his col­
leagues in a number of workshops and 
discussions to gain understanding of the 
problem-solving environment in which 
they work. For Karaganis, the study 
builds logically on six years in energy 
analysis and modeling, begun at the U.S. 
Geological Survey in 1972 and continued 
at the Department of the Interior before 
he joined EPRI in July 1974 to specialize 
in utility studies. 

Karaganis is a 1966 mathematics grad­
uate from the University of Buffalo. He 
went on to earn an MS at Western Michi­
gan University in 1968 and has since 
completed all the course requirements 
for a PhD at American University. 

Uncertainty is a fact of life in the per­
formance of utility hardware, a circum-
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stance where R&D can lead to the devel­
opment of more efficient, less costly 
equipment and procedures. A small, 
specialized example is described by John 
Kenton, the Journal's nuclear power edi­
tor, in "EPRI Instruments Reach Com­
mercial Market" (page 12). The device 
discussed is for testing the response time 
of temperature and pressure sensors. 
This is an EPRI first: instruments con­
ceived, developed, and licensed for man­
ufacture by EPRI, all under the guidance 
of David Cain, a test instrumentation 
project engineer in the Safety and Analy­
sis Department, Nuclear Power Division. 

Cain came to EPRI in August 1974 af­
ter three years as a plant operations 
engineer at the Naval Reactor Test Facil­
ities in Idaho Falls. He is a 1966 Uni­
versity of California graduate in elec­
trical engineering, with MS and PhD 
degrees from the University of Wash­
ington. 

We are glad to welcome Sam Schurr as 
a Journal author this month. Formerly 
director of EPRI's Energy Analysis and 
Environment Division, he is again with 
Resources for the Future, Inc.-his career 
for more than 20 years-now as codirec­
tor of RFF's Center for Energy Policy 
Research. 

In "Energy, Economic Growth, and 
Human Welfare" (page 14), Schurr ac­
knowledges the controversy that has 
arisen over the proposition of causal 
links among these three subjects. He 
traces the history, separates ideology 
from fact, and points to what we can 

learn from the record. In Schurr's view, 
energy supply, traditionally seen as the 
constraint breaker, may itself become a 
constraint on growth. He poses the need 
for national policies "to surmount supply 
and environmental constraints." 

It's unlikely that all the advanced coal 
technologies under development today 
will be used on utility systems. But which 
ones will, under what circumstances, and 
to what extent? Some kind of educated 
guess at the answers is needed in setting 
and revising R&D priorities. 

Dwain Spencer and Oliver Gilder­
sleeve tell how EPRI goes about making 
that educated guess by measuring the 
"Market Potential for New Coal Tech­
nologies" (page 19). Their work takes the 
form of progressively refined cost projec­
tions, which are inserted into generation 
expansion studies of several representa­
tive utility models. 

Spencer today heads the Advanced 
Fossil Power Systems Department in 
EPRI's Fossil Fuel and Advanced Sys­
tems Division. But his interests are wide 
in range. He organized the Solar Program 
when he came to the Institute in April 
1974. And during the 16 previous years 
with the Jet Propulsion Laboratory of 
the California Institute of Technology, 
he not only worked on a variety of space 
system designs and studies but ulti­
mately took management responsibility 
for the application of space technology 
in several professional and industrial 
fields. 



Oliver Gildersleeve came to EPRI in 
August 1976 from Philadelphia Electric 
Co., where he specialized in energy con­
version research during much of his 11-
year tenure. He is a mechanical engineer­
ing graduate of the University of Penn­
sylvania, where he later earned an MS 
in systems engineering. Gildersleeve is a 
project manager for utility systems anal­
ysis in the Program Integration and Eval­
uation office of the Fossil Fuel and Ad­
vanced Systems Division. 

Karaganis 

Cain 

Schurr 

Much of the wisdom with which EPRI 
allocates its resources resides in the In­
stitute' s senior technical advisory group. 
The new chairman of the Research Ad­
visory Committee is "Ellis T. Cox: Prag­
matist With a Public Conscience" (page 
27). Cox is also executive vice president 
and chief operating officer of Potomac 
Electric Power Co., and his professional 
views in both roles were discussed when 
he was interviewed by Marie Newman of 
EPRI's Washington office. 

Spencer 

Gildersleeve 
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PLANNING FOR UNCERTAINTY 

Reserve generating capacity 

costs money, and so does a 

capacity shortfall. But as future 

electricity demand becomes 

W
hen I was put in charge of 
load forecasting at Common­
wealth Edison a number of 

years ago, some people considered it the 
easiest job in the company," reminisces 
Rene Males, director of EPRI's Energy 
Analysis and Environment Division. 
'"Growth is so regular in this industry,' 
the chairman told me, 'in a IO-year pe­
riod you can't be wrong by more than 
one year-either too early or too late. 
We can take care of that in the construc­
tion department. So, instead of doing a 
complex analysis, you could just as well 
take a ruler and draw a line and be right, 
plus or minus a year."' 

In those days steady demand growth 
and short construction lead times meant 
that the various departments in a utility 
could depend on a load forecast without 
concern that it would be changed. The 
load forecaster gave his projections to 
the operations planner, whose time was 
mainly spent on immediate capacity 
additions rather than on system plans 
for a future 10 or 15 years down the 
road. Fuel supply and sound financing 
were regarded as assured "givens" by 
planners, and the environmental im-
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pacts of electric power production had 
not yet become a social issue. 

A catalog of uncertainty 

Today, load forecasting is no longer 
easy, and the job of planning a utility's 
capacity expansion has become a task 
requiring complex coordination of many 
departments. Systems planning is now 
distinct from operations planning; fuel 
supply forecasting is a crucial and un­
certain factor; the financing of multi­
million-dollar power plants with lead 
times up to 12 years-or even more-
is a major undertaking; and environ­
mental concerns have become a highly 
sensitive issue. 

The largest single difficulty in making 
wise capacity expansion decisions is that 
the future demand for electricity is much 
more uncertain. No one knows what 
effect higher fuel prices and changes in 
rate design will have on that demand. 
Technological changes-industrial co­
generation, heat pumps, solar heating 
and cooling systems-will have their 
influence, but their form and extent are 
difficult to foresee. Government deci­
sions like California's tax incentive leg-

harder to forecast, larger 

planning reserve margins may 

be more economical in overall 

cost to consumers. 

islation to encourage homeowners to 
install solar systems or the proposed 
federal tax incentive for conservation 
may also alter demand-though it is 
still uncertain if or when the federal 
legislation will come about. Further, no 
one is sure what level of economic 
growth the country will realize over the 
next 10-15 years. 

No one knows what combined effect 
all these factors will have on the kilo­
watts of plant capacity that must be 
planned. The forecaster's computer can 
juggle figures forever, but it can't create 
certainty about future demand when 
none exists. 

A second difficulty in capacity plan­
ning is inherent in today's technologies 
for generating electricity. Widely vary­
ing lead times control the installation of 
power plants, from 2 years for gas tur­
bine systems to 12 years or more for 
nuclear facilities. Bringing these plants 
on-line involves a sequence of decisions 
over several years, from the initial com­
mitment to study and design a plant, 
through licensing and construction, to 
startup. The need to coordinate these 
sequential decisions with changing fore-



casts of future demand considerably 

complicates the capacity expansion 

process. 

A divergence of viewpoints 

Even if demand were certain and deci­

sions could be closely coordinated, a 

tough issue would still remain. Energy 

planning decisions involve many parties 

outside the utility itself, all with their 

own interests and viewpoints, and no 

agreement exists about what the ulti­

mate goals should be or how one set of 

values can be traded off against a dif­

ferent set. On the one hand, a large 

utility customer-a computer center­

wants to be sure its service is totally 

reliable because just a few seconds of 

interrupted service could erase its data 

base. On the other hand, a public inter­

est group may question the value of 

capacity expansion, especially if it in­

volves construction of a nuclear plant. 

Or a state commission may want to con­

trol expansion by limiting the number 

of sites it will approve for utility use. 

The implications of these various, 

often conflicting, views are usually mea­

sured on different scales, and the lack 

of a common language has made the res­

olution of such differences a frustrating 

problem to everyone concerned. 

In view of all these factors, the posi­

tion of a utility planner today is akin to 

that of a traveler facing a fog-shrouded 

highway. Will there be a clear, straight 

stretch ahead, without curves or ob­

stacles? More likely there will be forks 

in the road, alternative routes among 

which to choose. And what about the 

vehicle-is it appropriate for the route 

ahead, or will it slow him down? Will 

there be the chance to exchange it for 

equipment better matched to the ter­

rain actually encountered? 

Call for a new question 

Similarly, the planning process has 

entered an era of new complexity, where 

down-the-road visibility is obscure. Up 

to now, utility capacity expansion plans 

have been based on the expedient ques­

tion, What is the future demand for 

The Cost of Future Reserve Capacity 

10 

Fuel, Operation, and 
Maintenance (variable) 

Capital Equipment 
Ownership (fixed) 

Environmental Effects 

20 30 

Planned Percentage of Extra Generating Capacity 

Every electric utility has generating units standing in reserve 
(over and above nominal system requirements) to deal with 
extraordinary peak loads and to substitute for units that break 
down or must be shut down for periodic overhaul. All units 
on a system must be planned well in advance, requiring orderly 
commitments of money and time for studies, designs, licenses, 
and construction. 

When future demand is uncertain, the amount of future reserve 
margin to have in the various stages of commitment and 
investment is a complex planning question. But there are 
foreseeable cost penalties that will result from arriving at a given 
future date with either too much or too little reserve. 

This U-shaped curve represents the output of a method 
devised by EPRI to compare the costs of different planning 
reserve margins on a utility system when probabilities are 
assigned to various future values of system capacity requirement. 
The low point marks the future margin of least overall cost as 
it is seen today. Equally important are the slopes of the curve 
away from the low point; these indicate that electricity cost is 
apt to increase more sharply with a lower reserve margin than with 
a higher margin. The costs of unserved energy-incurred by 
consumers during a blackout, for example-are not on electric 
bills but the assigned level of these outage costs is crucial to the 
analytic method. 
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The Optimal Planning Reserve Margin 
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60 

Ut i l ity B 

60 

D i fferent c i rcumstances among 
i nd iv idual  ut i l i t ies-notably the 
m i x  of p lanned types of u n its 
and the cost assu m ptions for 
outages ( u nserved energy)­
inf l ue nce the shape of the 
U-shaped curve and the 
opt imal reserve marg i n  that 
resu l ts ,  wh ich is  measu red as 
the level ized consumer  cost of 
e lectric ity req u i red to ach ieve 
that marg i n .  

T h e  opti mal  24% marg i n  of 
hypothetical Uti l ity A, for 
example ,  is  control led by the 
f ixed and variab le costs of 
u n its that it would add to atta i n  
various reserve marg ins .  Th is  
c i rcu mstance can res u lt f rom a 
heavy proportion of o i l-f i red 
capacity today. Re plac i ng some 
of i t  over t i me w i th coal-fi red 
or n uc lear u n its w i l l  y ie ld  lower 
variable costs (fuel and O & M )  
O utage costs are a smal l  
i ncrement i n  th is  exam p le  
because Ut i l ity A 's  hydro­
electric capacity is s ubstantial  
and is  thus a re l iab le ,  f lexi b le ,  
and econom ical sou rce of  peak 
demand powe r. 

Ut i l ity B ,  on the other han d ,  
h a s  a large proportion of 
effic ient  baseload capacity that 
results in low vari able costs. 
Capacity addit ions can on ly 
i ncrease i ts  f ixed costs, even 
though variable costs taper a 
b it . Furthermore, on th is  
system of  large u n its, even one 
forced outage i m p l ies more 
u nserved energy and sharply 
g reater outage costs i f  the 
future reserve marg i n  fal l s  
short. Th i s  d rives Ut i l ity B 's 
opt imal p lann ing  reserve 
marg i n  to nearly 40%. 

electricity expected to be? To answer 
that question, elaborate econometric 
models have been developed that ex­
trapolate the future from the past and 
present. Aware of uncertainty in the 
future, planners usually produce high-, 
medium-, and low-demand scenarios 
and then choose a compromise figure 
that reflects an implicit hedging of their 
bets. Although some flexibility results 
from this approach, the information 
used to arrive at expansion decisions 
and determine the desired flexibility 
gets buried within the total data, and it 
isn't possible to track the reasoning in­
volved in the decision making. 

Recently a small group of analysts 
challenged this traditional approach. 
In 1976 the California Energy Resources, 
Conservation, and Development Com­
mission studied the effect of demand 
uncertainty on opti1llal expansion rates. 
The results of that research were un­
expected. With the addition of uncer­
tainty, it was found that the most bene­
ficial rate of capacity expansion (in terms 
of minimizing possible additional costs 
to consumers) was significantly greater 
than the expansion rate when demand 
was certain. The implication was that 
demand uncertainty is indeed important 
in utility planning. 

In view of this finding, it appears that 
a new question for planners is in order. 
Rather than asking what demand will be, 
a better question is, What is the best way 
to plan capacity expansion based on de­
mand uncertainty? In other words, know­
ing that the road ahead is hidden by fog, 
the best way to prepare for the junctions 
and forks that may lie ahead is to make 
uncertainty an explicit part of the deci­
sion-making process. 

Responding to the question 

EPRI's Energy Analysis and Environ­
ment Division has recently developed a 
planning model to deal with utility de­
cision making against many futures. 
Starting with methodology that they 
helped to develop at SRI International 
for the California study, analysts of De­
cision Focus, Inc. (DFI) worked closely 



with the planning staffs of four partici­

pating utilities (Long Island Lighting Co., 

Pacific Gas and Electric Co., Tennessee 

Valley Authority, and Wisconsin Electric 

Power Co.) to ensure that the new ap­

proach is relevant. 

"We were interested in really locking 

minds, using the practical methodology 

of the utility planners and the decision 

analysis expertise of DFI to synthesize 

something that can work in the real 

world," says Jerry Karaganis, the Sys­

tems Program project manager who di­

rected the study. "The utility planners 

helped develop the model itself, and the 

net result was a significant advance over 

the approach used in the California 

study." 

EPRI's model makes demand uncer­

tainty an explicit factor in capacity ex­

pansion planning and uses it to build a 

flexible electric power system-that is, 

one for which a utility can make cost­

effective decisions about capacity addi­

tions as demand actually materializes. 

The results of EPRI's analysis suggest 

that such a flexible system should actu­

ally cost consumers less money than 

would a conventionally optimized plan­

ning procedure. 

Four cost components 

As a basis for its analytic and modeling 

approach, EPRI suggests that the costs 

associated with producing electricity and 

providing service be divided into four 

categories: fixed, variable, outage, and 

environmental costs-all of which the 

consumer ultimately pays, directly or in­

directly. Fixed costs are represented as 

carrying charges on capital investments. 

Variable costs are those of fuel, of labor 

and parts associated with maintenance, 

and of meeting demand by turning to 

interties, interruptible customers, and 

voltage reductions. 

Customers not only pay for electric 

power, they pay for not receiving service 

as well. Thus, the cost of outages, or 

unserved energy, is a crucial component 

of this approach. Analysts are only be­

ginning to devise methods of attaching 

dollar values to the costs associated with 

interruption of utility service. It is clear, 

though, that these will always be spe­

cific to each utility and that they will 

change over time as the utility's service 

area changes and matures. 

Basically at issue is how much the 

utility's customers value reliable elec­

tric power. If, because of service inter­

ruptions, customers install their own 

emergency generators, they incur real, 

calculable costs above those that appear 

on their utility bills. Or instead, if per­

ishable merchandise spoils or customers 

lose business, they also incur real costs. 

A Picture of Probabilities 

0 
0 
0 
C'l 

Q Probab i l ity 

0 
0 
(()_ 
N 

0 
0 
o_ 
N 

Outage costs, then, are a societal cost 

that should be included when a utility 

attempts to plan a least-cost system for 

its customers. 

All utility planners today place a value 

on outages for their planning purposes. 

EPRI' s contribution to the issue lies in 

the way in which it makes outage costs 

explicit in the decision-making process. 

It enables utility personnel to run a 

sensitivity analysis to reveal if their 

planning decisions would change if they 

placed a different value on outage costs. 

Finally, environmental costs are as-

0 
0 
N_ 
N 1 979 

1 978 

The uncerta i nty of system capacity growth requ i rements is  
represented by this probabi l ity tree of alternatives for  the next 
two years. Extended and branched throughout a p lann ing  
period , i t  produces a range of  future capacit ies and  reserve 
marg i ns .  With recogn it ion of generation types, costs, and lead 
t imes,  that range can be reduced to a present-day esti mate of 
the future mix  that must be comm itted to successive 
p lann i ng ,  l icensi n g ,  and construction stages d ur ing  the 
i nterven i ng years. Revised demand forecasts and probab i l it ies 
can be i n corporated a n n ua l ly  (and the plan extended another 
year) so as to accelerate or s l i p  the sched u l i n g  of future u n its. 
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sociated with electric power generation. 
On the one hand, an undersized, older 
utility system contains generating units 
that are being pushed past their optimal 
efficiency. As a result environmental 
controls are not as effective as planned, 
and the company may need to seek vari­
ances or pay fines for airborne particu­
lates that pollute the air. On the other 
hand, a system with planned overca­
pacity can schedule proper maintenance 
and run its units efficiently, so that it 
tends to be environmentally sound. 
In this regard, it is important to re­
member that an oversized system does 
not necessarily produce more energy 
than an undersized system, and where 
energy production is the same, the total 
amount of pollutants released would ac­
tually be less with the oversized system. 

There is still another trade-off to con­
sider, since planned overcapacity ties up 
land. This does not mean that power 
plants are sitting around unused. Rather, 
sites may have been approved and 
plants licensed that are being held in 
that status, or "slipped," until demand 
or other issues are resolved and the 
plants are either built or cancelled. In 
EPRI's study, a balanced trade-off in 

environmental costs between under- and 
oversized systems was assumed, accord­
ing to the present state of knowledge 
about the issues. In other words, envi­
ronmental costs were held constant. 

Focus on reserve 

For purposes of this analysis, the plan­
ning reserve margin was made the deci­
sion variable. This is a measure of reli­
ability that is easier to conceptualize 
than is the traditional utility measure, 
loss-of-load probability, which is ex­
pressed in terms of the number of out­
age days in a certain number of years. 

When a utility feeds data relating to 
the four costs (fixed, variable, outage, 
and environmental) into the capacity 
expansion model, the model attempts to 
represent electric capacity additions for 
that utility, guided, of course, by several 
givens: a mix of generation technologies, 
a planning reserve margin, and a de­
mand probability tree. The tree simu­
lates the multiple futures assumed for 
electricity demand. Consisting of several 
branches and nodes, it represents the 
fact that in each particular time period 
demand may turn out to be high, me­
dium, or low. The branching pathways 

capture the fact that the expectation of 
demand growth becomes increasingly 
uncertain as one looks further into the 
future. The uncertainty associated with 
each pathway can be handled probabi­
listically. As a result, each branch at 
each node is labeled with a certain prob­
ability of occurrence. 

Simulating generation expansion 

As the model moves through the plan­
ning period, it makes decisions on how 
the system should expand, based on 
how demand uncertainty gradually re­
solves, what consequent future demand 
becomes evident, what initial capacity 
was available, what generation mix is 
desired, and what lead times control 
various new capacity additions. The 
model simulates the sequential decisions 
that utilities must make to carry planned 
additions from initial studies through 
licensing to actual construction and 
startup. Procedures allowing plants to 
slip at any stage of the process are an 
important way that utilities deal with 
demand that changes after an initial 
commitment to a capacity addition. In 
this way the fixed costs of an expansion 
plan can be computed. 

The Timing of Capacity Additions 
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The model simulates electricity pro­
duction and computes the variable costs 
for each year of the planning period 
along each pathway of the probability 
tree. When these fixed and variable 
costs are added to the calculated outage 
and environmental costs, the result is 
a stream of total costs for each pathway. 
These costs are then discounted back to 
1978 dollars, a procedure that deter­
mines their present value to consumers. 
Next, the model levelizes each path­
way's cost to consumers over the plan­
ning period. Finally, using the probabil­
ity associated with each pathway, the 
model computes the expected cost to 
consumers of the expansion plan at a 
given planning reserve margin. 

Varying the reserve margin 

When the model runs several times, 
each time with a different planning re­
serve margin, curves associated with the 
four cost categories are produced. 

As would be expected, fixed costs 
increase steadily as the planning re­
serve margin increases, since more ca­
pacity is being installed. On the other 
hand, variable costs tend to decrease 
with added capacity since utilities can 
replace older technologies or oil-fired 
plants that have become expensive to 
operate with a new and more econom­
ical mix. Outage costs decrease with 
increasing reserve margin because a 
utility with greater reserve can meet 
more of the demand for power. Environ­
mental costs are shown by a horizontal 
line indicating that a constant value 
is assumed. If actual figures are avail­
able to a utility, they could be used in 
sensitivity analyses in the same way 
outage costs are. 

A significant curve 

The results of this new type of analysis 
are significant. When the fixed, variable, 
and outage costs are fitted together, a 
curve emerges whose shape is not only 
U-shaped but also asymmetrical. The 
bottom of the curve locates the least­
cost planning reserve margin when de-

mand is uncertain. The cost to con­
sumers of electric power is minimized 
when capacity expansion is pegged at 
that reserve margin. 

The curve's asymmetry shows that 
the additional costs associated with 
planning at a lower reserve margin (and 
consequently sometimes ending up with 
undercapacity) are significantly larger 
than the costs associated with planning 
at a higher reserve margin and its poten­
tial for overcapacity. In other words, if a 
utility maintains a low planning reserve 
margin and demand turns out to be 
consistently higher over time than was 
anticipated, the utility must attempt to 
meet that demand by installing modes 
of generation with short lead times 
(which tend to use expensive fuel), draw­
ing on interties, interrupting service, or 
even incurring outages. The costs to 
consumers of these eventualities are 
greater than the costs of supporting a 
higher planning reserve margin, even 
though it entails the commitment to 
studies, licensing, or construction of 
generating units not actually needed 
if demand turns out to be less than 
expected. 

Information sensitivity 

The U-shaped curve actually represents 
a best-guess case and is really only the 
starting point in a debate over a utility's 
capacity expansion plans. Its value lies 
in pinpointing the critical information 
for a specific utility. By using sensitivity 
analyses, various views can be accom­
modated to determine how a change in 
one assumption might affect the utility's 
expansion planning decisions. 

For example, how would the curve 
look if outage costs double? A sensitivity 
analysis might indicate that the least­
cost planning reserve margin would shift 
IO points to the right under those condi­
tions. Or conversely, it might reveal 
that the particular utility is not sensi­
tive to changes in outage costs. If it re­
lied heavily on one generating technol­
ogy, however, the analysis might show it 
to be quite sensitive to an increase in 
the cost of oil or to a coal strike. In 

other words, the model is sensitive to 
the specific information brought to the 
debate. As a result, the parties involved 
can determine which arguments are ac­
tually pertinent and which ones only 
cloud the issue. 

Karaganis recognizes that the particu­
lar model developed for EPRI doesn't 
provide all the details utilities need for 
planning purposes. But its concepts of 
dealing with multiple futures and se­
quential decision making can be adapted 
to the more complex planning models 
that utilities now use. 

The Systems Program will develop 
its new approach by expanding the 
number of concepts the model can han­
dle, using different utilities' data, ac­
commodating broader demand uncer­
tainty, and reviewing other decision 
variables. 

A framework, not final answers 

Results of the California Energy Re­
sources, Conservation, and Develop­
ment Commission and EPRI studies 
highlight a crucial finding. Given all the 
uncertainties in utility capacity plan­
ning, it appears that attempts to reduce 
the costs of electric energy by control­
ling one or more of the uncertain factors 
will result in greater costs to consumers. 
Reduced planning reserve margin, for 
example, may lead to a power system so 
imbalanced that it is inefficient and ex­
pensive to operate. A better solution, 
EPRI suggests, would be to allow util­
ities some planned flexibility so they 
can react to the market forces of fuel 
supply and prices, demand for electric­
ity, consumer expectations for reliable 
service, and so on. 

"We're not claiming to have defini­
tive, final answers or to tell utilities how 
to plan their systems," Karaganis em­
phasizes. "Our contribution is to offer 
this framework that allows everyone to 
pose questions and see which ones 
really turn out to be relevant. My per­
sonal feeling is that the more we can 
quantify relationships explicitly, the 
greater our chances are of finding solu­
tions to our problems." 
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When NRC wanted verificat ion 

of sensor response times, 

EPRI  developed the 

instru ments to do the job.  

T 
he first EPRI invention to become 
off-the-shelf hardware is now 
commercially available. A patent 

is pending and the device-an instru­
ment to verify the time response of pres­
sure sensors used in power plants-has 
been licensed for production and mar­
keting. A related device, one to verify the 
time response of temperature sensors, is 
also now commercially available. 

Some of the research performed at 
EPRI has useful information as its end 
product. Other research produces results 
that may be useful in developing and 
commercializing future technologies. Yet 
another kind of research provides tech­
nological solutions for current problems. 
This is the case with the time-response 
instruments. It is noteworthy that these 
first EPRI hardware products to become 
commercial are not the result of chance 
invention but are the result of work spe­
cifically undertaken to solve an existing 
problem faced by utilities. A problem 
was identified, a research project was de­
signed and carried out, and from this a 
new test instrument that gives a needed 
tool to the utilities was perfected. 

The problem 

In a light water reactor, as in a fossil­
fired boiler, measurement of the temper­
ature and pressure of the primary loop 
coolant water ( or boiler feed water) is of 
considerable importance for safety and 
routine operation. Knowing the exact 
time period over which a change in tem­
perature or pressure takes place allows 
the reactor protection system to sense the 
onset of abnormal transients and to ini­
tiate reactor shutdown before design 
limits are exceeded. To establish this 
time period with precision, it is necessary 
to know how long the sensor takes to re­
spond to a change in the parameter being 
measured. 
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Utilities operating nuclear plants have 
been taking credit for sensor response 
time in plant safety analysis reports to 
the U.S. Nuclear Regulatory Commis­
sion. But about three or four years ago 
NRC challenged utilities on this, asking 
them to prove that response times of 
sensors do not degrade beyond values 
claimed. In support of this position NRC 
issued a regulatory guide stating that 
sensor response time had to be periodi­
cally verified. 

At that time there was no practical way 
to do this, at least not in situ (i.e., without 
removing the sensor for test under labo­
ratory conditions). David Cain, a test in­
strumentation project engineer in EPRI's 
Nuclear Safety and Analysis Depart­
ment, formulated three research projects 
to solve the multiple technical problems 
that were involved. The contractors were 
Nuclear Services Corp. (NSC), the Uni­
versity of Tennessee, and Babcock & Wil­
cox Co. (B&W). 

NSC worked on a hydraulic test in­
strument for verifying the response time 
of pressure transducers. Concurrently, 
the University of Tennessee developed a 
loop current step response (LCSR) test 
unit for solving the sensor-versus-time 
problem for temperature measurements. 
And B&W began working on an alter­
native approach-noise analysis-appli­
cable to both temperature and pressure 
sensors. 

The NSC project resulted in the hy­
draulic response test set being patented 
by EPRI. A spinoff company, Industrial 
Design and Engineering Associates 
(IDEA) is manufacturing the test units 
under a license from EPRI, and NSC is 
marketing the units. The LCSR method 
is not patentable because early work car­
ried out at Oak Ridge National Labora­
tory is in the public domain. However, 
another young company, Technology for 
Energy Corp. (TEC) of Knoxville, Ten­
nessee, plans to market both the hydrau­
lic test set for pressure sensors and the 
LCSR test set for temperature sensors. 
TEC is now negotiating a license from 
EPRI to manufacture the hydraulic test 
instrument. A third firm, Analysis and 

Measurement Services, is marketing 
LCSR test hardware and a full range of 
temperature sensor response time anal­
ysis capabilities. 

Pressure sensor timing device 

The hydraulic test set is a portable unit 
that provides a simple, convenient means 
to test response-time of the pressure­
sensing equipment in place. It is a single 
compact unit containing pressure accu­
mulators, valves, a reference transmitter, 
and associated electronics, and it is de­
signed to be filled with test fluids and 
connected to the pressure sensor and 
peripheral equipment. 

It functions by generating controlled, 
repeatable ramp pressure changes that 
are sensed simultaneously by the plant 
pressure transmitter and by the reference 
transducer within the test unit. The latter 
acts as a dynamic standard against which 
the time response of the pressure sensor 
is evaluated during the course of the test. 

Recorded data for a given test can be 
analyzed rapidly by the technician before 
the test set-up is disassembled. 

The unit weighs 32 kg (70 lb) and is 
about 56 cm high, 48 cm wide, and 25 cm 
deep (22 X 19 X 10 in). It can be used to 
test the pressure sensors in the instru­
ment systems of either nuclear or fossil­
fired plants. The unit may be purchased 
as an off-the-shelf item from NSC. 

EPRI is the sole owner of the hydraulic 
test unit for which a patent is now pend­
ing. A licensing and royalty fee structure 
has been established. 

Furthermore, any utility having the 
shop capability and wishing to do so may 
construct the instrument from sufficient 
detailed information provided in EPRI's 
final report on the project, NP-267, Sensor 

Response Time Verification. 

Temperature sensor timing device 

The LCSR is designed for testing a stan­
dard type of temperature sensor known 
as a resistance temperature detector 
(RTD). The LCSR technique involves 
measuring the RTD temperature re­
sponse output when its supply current 
is abruptly increased from its normal 

value of a few milliamperes to a level 
of tens of milliamperes. The resulting 
resistive heating of the RTD filament 
causes a rise of a few degrees in internal 
temperature. The RTD's response time 
may then be determined by observing its 
response to the current perturbation and 
using a mathematical transformation to 
compute the dynamic response. 

A typical LCSR test unit is a compact 
system, consisting of current supply, 
bridge circuit, control module, and signal 
conditioning elements. The unit supplies 
the transient current to the RTD and 
feeds LCSR data to a recording system. 
A FORTRAN-based software package is 
used to compute the RTD time constant 
from the digitized output. 

In-plant testing program 

Both hydraulic and LCSR test units have 
been tested in commercial power plants 
to demonstrate the validity of these 
methods for in-plant testing to meet 
NRC requirements. On the basis of the 
results of this demonstration program, 
utilities and product suppliers are sub­
mitting this technology to the NRC for 
approval as a standard test method. In­
dustry standards are being written to in­
corporate the new response-time testing 
technology. 

LCSR units have been tested in repre­
sentative PWR units of each of the three 
domestic PWR manufacturers. Further­
more, the technique has been used in a 
large West Coast PWR seeking NRC 
fuel-loading authorization. These plant 
tests were confirmed by independent 
laboratory tests. 

Noise analysis technique 

The B&W project is investigating pos­
sible uses of process noise fluctuations 
to determine sensor response character­
istics. The technique has been subjected 
to in-plant testing, and the results sug­
gest it is effective for qualitative inter­
pretation of data but not yet for quanti­
tative. Investigation of a more powerful 
noise analysis procedure, time series 
analysis, is under way in an effort to over­
come this limitation. 
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A 
couple of propositions widely ac­

cepted until recent years are now 

subject to great controversy. The 

first asserts that there is a direct and 

strong connection between economic 

growth and the growth in human wel­

fare; the second, in a parallel fashion, 

claims a strong link between energy 

growth and economic growth. 

The controversy that surrounds these 

propositions is a mixture of ideology, 

facts, and the interpretations placed on 

the facts. My purpose here is to try to sort 

things out-to see where ideological con­

siderations end and facts begin and to 

determine what we can and cannot learn 

from the factual record. I will also deal 

with policy approaches that are appro­

priate in the light of existing knowledge 

on these subjects. 

Economic growth and human welfare 

Let us consider first the proposition that 

posits a strong connection between eco­

nomic growth and human welfare . The 

Sam H .  Schurr is codirector of the Center for Energy 
Policy Research, Resources for the Future, Washington. 
D.C. This article is adapted from a talk g iven by Mr. 
Schurr at the International Conference on Energy Use 
Management. Tucson, Arizona, October 24,  1 977.  
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Energy, 
Economic Growth , 
and Human Welfare 
by Sam H. Schurr 

A respected energy economist examines 

the relationships between energy and 

prosperity and calls for policies 

to achieve energy supply and 

environmental goals. 

controversy now surrounding this ques­

tion appears to be largely a matter of 

ideology. There are those who point to 

relatively high levels of per capita income 

in advanced industrial countries and to 

a number of social indicators, such as 

health conditions, access to higher educa­

tion, upward mobility of the population, 

labor-saving appliances, and physical 

mobility, to support their belief that hu­

man welfare has increased as a result of 

economic growth. In direct opposition 

are those who question the significance 

of a higher GNP per capita and point 

to other indicators, such as pollution, 

crowding, crime, alienation, time lost in 

commuting, and declining durability of 

products, which are said to demonstrate 

a pervasive deterioration in the quality of 

life. 

Unfortunately, there appears to be no 

objective way of comparing the contra­

dictory sets of criteria that would be ac­

ceptable to those holding the opposing 

viewpoints. In the absence of an accept­

able common denominator, the debate is 

bound to continue without resolution be­

cause it is the bases of the value judg­

ments that are in conflict. 

A more objective basis of judgment 

probably can be reached if one asks not 

about human welfare per se but instead 

about the conditions of economic growth 

that are most compatible with minimiz­

ing political and social conflict in today's 

world. In response to this question, I 

believe it is fair to begin with the ob­

servation that those who have less 

usually want more-a generalization that 

appears to hold among both people and 

nations. It is obviously far easier to pro­

vide more for everyone by distributing 

shares of an ever-growing economic pie 

than by reapportioning the shares of an 

unchanging one. 

Economic growth also appears to be 

the solution to coping with many specific 

social and economic conditions urgently 

in need of attention. In the United States, 

unacceptably high levels of unemploy­

ment and price inflation are a case in 

point. How is reasonably full employ­

ment to be achieved if not through higher 

rates of growth? And how is full employ­

ment without higher inflation to be 

achieved except through growth that is 

accompanied by increased productivity? 

Solutions to a large number of national 

needs in the United States, such as hous­

ing and urban rehabilitation, would be 

similarly expedited by higher rates of 

economic growth. 



Worldwide economic growth 

The need for faster worldwide growth 
is equally compelling if conflict is to 
be reduced within the less-developed 
countries and between those countries 
and the industrialized world. To deal 
with their problems, the less-developed 
countries have adopted industrialization 
as a major goal. A declaration issued in 
1975 by these countries set a goal for 
themselves of providing at least 25% of 
the world's industrial production by the 
year 2000. Subsequently, in May 1975 
the United Nations Conference on Trade 
and Development (UNCT AD) declared 
that this goal would mean an 11% annual 
growth rate in manufacturing output for 
each of the intervening years. Serious 
questions can be raised about the feasi­
bility of attaining this target. For our 
purposes, though, what is important are 
the aspirations and the need to move 
toward their satisfaction in the interests 
of international stability. 

It is important to aim for a high 
economic growth rate in order to deal 
with potential sources of domestic and 
international conflict. The debate over 
whether such growth will finally serve to 
enhance human welfare probably cannot 
be resolved because of a clash in value 

judgments. However, questions concern­
ing the quality of life deserve serious 
attention in mapping growth strategies 
in order to guard against the undesirable 
consequences that social critics have 
forcefully brought to our attention in 
connection with past economic growth. 

Economic growth 
and energy consumption 

In respect to our second proposition, 
which asserts a strong connection be­
tween economic growth and growth in 
energy consumption, there is a detailed 
factual record for the United States and 
other countries to refer to. However, even 
with an extensive historical statistical 
base, serious questions are raised about 
the interpretation to be placed on the 
facts, particularly as they apply to the 
anticipated future circumstances of the 
United States and other industrialized 
countries. 

First, let me offer a brief summary of 
what U.S. history says about how eco­
nomic growth has affected growth in 
energy consumption. Later I will consider 
the converse of the relationship-how 
energy supply has affected economic 
growth. This aspect is of critical im­
portance, but it is frequently overlooked. 

The statistical record tracing the rela­
tionship between energy consumption 
and GNP in the United States is avail­
able from the latter part of the nineteenth 
century to the mid-1970s. When GNP 
(measured in constant dollars) and Btus 
of the total consumption of mineral fuels 
and hydropower are compared, this time 
span divides into three periods: 

o An early period-from the latter half 
of the nineteenth century to about the 
second decade of the twentieth century­
in which energy consumption grew at a 
faster rate than GNP 
o A middle period-from about the end 
of World War I to mid-century-in 
which energy consumption grew at a 
slower rate than GNP 
o The most recent period, in which there 

have been numerous short-term fluctua­
tions but no persistent secular trend 
either up or down 

The relative stability in energy/GNP 
ratio during the last period stands in 
sharp contrast to the two earlier long­
term movements. This is the period 
usually referred to when a close rela­
tionship between GNP and energy con­
sumption is said to be displayed in the 
historical record. 
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Two major points should be empha­
sized. The first is that despite the close 
relationship between GNP and energy 
consumption since World War II, the 
long historical record does not support 
the view that these factors have grown 
at essentially the same rate. Not only 
did they not grow at the same rate, but 
their comparative rates show divergence 
in different directions, depending on the 
period of U.S. economic history being 
covered. 

The second major point is that the 
changes over time in the relationship 
between energy and GNP have not been 
drastic. Even over the several decades 
when energy consumption declined 
persistently relative to GNP, the reduc­
tion in the ratio came to no more than 
about one-third. These were turbulent 
years for energy supply and use; there 
were fundamental changes in the compo-
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sition of U.S. energy output, including a 
phenomenal rise in the importance of 
energy in the form of electricity and 
liquids as opposed to the earlier heavy 
domination of coal. And there were sharp 
increases in thermal efficiency in such 
major areas of energy use as railroad 
transportation, electric power generation, 
and space heating. Yet the one-third 
decline in the ratio between energy con­
sumption and GNP, though significant, 
was far less drastic than some of the fore­
casts now being made for the next 25-35 
years. 

Thus, although the recent historical 
record points to a strong relationship 
between economic growth and the de­
mands placed upon energy inputs, earlier 
periods show substantial departures from 
parallelism in the movements of these 
two aggregate measures. The profound 
changes in energy supply and use tech-

1 920 1 940 

nology that occurred during the single 
sustained period of decline in energy con­
sumption relative to GNP (1920-1945) 
place a strong burden of proof on fore­
casts that project a substantial decou­
pling of energy consumption and GNP in 
the future. To be credible, such forecasts 
should be accompanied by specifications 
of those changes in energy production 
and utilization technology that are sup­
posed to produce such a decoupling and 
plausible evidence of their technical and 
economic feasibility. 

Assessing the future 

In drawing such a cautious conclusion, I 
do not mean to deny that there are nu­
merous opportunities to utilize energy 
more efficiently without serious (if any) 
impairment of the services that energy 
yields. Examples that come readily to 
mind include smaller and more efficient 

1 960 1 980 

This index of Un ited States energy consumption per un it of g ross national product (GN P) between 1 880 
and 1975 reveals three d isti nct periods: 1 880-1 920. when energy consumption rate g rew faster than GNP ;  
1 920- 1 945, during which g rowth in energy consumption rate was slower than g rowth in  G N P; and  1 945-1 975,  
when there were several short-term fl uctuations with no persistent trend up or down, d isplaying a close 
relationship between energy consumption and GNP.  Source: Data for the 1 880-1 950 period are from 
Energy in the American Economy, 1850-19 75. Balt imore:  Johns Hopkins Press, 1 960. Data for the 
1 955-1 975 period are from "The Energy/Real G ross Domestic Product Rat io ." Bureau of Economic 
Analysis Staff Report [U.S. Dept. of Commerce), prepared by Jack Alterman. The Alterman data were adjusted 
by l ink ing to series used for the 1 880-1 975 period. 
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automobiles, insulation that makes the 

same level of comfort available with less 

energy, and the utilization of waste heat 

generated in various processes. 

Greater efficiency in energy use is 

likely to be the natural result of higher 

energy prices, programs being launched 

to provide consumers with information 

on energy conservation opportunities, 

and incentives for the consumer to 

practice conservation. These effects will 

be enhanced by new energy-conserving 

technologies in the home, in industry, 

and in commerce that are certain to 

emerge and become cost-effective under 

higher energy prices. Such develop­

ments are now under way and are 

bound to accelerate in the future. 

Here again, though, we run up against 

the lack of a firm fact base for predicting 

how large these impacts will be. It simply 

is not known how responsive energy 

demands will be in the long run to rela­

tive increases in energy prices. The 

available factual record was written in a 

period when energy prices were generally 

low, and therefore it cannot tell us what 

to expect in price-demand relationships 

during a period when relative energy 

prices are expected to be much higher. 

Nor is it known to what extent the 

response of demand to price rises will be 

modified by demand responses to the 

higher incomes that also will prevail in 

the future. Also, just as the consumer 

products that emerged in the past and 

created new markets could not have 

been predicted, so we cannot know today 

what product developments will take 

place in the future. To be sure, with 

higher energy prices it is likely that such 

products individually will tend to be 

more energy-efficient than in the past, 

but what their aggregative impact on 

energy demands will be is impossible to 

say. 

It is also to be expected that in the 

future the composition of national output 

will shift toward goods and services that 

are less energy-intensive. In general, ser­

vice activities, which are playing an ever­

larger role in the output of advanced 

economies, require less energy than does 

the manufacture of most goods. For these 

reasons alone, GNP growth should re­

quire a lower rate of energy growth in 

the future. 

Caution advised 

Yet a word of caution is called for. Ser­

vices are highly heterogeneous and some 

of them may turn out to be quite energy­

intensive. For example, consider leisure 

activities, which in the future will account 

for an increasingly large percentage of 

the personal services consumers in ad­

vanced economies will demand. It is not 

unusual for people to travel great dis­

tances by airplane or automobile for a 

skiing weekend or to engage in other 

types of leisure activity that require sub­

stantial travel. This is, obviously, an 

energy-intensive form of service. There 

is also a growing trend in second homes -

the future counterpart, perhaps, of the 

earlier phenomenon of second and third 

cars. The construction of such homes and 

the travel required to go from the city 

residence to the weekend house may 

both turn out to be comparatively energy­

intensive. Thus, we should not fall into 

the trap of believing that the growth of 

nonindustrial activities in the future will 

necessarily be associated with lower in­

tensities of energy use. 

In trying to evaluate how energy de­

mands in the future will differ from those 

in the past, the absence of a dependable 

fact base must be recognized. A growing 

amount of valuable research is becoming 

available, designed to extract insight 

into future dynamics from the existing 

body of economic statistics, including 

international energy use comparisons. 

Statisticians and economists will be 

squeezing the data very hard with the 

aid of sophisticated methodologies and 

imaginative research approaches. Such 

research is vitally important, but expec­

tations should be modest because of cir­

cumstances to be expected in the future 

that are vastly different from those of the 

past. It will be important, in my judgment, 

to supplement econometric approaches, 

which rely essentially on historical data, 

with research approaches from other 

social sciences that may yield improved 

behavioral insights applicable to the fu­

ture. Greater attention should also be 

devoted to engineering data and compar­

ative international practices, which serve 

to set forth the range of feasible tech­

nology alternatives for energy use that 

might become economically attractive as 

energy prices rise. 

Energy supply and economic growth 

One of the most neglected chapters in 

energy analysis concerns the effects on 

economic growth of changes in the condi­

tions of energy supply. During the past 

century, as noted earlier, there have been 

several profound changes in the composi­

tion of energy supply, including the emer­

gence of essentially new energy forms, 

such as electricity. Particularly note­

worthy is how these changes in energy 

supply technology have served to remove 

constraints that otherwise would have 

severely impeded the rate and diversity 

of economic growth and development. 

Again, let me illustrate with a brief exam­

ination of U.S. experience. 

As late as 1870, about three-quarters 

of all the energy used in the United 

States was still coming from fuel wood, 

but the transition to coal was under way 

and coal soon became the dominant 

source. What was of primary significance 

in this transition was not that coal could 

substitute for wood in existing energy 

uses but rather that this was a change 

from a fuel resource severely limited in 

supply to another available in apparently 

endless amounts. The use of coal thus 

opened the way for the large-scale, un­

impeded growth of iron and steel produc­

tion. Ample supplies of iron and steel, in 

turn, made it possible to build and 

operate a railroad network that blanketed 

the country and to produce the machines 

required for the expansion of manufac­

turing. Once the fuel constraint was 

broken, one development led to another 

in a dynamic sequence that laid the 

foundation for modern industrial society. 

In the twentieth century, as the com­

position of energy supply moved toward 

liquid fuels and electricity, other major 
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constraints to economic growth were 
overcome. Electricity and the electric 
motor removed the limitations imposed 
on factory processes by the earlier 
mechanical energy systems, which used 
shafts and belting to transmit power 
from the in-house prime mover. Through 
the reorganization of factory production, 
which they made possible, electricity 
and the electric motor paved the way 
for large-scale productivity increases in 
manufacturing. Liquid fuels, the tractor, 
and energy-based fertilizers led to 
enormous increases in crop yields by 
removing the limits that had been im­
posed on agriculture by the availability of 
natural fertilizers and by animal draft 
power. And as agricultural productivity 
rose, farm workers became available 
for other sectors of production. 

Geographic constraints also were re­
moved through developments in energy 
supply. During the nineteenth century, 
railroad transportation and the mobility 
of coal removed the strict limits formerly 
imposed on industrial locations by water­
ways required for transportation and wa­
ter wheels needed for mechanical power. 
In the twentieth century, the truck and the 
automobile broadened the availability of 
transportation routes, and the coming of 
liquid and gaseous fuels further increased 
the mobility of fuels, thereby removing 
the constraints on industrial locations 
previously imposed by railroads and coal. 
More recently, air conditioning and air 
transportation have removed other lim­
itations to economic growth in many re­
gions of the United States and the world. 

The removal of all these constraints has 
resulted in national, regional, and local 
development and growth; increased pro­
ductivity in industry, agriculture, and 
transportation; greater production of 
goods and services for human consump­
tion; and marked improvements in per­
sonal living comforts and amenities. It is 
important to observe that in these adapta­
tions, energy was not substituted mar­
ginally for other factors of production, 
such as capital and labor, which could 
have produced essentially the same final 
outcomes. Instead, energy supply and as-
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sociated technologies made practical by 
developments in energy supply together 
produced results that could not have been 
achieved in other ways. 

Supply as constraint 

I want to draw particular attention to the 
relationship between developments in 
energy supply and associated develop­
ments in the capital equipment used in 
industry, transportation, and agriculture. 
The reason for emphasizing this relation­
ship is that most econometric energy 
models assume (contrary to what history 
teaches) that the conditions under which 
energy is supplied in the future will not 
impede future productivity growth. 
Both capital formation and productivity 
are taken to be unrelated to energy de­
velopment in most models. 

But if energy supply and associated 
capital equipment have fostered rising 
productivity in the past, can it be assumed 
that major changes in energy supply 
conditions-that is, considerably higher 
prices and constrained availability-will 
not seriously impair productivity growth 
in the future? This critical issue is usually 
"assumed away" in econometric models 
of the relationship between energy and 
economic growth, which leads to re­
search conclusions that may seriously 
underestimate the effects of energy sup­
ply constraints on economic growth in 
the future. My own reading of the evolu­
tion of energy-economic relationships 
leads me to conclude that supply effects 
are critically important and that strong 
policy efforts will be needed to prevent 
energy supply itself from becoming a 
constraint on economic growth. It is very 
worrisome to contemplate a future in 
which energy supply-the constraint­
breaker par excellence in the past-be­
comes a constraint itself. 

This is a tremendously important con­
sideration because there is a pervasive 
mood of pessimism today concerning en­
ergy supply for the future. The mood 
reflects the conjuncture of a number of 
separate events-in particular, the Arab 
oil embargo of 1973; OPEC's imposition 
of massive price increases on internation-

ally traded oil; the emergence of wide­
spread concern over the environmental 
impacts of energy processes; and in the 
United States, a shortage in natural gas 
supplies. Many have jumped to the con­
clusion that these separate events point 
to a fundamental structural change in the 
underlying conditions of energy supply, 
a change with which the world will be 
forced to live forever. But we should be 
exceedingly cautious in accepting such a 
conclusion. 

Two propositions are usually offered 
to support the view that a permanent 
structural change is in the making: (I) the 
world is running out of its mineral fuel 
resources, particularly those needed for 
the production of liquids and gases, and/ 
or (2) the costs to the environment and 
human health and safety of continued 
expansion of energy supply and use that 
are based on mineral fuels will be too 
severe for society to bear. 

Sound policies needed 

There is ample evidence that these prop­
ositions stand on shaky ground. The di­
lemma, however, is that the "facts," as 
they will be revealed by future develop­
ments, will be largely determined by the 
policies now put into effect. In other 
words, the factual preconceptions of policy 
actions may themselves be the most im­
portant determinants of eventual out­
comes. This emphasizes the need for 
pursuing policies whose objective is to 
surmount supply and environmental 
constraints in an acceptable manner 
rather than to bow to their supposed 
inevitability. 

To devise positive approaches to the 
simultaneous achievement of energy 
supply and environmental objectives is 
probably the most urgent task energy 
policy faces today. Unfortunately, it does 
not appear to be receiving the attention 
it deserves. We continue to be transfixed 
by the adversary aspects of the energy­
environment conflict, while the needs of 
the future cry out for technical and in­
stitutional solutions that will permit for­
ward movement on both energy supply 
and environmental protection. 



T
he ability to compare alternative 
systems for electric power pro­
duction is an obvious need in any 

scheme for setting R&D priorities among 
those systems. This need pervades most 
programs of the Electric Power Research 
Institute, but nowhere is it more apparent 
or urgent than among the often subtly 
varying processes proposed for using 
coal and coal-derived fuels. 

A preliminary EPRI methodology for 
comparison was reported in the Journal 

a year and a half ago. "Clean Coal: What 
Will It Cost at the Busbar?" (November 
1976, pp. 6-13) focused on the fewest 
possible variables: sulfur content criteria 
for coal fuels, power processes, and the 
environment; and plant capital, O&M, 
and fuel costs. Since then we have been 
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Market 
Potential for 
New Coal 
Technologies 
by Dwain Spencer and Oliver Gildersleeve 

What basis do we have for 

establish ing R&D priorities? 

Generation-expansion analyses 

on six utility models have 

produced initial estimates of 

regional market potential for 

1 2  options between 1 985 

and 2005 . 

developing an analytic approach that 
permits more meaningful comparison of 
alternatives. 

Specifically, this approach adapts util­
ity system generation-expansion tech­
niques for evaluating new coal and coal­
derived fuel power systems, as well as 
the options used today. The result is a 
consistent economic analysis that (1) de­
fines the most appropriate role of each 
technology in the generation mix, (2) 
yields the market penetration potential 
for each technology, (3) shows the degree 
by which some technologies must im­
prove to become economic, and (4) esti­
mates the present-value savings and 
cost-benefit ratios that may be achieved 
if successful R&D results are put into 
practice. 

Although the work to date is only a 
first go-around, the methodology and its 
initial results are deemed significant. 
During the last year our Advanced Fossil 
Power Systems Task Force has reviewed 
and endorsed this approach for evaluat­
ing new power plant options. 

Twelve analytic steps 

Recognizing that few-if any-advanced 
fossil power systems can be commercially 
available in less than seven or eight years, 

our evaluation begins in 1985 and in­
volves the following: 

o Development of a 1985 data base of 
regionally representative utility systems 
and generation mixes to serve as a start­
ing point 

o Projection of load growth for these 
utilities for the period 1985-2005 

o Adoption of policy assumptions and 
a computer program to govern the gener­
ation expansion 

o Estimation of power plant costs (capi­
tal, O&M, and fuel) on the basis of stated 
emission standards 

o Determination of the economic pene­
tration potential for each technology on 
each utility system 

o Projection of these results to the U.S. 
market potential for all investor-owned 
utilities 

o Identification of the technologies that 
justify highest priority for R&D; defini­
tion of the target costs and performance 
requirements for other technologies 

o Iteration of the results to assess cost­
performance sensitivities, market splits 
between close competitors, and the ef-
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fects of intangible factors on expansion 

decisions 

o Submission of the results to selected 

utilities for validation or modification 

o Estimation of costs and cash-flow re­

quirements to complete R&D and initial 

commercialization 

o Prioritization of R&D efforts by use of 

a present-worth cost-benefit approach 

o Extension of the results to noninves­

tor-owned utilities 

This article reviews conduct of the first 

eight steps of the analysis and presents 

the market potential thus indicated for 

power technologies using coal and coal­

derived liquid fuels during the period 

1985-2005. 

Synthetic utility data base 

For an analytic and market data base 

we used six mathematical models of elec­

tric utilities-"synthetic" utilities created 

from authentic data to simulate distinc­

tive circumstances of regional character, 

generation mix, load pattern, and other 

factors (Table 1). These had been devel­

oped to include 1985 estimates of load 

and generation mix based on an analysis 

of utility system projections for the nine 

National Electric Reliability Council re­

gions. 

For each synthetic utility, typical data 

were estimated for daily, weekly, and 

monthly load cycles. The resulting load 

profiles were assumed constant during 

the period 1985-2005. For R&D plan­

ning, we also assumed 5 .6% average an-

Models of six "synthetic"" utilities embody projections of system characteristics used as the starting point for 
20-year generation-expansion studies. 

Table 1 

REGIONAL UTILITY MODELS 

Generation Mix 
(% of capacity) 

U.S. Annual 
Steam Turbine Utility Geographic Load Summer/ Winter Combustion 

Model Region Factor Peak Ratio Coal Nuclear Oil Gas Turbine 

A Central 0 .59 1 .25 57 20 7 0 8 

B Western 0 .69 0.95 20 10 24 0 6 

C Midwestern 0 .57 1 . 1 5  50 20 1 5  0 5 

D Mid-Atlantic 0 .59 1 .3 34 22 24 0 13  

E Gulf Coast 0 .56 1 .5 23 14 6 45 5 

F Northeast/ 0 .63 1 . 1  9 32 45 0 5 
South Atlantic 
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nual growth in electric energy demand 

and in peak load on each system. Since 

load growth projections, even to 1985, 

are quite uncertain, it was felt that a 

uniform average growth rate beyond that 

time was adequate for this first study. 

Each system was also assigned an initial 

reserve margin of 20%, with the resulting 

reliability criterion held constant there­

after. 

Expansion program and assumptions 

A General Electric Co. program for opti­

mized generation planning (OGP-3) was 

used to conduct the expansion analysis . 

It integrates reliability, production cost­

ing, and investment analyses into an 

automated, iterative generation expan­

sion tool. Relatively coarse methods are 

Hydro System Number 
and Capacity of 

Storage (MW) Units 

8 1 1 ,275 49 

40 10 ,000 27 

1 0  10 ,950 58 

7 10 ,850 55 

7 1 1 , 1 00 36 

9 10 ,700 34 



used in its algorithms to accommodate 

the hour-by-hour economic dispatch of 

generating units at reasonable analytic 

cost. The OGP-3 reliability routine ad­
justs generating capacity for mainte­

nance outages and uses monthly peak­

load levels to determine loss-of-load 

probability for the system. 

There were a number of limitations 

and simplifying assumptions in the ver­

sion of the computer program and in the 

data used in this study. These included: 

o The OGP-3 program could accommo­

date no more than 6 generation types 

plus hydroelectric and pumped hydro 

storage. (We were considering some 20 

types of alternative generation, and the 

screening matrix used to select viable 

candidates is described later in this ar­

ticle.) 

o Only one type of generation could be 

added in a given year. 

o Energy storage additions could not be 

optimized automatically. In this study, 

each utility was assigned a minimum en­

ergy storage component of 7%, and this 

proportion was maintained throughout. 

o Outages were represented as extended 

maintenance. Because of this modeling 

approach, peaking units (especially com­

bustion turbines) did not operate as 

many hours as they would if outages had 

been represented by randomly elimi­

nating generating units from operation. 

o Planned and forced outage data were 

required in OGP-3. Because there is no 

historical record for new power plant 

types, a procedure was developed for cal­

culating self-consistent outage rates rel­

ative to conventional generation types. 

o The annual cost of ownership was 

treated as a fixed charge rate of 18%. This 

factor was applied to the total capital re­

quirement for a plant, which was derived 

from a base plant cost by allowing for 

contingency, estimating uncertainties, in­

terest during construction, startup costs, 

and escalation to the date of its addition. 

Despite these limitations and assump­

tions, a significant advantage of the 

OGP-3 approach is that it determines 

plant capacity factor. In contrast, other 

economic evaluations require that capac­

ity factors be assumed (for peaking, in­

termediate, and baseload generation) 

without regard to the initial mix of 

generation units and without regard to 

changes in mix with the passage of time. 

Thus, OGP-3 can identify new genera­

tion options that appear to become eco­

nomic but find no market. This can 

happen if the generation mix in place 

precludes operation of the new options 

at viable capacity factors. 

Cost and performance data 

Twelve advanced options for firing coal 

-under a boiler or in a combined cycle 

-were included in the study, in addi-

tion to conventional nuclear, oil cycling, 

combustion-turbine, and low-sulfur coal 

plants (Table 2). Heat rates for cycling 

plants (intermediate load) were assumed 

to be 5% higher than those tabulated for 

baseload operation. The data used in this 

initial study are those available as of 

early 1976-essentially the same as pre­

sented in the November 1976 issue of 

the Journal. However, because of their 

application in the OGP-3 program, this 

study should be viewed as an extension 

of methodology rather than as an up­

date. The data have more recently been 

regionalized and are still undergoing 

revision as EPRI projects produce new 

information. The original data are sum­

marized here in order to identify the 

basis for the results obtained. 

Capital Costs We attempted to obtain 

consistent estimates for new generation 

alternatives fueled by coal or coal­

derived fuels. Therefore, because the 

input data were derived from the work 

of numerous EPRI contractors, we re­

quested cost estimates for a 1000-MW 

coal plant using Illinois No. 6 coal and 

limestone scrubbers as a normalizing ap­

proach. These estimates agreed within 

5%. 

All plant cost estimates were adjusted 

to include contingency and estimating 

uncertainty. For conventional coal, oil, 

or light water reactor power plants, a 

IO% contingency and a ± 10% uncer­

tainty were used, and for new technolo­

gies the contingency factor was 20% and 

the uncertainty factor was - 15% to 

+ 25%. Between the resulting cost ex­

tremes for each plant or technology, an 

average figure (including interest during 

construction and startup costs) was de­

rived for use in the analysis. (Sensitivity 

analyses are yet to be performed to con­

sider the influence of optimistic and pes­

simistic cost estimates.) 

Plant cost estimates for coal-fired 

and coal-derived fuel plants were based 

on meeting the 1975 New Source Per­

formance Standard (NSPS) for sulfur 

dioxide emissions (1.2 lb S0
2
/106 Btu). 

More stringent emission controls would 

change the relative performance of al­

ternative systems and clearly would 

change their relative economics. 

The capital requirements shown in 

Table 2 include interest during construc­

tion, estimated at 23% for nuclear plants 

(7Yz-year construction cost exposure pe­

riod), 20% for coal-fired and gasification 

units (6-year construction period), and 

14% for petroleum-type combined-cycle 

plants (3Yz-year construction period). 

The figures also include 10% startup 

costs for nuclear plants and 8% for other 

steam plants. For gasification plants, the 

capital requirement includes all costs 

from coal to busbar; whereas for plants 

using solvent-refined coal (SRC) and 

petroleum-type fuel (PTF), only the 

power plant total capital requirement 

is shown. Projected capital requirements 

of the conversion facilities for these fuels 

are included in the prices of the fuels 

themselves. 

Fuel Costs For a given fuel type in each 

synthetic utility region, the lowest price 

fuel source was used (Table 3). For in­

stance, where low-sulfur subbituminous 

or lignite from the western plains would 

be available at a lower price than eastern 

low-sulfur coal, only the western coal 

was considered. Coal heating values of 
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Table 2 

PLANT PERFORMANCE PARAMETERS AND CAPITAL COSTS 

Unit Baseload Capital 
Capacity Year Heat Rate Cost 

Unit Type (MW) Available (Btu/kWh) ( 1975 $/kW) 

Steam Plants' 
Nuclear (light 1 000 1 980 1 0 ,300 720 
water reactor) 1 300 1 980 
Oil (cycler) 400 1 980 9 ,200 375 

500 1 980 
600 1 980 

Low-sulfur coal 800 1 980 9 ,000 41 5 
1 000 1 980 
1 300 1 990 

Coal ( l imestone Same as low-sulfur 9 ,500 555 
scrubber) coal 
Coal (regenerative Same as low-su lfur 1 0 ,000 650 
scrubber) coal 
Atmospheric fluidized-bed 400 1 985 9 ,500 530 
combustion (AFBC) 600 1 990 

1 000 1 995 
Solvent-refined 400 1 985 9,0003 425 
coal (SRC) 1 000 1 990 
Petroleum-type Same as SRC 9 ,0003 275 
fuel (PTF) 
Moving-bed 400 1 985 1 3 ,500 880 
gasifier (low-Btu) 600 1 990 

1 000 1 995 
Slagging gasifier Same as moving-bed 1 1 ,300 670 
(medium-Btu) gasifier 
Entrained Same as moving-bed 1 0 ,600 600 
gasifier (low-Btu) gasifier 

Combustion Turbine Plants 75 1 980 1 2 ,000' 1 35 
1 00 1 990 
1 50 1 995 

Combined-Cycle Plants' 
Petroleum-type fuel 400 1 985 7 ,5003 220 
(PTF) 800 1 990 
Moving-bed gasifier Same as PTF 9,500 760 
(low-Btu) 
Slagging gasifier Same as PTF 9 , 1 00 575 
(medium-Btu) 
Entrained gasifier Same as PTF 8,400 540 
( low-Btu) 

'Steam turbine inlet conditions: 1 6.5 MPa (2400 psi), 540'C (1 000'F) superheal, 540'C (1 OOO'F) reheat. 
2Gas turbine inlet temperature 1 200°C (2200°F), compression ratio 1 6: 1 ;  coupled to a steam bottoming cycle 

at 1 6.5 MPa (2400 psi) and 540'C (1 OOO'F). 
3Power plant only, not including losses in coal conversion. 
4Peak load. 

Table 3 

PLANT FUEL COSTS 
(1975 $/10' Btu) 

Utility Model 

Fuel Type A B C D E F 

Nuclear fuel (new) 0 .45 0 .45 0.45 0 .45 0 .45 0.45 
Residual oi l 2.00 2.25 2.25 2 .00 2 .00 2.00 
Distil late oi l 2.25 2 .50 2 .50 2 .25 2.25 2.25 
High-sulfur coal 1 .00 1 .00 1 0 0  1 . 1 0  
(eastern) 
Low-sulfur coal 1 .25 1 .25 1 .25 1 .35 
(eastern) 
Subbituminous or 1 . 1 5  0 .80 0 .80 1 .25 1 .00 1 .30 
lignite coal 
(western) 
Solvent-refined 2.35 2.35 2.35 2 .45 
coal (SRC) 
Petroleum-type 3 .00 3 .00 3.00 3.00 3 .00 3 . 1 0 
fuel (PTF) 
Natural gas NA NA NA NA 1 .90 NA 

''Preempted by lower-cost western coal. 

Table 4 

PLANT OPERATING AND MAINTENANCE COSTS 
(1975 $) 

Fixed Variable Reag 
Unit Type ($ / kW- yr) (mills / kWh) ($ I 1 06 

Steam Plants 
Nuclear (l ight water 
reactor) 5.40 0 .30 
Oi l  (cycler) 2 .60 0 .50 
Low-sulfur coal 1 .65 0.45 
Coal (l imestone scrubber) 3 .50 1 .25 0.1 

Coal (regenerative 
scrubber) 3 .55 1 .75 
Atmospheric fluidized-bed 
combustion (AFBC) 4 .00 2 . 1 0  0.3 
Solvent-refined 
coal (SRC) 1 .75 0.45 
Petroleum-type fuel (PTF) 1 .90 0 . 1 5  
Moving-bed gasifier 
(low-Btu) 6 .35 3 . 1 0  
Slagging gasifier 
(medium-Btu) 5. 1 0  2 .45 
Entrained gasifier 
(low-Btu) 4.50 2 .00 

Combustion Turbine Plants 0.25 4.95 

Combined-Cycle Plants 
Petroleum-type fuel (PTF) 1 . 1 0  0 .75 
Moving-bed gasifier 
( low-Btu) 5.40 4.25 
Slagging gasifier 
(medium-Btu) 3.90 3.20 
Entrained gasifier 
(low-Btu) 3.55 2 .80 



Table 5 

UNIT AVAILABILITY 

Mature 
Planned Forced 
Outage Outage Availability 

Unit Type' (% of yr) (% of period)' (% of yr) 

Steam Plants 
Nuclear (l ight water 15  15  72 
reactor) 
Oil {cycler) (500 MW) 10  7 84 
Low-su lfur coal 1 0  15  77 
Coal (l imestone scrubber) 1 0  18 73 
Coal (regenerative 10  18 73 
scrubber) 
Atmospheric fluidized-bed 10  9 82 
combustion (AFBC) 
Solvent-refined coal (SRC) 1 0  1 5  77 
Petroleum-type fuel (PTF) 10 5 86 
Moving-bed gasifier 10  9 82 
(low-Btu) 
Slagging gasifier 10 14 77 
(medium-Btu) 
Entrained gasifier 10  13  78 
(low-Btu) 

Combustion Turbine Plants 5 15  8 1  

Combined-Cycle Plants 
Petroleum-type fuel (PTF) 10  7 84 
Moving-bed gasifier 1 0  10 81 
(low-Btu) 
Slagging gasifier 10  12 79 
(medium-Btu) 
Entrained gasifier 1 0  1 1  80 
(low-Btu) 

1Steam plants 1 000-MW capacity except where noted: combustion turbine plants 1 00-MW; combtned-cycle 

plants 800-MW. 
2Perlod defined as one year less time for planned maintenance. 

Table 6 

PLANT AND FUEL COST ESCALATION FACTORS 

Annual Percentage 
Multiplier 

Parameter 1 975- 1 984 1 985- 1 989 1 990- 1 994 1 995-2005 

Power plants 1 . 69 4 4 4 
Nuclear fuel (new) 1 .79 6 6 8 
Residual oil 1 .92 6.95 4 8 
Distil late oil 1 .90 5.9 4 8 
Eastern coal, l imestone, 
solvent-refined coal, 
petroleum-type fuel 1 .54 4 4 4 
Low-sulfur coal 
(eastern) 1 .54 4 4 8 
Subbituminous or 
l ign ite coal 
(western) 1 .52 4 4 4 
Natural gas 2 . 16  8 8 8 

26.4 X 106 and 18.3 X 106 Btu/t were 
assumed for eastern and western coals, 
respectively. 

Of the two coal-derived fuels, SRC is 
a solid at room temperature and PTF is 
a refined coal liquefaction product suit­
able for firing combustion turbines and 
combined-cycle plants. The tabulated 
prices of these fuels account for the cap­
ital and operating costs of the fuel con­
version plants-dedicated facilities that 
would operate independently of the dis­
patch schedules of the power plants us­
ing their products. Present cost estimates 
for producing SRC and PTF indicate their 
prices will be nearer $2.50-$2.75/106 

Btu (for SRC) and $3.50-$3.75/106 Btu 
(for PTF) in 1975 dollars. These latter 
estimates will be considered in future 
iterations, but a limited analysis for a 
wide range of PTF prices is noted later 
in this article. 

Operation and Maintenance Costs A 
consistent set of O&M costs (other than 
fuel) has been obtained by factoring the 
plant capital costs. Typical factors for 
utility and chemical equipment were ap­
plied as appropriate and the results split 
into fixed and variable costs in 1975 dol­
lars (Table 4). O&M rates are defined for 
1000-MW units and scaled up for the 
smaller unit sizes represented in the 
initial generation mix. 

One significant additional operating 
cost-for plants directly firing high­
sulfur coal-is that of reagents used for 
sulfur removal. For wet alkali scrubbing, 
approximately 0.15 t limestone is re­
quired per ton of coal. For atmospheric 
fluidized-bed combustion (AFBC) units, 
stoichiometric requirements for sulfur 
removal are uncertain, but they range 
from 0.3 to 0.6 t limestone or dolomite 
per ton of coal. In this analysis we 
assumed a delivered reagent price of 
$26.40/t, which includes both delivery 
and disposal. In future studies, the cost 
of waste disposal will be estimated sepa­
rately for the various processes, and re­
agent prices in the range of $6-$12/t 
will be used. 

Unit Availabil ity Because there are no 
data on unit availability for new types 
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of generation, it was necessary to develop 
a forced-outage rate analysis to provide 
values consistent with those for conven­
tional generation. Planned outages were 
arbitrarily set at 10% of the year (about 
five weeks) for most types and 15% for 
nuclear units (to account for reactor core 
refueling). The analysis estimates mature 
forced-outage rates as a percent of the 
year left after planned maintenance is 
excluded (Table 5). 

Escalation A major uncertainty in any 
analysis projecting comparative econom­
ics in the future is the rates of escala­
tion for generating equipment, fuel, and 
O&M costs. In this analysis, escalation 
has been separately treated for the period 

Technologies (by fuel type) are grouped to 
differentiate futures with and without the influence 
of new coal-based options. Selection of utility models is 
based on the applicability of fuels to specific regions. 

Table 7 

TWO TECHNOLOGY FUTURES 

Generation Type 

Present Technology Only 
Nuclear (light water reactor) 
Distil late oil (combustion 
turbine, combined cycle) 
Low-sulfur coal 

Eastern 
Western 

Coal ( l imestone scrubber) 
Pumped hydro (after 1 985) 

All R&D Successful 
Nuclear ( l ight water reactor) 
Distillate oil (combustion 
turbine, combined cycle 
Low-sulfur coal 

Eastern 
Western 

Petroleum-type fuel (combustion 
turbine, combined cycle) 
Entrained gasifier (low-Btu) 
(combined cycle) 
Pumped hydro 
Coal ( l imestone scrubber) 

Utility Models 

A-F 

A-F 

D, F 
A-C, E 
A, D-F 
A, C-F 

A-F 

A-F 

D, F 
A-C, E 

A-F 

A, D-F 
A, C-F 
A, D-F 

from 1975 through 1984 and for the long 
term beginning in 1985 (the initial date 
for this study). 

Table 6 summarizes the escalation 
rates (including inflation) used for power 
plants and fuels. The long-term inflation 
rate used was 4% per year and the associ­
ated discount rate was 10%. Beyond 1985 
the rate of escalation was held constant, 
except for fuels nearing resource exhaus­
tion ( oil, uranium, and low-sulfur eastern 
coal). In these cases, 4% per year was 
added to the escalation rate, beginning 
in 1995. Natural gas was assumed to be 
available in 1985 only for the synthetic 
utility representative of those in the Gulf 
Coast region, and it was escalated at 8% 
per year. Since O&M costs were derived 

8000 

from plant capital costs, they escalate 
at the same rate as plant costs. 

Screening to reduce options 

To limit the number of actual runs per­
formed with OGP-3 (because it is cap­
able of evaluating only six types of al­
ternative generating units in a run), a 
screening approach was developed to 
identify competitive domains defined by 
future plant, fuel, and O&M costs. A 
domain boundary represents identical 
busbar energy costs from two generation 
options. When plotted, the results appear 
similar to a material-science phase dia­
gram. Thus these screening charts are 
referred to as generation phase diagrams 
(Figure 1). Derived from the input data, 
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F igure 1 Th is  generation phase d iagram represents synthetic uti l i ty 
model  D and one set of fuel  costs. On ly  the most economica l ly viable 
tech nolog ies appear-that is ,  only those generation alternatives ( by fuel 
type) that have m i n imu m busbar energy costs for some span of capacity 
factors in the i n it ia l  year of their  use. 



Table 8 Table 1 0  

REGIONAL SYSTEM CAPACITY ADDITIONS UTILITY MARKET POTENTIAL AND DISTRIBUTION 
ASSUMING PRESENT TECHNOLOGIES ONLY OF COAL-DERIVED LIQUID FUELS 

(%) 

Application (%) 
Utility Model Fuel Volume''' Existing Combined Combustion 

Generation Type A 8 C D E F Year ( 106 bbl/d) Boilers Cycles Turbines 

Nuclear light water 1 985 0.01 1 00 

reactor or low-sulfur 
eastern coal or western 1 990 0.40 92 8 

subbituminous or 
1 995 0 .85 34 52 1 4 l ignite coal 78 87 58 95 58 

Western subbituminous 2000 2.55 39 53 8 

or l ign ite coal 72 2005 3 .70 28 64 8 

High-sulfur eastern coal 
(limestone scrubber) 33 35 

"At 53.00 1 0' Btu. 1 975 S. 

Combustion turbine 
(distil late or residual oil) 1 4  1 3  28 7 3 7 

Combined cycle (disti llate 
or residual oi l) 8 2 2 

Total additions 1 00 1 00 1 00 1 00 1 00 1 00 

Table 9 Table 1 1  

REGIONAL SYSTEM CAPACITY ADDITIONS UTILITY MARKET SENSITIVITY 
ASSUMING SUCCESSFUL R&D OF COAL-DERIVED 

I N  NEW COAL-BASED TECHNOLOGIES LIQUID FUELS 
(%) (10' bbl/d) 

Utility Model Price '' 

Generation Type A 8 C D E F Market 3. 00 3. 50 4.00 

Nuclear l ight water 1 985 0.01 

reactor or low-sulfur 
1 990 0.40 eastern coal or western 

subbituminous or 1 995 0 .85 0.03 lignite coal 67 81 39 87 56 

Western subbituminous or 
2000 2 .55 0.50 0 .06 

l ign ite coal 72 2005 3 .70 0.95 0.50 

High-sulfur eastern coal 
( l imestone scrubber) 

' 1 975 $/ 1 0' Btu 

Combustion turbine 
(distil late, residual 
or petroleum-type fuel) 1 6  1 9  28 8 1 3  1 2  

Combined cycle (distillate, 
residual, or petroleum-
type fuel) 1 7  39 32 

Entrained gasifier (low-Btu) 
(combined cycle) 1 4  

Total additions 1 00 1 00 1 00 1 00 1 00 1 00 

Year of Conversion From Oil to 
Coal-Derived Petroleum- Type Fuels 

Distillate 1 989 1 985 1 985 1 989 1 989 1 995 

Residual 1 996 1 987 1 989 1 996 1 996 1 997 



they include the effects of future fuel 
prices (IO-year levelization) and assume 
equal generating unit reliabilities with 
no planned unit outages. Thus, this ap­
proach screens out any uneconomical 
alternatives; computing costs are re­
duced, and OGP-3 limitations accom­
modated. 

Market potential 

Based on the screening analysis, only the 
generation alternatives shown in Table 7 
were used in the OGP-3 program. To 
obtain an estimate of the benefit-cost 
relationship of coal technology develop­
ment, two cases were run: first, assuming 
present technology only (Table 8), and 
second, assuming all coal R&D is suc­
cessful and that the cost and performance 
projections for each alternative are real­
ized (Table 9). 

From Table 8 it is apparent that with­
out new technology, light water reactors 
and low-sulfur coal-fired plants would be 
preferable for baseload throughout the 
country. However, as low-sulfur coal and 
nuclear fuel prices rise, high-sulfur coal 
plants with scrubbers would enter the 
market. Further, should either or both of 
these fuels become resource- or produc­
tion-limited earlier than 1995, a greater 
demand for high-sulfur coal-fired plants 
would emerge. Thus there is a significant 
incentive to develop highly reliable coal­
fired plants with scrubbers having low 
parasitic loads. 

Table 8 also indicates a continuing 
market potential for combustion turbines 
in all regions, but a very limited market 
for combined-cycle plants if only distil­
late oil is available. 

Table 9 reveals two major changes if 
coal conversion technology is success­
ful: the combined-cycle market is in­
creased significantly in Regions A, D, and 
F, and the fraction of combustion-turbine 
additions is increased substantially in 
Regions B, E, and F. Also, the low-Btu 
entrained-gasifier combined-cycle option 
begins to penetrate in Region D. 

The most significant implication of 
this comparison is the added penetration 
of combined cycles if PTF coal liquefac-
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tion is successful because Regions A, D, 
and F together represent approximately 
60% of the projected U.S. utility capac­
ity. This penetration, of course, is based 
on a PTF price of $3.00/106 Btu (in 1975 
dollars). 

The estimated market potential for 
coal liquids in the electric utility indus­
try is shown in Table 10. Based on this 
analysis, there appears to be a substan­
tial electric utility market potential for 
coal liquids if present cost objectives are 
met and alternative liquid fuel costs es­
calate as projected. 

Fuel Price Sensitivity To demonstrate 
the flexibility of the analytic method, 
we also considered two additional coal­
liquid prices. The assumed values are 
$3.50/106 Btu and $4.00/106 Btu (in 
1975 dollars). These estimates bracket 
the presently projected prices for coal 
liquids from commercial fuel plants us­
ing either the H-Coal or the Exxon 
Donor Solvent process. 

As may be seen from Table 11, the 
market potential for coal liquids is quite 
sensitive over this price range. Based on 
the uncertainty of these prices and of 
future price escalation in other liquid 
fuels, we consider it a high priority for 
the electric utility industry to continue 
R&D toward the demonstration of coal 
liquids. 

Coal R&D priority 

One objective of assessing market poten­
tial was-and is-to develop a benefit­
cost ratio for R&D expenditures on ad­
vanced coal and coal conversion technol­
ogies. We have conducted a rudimentary 
analysis by comparing the penetration of 
new technologies (Table 8) with that of 
present technology (Table 9). For those 
new coal technologies that may penetrate 
the market between 1985 and 2005, the 
estimated net savings to the electric util­
ity industry were present-valued to 1976 
dollars. The resulting figure was com­
pared with EPRI's planned expenditures 
in new coal technology from 1976 to 
1985 and also compared on a national 
basis with the planned expenditures of 

the Department of Energy (DOE). 
This first-cut comparison constitutes 

a benefit-cost ratio of 20:1 for utility 
investment. Assuming that DOE expen­
ditures in this R&D area are about 10 
times those of EPRI, the national benefit­
cost ratio would be 2:1. It should be noted 
that neither ratio includes credits for the 
value of decreased environmental emis­
sions inherent in the use of advanced 
coal technologies. Our conclusion is the 
firm belief that the ratios are ample in­
centive for continued utility and federal 
investment in coal R&D oriented toward 
electric utility requirements. 

Further avenues of analysis 

This article has reviewed the method­
ology of an internal study, its first use, 
and the results. To validate or modify 
our early conclusions, we are now pur­
suing four avenues of continued analysis: 

o Iteration of all cost and performance 
estimates, with emphasis on regional 
plant cost differences 

o Sensitivity analyses to consider such 
factors as more stringent future environ­
mental regulations, limitations to the 
electric utility industry on low-sulfur 
eastern coal and on oil, and a range of 
plant and fuel price escalations 

o A research project involving utility 
planning departments to determine 
whether the results remain valid when 
using different generation expansion 
models, utility projections for fuel es­
calations, and other utility decision 
criteria 

o Consideration of other advanced coal 
utilization systems, such as fuel cells us­
ing low-Btu gas, open-cycle magnetohy­
drodynamic power plants, physical and 
chemical coal cleaning, and alternative 
flue gas desulfurization approaches 

Clearly, the overall analytic effort will 
require many more iterations and will 
never really be complete. However, we 
believe this approach has opened a new 
era of evaluating R&D priorities for the 
electric power industry on a more quan­
titative, consistent basis. 



El l is T. Cox: 
Pragmatist With 
a Publ ic 
Conscience 

His daily decisions at Potomac 

Electric Power Co. ensure 

electricity for the U.S. capital. 

His leadership of EPRl's 

Research Advisory Committee 

will help to extend that 

ensurance across the nation 

and into the future. 

A
nyone who has ever flown into 
Washington's National Airport 
at night remembers the grandeur 

of gleaming white monuments unfolding 
against a black sky. 

Ellis T. Cox is keenly aware of the need 
to protect the historic beauty of this sight. 
As executive vice president and chief op­
erating officer of the electric utility serv­
ing the nation's capital, he is in a position 
to help preserve the city's unique and 
memorable qualities. 

It's a responsibility that he and other 
managers at the Potomac Electric Power 
Co. (Pepco) take seriously. That's one 
reason the utility is installing expensive 
environmental control devices at its Po­
tomac River plant-five coal-fired units 
on the Virginia side of the Potomac River, 
minutes away' from the downtown area. 

"We burn low-sulfur coal there, and 
we're in the process of building a hot pre­
cipitator system for all five units," he 
observes. (An electrostatic precipitator 
extracts particulate matter emitted from 
power plant stacks. A hot precipitator 
works with hot gases.) 

"You may have noticed that one of 
the stacks over there doesn't show any 
smoke at all," he continues. "That par­
ticular unit and its precipitator system 
began operating in the latter part of 1977. 
We expect to finish the remaining four 
units with precipitators also, so that 
when you fly into National Airport, you 
won't see smoke coming out of the Po­
tomac plant." 

As Cox explains it, his company feels 
a moral obligation to the citizens in its 
service area to make sure that its power 
plants comply with realistic environ­
mental regulations. By utility standards, 
Pepco is unusual in its lack of large indus­
trial customers. According to the 1977 
annual report, about 24% of the com­
pany's kilowatthour sales were to resi­
dential customers, with business and 
government accounting for the remaining 
portion. Indeed, the company's largest 
single customer is the federal govern­
ment, accounting for 19% of sales in 1977. 

As the electric utility serving the na­
tion's capital, Pepco has a unique oppor-

tunity, Cox believes, to speak for the 
industry by setting an example of a well­
run and responsible company. Among 
the utility's individual customers are 
many of the decision makers who deter­
mine national policy on energy and util­
ity matters. 

"There are 100 senators and 435 con­
gressmen here-many of whom are our 
customers -not to mention Cabinet heads 
and even the Chief Executive himself. 
And if a hurricane or something of that 
nature causes a blackout in a portion of 
our service area, we should be able to re­
store service rapidly; otherwise, it could 
reflect on the efficiency of the entire in­
dustry. So I think we have an obligation 
to manage our affairs in an exemplary 
manner." 

To Cox, this means not only living up 
to civic responsibilities, such as protecting 
air and water quality, but also demon­
strating that the company is run as an 
efficient, cost-conscious enterprise. There 
are dual facets of Ellis Cox's personality 
that show through when he discusses 
his management philosophy and career. 
On the one hand he is a pragmatic busi­
nessman, talking in terms of "wise and 
prudent management," "costs and bene­
fits," and "realistic regulations"; and on 
the other hand he is deeply concerned 
with matters of ethics and conscience -
with "commitments," "wise judgments," 
and "moral obligations." 

Cox recently discussed his career, 
philosophy, and management style in 
the context of his role as the new chair­
man of EPRI's Research Advisory Com­
mittee (RAC), the senior group in the 
Institute's advisory structure. RAC con­
sists of utility executives who guide 
EPRI' s president and Board of Directors 
in identifying and ranking the R&D needs 
of the industry. Although Cox is new to 
the chairman's job, he is no stranger to 
RAC, having served as a member for the 
past year. He is RAC's second chairman. 
The first, Ludwig P. Lischer, vice presi­
dent in charge of engineering, research, 
and technical activities for Common­
wealth Edison Co., was chairman for four 
years and is continuing as a member. 
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The new chairman has nothing but 
praise for his predecessor. "I think that 
Lud Lischer has done an outstanding 
job, and I am extremely proud to be the 
Committee's second chairman," Cox 
says. He already has a definite concept 
of the direction that RAC will be taking 
this year. As he explains it, "I think we 
have a major task ahead of us in trying to 
put in place a planning mechanism, a 
methodology, that can ensure us that we 
are in fact selecting the proper priorities 
from the many, many research efforts 
suggested." 

What does he feel are the major prob­
lems facing the utility industry today 
that deserve top priority in R&D? High 
among them, he responds, is finding a 
way to secure a long-term supply of fuel, 
and he emphasizes that this means both 
coal and nuclear power. 

"In this business, an assured supply 
of fuel is at the heart of our service," he 
notes. "We've got to get away from pe­
troleum. In my judgment, petroleum 
should be channeled only to those indus­
tries that absolutely need it, such as the 
petrochemical industry and some por­
tions of the transportation industry." 
Cox believes that governments have to 
be convinced to be realistic in require­
ments relating to the burning of coal, 
and he insists that "the only viable alter­
native for the future of electric generation 
in this country is to expand the use of 
nuclear power." 

At the time Cox was discussing utility 
problems and new courses of action, the 
nation's coal strike had entered its third 
month, President Carter's energy bill was 
still stalled in Congress over the natural 
gas pricing issue, and the city was expect­
ing its tenth snow of the season. Fuel 
supply problems were definitely fore­
most in the minds of Washington energy 
officials. 

"I see no alternative to developing our 
nuclear power generation further," Cox 
observes. "I think that coal is an impor­
tant part of our future, but I don't believe 
it will satisfy all our environmental re­
quirements. We have to supplement it 
with nuclear power. And soon!" 
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"The only viable alternative for the 

future of electric generation is to 

expand the use of nuclear power. , ,  

Will the coal strike imprint on the na­
tional consciousness the vulnerability of 
coal as a stable fuel source? 

"One would hope so, but I'm just not 
sure," he comments. "Coal was difficult 
to obtain last winter because of freezing 
rivers and stockpiles, but this didn't have 
the impact in promoting nuclear power 
that I had hoped it would." 

Although Pepco has no nuclear plants 
planned or operating at the moment (the 
utility runs on oil and coal), two were 
planned at one time for the Douglas 
Point site in southern Maryland. Cox 
explains that these plants were deferred 
indefinitely because Pepco's load growth 
doesn't require additional generating fa­
cilities. Although Washington, D.C., was 
one of the fastest growing areas in the 
country during the 1960s, population 
growth has leveled off since that time. 

He says that other utilities, however, 
have deferred nuclear plants and substi­
tuted fossil plants for entirely different 
reasons, "not the least of which is their 
skepticism about the availability of fuel 
. . . and the ability to bring a plant on­
line on schedule. With regulatory lag and 
other such problems, nuclear power of­
ten is a gamble many utilities can't afford 
to take." 

Streamlining the regulatory process is 
a responsibility of the government agen­
cies involved, but fuel availability is a 
technical area in which the industry can 
make a contribution. And Cox is genu­
inely excited about the proposal made 
by EPRI President Chauncey Starr and 
Walter Marshall of the United King­
dom Atomic Energy Authority at the 
Fifth Energy Technology Conference in 
Washington. 

Starr and Marshall proposed that a 
new "diversion-proof" method for re­
processing spent fuel from nuclear reac­
tors be demonstrated as an alternative 
to the world's standard reprocessing 
technology (Purex). The new process 
-called Civex to emphasize its civilian 
nature-would eliminate the possibility 
that plutonium might be diverted for the 
fabrication of weapons. As Starr and 
Marshall explained it, at no time and 



in no place during the Civex fuel cycle 
would any pure, weapons-grade pluto­
nium be present. And the plutonium that 
would be present in the process would 
always be mixed with uranium and ra­
dioactive waste products, keeping it so 
"hot" that anyone trying to steal it would 
be disabled. 

"I am just delighted at what I know of 
the proposal," Cox states. "I think this 
is possibly an answer to the president's 
plea to find a way to use nuclear power 
without jeopardizing world safety. I don't 
have a doubt in my mind that the utili­
ties will respond favorably-enthusias­
tically-to this suggestion. And I can't 
believe that it won't be universally ac­
cepted." 

Cox stands squarely on the side of 
those who believe firmly that nuclear 
power reactors are safe -both the present 
generation of light water reactors and the 
fast breeders that the industry envisions 
for the future. 

"Having been in the nuclear power 
business from 1955 through 1965 (at the 
Bettis Atomic Power Laboratory in Pitts­
burgh, Pennsylvania) and on the pe­
riphery since then, I am convinced that 
these plants are safe," he says. He dis­
counts the notion that the Civex proposal 
was a criticism of the Purex process. 

"It just gives us another route-a sub­
stitute-something that could answer the 
questions of a populace unconvinced that 
the Purex process is safe." 

He believes that the Civex process will 
make good business sense to utilities. 
"I think the utilities are seeking a way 
to prudently manage the fuel cycle. It 
makes no sense to me whatsoever to be 
storing spent fuel. It's a waste of re­
sources, and we hear from the president 
-from the last three presidents-that 
we must conserve our resources, our en­
ergy resources particularly. And for us 
to be storing fuel that is only partially 
utilized and partially burned is, to my 
way of thinking, an extremely uneco­
nomical thing for us to be doing-and 
imprudent. . . ." 

From the beginning, Ellis Cox has been 
oriented toward the pragmatic concerns 

"To be storing fuel that is only 

partially utilized and partially 

burned is imprudent. " 

of the business world. At the University 
of New Hampshire, he worked toward a 
BS in business administration, taking 
engineering courses on the side and 
working first as an apprentice and then 
as a journeyman electrician at the Ports­
mouth Naval Shipyard. After receiving 
his degree, he worked for 11 years for 
Westinghouse at the Bettis Atomic Power 
Laboratory, where he was manager of the 
surface ship project in the Naval Reac­
tors Program. It was there that he met, 
worked with, and developed a strong 
admiration for Admiral Hyman G. Rick­
over, a person Cox describes as "an ex­
ceptional individual who deserves credit 
for a monumental achievement in mak­
ing nuclear power a reality." 

Cox views himself as a problem solver 
and looks back on the highlights of his 
career as those times when he went into 
a troubled situation, brought together an 
effective team of people, and solved the 
problem-or, when he was responsible 
for starting a new facility. He recalls, 
for example, his assignment for Westing­
house in 1967 when he was responsible 
for the construction and startup of a new 
transformer manufacturing facility in 
southern Virginia. He is proud of leaving 
there with what he considers "excellent 
labor relations, an excellent product line, 
and excellent productivity." 

From Westinghouse, Cox went to Bab­
cock & Wilcox in New York as vice presi­
dent and general manager of the Power 
Generation Division. He came at a trou­
bled time for that division but succeeded 
in reversing a loss position. Then came 
his affiliation with Allis-Chalmers Corp. 
in Milwaukee as group executive and 
vice president of the Power Systems 
Group and president of Allis-Chalmers 
Power Systems, Inc., an affiliate com­
pany. He left there and joined Pepco in 
1972, rounding out a career that has 
included construction, R&D, manufac­
turing, engineering, and utility man­
agement. 

"I feel I've been very privileged in my 
career," he muses, looking back on it 
all. 'Tm so grateful for all the oppor­
tunities I've had. If something happened 
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to me tomorrow morning, I would look 
back on a very, very satisfactory career." 

At 58 years of age, Ellis Cox admits 
that he still loves to work. "I get tremen­
dous satisfaction out of work-oriented 
things," he says. When he's not working, 
however, he enjoys reading and golfing, 
particularly with his family at their vaca­
tion home in Pinehurst, North Carolina. 

As a business manager most of his 
career, Ellis Cox is well-suited for his 
advisory role to EPRI, an institution of 
R&D managers rather than R&D scien­
tists. "There is little or no cause for basic 
research to be done by the EPRI staff," 
he says. "Basic research should be done 
in a laboratory somewhere." 

How does he rate EPRI' s program so 
far? 

"I've been very impressed," he com­
ments. "I don't feel at all that it's research 
for the sake of research. I think that it's 
research for the benefit of the industry." 

Nearly 50% of EPRI's research pro­
gram is directed toward solving near­
term industry problems, with results ex­
pected by 1985, and Cox feels that this 
is how it should be-at least for now. 

"If one were to look into the future, 
one would say, for example, that cer­
tainly fusion is something that we should 
look to as an energy source. But for EPRI 
to put millions and millions of dollars 
into that kind of program today would, I 
think, reduce the effort on matters that 
need immediate attention. We don't have 
an unlimited source of funds, and we 
must use what we have to our immediate 
advantage rather than go out on a limb 
somewhere and sacrifice today for to­
morrow." 

As the chief operating officer of a util­
ity, Cox is concerned directly with prac-
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tical problems that call for solutions 
today. Air quality control is one such 
problem. Cox pointed to EPRI's work on 
the high-intensity ionizer as an example 
of how the Institute has responded to that 
problem. The ionizer was designed to 
enhance fly ash collection, and it works 
especially well with the type of low­
sulfur coal that Pepco is using at the 
Potomac River plant. The device imparts 
up to five times the charge of conven­
tional electrostatic precipitators, and Cox 
sees it as the next generation of this type 
of equipment. It is now undergoing tests 
at EPRI's Emissions Control and Test 
Facility at the Arapahoe station of Public 
Service Co. of Colorado. 

Another example Cox cites of an EPRI 
program directed toward immediate, 
practical problems of the industry is 
the work being done to improve the com­
bustion turbine. 

"This is something that the utility in­
dustry is going to need because as we 
bring synthetic fuels on-line-oil and 
gas from coal-we're going to be looking 
to combustion turbines in combined­
cycle plants for baseload generation 
rather than just for peaking or inter­
mediate use. 

"I think that programs of this nature, 
and certainly the programs being devel­
oped in the transmission and distribution 
area, have immediate payoff," he ob­
serves. "So, yes, from my personal as­
sessment, I think that EPRI's programs 
are of value to me and I think that we 
in the industry eagerly await the results 
of these experiments." 

Cox has firsthand knowledge of EPRI's 
programs and management, both from 
his service on RAC and from his experi­
ence as a member of the RAC subcom-

mittee that contributed to the EPRI effec­
tiveness review last year. 

"I was involved in auditing the proce­
dures at EPRI, interviewing all the divi­
sion heads, assessing whether they were 
in control of matters, whether their pur­
chasing practices were sound, whether 
their organization was sound, whether 
they had good procedural control over 
their operations, how the requests for 
proposals were submitted and bids eval­
uated, and so on." 

What did he find out? "I am greatly 
impressed, frankly," he says, "with the 
work that EPRI has done since its forma­
tion and with the administrative controls 
and the advisory structure." 

One area that he feels EPRI can con­
tribute more to in the future is the coor­
dination of its research efforts with those 
of the federal Department of Energy. 

"One of the major influences EPRI can 
have for the utility industry is to make 
certain that we work together with the 
Department of Energy on research pro­
grams and help in the selection process 
the government goes through so the 
federal funds channeled toward this in­
dustry are channeled wisely. I think we 
can work as a team-EPRI and the De­
partment of Energy-and I feel that this 
is most important." 

Ellis Cox feels strongly that energy 
decisions made by EPRI, the federal gov­
ernment, individual utilities, and the 
industry as a whole will affect the happi­
ness and security of the people in this 
country. This is a great responsibility 
and requires that these decisions be made 
only after a great deal of thinking on the 
problems and opportunities involved. 

Ellis Cox, pragmatist with a public 
conscience, accepts that responsibility. 



At the Institute 

McKinney Named Southeast Coordinator 

B. G. McKinney has joined the EPRI 
Fossil Fuel Power Plants Department as 
regional coordinator of activities in the 
southeastern United States. 

McKinney, previously a manager of 
energy research for the Tennessee Valley 
Authority (TV A), will coordinate re­
search at the EPRI-TVA Shawnee Scrub­
ber Test Facility in Paducah, Kentucky, 
as well as coordinate other EPRI coop­
erative projects with utilities in the 
Southeast. The Shawnee test facility is 
developing methods for removing sulfur 

oxides from power plant stack gas emis­
sions. 

McKinney began his professional ca­
reer designing bridges in 1957, the year 
he graduated with a BS in civil engineer­
ing from the University of Kentucky. 
From 1962 to 1971, he worked as a me­
chanical engineer in aerospace design 
and research for the Army Missile Com­
mand, National Aeronautics and Space 
Administration, Brown Engineering, and 
Boeing Aerospace Co., all in Huntsville, 
Alabama. 

Electrical Systems Task Forces Meet 

Task Force chairmen for the E PRI Electrical Sys­
tems (ES) Division gather during a break in a recent 
orientation meeting held in Palo Alto, California. 
For the first time since being organized, all ES Di­
vision task forces met for information exchange 
and indoctrination on their functions, those of the 
division committee, and their relationship to EPRI  
staff. Shown with John Dougherty, E P R I  E S  Division 
director (left), are Jake Sabath, Southern California 
Edison Co. (DC Transmission Task Force); Bill 
Johnson, Pacific Gas and Electric Co. (Division 
Committee); Al Zanona, Commonwealth Edison 
Co. (Underground Transmission Task Force); Dave 
Massey, General Public Utilities Corp. (AC Trans­
mission Task Force); and Tom Dy Liacco, The 
Cleveland Electric Illuminating Co. (Power System 
Planning and Operations Task Force). Not shown 
are Joe Friderichs, Philadelphia Electric Co. (Dis­
tribution Task Force), and Malcolm Johnson, South 
Carolina Electric & Gas Co. (Rotating Electrical 
Machinery Task Force). 

In 1971, McKinney joined TV A, where 
he held positions as sulfur oxide and 
pollution projects mechanical engineer, 
environmental research section manager, 
and research manager. 

McKinney received his PhD in me­
chanical engineering in 1969 from the 
University of Alabama. He is the author 
of several articles on heat transfer, fluid 
mechanics, odor control, and sulfur oxide 
control. He is a member of the American 
Society of Civil Engineers, Tau Beta Pi 
Association, and the Society of Sigma Xi. 
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Sulfur Oxide Standards Examined 

New federal standards being imposed on 

utilities to reduce the sulfur oxides emit­

ted in power plant stack gas are unnec­

essary, say environmental health ex­

perts who attended a recent New York 

Academy of Medicine symposium on the 

environmental effects of sulfur oxides 

and related particulates. 

James McCarroll, manager of EPRI's 

Health Effects Program, says the consen­

sus of the group was that sulfur oxides 

emitted into the air today by power 

plants do not pose a significant threat 

to human health. 

about the increasingly stringent controls 

being imposed on utilities by the federal 

government. The New Source Perfor­

mance Standards (NSPS) of the 1977 

Clean Air Act Amendments will require 

utilities to spend approximately $200 bil­

lion between now and the turn of the cen­

tury on stack gas scrubbers, reports 

McCarroll. 

"In spite of the large number of power 

plants operating today, there has been an 

enormous improvement in the quality of 

the air in most major U.S. cities," Mc­

Carroll states. He attributes this to con-

Serious questions have thus arisen trols that were implemented during the 

among environmental health experts past decade: "Because of these controls 

Transmission Line Book Publ ished 

EPRI recently published a transmission line design 
book that will help utilities improve efficiency of 
right-of-way use. The book describes a new tech­
nology whereby circuits can be compacted to trans­
mit more power in less space, reducing the need 
for utilities to acquire additional land for transmis­
sion line rights-of-way. Del Wilson (foreground) of 
Power Technologies, Inc., the developer of the new 
technology, describes some of the book's features 
at an E PRl-sponsored symposium held recently in 
Palo Alto, California. A second symposium,  also 
organized to familiarize transmission engineers 
with the new technology, was held in Essington, 
Pennsylvania. The reference book, Transmission 
Line Reference Book: 1 1 5-138-kV Compact Line 
Design, is available from Research Reports Center. 
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we should not again experience the acute 

air pollution episodes of the past." 

McCarroll further reports that the spe­

cialists at the New York symposium con­

curred that there is no solid evidence 

to indicate the new standards will pro­

vide a significant benefit to human 

health. "The very large amount of money 

the federal government is requiring utili­

ties to pay might be better spent on con­

trolling other compounds with more sig­

nificant health effects (such as cancer­

causing agents) or used for other public 

health purposes," he states. 



Project Highl ights 

New Process Promises Lower-Cost Underground Transmission 

A new process for manufacturing con­
tinuous lengths of superconducting tape, 
developed by Los Alamos Scientific 
Laboratory (LASL) for EPRI, may offer 
the electric utility industry more efficient 
and less expensive underground trans­
mission cables. The tape is coated with a 
combination of two elements-niobium 
and germanium. Like other supercon­
ductors, the combination offers unlim­
ited conductivity for transmitting direct 
current at extremely cold temperatures. 

This new tape is unique because it 
operates at a warmer temperature than 
other superconductors being developed 
today. It therefore requires less refrigera­
tion and enables the development of 
simpler, more reliable, and less costly 
cryogenic (low-temperature) systems for 
superconducting transmission. Accord-

Sludge Treatment Guidelines 

Efforts by the electric utilities to reduce 
pollution from power plant gaseous 
emissions have resulted in another en­
vironmental problem-sludge, the solid 
waste that is left behind. 

Utilities produced 2.5 million tons of 
sludge last year, and it is estimated that 
by 1985 the total production could reach 
60,000 acre-feet a year. That is enough to 
cover 90 square miles of land area 1 
foot deep. 

ing to EPRI Senior Scientist Mario 
Rabinowitz, this could lead to the first 
economical superconducting under­
ground transmission line. 

At the present time, conventional un­
derground transmission lines cost 5-15 
times more than overhead lines. With 
this new superconductor, the cost could 
be reduced by half. "By the turn of the 
century, utilities may have the potential 
for transmitting more power with very 
low losses," reports Rabinowitz. "For di­
rect current, there would no longer be 
resistance to the flow of electricity. For 
alternating current, there would be a 
miniscule power loss." 

The new tape can carry current at 
10,000 times the current density of cop­
per or aluminum, which are used as con­
ductors by the utility industry today. 

What are the utilities going to do 
with it? 

A report recently released by EPRI 
evaluates sludge treatment methods and 
elaborates on the various conditions that 
would make specific techniques environ­
mentally and economically acceptable 
for use (Stale of the Ari of FGD Sludge 

Fixation, EPRI FP-671). 
The report also reviews the results of 

evaluation tests performed on treated 

The development program, aimed at 
producing superconductors that operate 
at temperatures above 12 K for power 
transmission, has been sponsored by 
EPRI since July 1975. The LASL project 
has been a leader in the development 
of the niobium-germanium supercon­
ductor. The significance of the present 
achievement is that a major step has 
been taken-from small-sample, labora­
tory-scale material (less than 25 milli­
meters) to the production-line fabrica­
tion of conductors. 

To date, the LASL group has dem­
onstrated the continuous coating of 
niobium-germanium onto moving tapes 
of 20-meter lengths. Scaling up to longer 
lengths suitable for commercial produc­
tion should not present any significant 
problems, reports Rabinowitz. 

sludge to identify how successful specific 
techniques are in producing a chemically 
and physically stable product to aid util­
ities in selecting appropriate treatment 
at specific plants. 

Some sludge treatment processes con­
vert the sludge into cementlike com­
pounds that bind the individual sludge 
particles together, improving the struc­
tural strength of the material and re­
ducing its leachability, says EPRI Project 
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Manager Thomas Morasky. Once pro­
cessed, the sludge is acceptable for land­
fill. 

These processes are particularly attrac­
tive to utilities that have been using 
sludge ponds to dispose of their sludge. 
Pond disposal is not always satisfactory 
because some sludge can reliquefy after 
processing (dewatering) and special pond 

Fuel Cell Power Plants Studied 

The blueprint for a new power plant that, 
unlike all other fossil-fired plants, would 
produce electricity without combustion 
is being developed by General Electric 
Co. for EPRI. 

EPRI Negotiates 35 Contracts 

Number Title Duration 

Fossil Fuel and Advanced Systems Division 

RP377-4 Brayton-Cycle Solar 7 months 
Electric Pilot Plant: 
System Analysis and 
Definition 

RP98 1 -1 Aqueous Carbonate Flue 1 1  months 
Gas Desulfurization 
Process Development 

RP986-4 Coolwater Coal 8 months 
Gasification Study-
Phase I I  

RP99 1 -1 Penetration Analysis 1 6  months 
of Advanced Coal 
Power Generation 
Systems 

RP1 041 -3 Evaluation of Alloys 8 months 
for Fuel Cell Heat 
Exchangers 

RP1 1 29-1 Design and 6 months 
Fabrication of a Fabric 
Filter Test Module 

RP1 1 32-1 B1ofouling Control 1 year 
Practice and 
Assessment 

RP1 1 98-2 Capital Costs of 1 year 
Advanced Batteries for 
Util ity Energy Storage 

RP1 226-3 Advanced Rotor 1 1  months 
Forging Procurement 
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construction may be needed to prevent 
the leaching of contaminants into the 
groundwater, according to Morasky. 

The report, the first of four on sludge 
disposal to be completed by EPRI con­
tractors, summarizes sludge treatment 
processes and their uses at specific power 
plants, such as the Bruce Mansfield Plant 
in Shippingport, Pennsylvania, and the 

Conesville Station in Conesville, Ohio. 
The report, prepared by Michael Baker, 
Jr., Inc., Consulting Engineers of Beaver, 
Pennsylvania, also summarizes a method 
developed to estimate how much it would 
cost utilities to treat various types of 
sludge. The method can be applied to 
specific power stations to estimate their 
total sludge disposal costs. 

The power plant will use second­
generation fuel cells-batterylike devices 
that employ a molten salt electrolyte to 
convert the chemical energy in coal or oil 
directly into electricity. (First-generation 

fuel cells, which use an acid-based elec­
trolyte, will be demonstrated next year 
under a separate EPRI-DOE program.) 

Contractor/ 
Funding EPRI Project 
($000) Manager 

99.8 Boeing 
Engineering 
& Construe-
tion 
J. Bigger 

298.4 Atomics 
International 
S. Dalton 

1 40.3 Southern 
California 
Edison Co. 
M Gluckman 

99.0 Power 
Technologies, 
Inc. 
0. Gildersleeve 

56.3 Lockheed 
Missiles & 
Space Co. ,  
Inc.  
J. Stringer 

1 60.6 Kaiser 
Engineers 
R. Carr 

2 1 2 . 1  NUS 
Corporation 
R. Jorden 

60.0 Arthur D.  
Little, Inc. 
J. Birk 

26.0 Engineering 
Materials & 
Processes, 

Inc. 
R. Jaffee 

Number 

RP1 257-1 

RP1 266-1 

The EPRI-sponsored project comple­
ments a parallel project by General 

Contractor I 
Funding EPRI Project 

Title Duration ($000) Manager 

Laboratory Testing- 9 months 1 41 .9 Foster 
RESOX Wheeler 

Energy Corp. 
S. Dalton 

Influence of Texture 2 years 50.9 lnstitut fuer 
and Microstructure on Werkstoffe 
Properties of Ti-6Al-4V K. Kinsman 
as Low-Pressure Turbine 
B lading Material 

Nuclear Power Division 

S1 25-1 Magnetic Flux Leakage 1 3  months 87.7 Colorado 
for Measurement of State 
Crevice Gap Clearance University 
and Tube Support Plate J. Mundis 
Inspection 

RP452-2 Modification of the 6 months 1 9 .9  Science 
Fission Product Buildup Applications, 
Program EPRI-CINDER Inc. 
to Interface With Fuel 0. Ozer 
Cycle Analysis Code 
ARMP 

RP964-5 Nonlinear Fin ite 3 months 1 8.0 H .  D. Hibbitt 
Element Piping Code & Associates, 
Development in Support Inc. 
of Indian Point I Tests C. Chan 

RP1 021 -2 I rradiation of Thermal 26 months 255.2 University of 
Anneal Specimens Virgin ia 

T. Marston 

RP1 1 1 9-2 Analysis of the Peach 1 6  months 24.2 Scandpower 
Bottom Transient Tests Inc. 

J. Naser 

RP1 1 24-1 Turbine Chemical 22 months 64. 1  NUS 
Monitoring-Project Corporation 
Management Assistance T. Passe// 



Electric Co., for DOE. In the DOE pro­

gram, scientists at General Electric' s Re­

search and Development Center will 

develop the technology for the second­

generation fuel cell, which will offer the 

advantages of higher efficiency and the 

ability to use a variety of fuels, including 

those derived from coal. However, it 

could take a decade or more to develop 

the second-generation fuel cell for com­

mercial use. 

Success in the early phases of these 

two research efforts could lead to the 

construction and testing of a multimega­

watt demonstration fuel cell power plant 

in the late 1980s, reports Arnold Fickett, 

manager of the Fuel Cells and Chemical 

Energy Conversion Program at EPRI. 

Number Title 

RP1 1 28-1 Technical Feasibility 
of Low Water Volume 
Fraction Lattice 
Reactor Designs 

RP1 1 68-1 Monitoring Techniques 
for pH, Hydrogen, and 
Redox Potential 

R P 1 2 38-1 Analytic Functions 
for Tearing Modulus 
Determination 

RP1 241 -1 Feedwater Nozzle 
Instability Analysis 

Electrical Systems Division 

RP1 048-2 Determination of Three-
Sample Dynamic Models 

RP1 095-6 Galloping Control 
by Detuning 

RP1 1 44-1 Determination of the 
Cause, Mechanism, and 
Mitigation of URD Con-
centric Neutral 
Corrosion 

RP1 202-1 Phase-to-Phase Switch-
ing Surge Strength 

RP1 209-1 Distribution Fault 
Current Analysis 

RP1 2 1 0-1 Crystallized Fly Ash 
Feasibility Study 

Duration 

1 year 

2 years 

1 year 

7 months 

2 years 

27 months 

3 years 

1 3  months 

38 months 

1 8  months 

The second-generation fuel cell system 

is expected to be 75% more efficient 

than conventional combustion turbines, 

Fickett says. It will produce electricity 

quietly, with few moving parts and with 

fewer pollutants than other commercial 

power plants. 

that are designed to meet the electric 

needs of a neighborhood or small com­

munity. The size of the fuel cell power 

plants could be increased as a community 

grows. 

An inherent advantage of fuel cell 

power plants is that they can be built 

as modular units. Generating capacity can 

thus be added as required. There will 

probably be only a small variation in the 

cost per unit of electricity output be­

tween the smallest and the largest fuel 

cell power plants. This feature, coupled 

with the likelihood of low environmental 

impact, makes fuel cells potentially at­

tractive for substation-type power plants 

Although molten salt fuel cell systems 

hold long-range promise for clean, effi­

cient power production, there remain 

unsolved problems involving the fabrica­

tion and performance of cell electrolytes 

and the corrosion of seals and other 

structural components. 

"If these and other technical problems 

are overcome," Fickett says, "second­

generation fuel cells could have a high 

potential for future coal-based power 

generation." 

Funding 
($000) 

1 6. 1  

201 .5 

75. 1  

48.6 

1 77.0 

24.6 

233 . 7  

272.5 

806.9 

1 61 .7 

Contractor/ 
EPRI Project 
Manager 

Virginia 
Polytechnic 
Institute 
R. Sehgal 

SRI 
International 
T. Passel! 

Washington 
Un iversity 
T. Marston 

Washington 
University 
T. Marston 

Power Tech-
nologies, Inc. 
C. Frank 

Alcoa Con-
duct or 
Products Co. 
M. Silva 

Florida Power 
& Light Co. 
B. Shula 

Power Tech-
nologies, Inc. 
E. Ballard 

Power Tech-
nologies, Inc. 
H. Songster 

ECP Inc. 
R. Tackaberry 

Contractor/ 
Funding EPRI Project 

Number Title Duration ($000) Manager 

RP1 270-1 Gas Turbine Modification 4 months 1 9. 7  Solar Turbines 
and Testing for Solar- International 
Fossil Hybrid Operation J Bigger 

RP1 285-1 Detection of High Im- 2 years 397.6 Power Tech-
pedance Faults on nologies, Inc. 
Distribution Circuits H. Songster 

RP7869-1 Development of a Leak 2 years 349.0 Power Tech-
Location System tor nologies, Inc. 
Use on Underground T. Rodenbaugh 
Electric Power Trans-
mission Cable 

Energy Analysis and Environment Division 

RP1 1 04-1 Economic and Social 1 year 99.4 Jack Faucett 
Costs of Energy and Associates, 
Capacity Shortages Inc. 

A. Halter 

R P1 1 1 4-1 Environmental Impacts 1 year 90.0 General 
of Dispersed and Con- Electric Co. 
centrated Coal-Burning Center for 
Power Plants Advanced 

Studies 
R. Wyzga 

RP1 1 1 4-2 Environmental Impacts 1 year 30.0 Mathtech, 
of Dispersed and Con- Inc. 
centrated Coal-Burning R. Wyzga 
Power Plants 

RP1 2 1 6-1 Energy Use and Elec- 1 8  months 228.5 Hittman 
tricity Demand of Com- Associates, 
merical Buildings Inc. 

A.  Lawrence 

R P 1 3 1 2-1 Ecological Effects of 8 months 48.7 Academy of 
Chlorine Use for Bio- Natural Sci-
fouling Control ences of 

Philadelphia 
R. Kawaratani 
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Washington Report 

Coal Liquefaction in the Limelight at DOE 

o Plans are under way at DOE to build 
two commercial-size modules (6000 t/d) 
that will produce clean fuels from coal 
by the solvent refined coal (SRC) process. 
One will produce a solid fuel (SRC-I); 
the other, a liquid fuel (SRC-II). Backup 
will be provided by the SRC pilot plants 
in Tacoma, Washington (30-50 t/d), 
and Wilsonville, Alabama (5 t/d). 

o Ground will be broken this month in 
Baytown, Texas, for a 250-t/d pilot plant 
designed to make clean liquid fuels from 
coal by the Exxon Donor Solvent (EDS) 
method. 

o Construction is continuing and oper­
ation should begin later this year in 
Cattletsburg, Kentucky, at a 200-600-t/ d 
pilot plant that will also convert coal to 
liquids, using a process known as H-Coal. 

The trio of technologies being devel­
oped in these facilities is the core of the 
federal coal liquefaction program, an 
energy technology R&D effort that is 
often in the limelight these days. Major 
initiatives are being taken in this area, 
and a general feeling seems to have de­
veloped in Congress, at DOE, and within 
private industry that acceleration of these 
efforts is timely and appropriate. 

The electric utility industry has a par­
ticular interest in coal liquefaction R&D 
efforts because coal liquids may some 
day offer utilities alternative fuels for 
existing oil-powered facilities. The in­
dustry also projects that these liquids 
will be used to fire combustion turbine-
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combined-cycle power plants to help 
meet intermediate and peak electricity 
demand. 

At the present time, however, tech­
nical and economic uncertainties remain, 
and the industry has been supporting 
R&D in the coal liquefaction area, both 
in cooperation with the federal govern­
ment and through parallel efforts. EPRI, 
for example, is sharing the funding of 
the EDS project in Texas with DOE, 
Carter Oil Co., Phillips Petroleum, and 
Atlantic Richfield Corp. The Institute 
is also a cosponsor of the H-Coal project 
in Kentucky, along with DOE, the State 
of Kentucky, Ashland Oil Inc., Standard 
Oil of Indiana, Conoco, and Mobil Oil 
Corp. Although EPRI is not directly in­
volved in the SRC project in Tacoma, 
Washington, the Institute is supporting 
a 5-t/ d SRC facility in Wilsonville, 
Alabama, in conjunction with Southern 
Company Services, Inc. Results of tests 
carried out at this plant (which produces 
the solid form of SRC) have supple­
mented data obtained from the DOE 
plant at Tacoma. 

Why is the federal government in­
terested in developing coal liquids and 
why the push right now? George Fumich, 
a senior DOE official in this area, explains 
it as a function of a "new pattern of 
priorities evolving within DOE, a pat­
tern that will have a particularly pro­
found effect on development and use of 
coal, the nation's most abundant fossil 
fuel." 

In the past, Fumich explained, federal 
emphasis on developing new types of 
energy sources was on creating technical 
options for the future. "But with the need 
to stem increased dependence on im­
ported oil, the nation can ill afford to have 
new technologies remain on the labo­
ratory shelf, untried in the commercial 
sector. Today's focus must be on true 
commercial application of technologies, 
rather than just technical readiness." 

Energy Secretary James Schlesinger 
echoed these sentiments in testimony 
April 3 before a subcommittee of the 
House Appropriations Committee. 

"At the present time, the Department 
is in the process of developing a series 
of supply initiatives to readjust priorities 
in areas that the administration believes 
will be of critical importance in reaching 
energy supply goals over the next de­
cade . . . " he said. "Our shared goal 
is a simple one-to ensure that a full 
range of supply options capable of mak­
ing a meaningful contribution to total 
U.S. energy supply by the mid-to-late 
1980s is available." Initiatives in the areas 
of coal liquefaction commercialization 
were among those mentioned by Schle­
singer as possible options for inclusion in 
this package. 

DOE inherited the federal coal lique­
faction program from ERDA, which in 
turn had received it from the office of 
Coal Research in the Interior Department. 
Within DOE, the program has been as­
signed to the jurisdiction of the Assis-



tant Secretary for Energy Technology. 
Within the general umbrella of Energy 

Technology, liquefaction falls under the 
Division of Coal Conversion, which 
is part of the Office of Fossil Energy. 
Fumich, who is acting director of that 
office, explains that the fundamental 
strategy of his overall fossil program is 
"to develop technologies that will permit 
a smooth transition to the widespread 
use of plentiful fossil fuels in lieu of 
scarcer and more expensive resources." 

In budget terms, this translates into 
heavy emphasis on coal, the resource 
that makes up 90% of U.S. fossil reserves. 
Of the total $742.9 million in budget 
authority allocated for fossil energy in 
1978, $579.1 million is going to the coal 
program. (Other programs include pe­
troleum, gas, and improved conversion 
efficiency.) Liquefaction efforts are re­
ceiving $110.6 million of that figure. For 
FY79, DOE has requested $801.8 million 
for fossil energy, $618.2 million for coal, 
and $125.1 million for liquefaction. 

Fumich is optimistic about the future 
of the coal liquids efforts. "If we push 
hard enough," he says, "I firmly believe 
that we can have the beginnings of a 
coal liquids industry by 1985. We're not 
going to have a large input of synthetic 
fuel by that time, but if we can get a rea­
sonable effort started by 1985, in my 
estimation coal liquids can be a major 
force in the country by 1990." 

Fumich points to the broad range of 
applications that the federal government 
envisions for coal liquids. He explains 
that initially they may be used in power 
plants and industry boilers, and later 
upgraded and refined for use in the trans­
portation sector. However, he stops far 
short of saying that coal liquids could 
replace oil. "We're going to be relying 
on Mr. Oil for a long time to come," he 
says. Coal liquids are seen as a supple­
ment to oil, not as a substitute. 

An integral concept underlying the 
federal coal liquefaction effort is the im­
portance of private industry involvement. 

"What we're trying to do is develop 
a technology that's going to be used by 

private industry, so at some point during 
the development process, private in­
dustry has to be involved," Fumich states. 
He describes the timing of cooperative 
funding as "taxpayer dollars on the front 
side; then a mixture of taxpayer dollars 
and private industry money; and finally, 
all private dollars." 

Fumich remarks that DOE and EPRI 
cooperation on coal liquefaction projects 
has synergistic effects. He explains the 
relationship as "good for you in that 
you're going to get some public money 
in the areas you're interested in for your 
industry, and good for us in that we're not 
developing a white elephant." 

In addition to the three main coal liq­
uefaction processes being developed 
(SRC, EDS, and H-Coal), the federal 
program also includes R&D on some 
technologies in the very early stages of 
development; some materials research; 
support of a liquefaction test facility in 
Cresap, West Virginia; and some partial 
support of the Wilsonville SRC facility. 

Fumich explains that DOE's strategy 
is to support a number of liquefaction 
processes in parallel from laboratory 
scale through process development units 
to pilot plant stage. The approach is based 
on a number of considerations. "The 
variety of coals to be processed, coupled 
with the requirements for a wide range 
of fuels, will necessitate commercializa­
tion of a number of liquefaction pro­
cesses," he says. "The final objective is 
to demonstrate at near-commercial scale 
those selected second-generation syn­
thetic fuel conversion processes that 
have been developed and evaluated 
through industry and government R&D ." 

Exactly when that demonstration will 
take place and precisely which candidate 
processes will make it that far are policy 
questions that are currently under con­
sideration. At the present time, all are 
still in the running and DOE continues 
to work in conjunction with private in­
dustry to develop a liquefaction technol­
ogy capable of helping the country 
through the energy transition period it 
faces in the near future. 
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R & D Status Report 
FOSSIL FUEL AND ADVANCED SYSTEMS DIVISION 
Richard E. Balzhiser, Director 

WATER-COOLED 
GAS TURBINE DEVELOPMENT 

The emphasis of this project in combustion 
tu rbines has been modified to accentuate 
the obtain ing of low metal temperatu res 
rather than high gas temperatures. Metal 
temperatures below 550 ° C (1 000 ° F) should 
be able to provide freedom from corrosion 
with even the lowest-qual ity l iqu id fuels. This 
featu re wi l l  provide increased rel iabi l ity and 
enhanced abi l ity to burn a broad range of 
l iquid fuels. There sti l l  wil l be fuel l imitation 
due to ash deposition and emission regula­
tions. The g rowth capabil ity to much h igher 
gas temperatures is sti l l  i nherent in the cool­
ing scheme. This will tend to lower the heat 
rate and the dol lars per ki lowatt (EPRI 
Journal, March 1 976,  p. 26). 

This project is coord inated with DOE's 
h igh-temperature tu rbine technology (HTTI) 
program, which has provided an overal l  de­
sign and parts fabrication development for 
the water-cooled turbine.  However, as the 
HTTI project has become concentrated on 
low-Btu gas fuels, there is now a divergence 
in pu rpose of the projects. 

In the water-cooled turb ine design, water 
is fed on to the turbine wheel into the supply 
reservoir (Figure 1 ). Centrifugal force sends 
it up the shank supply channels i nto the 
flow control assembly where it is metered 
to the many coolant tubes located under 
the blade skin .  The water f lows u p  the cool­
ant tubes removing the heat transferred to 
the blades by the hot gas stream. It is  ex­
pected that approximately two-th i rds of the 
water wi l l  be boiled to steam. The water, 
steam, or mixture then exits at the blade 
tip where the steam mixes with the hot gas 
stream, while the water is planned to be 
collected in the stationary sh roud water 
col lection chamber. 

The blade design consists of an internal 
spar that mainly carries the blade stress. 
Stain less steel is the cu rrent design choice 
for this spar. The spar is covered by a cop-
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per l in ing in which the coolant tubes are 
inserted. The copper l in ing ,  which can be 
plating or compressed powder ,  is used for 
its h igh heat transfer coeff ic ient , which 
helps min imize thermal gradients. The cool­
ant tubes are of steel or Monel al loy that 
is resistant to water erosion. Outside the 
copper l ining is the ski n ,  which is made of 

nickel superalloy chosen for its erosion and 
corrosion resistance to hot combustion 
products. Progress has been made in de­
termining water side heat transfer rates and 
in developing internal coolant tube shapes 
that promote heat transfer to the values re­
qui red to keep surface temperatures below 
550 ° C (1 000 ° F) . This work has been done 

Stationary shroud water 
collection chamber 

Skin 

Coolant tubes 

Copper-lined steel spar 

Flow control 
assembly 

Shank supply 
channels 

Supply reservo i r  

Water feed hole 

Figure 1 Cross section of the water-cooled gas turbine, revealing the coolant tubes and water collection 
system. 



in a motorized test rig that consists of 
an e lectric-motor-driven spinning metal 
slat with Calrod heaters surrounding the 
coolant tubes at both ends of the slat. 
This rig has also demonstrated negl igible 
water erosion, deposit ion, and corrosion 
inside the coolant tubes for straight channel 
section tubes. The present design configu­
ration uses crimped tubes to promote sur­
face wett ing, but no long-term tests have 
yet been performed on this configu ration .  

An approximately one-fifth-scale turbine 
stage rig has been bui lt and run .  This has 
demonstrated metal temperatures below 
550 ° C (1 000 ° F) in operation at up to 
1650 ° C (3000 ° F) gas temperature. Vir­
tual ly  1 00% water delivery to the rotating 
blades has been obtained in these tests. 
Very high water collection efficiency has 
also been obtained at low pressure ratios 
across the stage. However, efficient water 
collection is sti l l  a major problem at the de­
sign stage pressure ratio ,  and it may not 
be possible to collect the l iqu id stream 
leaving the turbine blades. Water collection 
is important for diminishing water consump­
tion and for preventing erosion of down­
stream stages by any water d roplets in the 
flow. The water col lected can be injected 
into the combustor to suppress NOx for­
mation or used for feedwater heating in a 
combined cycle. 

A ful l-scale, 2.4-m-diam (8-ft-d iam) wheel­
box, simulated water-cooled turbine rotor 
has been constructed and has completed 
pre l iminary checkout tests (Figure 2). This 
rig has the objective of proof-test ing,  in 
ful l  scale , water del ivery and col lect ion,  
water flow effects on dynamic balancing, 
and heat transfer rates at the ful l  Coriolus 
and centrifugal fields that are on ly obtain­
able in  this rig. The wheelbox is electric­
motor-driven ,  so there is no hot gas flow. 
The blades of this rig are aerodynamically 
simpl ified to reduce d rag. Four special 
blades (one of which is shown in Figure 2) 
contain Cal rod heaters that wi l l  demon­
strate coolant tube heat transfer rate at fu l l  
scale, fu l l  rotational forces, and fu l l  design 
heat fluxes. The wheel and all the blades 
contain water feed and simu lated coolant 
tubes, while the stationary housing contains 
water collection ducts. The wheel box, along 
with the scaled turbine stage,  should assist 
in the development of an efficient water 
collection design .  

In  addition to th is hardware, an innova­
tion of this project that provides a great 
deal of information at a low dol lar expen­
diture is the bui lding of clear plastic rigs. 
While these rigs are incapable of running 

mation on the water transfer and f low prop­
erties that guide analytic understanding and 
design. One plastic rig models the flow con­
trol assembly section, where water is me­
tered into individual blade coolant tubes 
from the two main water supply channels 
in the blade shank. The water dynamics 
that were observed showed potential in­
stability ranges and gu ided the design out 
of these ranges. Another rig , consisting of 
a motor-spun clear plastic pipe, al lows 
visual assessment of the combined effects 
of Coriolis force, centrifugal force, and sur­
face tension on the wetted area of the 
cooling-water flow. 

Clear plastic has also been used to con­
struct a temporary water-collection sta­
tionary shroud for the scaled turbine rig. 
During cold air f low operation, the flow prop-

erties of the water exiting from the blades 
were observed and the shroud modified 
for the most efficient water collection. The 
metal collection shroud dupl icated this 
design . Unfortunately, however ,  the use of 
this procedure was impossible during pres­
surized operation. A new clear plastic water. 
collection rig is being designed that wi l l  
allow flow observation during pressurized 
operation and is designed for facile sta­
tionary shroud geometry variations. This 
rig will greatly assist in solving the water 
col lection problem. 

A rig consisting of a smal l ,  h igh-tempera­
ture combustor fol lowed by a multistation 
test section (mini rig) has recently started 
operation. The min irig combustor is l ined 
with SiC ceramic to allow combustion exit 
temperatures from S00 ° C (1 500 ° F) to 

hot, they provide important visual infor- Figure 2 Full-scale wheelbox stage rig, with one of the four special heated blades indicated. 

EPRI JOURNAL May 1 978 39 



FOSSIL FUEL AND ADVANCED SYSTEMS DIVISI O N  R&D STATUS R EPORT 

1 650 ° C (3000 ° F) . This combustor l iner 
was developed earlier in  the program. There 
are n ine test stations in which, s imulta­
neously, water-cooled hol low pins of various 
al loys and surface temperatures can be 
tested to determine corrosion effects. 
Mainly No. 2 distil late fuel ,  doped to simu­
late coal l iqu ids and residual oi l  combustion 
impurities, will be burned. However, a short 
test wi l l  also be run on low-Btu gas from the 
GEGAS gasifier now in  operation. These 
data probably could not be easily obtained 
at a later time, as the gasifier is expected 
to be taken out of service. Whi le gas fuel 
is not the current emphasis , it provides in­
surance for any change. The pu rpose of this 
rig is to verify the very low corrosion rates 
(indicated by earlier pot furnace testing) 
at the low surface temperatures provided 
by the water cool ing. 

Work is progressing on improved blade 
fabrication procedures. The problem is 
how to include the coolant tubes and the 
heat-conductive copper l in ing in  the blades. 
With the emphasis now on aiming for lower 
gas temperatures (1 1 50-1 250 ° C [21 00-
2300 ° F] ), this design is much more straight­
forward, as the amount of copper required 
is reduced. Copper can be el iminated from 
some components while thin copper plating , 
rather than thick powder, can be used to 
make the l in ing on others. 

The development of fabrication tech­
n iques and the determination of an efficient 
water collection design are the two main 
problems that are now seen as barriers to 
a positive feasibi lity assessment. The work 
currently being focused on these areas 
should lead to the e l imination of those bar­
riers. Project Manager: Arthur Cohn 

GEOTHERMAL PROGRAM 

Development of hydrothermal (hot water) 
resources continues to receive h igh pri­
ority, with the main focus on the geothermal 
demonstration plant at Heber, Californ ia, 
and supporting projects. With near-term 
objectives established for these projects, 
hardware development is being planned 
to improve performance in  the next gen­
eration of hydrothermal power plants. The 
geopressure subprogram has been e levated 
in priority and its schedule moved up .  A re­
quirements definition and impact analysis 
study of geopressure is due to begin .  Sig­
nificant progress has also been made in 
the brine chemistry projects. 

In industry, the level of activity in hydro­
thermal development has increased during 
the past year. Activities include tentative 
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plans to build power plants at the following 
sites in  California between 1 980 and 1 982: 

Heber 45 MW (e) 
Binary cycle 
50 MW (e) 
Flashed steam 

East Mesa 50 MW (e) 
Flashed steam 
1 1 .2 MW (e) 
Binary cycle 

North Brawley 1 O MW (e) 
Niland 1 0  MW (e) 

Outside California, plans include a 50-
MW (e) plant at Valles Caldera in New Mexico 
and a 50-MW (e) plant at Roosevelt Hot 
Springs in Utah, also by the end of 1 982. 
The EPRI effort is a key part of these in it ial 
plans to use hydrothermal resources for 
power generation. 

The flashed-steam process and the binary 
cycle represent the current technology for 
generating electric power with hydrothermal 
resources. Both technologies use brine 
as the source of heat. In a flashed-steam 
plant, hot brine is subjected to a rapid de­
crease in pressure. Steam flashes from the 
brine, is separated from it, and is used to 
d rive a steam turbine. In contrast, the binary 
cycle isolates the turbine from the brine .  
The brine heats a working fluid in  a heat 
exchanger and produces a vapor. The vapor 
drives a turbine. Vapor exhausting from 
the turbine is condensed and pumped back 
to the heat exchanger. 

Steam turbines and the flashed-steam 
process wi l l  be used to develop resources 
that have high brine temperatures, low min­
eral content in flashed steam, low noncon­
densible gas content in steam, and generally 
low mineral content in the brine .  Binary­
cycle plants have better efficiency at lower 
brine temperatures or  with brines having 
high noncondensible gas contents. Use of 
the binary cycle l imits the corrosion and 
scal ing impacts of the brine to the brine­
working f luid heat exchangers .  

Heber demonstration plant 

Engineering design of the binary-cycle plant 
at Heber was in itiated with the San Diego 
Gas and Electric Co. (SDG&E) in June 1 977 
(RP580-2). Preparation of the environmental 
impact report was started at the same time, 
and the draft is now complete. In  addition 
to the technical efforts, agreements were 
completed by SDG&E on energy purchase, 
power sales, water supply, owner partici­
pation, and nonowner participation. The 
participants in the project include: San 
Diego Gas and Electric Co. ,  Electric Power 
Research Institute, Imperial I rrigation Dis-

trict, Los Angeles Department of Water and 
Power, Southern Cal ifornia Edison Co . ,  Cal­
ifornia Energy Resources Conservation and 
Development Commission,  Nevada Power 
Co., Portland General Electric Co. ,  and 
Republic Geotherma l ,  Inc .  

The owner participants have submitted a 
proposal to DOE to provide funding support 
to the project, in response to DOE's Pro­
gram Opportunity Notice issued in Septem­
ber 1 977. DOE is expected to reach a deci­
sion on its selection late in  May. Program 
Manager: Vase/ Roberts 

Geopressure subprogram 

An EPRI subprogram wi l l  address the techni­
cal and economic issues of geopressured 
resources, which are generally found in 
deep, sedimentary basins and have been 
encountered on- and offshore of the U.S.  
Gulf  Coast. Estimates of the geopressured 
resource potential range from little or none 
to very high. The most optimistic estimates 
place the methane content at considerably 
g reater than total U .S .  domestic reserves of 
natural gas. Prospects for recovery of these 
resources are as uncertain as the estimates 
of quantity. 

The first geopressure project wi l l  concen­
trate on two areas (RP1 272) . It wil l estab­
l ish whether the geopressured resource of­
fers sufficient promise to warrant aggressive 
electric utility industry research .  Also, EPRI 
wil l  determine the requirements for brine 
handling and electric generation equipment 
processes and other R&D needs. This activ­
ity wi l l  identify not only existing geothermal 
technology that is transferable to the geo­
pressured resource but also new technology 
requi red to exploit the resource . 

Identified resource areas include approxi­
mately 75 prospective reservoirs in Texas 
and Louisiana. It is l i kely that one or more 
geopressured reservoirs wi l l  be dri l led by 
others during the period of performance of 
RP1 272. Thus, some of the first key data 
on reservoi r  brine composition, permeability 
and porosity, methane content, and wel l 
production are expected to become avail­
able during this period. Program Manager: 
Vase! Roberts 

Hydrocarbon turbine studies 

Two candidate concepts for binary-cycle 
hydrocarbon turbines are the axial-flow and 
radial-flow machines.  The axial-flow ma­
chine is constructed simi larly to fami l iar 
utility steam turbines. The radial-flow ma­
chine extracts energy from the working f lu id 
(hydrocarbon) vapor, whi le the vapor flows 
radial ly inward and axially outward along 
a bladed wheel. EPRI funded The El l iott 



Co. (RP928-1 ) and the Rotoflow Corp. 
(RP928-3) to perform conceptual design 
stud ies of these two hydrocarbon turbine 
concepts. Progress on the axia l-flow study 
was reported in the EPRI Journal, August 
1 977, p. 53. 

Rotoflow Corp. has completed a concep­
tual design for a 65-MW (e) radial-inflow 
hydrocarbon turbine generator. A double­
entry design with two wheels placed back­
to-back (Figure 3) uses 1 270-mm (50-in) 
cast-aluminum wheels, which rotate at 3600 
rpm. Control is achieved by using rings of 
nozzles equal ly spaced about the circum­
ference of each wheel .  A single nozzle­
control mechanism actuates all the nozzles 
simu ltaneously and is activated in turn from 
a governor system simi lar to steam turbine 
practice. Primary emergency shutdown is 
achieved using the nozzles; f inal shutdown 
is achieved using an off-the-shelf stop valve 
similar to steam turbine practice. 

The shaft of the radial-inflow turb ine is a 
hollow , stiff design ,  with the fundamental 
vibrational mode above the operat ing speed 
(critical speed margin is 50%). Labyrinth 
seals operating with seal gas prevent escape 
of hydrocarbons. I n let l ine sizes of up to 720 
mm (30 in) and exhaust l ine sizes of up to 
1 750 mm (72 in) per wheel are requ i red. 
Casing size for two wheels is approximately 
2540 mm (1 00 in) in diameter and 2030 
mm (80 in) long . Separate seal and lube oil 
systems for the turbine and the generator 
prevent intermixing of the hydrogen genera­
tor coolant with the hydrocarbon secondary 
working f luid. 

Consistent with the present view of the 
Heber demonstration plant conditions, the 
two-part hyd rocarbon (80% isobutane with 
20% isopentane) enters the turbine at 
1 49 ° C and 3520 kPa (300 ° F, 51 0 psia) . The 
working flu id ,  which exits at 63 ° C and 365 
kPa ( 1 46 ° F, 53 psia), flows at the rate of 
66.3 kg/ kWh (1 47 lb/ kWh). Turbine effi­
ciency is 86% . Plant heat rate for 1 82 ° C 
(360 ° F) brine, using the above power con­
version system,  would be about 30 ,000 
Btu / kWh . Project Manager. Gary Underhill 

Hydrocarbon working fluid properties 

Design of b inary-cycle power plants de­
pends on knowledge of working f lu id prop­
erties and on knowledge of heat transfer to 
these working f luids at elevated tempera­
tures. EPRI has implemented projects to 
improve data on f luid properties and on heat 
transfer for selected hydrocarbon working 
f lu ids. 

Avai lable data on thermodynamic prop­
erties and transport properties (viscosity and 
thermal conductivity) of candidate hydro-
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Figure 3 Cross-section view of radial-inflow expander. This machine is a single-entry double-flow stiff- shaft 
design. 

Gaseous hyd rocarbon in  

I n let plenum 

Labyrinth�- -As,_'<'Ac--� 
seals 

carbon working f lu ids rest, in most cases, on 
fluid thermodynamic and transport prop­
erties correlations, inc lud ing enthalpy, 
density, specific heat, viscosity, and thermal 
conductivity as a function of pressure, tem­
peratu re ,  and qual ity, derived from relatively 
meager experimental data. Data requi re­
ments in the petroleum and petrochemical 
industries have been for open-ended pro­
cesses. For power generation plants using 
binary cycles, closed-cycle loops are re­
quired, in which the avai lable energy for 
conversion is a smal l  percentage of the total 
energy transferred to and rejected from the 
loop. Hence, the effect of errors in thermo­
dynamic and transport properties can be 
sign ificant. 

RP928-4 concerns the measurement of 
enthalpy as a function of temperature and 
pressure for isobutane and for a mixture of 
20% isopentane in isobutane. Properties for 
the mixture were determined at 200 state 
points over the ranges of temperature from 
42 ° C ( 1 1 0 ° F) to 1 65 ° C (325 ° F) and of 
p ressure from 552 kPa (80 psia) to 41 37 

�#-,t'------'1�- ----,Labyrinth 
seals 

Generator 

kPa (600 psia). For isobutane ,  entha lpy was 
determined at 4 7 state points along the 1 724 
kPa (250 psia) isobar over the temperature 
range of 77 ° C ( 1 70 ° F) to 1 21 ° c (250 ° F) for 
comparison with some existing pure compo­
nent data. Figure 4 presents the isobutane 
data as a plot of enthalpy and a function 
of temperature. It is clear that these data 
represent a lesser degree of refinement than 
data on current thermodynamic properties 
of steam. Project Manager: Gary Underhill 

Binary-loop test 

The thermodynamic and transport data from 
RP928-4 and RP1 1 95 wi l l  make an impor­
tant contribution to the interpretation of 
results for a binary-loop test (RP1 094), co­
operatively funded by EPRI  and DOE. This 
project is an experimental investigation of 
supercritical hydrocarbon heat transfer, 
scale deposition from brine to heat trans­
fer su rface along the br ine path in  hydro­
carbon vaporizers, materials performance 
in the brine path of vaporizers, and the ef­
fect of chemical backwash (for scale re-
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moval) on the brine path materials in vapor­
izers. The tests wi l l  be conducted at Heber, 
California, by the contractors, one of which 
is C.  F .  Braun Co. (RP928-4). Two results 
are anticipated from this work: practical 
gu idel ines for design and operation of su­
percritical binary-cycle power conversion 
loops; and benchmark data with which to 
compare analytic and numeric design meth­
ods. Project Manager: Gary Underhill 

Brine chemistry 

The primary objective of the brine-chemistry, 
combined heat transfer project at Battel le , 
Pacific Northwest Laboratories is to develop 
the analytic capability to s imulate scale 
formation in  geothermal brine systems 
(RP653-1 ). The product wi l l  be a set of 
computer  programs that can be used to 
analyze the chemistry, chem ical kinetics, 
scale deposition, and corrosion in such 
systems. The computer program set wil l 
have four major subprograms, including 
equ i l i brium br ine chemistry, scal ing kinetics, 
corrosion, and hydrodynamics and thermo­
dynamics simulation. 

Completion of the basic equ i l ibrium chem­
istry computer program was reported in the 
August 1 977 EPR/ Journal. Since that t ime, 

the program has been expanded to include 
addit ional important chemical and mineral 
species, such as antimony and zinc. The 
first d raft of the user's manual for th is com­
puter subprogram has been completed . The 
potential usefulness of the program is i l l us­
trated by an analysis of the chemical kinetics 
in the M-39 geothermal wel l at Cerro Prieto, 
Mexico, and comparison of EPRI results with 
observed performance and scal ing .  Expe­
rience shows plugging of the well within 
three months due to calcite scale deposi­
tion .  EPRI analysis of the amount of scale 
formation agrees with field measurements 
and suggests that if the well operating tem­
perature were raised 8 °C ,  most of the scal­
ing in the well m ight be prevented. The well 
has not yet been tested at the new condi­
tion , but if it is ,  it wi l l  be a valuable test 
of the equi l ibrium application of the chem­
istry model to field conditions. 

Brine chemical reactions with rock forma­
tions and their kinetics are especial ly impor­
tant to geothermal fluid reinjection , which is 
expected to be widely used for fluid disposal. 
The temperature and pressure at which 
waste geothermal br ines are reinjected are 
significantly lower than those at which the 
brine was produced. Therefore, the re in-

Enthalpy (Btu/lb) 
40 1 00 160 220 

130 ,--- - ----- �-- - ---�- - ----� 260 

•• 240 

E I 1 . 
/ I • 220 [ll 

� 100 
<ii 

/ I • 
/ � al 

<ii 
E 
i.92 

.� . • -· -- . ' . i . 
•/ / 

200 � 

.. 

/ I 

•/ -- - Saturation lines - - -/ 180 

70 �--- -�- ---�----- ----'---- -_, 160 
100 200 300 400 500 

Enthalpy (kJ/kg) 

Figure 4 Experimental enthalpy of 99.6% pure isobutane for the 1 .  72 MP a (250 psia) isobar. The data in the 
two-phase region are of better quality than those in the superheated vapor and the subcooled liquid regions. 
These data are of sign ificantly lower quality than the current data for water. The solid l ine is a compilation 
of the l i terature data. Enthalpy is zero for the saturated liquid at 24°C (75° F). 
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jected brines wi l l  not be in chemical equi l ib­
r ium with the rock formation in the reservoir. 
Chemical reactions resulting from the dis­
equi l ibrium could cause either an increase 
or a decrease in the feasibil ity of injecting 
the b rine into the rock. 

Stanford Un iversity is experimentally in­
vestigating the reaction chemistry between 
brine solutions and rocks and the i r  chemical 
kinetics (RP653-2). The experiments involve 
mixing geothermal brine and rock together 
in a nonreactive chamber at temperatures 
and pressures found in natural geothermal 
systems. The nonreactive cell is designed to 
allow incremental removal of small quanti­
ties of geothermal brine for chemical analy­
sis as a function of time without distu rbing 
the experimental conditions. Chemical anal­
ysis of the fluid provides data on rock-brine 
reactions and their kinetics. Prel iminary 
results indicate the sign ificance of these 
data to the geothermal engineer. 

For example, one set of experiments 
showed that rapid changes occur  in chem­
ical concentrations over very short time 
intervals , producing apparent supersatura­
tion of many chemical species before they 
reach equi l ibrium concentrations. This im­
plies a potential for solut ion of rock material 
in the formation of reinjection well walls 
with potential for precipitation and plugging 
after the f luid flows further into the forma­
tion. Experiments on basalt rock have i nd i­
cated that H

2
S and CO

2 
can be produced 

in sufficient quantities from these rock-b rine 
reactions to easily account for natural con­
centration levels. Project Manager: Phillip 
La Mori 

Heat rejection from 
geothermal power plants 

The relatively low temperatures of geother­
mal resources result in the rmal effic iencies 
of 1 0-1 5% in power conversion cycles. If 
conventional evaporative cooling methods 
are to be used, large quantities of cooling 
water wi l l  be requ ired . R .  W. Beck and Asso­
ciates is evaluating approaches to water 
management in waste heat rejection options 
from geothermal power plants (RP927-1 ) .  

Progress in this project inc ludes develop­
ment of the analytic techn iques, calculat ion 
of turbine performance cu rves for a range 
of condensing conditions for both the 
flashed-steam and hydrocarbon binary­
cycle turb ines ,  and in itial analysis for a 
binary-cycle plant under desert-type cl i ­
matic conditions. The California Energy 
Resources Conservation and Development 
Commission is supporting the project as a 
joint sponsor. Project Manager: Phillip La 
Mori 
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REMOTE MULTIPLEXING 
FOR POWER PLANTS 

During the last decade there has been a d ra­
matic escalation in costs of plant construc­
tion, operation, and fue l ,  as well as a g row­
ing publ ic concern about conservation. As 
a result, util ities are strongly committed to 
the improvement of plant performance . This 
firm commitment, the increasing size and 
complexity of power plants, the greater 
stringency of regu latory requ i rements, and 
the rapid advances in the electron ics in­
dustry are al l  contributing to the introduc­
tion of new instrumentation and control 
technology. 

Consequently, in a modern power-­

generating facility there are thousands of 
monitoring and control points that are indi­
vidually hardwired between the f ield and the 
control bui ld ing . Hardwiring requ i res that 
hundreds of mi les of cable be strung,  cost­
ing mi l l ions of dol lars in materials and labor. 
Cable separation and fire protection require­
ments compound the complexity of plant 
wi ring . 

Recent advances in electronics make it 
possible to reduce instrumentation and 
control wiring through the use of remote 
mult iplexing. Remote mult iplexing systems 
(RMSs) are able to transmit many signals on 
a small number of wires. The individual field 
sensors and actuators are wired to remote 
terminals that are strategically d istributed 
throughout the plant and sequential ly sam­
pled for transmissions by the remote multi­
plexers (Figure 1 ) .  In the control bui ld ing , 
the signals are separated and distributed on 
short cables to their final destinations. 

Remote multi plexing of s ignals to reduce 
wiring is a well-establ ished technology in 
the mi l itary services and in the telephone 
and petroleum industries. A survey of RMS 
vendors shows that a diversity of commer­
cial ly available systems exists. To date, 
however, util ity experience with RMS power 
plant applications has been l im ited . But 

there is a growing interest-more than 41 
uti l ities have ind icated that they plan to 
implement some type of RMS. This may be 
attributed to the sign ificant advantages that 
remote mu ltiplexing appears to offer when 
compared with hardwiring . 

o Cost savings and improved installation 
schedule 

o Ease of modification and expansion 

Diesel 
generator 
bui lding 
Waste 
treatment 

Yard 
area 

Primary 

auxi l iary 
building 

o Increased rel iabi l ity through redundancy 

o Less vulnerability to fire due to physical 
separation of redundant elements 

o Simpl ified interfacing with plant instru­
mentation 

In late 1 975, EPRI in itiated a 2%-year 
study to provide the uti l ity industry with 
basic information for evaluating the use of 

Turbine 
building 

• Reactor 
bui lding 

bui lding ---'----'ll--�-1+ ... 

Cooling 
tower 

• Remote multiplexer terminal 
.o. Control-room multiplexer terminal 

Intake 
structure 

Figure 1 Typical multiplexing system installation, showing distribution of remote terminals throughout the 
plant. 
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RMSs in power plants, to develop guidel ines 
that would help ensu re that RMSs satisfy 
the desired functional requ i rements, and to 
identify potential problem areas need ing ad­
dit ional R&D. The study was performed by 
TRW Systems and Energy G roup ::ind Un ited 
Engineers and Constructors, Inc .  The re­
su lts have been publ ished in three volumes 
with an executive summary (NP254) and are 
h igh l ighted below. 

The information to be transmitted on a 
hypothetical reference plant RMS was 
established on the basis of the signal and 
wir ing requ irements documented for five 
plants. The list i ncluded approximately 1 500 
safety and 3200 nonsafety instrumentation 
and control signals. In  addition ,  1 8  RMS 
funct ional guide l ines were defined quanti­
tatively, based on comments from a dozen 
uti l it ies. These inc luded a design life of 20 
years , l imited by the avai labi l ity of parts; a 
requ i rement for central multiplexer contro l ;  
a requirement for 30% spares; a defin ition of 
the amount of error protection requ i red for 
each class of signal; and recommended 
levels of redundancy and fau lt-detection c i r­
cuitry to achieve acceptable avai labi l ity with 
reasonable maintenance policies. One 
safety and three nonsafety RMSs were de­
fined and analyzed at the c i rcuit  board level. 
Al l four RMSs service the same reference 
plant, transmit instrumentation and control 
signals, i nterface to conventional control 
boards, and process computers. 

The typical RMS has approximately 20 
field te rminals, 20 control bui ld ing terminals ,  
and a pair of redundant control un its. The 
commun ication h ighway also contai ns re­
dundancy and supports transmission rates 
close to one mi l l ion bits of information per 
second . There is a g rowing interest in using 
f iber optics as the transmission medium be­
cause of advantages in  noise immunity and 
isolation (RP1 1 73). 

For the reference plant studied, a plant­
wide nonsafety RMS is estimated to cost 
between $4 and $5 mi l l ion .  This assumes 
that the mu ltiplexing system is a wire re­
placer and thus takes advantage of only 
a few plant design changes, which could 
further reduce costs and increase avai l­
abil ity. Comparisons with hardwi r ing costs 
for the same plant revealed that 

o Wiring labor and materials are $1 .9 mi l ­
l ion cheaper for mult iplexing systems 

o Wiring-related savings with RMS are con­
servatively estimated at another $0.5 mi l l ion 

o Engineering ,  construction overhead , and 
interest constitute additional savings of $0.8 
mi l l ion for RMSs 
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o Mu ltiplexer equ ipment, inc luding applica­
tions engineering ,  will cost from $1 .5 to 
$2 .5  mi l l ion 

o In itial investment in  a mu ltiplexing system 
is thus expected to be from $ 1 -$2 mi l l ion 
less than that for conventional hardwiring 

o Add itional savings of 1 5-30% of RMS 
costs are possible in  advanced cathode-ray­
tube-based control rooms because of s impl i­
f ied interfaces 

o The cost per incremental point with RMS 
is only 50-75% that of hardwir ing 

Cost comparisons between nonsafety 
mult i plexers and hardwired systems depend 
on many factors, including plant size, design 
practices, and labor costs. Figu re 2 shows 
how costs vary as the size of the refe rence 
plant is changed from 3200 field points to 
8800 field points and as the average length 
of hardwi red cables varies from 1 20 to 21 0 m 
(400 to 700 ft). Mu ltiplexing reduces the cost 
of field labor by half as compared with hard-
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wir ing,  whi le it doubles the cost of engineer­
ing labor. It is expected that electrician-labor 
costs wil l continue to rise, that no sign ificant 
changes will occur  in field wi ring practices, 
and that technological advances in  mult i­
plexing wi l l  offset the rising cost of des ign ,  
fabrication, and test labor. Therefore, wir ing 
costs wi l l  r ise faster than mu ltiplexer costs, 
thus widening the gap between the two tech­
nologies and making mult i plexing even more 
attractive in the future. 

With the introduction of RMS for the trans­
mission of important plant status and control 
information,  it is possible that certain kinds 
of mult iplexer fai l u res might affect plant op­
e rations. To assess the magn itude of th is 
problem, the rel iabi l ity and avai labi l ity of 
RMSs with d ifferent degrees of redundancy 
and different repa ir  t imes were calcu lated, 
using component reliabil ity data. Then d if­
ferent rules were establ ished for the n umber 
of terminals or bus controllers that had to 
be s imultaneously in  a failed state before 
plant operating penalties were imposed. ln i -

Average 
cable 
length 
1n 
hardwired 
plant 

RMS (with 
control-room 
terminals) 

Field Points (thousands) 

Figure 2 Estimated costs of a nonsafety multiplexing system and hardwiring for d ifferent numbers of field 
points and average cable length (based on an assumed electrician-labor rate of $14/hr). For the hardwiring 
case, the reference plant has an assumed average cable length of 1 65 m (550 ft). 
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tial hardware costs, maintenance charges, 
and operating penalties (in this case 
$500,000, assuming that the plant cannot 
return to service for 1 8  hours) were con­
verted to present-value costs at 1 8% inter­
est over the expected 20-year equipment l ife. 

The results indicate that if the loss of 
any terminal affects plant operation ,  then a 
h igh ly redundant self-checking system is 
more economical by tens of mi l l ions of dol­
lars (Figure 3). In  a more l ikely case, where 
loss of al l  points at several terminals can 
be tolerated without an operating penalty, 
a less expensive RMS with only redundant 
control lers and data h ighway is acceptable .  
A nonredundant RMS appears to  be unsuit­
able for plantwide instrumentation and con­
trol applications. It should be noted that 
cable f ires in nuclear plants have reduced 
plant avai labi l ity by 1 . 3% (0 .2%,  if the 
Browns Ferry fire is exc luded). The use of 
redundant RMSs would lessen the chance 
of s imilar losses in  the future. A prel iminary 
investigation of fourfold-redundant safety-

1 00 
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system multiplexing was performed wi th  a 
simpl ified version of a nonsafety RMS as the 
basis for each channel .  The use of h igh­
rel iabi l ity parts, quality assurance, and sys­
tem qual ification programs was optimisti­
cally estimated to increase the entire system 
cost by not more than double. 

The results suggest that the very high 
rel iabi l ities representative of exist ing safety 
systems can also be achieved with RMS. 
However, present safety-system multiplexer 
costs are estimated to be 50% higher than 
conventional hardwiring costs. This d i ffer­
ence may be reduced as the cost of cable 
separation and fire protection increases, 
and the in itial expense of RMS qual ification 
is defrayed over a number of installations. 

I t  is anticipated that the increasing com­
plexity of nuclear plants, the demand for im­
proved avai labi l ity, effic iency, and safety, 
and the need to comply with more stringent 
regulations will necessitate a g reater reli­
ance on more sophisticated instrumentation 
and control systems. The advent of re l iable, 

No redundancy 

D Redundant control ler 
and data bus 

D Complete redundancy 
of controller, data bus, 
and all terminals 

Controller Controller Controller 
or 1 terminal unit or 2 terminal un its or 3 terminal units 

Number of Units That Must 
Fail Before Plant Operation Is  Affected 

Figure 3 Present-value costs (including initial costs, maintenance, and operating penalties) are shown for 
remote multiplexing systems with differing degrees of redundancy. The set of columns on the left i l lustrates 
that a fully redundant RMS will save tens of m illions of dollars if the failure of any one terminal or controller 
impacts plant operation. However, the set of columns on the right indicates that, when individual terminals 
are less critical to plant operation, the most cost-effective RMS design need have only redundant key ele­
ments (controller and data bus). 

powerfu l ,  but inexpensive electronic hard­
ware and the cont inu ing escalation of labor 
costs wi l l  further i nfluence the uti l ity industry 
to adopt such advanced technological sys­
tems as remote mu ltiplexing .  

The  f indings o f  this study ind icate that 
remote mult iplexing is technical ly feasible,  
can be designed to meet power plant avai l ­
abil ity requirements, can save mi l l ions of 
dollars as a replacer of conventional non­
safety hardwiring ,  and may provide other 
significant advantages. However, because 
of the many applications-dependent param­
eters, specific analyses should be performed 
for each instal lation .  For th is reason , the 
project has developed a general evaluation 
methodology and has reviewed many key 
techn ical considerations in depth .  Project 
Manager: A. B. Long 

LARGE-SCALE 
CRITICAL FLOW TESTING 

In  December 1 977,  an 1 8-month series of 
nuclear reactor safety experiments to mea­
sure discharge mass flow rates from reactor­
size, large-diameter pipes was in itiated at 
the Marviken Test Station  in Sweden.  The 
project is internationally supported by orga­
n izations in Denmark, F in land , France , Hol­
land , Norway, Sweden ,  and the United 
States (RP956) . The U .S .  contribution is 
shared equally by the NRC and EPR I .  

A n  important element in LWR safety anal­
yses is the maximum discharge flow rate 
(critical flow rate) from coolant pi pes. Cur­
rent critical flow models are based , in part, 
u pon small p ipe experiments. There exists 
a need to obtain additional critical flow data 
from pipe sizes in the range of those present 
in  reactor coolant systems. The objective of 
the Critical Flow Test (CFT) project is to 
provide these additional data. The results 
from these experiments can be used to gain 
a better understanding of critical s ingle- and 
two-phase flow in large-diameter p ipes and 
also to develop an improved analytic model 
to be used in LOCA analysis appl ications. 

The discharge mass flow rates used i n  
LOCA l icensing calcu lations are believed to 
be conservative. In other words, h igher than 
actual discharge mass flow rates are calcu­
lated, causing more rapid depressu rization 
and consequent early departure from nucle­
ate boi l ing and higher peak clad tempera­
tures. These calcu lated h igher d ischarge 
mass flow rates may also cause the reac­
tor recirculation pumps ,  under hypothetical 
LOCA conditions, to run at overspeed con­
ditions, compared with their normal opera­
t ion.  The acqu isition of data on c ritical mass 
flow rates for large-diameter pi pes may af-
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feet these hypothetical LOCA performance 
characteristics. 

The expected lower discharge rates would 
tend to decrease the transient load ing of 
LWR containments. Slowdown forces that 
result from a p ipe break and that affect 
the vessel itself and surrounding structures, 
components, and pipes can be more accu­
rately calculated when the discharge flow 
rate from the break is better known.  

Two-phase d ischarge has been investi­
gated only in small-diameter nozzles (up 
to about 1 00 mm; 4 in) ,  using water and 
steam-water as test media. The CFT project 
is  un ique in that, for the first t ime, large­
scale-pipe flow measurements will be 
performed. 

The test program includes over 30 tran­
sient blowdown tests that involve parametric 
studies of several variables. The main em­
phasis is placed on the inf luence of nozzle 
diameter, nozzle length ,  nozzle length-to­
diameter (L/D) ratio, nozzle in let subcool ing,  
and system pressure. Other conditions and 
phenomena to be studied are water qual ity 
and possible double choking in the d is­
charge pipe .  

The Marviken Test Station contains a 
pressure vessel with a large steam-water 
inventory capacity. A 760-mm (30-in) d is­
charge pipe is connected to the bottom of 
the vessel (Figure 4) .  This pipe contains a 
large ball valve, instrumentation , and rup­
ture disks .  At the lower end, any one of 
eight test nozzles can be attached . The 
nozzles have d ifferent diameters (200-500 
mm; 8-20 in) and L/D  ratios ( 1  to 3). For 
each test, in itial conditions are establ ished 
in  the vessel .  Generally, there is subcooled 
water in the lower portion of the vessel and 
in the discharge pipe, satu rated water .at 
h igher vessel elevations, and a satu rated 
steam volume at the top. Tests are in itiated­
with the ball valve in  the open position­
through pressurization of the rupture d isks. 
The discharge fluid is released first i nto the 
containment and then to the atmosphere. 

The pressure vessel and the discharge 
pipe are instrumented to measure pres­
sures,  temperatures, densities, f lu id levels, 
and fluid velocities throughout the test faci l­
i ty .  Particular attention is g iven to f lu id con­
dit ions at the test nozzle entrance and in  
the nozzle itself to measure subcooled and 
low-qual ity fluid discharge characteristics 
(Figu re 5). 

The project is  now in its shakedown 
phase, with tests being performed to check 
out instrumentation, data recording and re­
duction, and potential anomal ies in test pro­
cedu res. The test matrix is planned to be 
executed during 1 978 and 1 979 .  
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Figure 4 Cross section of critical flow test (CFT) vessel at Marviken Test Station, Sweden, showing test 
geometry. This is being used in a project to measure data necessary to determine the discharge mass flow 
rate in the event of a hypothetical LOCA in a nuclear power plant. 
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Figure 5 View of Marviken CFT nozzle and a portion of Figure 6 Full-page coverage of Marviken CFT project in the Swedish newspaper, Norrk6pings Tidningar. 
the test instrumentation. 

The project is receiving much attention 
because of its sign ificance in reactor safety 
research .  An example of this is the extensive 
coverage of the first shakedown test in a 
Swedish newspaper (Figure 6). Project 
completion is presently scheduled for the 
end of 1 979 . Total cost is estimated at $6.4 
mi ll ion. Project Manager: K. A. Nilsson 

LASER PROCESSING OF 
THE SURFACE LAYERS 
OF REACTOR MATERIALS 

Laboratory investigations have identified the 
critical role played by the structure of the 
surface layers of two important al loys that 
are used in l ight water reactors. These al loys 
are susceptible to stress corrosion cracking 
(SCC) under certain operating conditions. 
This is  a brief review of the microstructural 
features of these materials that lead to 
cracking and of some prel iminary work on a 
surface-processing treatment that can make 
these al loys more resistant to cracking . 

Austenitic type-304 stain less steel is 
widely used as piping material because of 
its excellent corrosion resistance under 
many conditions and its strength and duc­
ti l i ty. Under certain conditions, however, it 
can become "sensitized" and thereby sus­
ceptible to intergranular SCC. Incidents of 
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sec associated with weld-heat-affected 
zones were observed in several BWRs in 
1 974 and occasionally before that. 

Due to the h igh temperatures reached by 
the base metal adjacent to welds, carbon 
precipitates out along grain boundaries in 
the form of chromium carbide, Cr23C6 . The 
extent of precipitation increases with the 
amount of time spent in the sensitization 

temperature range (-400 ° to -800 ° C). 
The reduced chromium concentration in the 
al loy next to the grain boundaries is ap­
parently the cause of susceptib i l ity to sec. 

If metal is cooled very rapidly, sensitiza­
tion can be avoided and the corrosion resis­
tance increased. The required cooling rates 
often cannot be provided for large pipes or 
castings. Also, concern about i ntroducing 
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thermal stresses often precludes a rapid 
quench.  

In the reactor core, a z i rconium alloy, 
Z ircaloy, is used for fuel c ladding .  After 
moderate burnups corresponding to about 
one-half the nominal l ifetime of the clad­
d ing ,  a rapid power increase can occasion­
ally lead to crack in itiation in  the cladding .  
Evidence from EPRI programs and else­
where suggests that this type of cracking 
is due to stress corrosion of the Zircaloy, 
with the cracks orig inat ing at the inner sur­
face of the tubing . Those features of Zircaloy 
that render it susceptible to sec are being 
investigated by SRI International (RP455-1 ) .  

Upon exposure t o  iodine and a h igh stress, 
small intergranular c racks were observed to 
start at microstructural inhomogeneities at 
the i n ner surface of the cladding .  These 
cracks penetrated only to a depth of � 1 0  
µm and did not appear to propagate. Larger 
cracks were also observed in �30% of the 
test specimens. These cracks were consis-
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tently associated with h igh local concen­
trations of al loying elements or tramp impuri­
ties, such as Fe, Cr,  Al, and Si. Prel iminary 
results suggest that only under stresses in  
excess of  the threshold stress for  iodine 
sec were the larger cracks observed . 

Both type-304 stain less steel and Zircaloy 
cladding are made susceptible to cracking 
by the local surface concentrations of par­
t icular chemical species. One method for 
avoid ing such vulnerable su rfaces ( i . e . ,  
making them more resistant t o  SCC) would 
be to remelt and rapidly self-quench a th in 
layer of the surface so as to effect a more 
un iform distribution of al loying elements. 
Currently avai lable lasers provide enough 
energy for such rapid melting and resol idi­
f ication of th in surface layers. Laboratory 
experiments have been in itiated to test 
whether such surface treatment is practical . 

General Electric Co. has laser- t reated 
type-304 stainless steel that had been pre­
viously heat-treated to sensitize the sam-

pies. Susceptibil ity to cracking was eval­
uated by an accele rated corrosion test. 
Complete absence of intergranu lar attack 
was observed in specimens that were 
treated with the laser. Grain boundary 
attack was observed in  the unprotected 
ends of the specimens that had not been 
laser-treated .  

EPRI and United Technologies Corp. have 
in itiated a study to evaluate the prospects 
of improving the resistance of Zircaloy by 
laser-treating the surface (TPS77-733). The 
objective is to determine whether homogeni­
zat ion of the impurities found in  the surface 
layers occurs sufficiently to make th is mate­
rial more resistant to crack i n itiation .  So far, 
procedures for laser-treating Zircaloy have 
been developed. Tests to evaluate changes 
in su rface composit ion, structure, and sus­
ceptibil ity to cracking are under way. Proj­
ect Engineer: Howard Ocken 
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One of the little-recognized aspects of EPRI 
has been our loaned-employee program. 
Since the Institute began operations, a sys­
tem has been in use under which the EPRI 
member organizations nominate one of their 
employees to serve for a period of a year 
or more on the EPRI technical stafL At any 
one t ime there are usually several such 
loaned employees in  each of the techn ical 
divis ions. 

The benefit to EPRI of such a program is 
far greater than might be recognized at a 
g lance. Such employees provide insight into 
the industry's needs that is probably not 
attainable in  any other way. Coupled with 
the regular interface between the industry 
advisory committees and task forces, they 
are ind ispensable in keeping the lnstitute 's  
goals i n  l ine with the practical needs of  the 
uti l ity industry. 

Our satisfaction with the program is per­
haps best reflected in the fact that we often 
seek to extend the stay of a loaned employee 
for an additional few months after the normal 
loan period has expired. Moreover, as nearly 
as we can ascertain , the loaned employees 
have found the time spent at EPRI rewarding 
in terms of personal accompl ishment and 
opportunity for personal g rowth .  

There is one flaw in the loaned-employee 
program, which only the ut i l it ies can rem­
edy. For the main part EPRI has accepted al l  
the loaned employees offered to date. They 
have invariably been high-caliber personnel ,  
but they are not always specialists in the 
discip l ines in  which the staff most needs 
assistance. To further improve the system, 
members should make a concerted effort to 
offer many more employees for use in th is 
program . Such a plethora of nominations 
would not be used to greatly increase the 
number of loaned employees resident at the 
Institute but rather to make it possible 
to choose personnel with the backgrounds 
most needed at any given time. 

In the few years since the Institute was 

formed, there have been a dozen ut i l ity engi­
neers who have been on loan to the Elec­
tr ical Systems Division (four of these are 
now on board) .  They have been d rawn from 
uti l it ies all over the United States, and one 
was loaned from the Swedish State Power 
Board. They have come from large metro­
politan uti l ities and from rural electric co­
operatives. 

In summary, we have made good use of 
the loaned-employee concept over the past 
five years, but we need the industry's he lp 
to continue and improve the program. Each 
year, EPRI member uti l it ies receive a re­
quest for nominations from the Institute. We 
would l ike to see an even better response 
than in the past. The program offers one 
more way in which member organizations 
can become more involved in  and more 
knowledgeable about the programs at EPR I .  
The EPRI research program i s  funded by  the 
member organizations' contributions; there­
fore each member has a vested interest in 
helping EPRI uti l ize these funds for maxi­
mum benefit. John J. Dougherty, Director 

OVERHEAD TRANSMISSION 

Longitudinal loading 

Prior to the mid-1 950s, relatively l itt le atten­
tion was given to longitudinal strength re­
quirements for transmission l ine systems. 
Hundreds of thousands of mi les of l ine were 
installed on directly embedded wood poles, 
providing very flexible mechanical systems 
that were essentially self-protecting against 
cascading fai l u res. When metal structures 
were used , they were predominantly square­
based, lattice steel towers with equal or 
nearly equal transverse and longitudinal 
strength .  They were usual ly required to sus­
tain one or more broken conductors or bro­
ken overhead ground wires. 

After the mid-1 950s , as voltages and l ine 
capacities increased and support structures 

became larger and heavier, transmission en­
gineers began to focus on the impact that 
longitudinal strength had on structure cost. 
Some were encouraged to drastical ly reduce 
the longitudinal requirements on structures 
for new l ines. The cost of over-bui lding as 
opposed to the risk of under-bu i ld ing has 
become a matter of serious concern to trans­
mission l i ne designers. 

It is within this context that EPRI funded 
a project undertaken by GAi Consultants, 
Inc . ,  to evaluate the effect of structure de­
sign parameters on longitudinal loads and 
to prepare a design g uide for use by the 
ut i l ity industry (RP561 ) .  

The  first task consisted o f  a review of the 
codes and guides currently being used for 
the design of transmission l ine systems and 
a review of professional opinion on the sub­
ject, as expressed worldwide i n  technical 
papers , articles, and publ ished discussions 
(EPRI 561 ). To complete the picture, six U.S.  
electric util ity companies were interviewed 
about their present practices. 

The second task was the development of 
a computer program for calculating static 
load and displacement caused by broken 
wire or differential ice conditions.  The pro­
g ram incorporates the behavior of all ele­
ments of the transmission l ine system ,  in­
clud ing the nonl inear force-displacement 
relationships of the conductors, shield 
wires , and insulator strings, as wel l as the 
flexibi l it ies of the support structures. The re­
su lt of this work is the computer program 
BRODI I, which is avai lable for use by 
uti l ities. 

The third task in  the project was the deter­
mination of impact factors that result from 
the release of stored energy when a wire 
breaks. Laboratory tests were conducted on 
a model transmission l ine to measure dy­
namic loads associated with broken wires. 
The primary result was the development of a 
design procedure for estimating impact fac­
tors for the support structure loads. The 
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static loads determined from the computer 
program are mult ipl ied by these impact fac­
tors to yield the peak dynamic loads and 
moments on the support structures. 

The output of this effort is to be a design 
guide that includes readi ly  available com­
puter programs, simpl ified design curves and 
equations, and / or tables. These aids are ex­
pected to make the calcu lation of unbal­
anced longitudinal loads considerably eas­
ier for the transmission l ine design engineer.  
The design engineer wi l l  st i l l  be responsible 
for making all decisions concern ing the an­
t icipated loads for which he wil l  design .  The 
EPRI design gu ide is i ntended to help h im 
perform his calculations more easily and 
quickly. 

The analytic and laboratory work is now 
complete. Engineers at GAi, the Un iversity 
of Wiscons in ,  and EPRI are correlating data 
from this project with data received from 
actual field tests (RP1 096) . It is especially 
important that apparent discrepancies be-
1ween data from the two projects concern ing 
impact factors be fu l ly  understood. Shortly 
after this phase of the study is complete , 
EPR I wi l l  publ ish the design gu ide,  complete 
with documentation for the computer pro­
gram BRODI I. Project Manager: Richard 
Kennon 

UNDERGROUND TRANSMISSION 

Cryogenics 

Progress continues to be made in the de­
velopment of a superconducting material for 
cables. When last reported ,  a project with 
the Un iversity of Californ ia, Los Alamos Sci­
entific Laboratory had achieved a b reak­
through by producing Nb3Ge with losses at 
1 2K that were comparable to those of the 
best Nb3

Sn samples at 4K. This factor-of-3 
increase in the operat ing temperature im­
pl ies a reduction in refrigeration needs of 
a s imi lar magnitude. 

Recent effort has been d i rected toward 
producing long lengths of Nb3Ge tape with 
a h igh cu rrent-density capability. Thus far 
the effort has been successful in  producing 
50 m of tape in  lengths up to 20 m.  The 
Nb3Ge has been deposited on Cu  and on Nb 
substrates with critical cu rrent densities of 
up to 2 .4 x 1 06 A/cm2 at 1 3 .8K.  This ac­
complishment is unmatched in the world to­
day. 

Logical ly, the next step is to develop a 
cryogenic d ielectric capable of operating at 
these higher temperatures, but this is not 
with i n  the scope of the present contract. 
Project Manager: Mario Rabinowitz 
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Leak locators 

The objective of RP7869, being conducted 
by Power Technologies, Inc .  (PTI), is the de­
velopment and testing of an advanced, ac­
cu rate system for locating leaks of cable oil 
and cable gas. The gases involved are nitro­
gen and sulfur hexafluoride. 

Some uti l it ies with extensive underground 
transmission circu its in  large metropolitan 
areas have encountered serious and expen­
sive leaks lead ing to shutdown of the pipe­
type cable. In  some instances, oil leaks have 
lasted for months because present location 
methods failed to find them. 

This contract with PTI is intended to pro­
vide the necessary research and develop­
mental testing to arrive at an accurate and 
expedient leak location system.  Existing lo­
cation methods wi l l  be studied during a 
state-of-the-art review and the advantages 
of each method wi l l  be assessed. Other ap­
proaches wi l l  also be assessed, such as 
those employing flow metering , acoustic sig­
nal injection ,  tracer gases, stable isotopes, 
infrared su rveying , and possibly ground­
penetrating radar. Combinat ion of these and 
other novel approaches may result in  a un i­
versal location system applicable to both 
oil-fi l led and gas-insulated cables. 

The final system wil l  have two modes of 

1 013-mm2 lead-al loy-coated copper 
conductor (four-segment, compact 
segmental) 

Two paper tapes applied 
on opposite segments 

0 . 127-mm stainless steel 
tape intercalated with 
one paper tape 

operat ion.  The first will define the general 
location of the leak (for example, i n  an area 
between particular manholes). The second 
mode, using either one or a combinati.on of 
methods, will p inpoint the leak. The system 
should be able to detect leaks with rates as 
low as 0 .01 1 4  m3 / h  (3 gal / h) .  

The system wil l  be  proof-tested on oi l­
fi l led and gas-fi l led uti l ity cables that ex­
h ibit leak problems. Project Manager: Tom 
Rodenbaugh 

Taped cables 

The technology now used for spl icing most 
high-voltage paper-insulated cables was 
developed more than half a century ago. 
This technology depends on h igh ly ski l led 
techn icians for assembly of the joints in  the 
f ie ld and is very t ime-consuming and expen­
sive. It is also general ly recognized that 
most cu rrent joint designs are the weakest 
elements in underg round transmission sys­
tems. 

A jointly funded EPRI-DOE project that 
addresses the problem was recently com­
pleted by Phelps Dodge Cable & Wire Co. 
(RP78 1 4) .  Development of a 345-kV, capac­
itive-graded joint for pipe-type cable had 
as its goals lower-cost installat ion, shorter 
installation time, routine manpower require-

0 . 1 27-mm tinned copper 
tape i ntercalated with 

one carbon black paper 
tape 

Conductor shield ,  
consisting of  two 
carbon black paper 
tapes and one dup lex 
carbon black paper 
tape 

Conductor 
.,__diameter 

39.37 mm 

Insulation 
,-- -- -diameter-- ----'>-, 

1 1 5.57 mm 

36.45 -mm impregnated 
paper-polypropylene-paper 

laminate tapes 

Figure 1 Second-generation design for 765-kV HPOF cable recently tested at the Waltz Mill cable test 
facility in Pennsylvania. 
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ments, less demanding environmental hu­
midity control , and increased reliabil ity 
through factory-testing of components. 

The capacitive-graded joint developed in 
this project deviates considerably from con­
ventional joint designs and requi res the use 
of a new type of capacitive material .  

Present manufactu ring technology was 
found to be incapable of producing the 
requ i red capacitive sheets in any reason­
able volume . Two techniques for making 
capacitive material were investigated ,  but 

neither approach produced consistently 
adequate material . In order to develop a 
commercial ly successful joint, development 
of the technology for manufacturing capac­
itive sheets is requ ired. This developmental 
work is planned for the near future .  

Extending the capabilities o f  existing lami­
nar-dielectric cable technology to beyond 
500 kV is desirable for underg round trans­
mission utility systems. Laminar d ielectrics, 
or taped cables, have a mature technology 
with well-developed manufacturing and 

Table 1 

Test 

Ac step 
Switching surge 
Impulse surge 

SUMMARY OF ALL EHV TESTS ON 
SINGLE CABLE SAMPLE 

Maximum 
Applied 
Voltage Maximum Stress 

(kV) (kV/mm) (V/mi/) 

1 1 50 55.3 1 405 
1 675 80.7 2050 
2750 1 32 .3  3360 

Conductor 
Temperature 

( OC) 

85 
90 
90 

007 r----------------------� 

l o.06 
0 
tU 

lL 
C 
0 

·� 0.05 

0.04 � - � - -� -- �  __ .,___ _ _.,, __ _,__ _ _  �-----' 
200 250 300 350 400 450 

Voltage to Ground (kV) 
500 550 

Figure 2 Cable dissipation factor of prototype 765-kV HPOF cable charted against applied voltage at various 
conductor temperatures after completion of load cycling. 

field-handl ing techniques. Thus, improve­
ments can be made in quality or materials 
to meet specific future needs whi le basic 
system structural features are retained; this 
carr ies the advantage of manufacturer and 
user famil iarity and hence easier accep­
tance . 

At 765 kV, the use of cel lu lose paper­
oil cable incurs a heavy d ielectric loss pen­
alty. This is because of the charging cu rrent 
that a cable system d raws when it is ener­
gized, regardless of power flow. In order to 
use taped cables in the UHV range,  a cost­
effective, workable, low-loss combination of 
synthetic tape and f luid impregnant must be 
found .  Such a un ique combination has been 
elusive, largely because of economic con­
straints and compatibil ity problems between 
the tape and its impregnant. 

Phelps Dodge is developing a reliable 
765-kV cable system under a long-term, 
jointly funded project with EPRI and DOE 
(RP781 2) .  Thermal ,  f lu id flow, electric 
stress, and cable geometry problems fre­
quently make the performance of a cable 
system difficult to predict mathematically. 
Even model ing can result in scaling errors. 
Expensive, fu l l-size cables must u ltimately 
be constructed and tested to determine ac­
tual performance. This fu l l -scale testing fre­
quently uncovers unforeseen problems. In  
1 976, the project was completely restruc­
tured, using all past data and results as a 
foundation for the new effort. 

The present design of the 765-kV HPOF 
cable is shown in Figure 1 .  The results of 
recent testing have been much more en­
couraging .  Data are shown on the first re­
designed sample, which uses a cellu lose 
paper-polypropylene f i lm "sandwich "  tape 
with a special ly treated polybutene oil im­
pregnant (Figure 2 and Table 1 ) .  

Whi le there are sti l l  additional problems to 
overcome, it appears that a cost-effective, 
workable ,  low-loss cable has been devel­
oped that more than meets the die lectric 
requ i rements of 765-kV systems. Project 
Manager: John Shimshock 

SUBSTATIONS 

Instrumentation 

Many attempts have been made to bui ld 
electronic cu rrent transducers (ECT) for 
h igh-voltage transmission l ines. The idea is 
s imple and attractive. The cost of conven­
tional free-standing cu rrent transformers 
(CTs) for h igh-voltage transmission l ines is 
substantia l ,  and a catastrophic CT fai l u re 
(explosion) is of concern ,  as it is a hazard 
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to both people and equipment. Porcelain 

fragments could damage insulators and 

bushings of nearby equipment. The fire haz­

ard and the outage that can result from 

CT failures are additional reasons to con­

t inue the search for better cu rrent measu re­

ment methods. 

Previous attempts to build ECTs have not 

been successful ,  since (in spite of all its 

problems) a conventional cu rrent transfor­

mer is a surprisingly good measu ring device .  

It has high accuracy and good resolution for 

metering purposes. It has a large dynamic 

range with reasonable accuracy for relaying 

purposes, even though it does suffer from 

saturation problems. It also has a relatively 

h igh frequency response, which is useful for 

fault analysis. Because conventional CTs 

have been so strong in these areas, it has 

been d ifficult to get equal performance from 

ECTs. 

Under EPRI  sponsorship ,  a dig ital EHV 

current transducer is being developed by 
Westinghouse R&D Center, Pittsbu rgh 

(RP 560). The target specification for the 

transducer was to meet meter ing,  relaying ,  

and fault recording requ i rements with one 

unit. The frequency response, specified at 

1 0  kHz min imum,  should be adequate for 

future current l im iter control systems and 

ultrahigh-speed relays as well . Digital tech­

niques were specified for the conversion 

and signal transmission system of the ECT 

in  order to gain experience with a design 

that could be di rectly interfaced with future 

digital protective relays. Fiber-optic links 

were specified for the communications sys­

tem. 
An ECT that meets the above specifica­

tions has been designed, built, and tested 

by the contractor. The ECT shown in Figu re 

3 makes use of a 1 2-bit analog-to-d ig ital 

converter, combined with a ranging amplifier 

that g ives an effective dynamic range equal 

to 1 6  bits, but with 1 2-bit resolution. The 

ECT meets metering accuracy requirements 

of the lower range and relaying require­

ments in both ranges. The ECT has been de­

signed to operate in temperatures ranging 

from -40 to + 85 ° C The bandwidth of the 

unit is good for 1 0-1 5 kHz, since the sam­

pling rate is one sample every 22 µs ( i . e . ,  

one sample for every half electrical degree 

on a 60-Hz basis) . The estimated mean t ime 

between failures for the electronics equ ip­

ment of the high-voltage unit  is approxi­

mately 50 ,000 hours, which means that the 

mean time to failu re for two parallel redun­

dant un its is about once every 500 years, 

if one assumes about one week's mean time 

for repair. This does not incl ude the g round 
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Figure 3 Electronic current transducer (ECT) incorporating a single, 300-m-long waveguide for signal 
transmission between the high-voltage un it and the control room unit. The ECT is built for the substation 
environment. Its 1 2-bit resolution, 1 6-bit dynamic range, and 1 0-kHz bandwidth satisfy all current accuracy 
and speed-of-response requirements for metering, relaying, oscillographic record ings, and so on. It may 
suffice for future ultra-high-speed relaying requirements as well. 
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electronics unit ,  which is much simpler to 

repa i r  because it does not requ i re access to 

the h igh-voltage c i rcu its. 
A major development effort of the project 

was the design of the fast-starting power 

supply  unit  feeding the electronic equipment 

at h igh potential. The power is taken from 
current transformer No. 2 and connected in 

l ine with the ECT unit .  The fast-starting 

power supply makes the ECT fully opera­

tional within 200 µ.s, assuming that a 4 per 

unit short c i rcuit current is starting to flow 

through the CT. The time is counted from the 

zero crossing of the current. The power sup­

ply will maintain operation of the ECT down 

to about 2% of rated current. This means in 

broad terms that the ECT wil l  be fully opera­

tional before the insertion resistors used in  

most 500-kV breakers are bypassed. In fact, 

the frequency response of the un it should 

be adequate for detection of g round faults 

or short c i rcu its on a l ine being energ ized 

prior to bypassing of the insertion resistors 

if an ultrahigh-speed relay were connected 

to the ECT. 
The developed ECT makes use of single­

fiber optical waveguides made by Siecor. 

The design length for the optical l i nk  is 300 

m, but it will be tested in  a Bonneville Power 

Admin istration substation using about 420 m 

of optical wavegu ides. The outputs provided 

by the ECT are capable of d riving sol id state 

protective relays (assuming that the 5-A cur­

rent input is bypassed) and will produce bit­

serial and bit-parallel d ig ital outputs that can 

be processed further in  d ig ital equ ipment. 

The un i t  will be installed in a Bonneville 

Power Admin istration 500-kV substation for 

one year's evaluation. Three additional un its 

have been ordered separately by Pennsyl­

vania Power and Light Company for re­

search and development of dig ital protec­

tive relays. Project Manager: Stig Nilsson 

Light-fired thyristors 

One of the keys to obtain ing increased bene­

fits from HVDC transmission schemes and 

other thyristor-controlled systems is a rel i­

able, simple, inexpensive thyristor valve 

module that can be used as a bui ld ing block 

for various applications. One means of sim­

pl ifying thyristor modules is to have the 

thyristor triggered by a l ight pulse d i rectly 

applied to a l ight-sensitive area on the 

thyristor wafe r. This provides the necessary 

electrical isolation and also el im inates the 

need for h igh-voltage pulse transformers 

and auxiliary power supplies now requ i red 

for electrically fired thyristors. Light-fired 

thyristors are also immune from electro­

magnetic noise interference. 

The feasibility of l ight-fired thyristors 

has been proved through two EPRI proj­

ects: R P567 with Westinghouse R&D Cen­

te r ,  Pittsburg h ,  and RP669 with General 

Electric Co. Corporate R&D Center ,  Sche­

nectady. 
The Westinghouse project will demon­

strate the appl ication of l ight-fired thyristors 

in a controlled volt-ampere-reactive (VAR) 

generator. A series stack of e ight l ight-fired 

devices was built and tested under labora­

tory conditions and met the requ i rements of 

its electrically fired equivalent (F igure 4). 

The next phase of the project wil l  i nvolve 

optimization of l ight-fired thyristor systems, 

design and fabrication of a 1 5-kV switch ,  

and incorporation of the switch i n  a static 

VAR generator (currently installed on Minne­

sota Power & Light Co. 's 230-kV system). 

The switch will be monitored to obtain oper­

ating experience with l ight-fired thyristors 

in this field application. 

The General Electric project emphasizes 

development of l ight-fired thyristors appl i ­

cable to HVDC converter terminals. Th is  in­

volves exploration of thyristor sensitivity to 

various l ight levels, improvement of their 
voltage and cu rrent rate-of-rise capabil­

ity, and investigation and design of self­

protecting devices, which would el iminate 

addit ional c i rcu itry and electronics now nec­

essary in HVDC thyristor applications. De­

sign of a valve module that would serve to 

replace its existing electrically fired equiva­

lent is a part of this project phase. 

Light-fired thyristor development will be­

come a portion of a new project to develop 

an advanced thyristor valve module. The 

advanced valve will make use of not only 

l ight-firing but also larger-diameter wa­
fers for increased blocking voltage , protec­

tion against forward and reverse overvolt­

ages, and improved thermal characteristics 

through the use of two-phase cool ing .  

The development of  an advanced HVDC 

thyristor valve will be a key component in 

the use of HVDC as a valuable and economi­

cal tool in providing for tomorrow's energy 

requ i rements. Project Managers: Narain 
Hingorani and /vars Vancers 

DISTRIBUTION 

Surge propagation and attenuation 

Design ing surge protection for underg round 

distr ibution systems is problematic because 

the propagation and attenuation of surges 

is not completely understood . The majority 

of underg round residential distribution 

SYS 1 / iSiCN 

Figure 4 One-half of a static VAR generator switch 
module, showing water-cooled, light-fired thyristors. 

(URD) systems are extensions of overhead 

distribution l ines, connected by an over­

head-underground junction .  Surges caused 

by l ightning striking the overhead l ine ente r 

the underground systems via the overhead­

underg round j unction. Other surges are 

generated with in the underg round systems 

by fault- interrupting devices such as cur­

rent-l imiting fuses and by the fault cu rrents 

themselves. 

It has been common practice to install 

surge protection at the overhead l ine-cable 

j unctions and , frequently, at the open end 

of the cable. The open end protection is nec­

essary because the surges t ravel through 

the cable at the rate of approximately 1 50 

m/ µ.s, and the surge voltages double at the 

open point. A common belief is that surge 

protection devices installed at the open 

end will adequately protect the cable and 
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connected equ ipment However, equipment 
fai l ures continue to occur ,  and the cause 
is unexplained . 

A research project (RP795) was in itiated 
by EPRI to assemble available experimental 
and analytic data, perform requ i red labora­
tory tests, and develop computer models and 
modeling techniques to study su rge be­
havior of underground distribution systems. 
The McGraw-Edison Co. ,  Power Systems 
Division,  was the contractor. 

Models of the various distribution sys­
tem equ ipment, such as transformers, ca­
bles, and l ightning arresters, have been 
developed. Different surge characteristics 
(steep front waves,  long tail surges, and so 
on) have been studied to characterize the 
effects of the surge voltages on the u nder­
ground distribution systems. A summary of 
viable surge protection schemes for under­
ground distribution systems is provided in 
the final report (EL720). 

The project results provide tools that wi l l  
enable the distribution engineer to study 
surge p rotection requ i rements for each 
specific system.  Thus, distribution systems 
can be designed with confidence that the 
best possible surge protection scheme is 
included. 

Results of this project also confirm that 
most surges entering underground cable 
systems are not attenuated significantly. Ca­
ble c i rcuit lengths in  excess of 600-900 m 
are requ i red before su rge attentuation be­
comes a design consideration. The con­
nected transformers, whether loaded or un­
loaded, do not affect surge propagation, 
except for very steep front waves. The surge 
voltage propagated in one phase of a three-
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phase circuit does not induce voltages in the 
other two phases. Insu lation coordination 
studies for specific systems will ind icate 
which protective system is appropriate for 
a given set of conditions. 

One major l ink to more effective insulation 
coordination is missing- namely, the re­
sponse of equipment insu lation to the very 
steep front surges with rates of rise above 
500 kV/ 1J,s. Project Manager: Bill Shula 

SYSTEM PLANNING 

Long-term power system 
dynamics-hybrid simulation 

The University of Missouri at Columbia has 
bui lt a scaled electrical model of a power 
system, including representation of the load , 
t ransmission network, dispatch center, and 
the power plants, for use on a hybrid com­
puter (RP908). The electrical characteristics 
of the power system were modeled on the 
analog computer whi le the digital computer 
monitored the control functions of the ana­
log computer and provided data logging.  
Such an arrangement ach ieves the h igh 
computation speed of the analog computer 
(the model power system can operate 
twenty times faster than real time) whi le 
retaining the convenience of data input­
output monitoring and functional control 
flexibility provided by the digital computer. 

The hybrid computer is capable of simu­
lating power system behavior under severe 
generation deficiencies, such as those 
caused by the loss of major generation un its 
and/or  major tie l ines. It can also perform 
load flow and transient stability simulation. 

These capabilities of the hybrid simulator 
have been demonstrated, and the accu racy 
of the simulation has been validated by 
dig ital computer programs. Its excellent re­
l iabi l ity has been proved by actual hands-on 
experience. 

Fou r  potential appl ications for the hybrid 
computer have been identified: 

o A national operator training center 

o A research tool to evaluate the system 
impact of new technologies 

o A planning tool for evaluating the impact 
to the power system's electrical perfor­
mance under new expansion alternatives 

o An operator's tool for on-l ine assessment 
of system security 

Three independent consultants were re­
tained by EPRI to assess the hybrid com­
puter's market potential for each of the 
potential applications. The conclusion of 
the consu ltants' evaluation was that al­
though the hybrid computer can meet al l  the 
practical requirements (such as accuracy 
and flexibil ity) by using high-quality elec­
tronic components and by applying state-of­
the-art hybrid computer technology, cost is 
a major roadblock. A su rvey of over 50 uti l­
it ies indicated that the cost of a commercial­
qual ity hybrid computer is at present con­
siderably higher than most util ities would 
support as an in-house computing facility. 
However, this does not rule out the benefits 
of the hybrid computer as a national opera­
tor-training center or as a research facility. 
The project is now complete and the final 
reports, EPRI 908-1 3-nd EPRI EL-724, are 
avai lable. Project Manager: Tim Yau 
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DEMAND AND CONSERVATION 

Heat pumps 

In 1 975, EPRI and the Association of Edison 
I l luminating Companies began work on a 

jointly sponsored project (RP432) to investi­

gate the load and energy use characteristics 

of electric heat pumps in sing le-family hous­
ing units. The main objectives were to obtain 

information on heat pumps and to identify 

the major factors contributing to energy use 
in homes. Westinghouse Electric Corp. has 

been the principal investigator in this re­

search .  The draft final report, which has 

been reviewed by both EPRI staff and vari­

ous experts in the utility industry and else­
where, will be released shortly. 

The study focuses on the operating char­

acteristics of heat pumps in use in 1 1  8 

single-family housing units in 1 2  utility ser­
vice areas. These service areas represent 
a heating spectrum that ranges from 250 to 

8250 annual heating degree days. Physical 
data were collected from November 1 975 
to June 1 977. Only recent designs of heat 

pumps were chosen because they best 
approximate futu re technology and use. 

Among the variables measured for each 

installation were compressor energy for 
heating ,  compressor energy for cool ing,  

supplementary heater energy, total house 
energy, inside house temperature, indoor 

fan energy, time, solar insolation (total and 

diffuse) , outside d ry-bulb and wet-bulb tem­

peratu res, humidity, pressure, and wind 

velocity. One principal goal of the proj­

ect was to determine seasonal performance 

factors for heat pumps installed in single­
family homes. By using actual field measure­

ments, the research sought to determine 

heat pump heating system energy and 

power requirements as functions of cl imate, 

house size and type, number of occupants, 

internal loads, and heat pump model and 
size . I n  addition, attempts were made to 

determine the effect of heat pump systems 

on peak demand and on load profi le. Other 

goals included determining the accuracy of 
energy modeling algorithms for bui ldings 

and developing more information about heat 

pump rel iabi l ity. Also, performance factor 

analysis and reliabil ity information from the 

research might suggest some product im­

provements. 
Finally, each utility participated in an 

opinion survey that was conducted at the 

end of the study. The survey identified the 

more subjective factors that contribute to 
heat pump acceptance or rejection in the 

marketplace . 

Demand 77 

Volume 1 of Demand 77: EPRI A nnual En­
ergy Forecasts and Consumption Model 
(EA-621 -SR), a special report that sum­

marizes i n-house research results, is now 

available from Research Reports Center. 

The report presents conditional forecasts 

of national energy consumption based on 

alternative assumptions concern ing energy 
prices, conservation policy, and natural gas 

availabi lity. The forecasts cover each end­
use activity and each form of energy. The 

forecasting models, which were developed 

through EPRI contracts or adapted from 

other forecasting studies, are based on sta­

tistical relationships characterizing past en­

ergy consumption behavior. Thus, the orien­
tation of the forecasts is on how much 

energy is likely to be consumed rather than 

on how much could or should be consumed. 

Volume 2 of the report (in preparation) docu­

ments the forecasting procedure and the 
assumptions in detail. 

Patterns of energy use 

The final report on patterns of energy use by 

electrical appliances wil l soon be published 

(RP576) . Midwest Research Institute was 

the contractor for this two-year project, 
which was cosponsored by DOE. A de­

tailed national survey of 1 985 households 

was conducted by personal interview, and 

monthly energy consumption data were col­

lected from i ndividually metered appliances 
in 1 50 homes. The research findings will be 

valuable because they reflect the first na­

tional sample of household appliance usage 

that is supported by a thorough character­
ization of related economic, demograph ic, 

and meteorological variables. 
The report includes tables that describe 

the monthly variations in energy consump­
tion for such electric appliances as wash­

ers and dryers, refrigerators, freezers, and 

ranges. These results are also reported by 

geographic region. Other tables describe 

appliance and total household energy con­

sumption by income class , number of rooms 

in the home, number of household mem­
bers in the labor force, type of residential 

area, and family size. Energy consumption 
patterns for frost-free refrigerators are com­

pared with those for manual-defrost units, 

and usage patterns for room air condition­
ing are contrasted with patterns for central 

air conditioning. The contributions to total 
household energy consumption of i ndividual 

appliances are of particular interest because 

they show relatively large variations by sea­

son and geographic reg ion .  
The project results have already made a n  

important contribution t o  the public dialogue 

on appliance efficiency standards and label­
ing legislation. The research also supports 

EPRI forecasting efforts such as RP1 006 , an 

analysis of household appliance choice , 
and RP1 21 1 ,  an analysis of survey data 
on household time-of-day and annual elec­
tricity consumption .  The latter project wil l 

use a number of data sets to develop a 

microsimulation model of residential energy 
consumption. This model w i l l  be designed 

to analyze the impacts of time-of-day and 

seasonal pricing, load management strate­
gies, appliance efficiency standards, market 

penetration of new appliances, and chang­
ing bui lding and insulation standards. Pro­
gram Manager: Robert Crow 
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SUPPLY 

Uncertainty about the future is a c rucial ele­
ment in  decisions to expand energy supply. 
Uncertainty, which has always been a fact 
of l ife in decision making ,  can be divided 
into two types. One may be characterized as 
conventional uncertainty. Successful ind i­
v iduals and organizat ions have developed a 
wide variety of methods, from experienced 
judgment to very formal analysis ,  to deal 
with this type of uncertainty. This type pro­
vides l ittle impediment to the expansion of 
energy supply-it is s imply a part of doing 
business. 

The second, unconventional type of un­
certainty involves new uncertainties or new 
levels of uncertainty. Changes in  federal and 
state environmental and energy policies are 
examples of this type. Other such un­
certainties can also affect R&D . How wi l l  
technologies perform? What wi l l  the i r  en­
v ironmental consequences be? What wi l l  
their costs be? What rates of adoption will 
occu r? There has been little or insufficient 
experience with uncertainties of this type. 
Moreover, they are d ifficult for decision 
makers to deal with in  a rat ional way. 

The Supply Program is d i recting a small 
but important research effort toward under­
standing how uncertainties, part icularly of 
the second type, wi l l  influence the develop­
ment of the nation 's  energy supply. I n  
part icu lar, the research examines the 
adoption of new technology under uncer­
tainty and considers how such effects can 
be incorporated i n  energy models .  Two of 
the projects in  this research effort have 
reached fruit ion. 

In a report by Microeconomic Associates, 
The Effects of Risk on Price and Quantities 
of Energy Supplies (EA-586), the causes 
and consequences of uncertainty for the 
energy sector of the economy are d iscussed 
and approaches for analyzing specific un­
certainties and risks are described. Topics 
included are: the value of diversification of 
research approaches; prebiddi ng explora­
tion for oi l and natural gas; incorporation of 
features in power plants to faci l itate con­
version to other fuels ; diversification be­
tween coal- and nuclear-fired plants , even 
when one type produces power at a lower 
cost; ownership of u ranium- and coal­
bearing lands by uti l it ies; and the effect of 
uncertainty on appropriate levels of gener­
ating capacity. 

Of part icular interest to uti l it ies is the 
report's f indings on the Averch-Johnson 
effect. This hypothesis holds that ( ignoring 
risk) uti l it ies subject to rate-of-return regula­
tion wi l l  choose excessive levels of gener-
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ating capacity and capital-intensive types of 
capacity. The report shows, however, that 
under conditions of risk, a f irm may min imize 
expected costs by bui ld ing more capacity 
than would be justified under certainty. 
Rather than being excessive, the capital 
stock may be at or below the efficient level 
to cope with risk. 

An overview is available of the economic 
theory of uncertainty and its impl ications for 
energy supply (EA-586-SR) .  It shows that 
although the production function for the 
energy sector has received extensive study 
in  recent years, most such studies focus on 
conventional inputs-labor, capita l ,  and raw 
materials-and ignore risk bearing .  Yet un­
certainty is l i kely to  play an important role 
over the next half century in  determin ing 
changes in  costs of production and output. 
The state of the art is far less developed 
for considering risk than for analyzing the 
role of conventional i nputs. For this reason , 
the project attempts to lay the g roundwork 
for estimating uncertainty effects. 

At the appl ied leve l ,  a methodology for 
incorporating uncertainty in energy supply 
models has been developed by The Futures 
Group (EA-703). Uncertainty is incorporated 
by randomly introducing future events that 
have a sign ificant impact on the system and 
by introducing uncertainty ranges for impor­
tant exogenous factors. Cross-impact anal­
ysis (i.e . ,  analysis of the interaction be­
tween events) and Monte Carlo techniques 
are used to combine this i nformation with a 
basic s imulation model to produce uncer­
tainty ranges for the model ' s  output. The 
techn ique, cal led probabil istic system dy­
namics, is demonstrated us ing ELECTRICS , 
a model of the U .S .  electric uti l ity system. 
Project Managers: Al Halter and John 
Chamberlin 

SYSTEMS 

Alan Manne of Stanford University has suc­
ceeded in  linking MACRO,  a macroeco­
nomic g rowth model of the United States, 
with his previously developed energy tech­
nology assessment (ETA) model in RP1 0 1 4 .  
In  the combined model , the rigid ity of the 
energy-GNP ratio is measu red by a parame­
te r called the elasticity of substitution .  
Attempts are under way to develop an 
authoritative estimate of  that parameter. The 
combined model , ETA-MACRO, has been 
used extensively in technology assessment 
of the breeder and in ERDA's  inexhaustible­
resources study. The structu re of ETA­
MACRO is described in EA-592. 

For Energy Model ing Forum's f i rst study 
(RP875), an overview report has been pub-

fished and work is under way to complete 
and publ ish the technical appendixes. The 
study examined the probable future relation­
sh ip between the g rowth rates of U.S. 
energy i nput and national i ncome. The over­
view report is available from Research Re­
ports Center (EA-620). Forum's  second 
study, on coal , has brought energy model­
ers and users together to investigate the 
reasonableness of the Carter Admin istra­
t ion's goals for coal g rowth .  A report on th is 
second study is i n  progress. Forum's th i rd 
study, on future demand for electric ity, is 
being conducted by uti l ity forecasters, state 
regulators, and members of EPRl 's  Demand 
Program. They are studying the probable 
futu re behavior of ut i l ity load g rowth under 
new p ric ing approaches. 

PILOT, a l inear programming model of the 
economy, was designed by a team headed 
by George Dantzig , the famous operations 
researcher. The model ,  which has recently 
been used in stud ies for DOE,  is intended to 
explore future energy scenarios over a long 
time horizon. The P ILOT g roup at Stanford 
Un iversity (RP652) has submitted a d raft 
report to the Systems Program on progress 
it has made in  constructing the model .  The 
PILOT g roup is now working with EPR l ' s  
Planning Division i n  defin ing scenarios for 
R&D plann ing .  

At  a recent workshop, representatives 
from 1 5  ut i l ities examined over- and under­
capacity for generation (RP1 1 07). This 
project analyzes decisions on optimal ca­
pacity additions under uncertainties about 
future load g rowth .  The study was carried 
out jointly by four ut i l it ies (Tennessee Valley 
Authority, Pacific Gas and Electric Co . ,  Long 
Island Lighting Co. ,  and Wisconsin Electric 
Power Co.), a consult ing firm (Decision 
Focus, Inc . ) ,  and members of EPR l ' s  Sys­
tems Program. 

A d raft f inal report has been received from 
the Johns Hopkin s  Un iversity Applied Phys­
ics Laboratory on probable distribution of 
sou rce effluents (RP953). This project de­
veloped a methodology for evaluat ing the 
effects of changes in env i ronmental restric­
tions on the location of electric generating 
stat ions. The methodology has been imple­
mented successfu l ly for the northeastern 
region of the Un ited States.  Acting Pro­
gram Manager: Stephen Peck 

ELECTRIC UTILITY 
RATE DESIGN STUDY 

The Rate Design Study (RP434) completed 
its second year with the submission of a 
major report to the National Association of 
Regu latory Uti l ity Commissioners (NARUC) 



in N ovember 1 977. The report, Rate Design 
and Load Control: Issues and Directions, 
summarized the findings of two years' work 
and outlined areas in which additional re­
search was needed. State regu latory com­
missions and individual util ities were 
encou raged to make their own cost­
effectiveness studies of time-differentiated 
rates and load controls. Further, the report 
recommended that when such analyses 
showed that benefits of load management 
exceeded costs, these measures should be 
implemented gradually. Finally, the report to 
NARUC suggested that electric util ity rates 
should reflect marginal costs to the extent 
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possible. There were, however, differences 
of opinion about these findings, particu larly 
on the subject of marginal costs. The views 
of the Project Committee are contained in  
the report to NARUC. 

During 1 977, some 50 additional reports 
were prepared for the Rate Design Study. 
These were distributed to the state commis­
sions and utilities, in part to fu lf i l l  NARUC's 
request for research and information about 
slowing the growth in peak demand and 
shifting electric loads from peak to off-peak 
periods. 

Additional research on behalf of NARUC 
is under way. During 1 978, the Rate Design 

Study will do additional work on analytic 
models of electric util ity systems for eval ­
uating the  changes in costs associated with 
various load management strategies. More 
work on developing time-differentiated rates 
based on both accounting costs and mar­
ginal costs is under contract. In addition , 
further research for determining price re­
sponsiveness and customers' attitudes is 
planned . Finally, some research wi l l  be done 
on methods for reconci l ing marginal cost­
based rates to revenue requirements based 
on accounting costs. Project Manager: 
Robert Malka 
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New 
Technical 
Reports 

Each issue of the JOURNAL includes summaries 
of EPRI 's recently published reports. 

Inquiries on technical content may be directed 
to the EPRI project manager named at the end 
of each summary: P.O. Box 1 0412 ,  Palo Alto, 
California 94303; (415) 855-2000. 

Requests for copies of specific reports should 
be d irected to Research Reports Center, P.O. 
Box 1 0090, Palo Alto, California 94303; (415) 
961 -9043. There is no charge for reports requested 
by EPRI member util ities, government agencies 
(federal, state, local), or foreign organizations with 
which EPRI has an agreement for exchange of 
information. Others pay a small charge. Research 
Reports Center wi l l  send a catalog and price list 
on request. 

Standing orders for free copies of reports in 
EPRI program areas may be placed by EPRI mem­
ber utilities, l ibraries of U .S. national, state., and 
local government agencies, and the official repre­
sentative of each foreign organization with which 
EPRI has an information exchange agreement. 
For details, write to EPRI Communications, P.O. 
Box 1 0412, Palo Alto, California 94303. 

Microfiche copies are available from National 
Technical Information Service, P.O. Box 1 553, 
Springfield, Virginia 221 51 . 

ENERGY ANALYSIS 
AND ENVIRONMENT 

Nitrogen oxides: 
current status of knowledge 
EA-668 Final Report (RP681) 
This report by Greenfield, Attaway & Tyler, Inc . ,  
reviews the current state of knowledge regard ing 
the health effects of nitrogen oxides, including 
nitric oxide, nitrogen dioxide, nitrites, n itrates, 
peroxacyl n itrates, and N-nitrosamines. A critical 
review is provided of existing toxicological, human 
clinical, and epidemiological assessment meth­
odologies and data. Special consideration is given 
to the identification and explanation of the con­
troversial issues surrounding health effects that 
have been related to ambient levels of NO, / NO. 
Evaluation of existing information on the effects 
of suspended nitrates and airborne nitrosamines 
is emphasized. Suggestions are offered for future 
research programs involving the health effects 
of nitrogen oxides. EPRI Project Managers: Cyril 
Comar, James McCarro/1, and Ronald Wyzga 

Incorporating uncertainty 
in energy supply models 
EA-703 Final Report, Vols. 1 and 2 (RP1 01 2-1) 
Although the U.S. energy system contains many 
uncertainties about future developments, existing 
energy models are deterministic and thus provide 
only single-valued projections. An understanding 

58 EPRI JOURNAL May 1 978 

of the uncertainty associated with projections is 
very important to industry decision makers in 
assessing the risk involved with decisions. 

This project by The Futures Group develops 
and demonstrates at a practical level a method­
ology for incorporating uncertainty in simulation 
models. Uncertainty is incorporated by introducing 
possible future events that would have important 
impact on the system if they occurred and by intro­
ducing uncertainty ranges for important exog­
enous inputs. Cross-impact analysis and Monte 
Carlo techniques are used to combine this infor­
mation with the basic simulation model to pro­
duce uncertainty ranges for model output. The 
technique, called probabilistic system dynamics, 
is applied to ELECTRICS, a model of the U.S. 
electric utility system. EPRI Project Manager: 
John Chamberlin 

FOSSIL FUEL AND 
ADVANCED SYSTEMS 

Geothermal energy 
prospects for the next 50 years 
ER-61 1 -SR Special Report 
The material in this report was compiled for a 
report on unconventional energy resources that 
was prepared by the Conservation Commission 
of the World Energy Conference (WEC). Because 
of the necessity for brevity in the WEC report, 
much of the material was condensed. This report 
has been published for the benefit of those who 
may want more detailed information. 

Three facets of geothermal energy-resource 
base, electric power potential, and potential non­
electric uses-are considered in  l ight of informa­
tion derived from three sources: (1) analytic 
computations based on gross geologic and geo­
physical features of the earth's crust, (2) the liter­
ature, and (3) a worldwide survey by question­
naire. None of these sources, nor any combination 
of them, fully satisfies the need for information 
about the potential for geothermal energy, but it 
is hoped that a more comprehensive assessment 
can be evolved as more data become available. 
EPRI Project Manager: Vase/ Roberts 

Electric utility solar 
energy activities: 1 977 survey 
ER-649-SR Special Report 
The report presents the results of an EPRI survey 
to determine the scope of solar energy projects 
sponsored by electric utilities in the Un ited States. 
It contains brief descriptions of 458 projects being 
conducted by 150 util ity companies. Also included 
is a list of participating util ities that gives infor­
mation contacts and addresses, a utilities list with 
projects designated by category, and a utilities 
list organized by state. Prepared by Louise 
Cleary; EPRI Program Manager: John Cummings 

Comparative study and 
evaluation of advanced-cycle systems 
AF-664 Final Report, Vols. 1 and 2 (RP235-1) 
A number of advanced energy conversion con­
cepts are now being proposed to supplement or 
supersede conventional power generation tech­
nology. They are being proposed by individuals 
and organizations with diverse backgrounds, us­
ing a variety of approaches and assumptions for 
predicting performance, cost, and development 
requirements. 

The present work, undertaken by General Elec­
tric Co., analyzes 19 of the advanced concepts 
on a common basis, using un iform technical and 
economic assumptions. The concepts range from 
a steam cycle with an atmospheric fluidized-bed 
furnace to longer-term options, such as magneto­
hydrodynamic systems. 

The primary purpose of this study is to define 
techniques for assessing the worth of these con­
cepts to the utility industry and the nation as a 
whole. Three methods have been developed: 
levelized costing of electricity, d i rect weighting,  
and net present worth. 

These measure not only the life-cycle costs 
associated with each power plant concept but 
also the intangible attributes, such as develop­
ment risk and reliability. They assess the relative 
importance of costs and intangibles in the context 
of utility goals. Prepared by Paul Zygielbaum. 
EPR! Program Manager: Vance Cooper 

Preliminary design manual for a geothermal 
demonstration plant at Heber, California 
ER-670 Topical Report (RP580) 
This report presents a preliminary design by The 
Ben Holt Co. and Prbcon Incorporated of a 
50-MW (e) geothermal demonstration plant at 
Heber, California. The report inc ludes a site de­
scription, a design basis, a process design ,  trade­
off studies to optimize plant operations, and an 
economic analysis of the plant. 

The plant design provides flow diagrams and 
equipment specifications for the energy con­
version system,  the cooling-water system,  the 
plant and instrument air system ,  the flare system,  
the fi rewater system ,  the electrical system,  the 
piping system ,  instruments and controls, and 
buildings and structures. EPRI Project Manager: 
Vase/ Roberts 

An annotated bibliography 
on supplemental firing of municipal 
solid waste in electric utility boilers 
FP-678 Final Report (TSA76-46) 
This report by Battel le, Columbus Laboratories is 
an annotated bibliography of 86 articles on the 
subject of combined firing of refuse and conven­
tional fossil fuels in  util ity boilers. The bibliog­
raphy was compiled by machine-searching mate­
rial, such as Engineering Index and Chemical 
Abstracts, and various literature search services, 
including National Technical Information Service, 
ERDA-RECON, Smithsonian Science Informa­
tion Exchange, and EPA Air Pollution Technical 
Information Center. In addition ,  some literature 
references were found by searching appropriate 
journals and by personal contact with in-house 
and outside solid-waste conversion experts. Each 
article is indexed and categorized into one or 
more of seven subject areas. The bibliography 
does not cover other solid-waste conversion 
subjects, such as incineration, pyrolysis, and 
gasification. EPRI Project Manager: Charles 
Mc Gowin 

Geothermal exploration 
techniques: a case study 
ER-680 Final Report (RP375) 
The objective of this project by the Un iversity of 
Texas at Dallas was to review and perform a critical 
evaluation of geothermal exploration methods and 
techniques. The original intent was to publish the 
work as a handbook; however, the information is 



not specific enough for that purpose. A broad 
general survey of geothermal exploration tech­
niques is reported , and one specific case study 
is given. EPRI Project Manager: Vase/ Roberts 

Coal-fired prototype high-temperature 
continuous-flow heal exchanger 
AF-684 Final Report (RP545-1 ) 
This research program was in itiated by Airesearch 
Manufacturing Co. of Arizona to study the poten­
tial of using high-temperature ceramic compo­
nents for direct coal-fired advanced utility power 
systems, which offer greatly improved efficiency 
and reduced component cost and maintenance. 
The program was organized to investigate impor­
tant questions about the use of ceramics for this 
application. The material investigated was sili­
conized sil icon carbide. 

This work answered al l the sign ificant questions 
posed and justified continued effort. The property 
testing ind icated that the strength levels were 
acceptable, but there was a wide disparity in 
the as-fired material strength between individual 
test pieces and also between the test pieces and 
the machined and polished samples. A recom­
mendation was made to concentrate subsequent 
work on the improvement of the material strength 
in the as- fired condition and to further develop 
nondestructive test techniques for proper evalu­
ation and characterization of these materials. 
EPRI Project Manager: Arthur Cohn 

The spalling of steam-grown oxide 
from superheater and reheater lube steels 
FP-686 Final Report (TPS76-655) 
This technical planning study by Central Electricity 
Research Laboratories, England, examines world 
experience outside the Un ited States on the 
spalling of steam-side oxide scale from austenitic 
and ferritic superheater and reheater tube 
materials, with special emphasis on the study of 
this problem being conducted in the Un ited 
Kingdom. 

The physical properties of the oxide scales are 
reviewed, and expansion coefficient data are 
used to estimate the cooling strains in the oxide 
for various alloys. Other contributory sources of 
strain are discussed, and models are presented 
for the failure behavior of oxide layers both in 
tension and in compression. A method of pre­
dicting quantities of debris release is described. 
The hydrodynamic behavior of spalled oxide 
flakes in steam circuits is considered analytically, 
and the conclusions are used to construct a 
method for assessing the risk of tube blockages. 
Attention is drawn to the effect of the debris 
particles' kinetic energy on wear rates of the 
eroded circuit components. I n  the concluding 
sections of the study, various pall iative operation 
and design measures to prevent turbine e rosion 
and tube blocking are examined, and areas re­
quiring further study are highlighted. EPR/ Proj­
ect Manager: Robert Jaffee 

Evaluation of sulfur-
tolerant catalytic processes for 
producing peak-shaving alcohol fuels 
AF-687 Final Report (TPS76-649) 
The objective of this study by Catalytica Associ­
ates, I nc . ,  was to determine the economic incen­
tive for developing a sulfur-tolerant methanol 
synthesis catalyst. 

Economic evaluations were performed on 1 0  
conceptual methanol synthesis processes. Both 
once-through and synthesis gas recycle configu­
rations were considered. Synthesis gas feeds with 
varied sulfur content were used. The literature 
and the industry were surveyed to ascertain the 
availability of such a sulfur-tolerant catalyst. 

Little economic incentive was found for the 
development of such a catalyst. It was also found 
that there is no known su lfur-tolerant catalyst that 
has sufficient activity for commercial application .  
EPRI Project Manager.· Howard Lebowitz 

An assessment of the fuel 
cell's role in small utilities 
EM-696 Final Report, Vols. 1 and 2 (RP91 8) 
Fuel cel l power plants are expected to have a 
number of unique features of potential benefit 
to small electric utility systems, including effi­
cient operation, availability in small un it sizes, 
high reliability, a flat heat rate curve, minimal 
environmental impact, and a capabil ity for dis­
persed siting .  This study by Burns & McDonnell 
Engineering Co. assessed the role of fuel cel ls 
in small municipal and rural electric uti l ity systems, 
identified the fuel cel l characteristics most impor­
tant for ensuring its successful penetration of the 
small-utility market, and quantified the value to 
small utilities of key fuel cell characteristics. 

The fuel cell types evaluated in this study in­
cluded a 5-MW first-generation fuel cell that 
operates on naphtha and 1 -MW, 5-MW, 1 0-MW, 
and 25-MW advanced fuel cells that use No. 2 
oi l .  The results of the study show good poten­
tial for the fuel cell to penetrate the small­
uti l ity market and compete with conventional 
generation from the baseload to the intermediate 
and peaking ranges of operation, especially if 
the characteristics specified for the advanced 
fuel cells can be achieved. Typical break-even 
capital costs ranged between $250 and $400/ kW 
for the various scenarios. The major potential 
l imitations on the use of these fuel cell types are 
oi l availability and price. If the price of oil increases 
significantly faster than the price of other fuels 
in the future, fuel cel l penetration may be restricted 
to peaking and intermediate-range operation. 
Since the study assumed that petroleum fuels 
would be available for small-utility generation, the 
risks associated with future oi l availability would 
have to be separately factored into a small utility's 
analysis when weighing the potential benefits of 
fuel cells. EPRI Project Manager: Arnold Fickett 

Gas extraction of a 
western subbiluminous coal 
AF-699 Final Report (RP779-1 ) 
The British National Coal Board has developed 
a technique that uses supercritical f luids to obtain 
an extract from U.K.  bituminous coals; this extract 
can be hydrocracked to yield a distil late oil rich 
in benzene derivatives and a reactive char suitable 
for gasification or combustion. No hydrogen is 
needed for the extraction ;  the need for wet filtra­
tion to separate the coal solution and the extrac­
tion residue is avoided; and there is virtually 
complete recovery of the solvent. 

The technique has been applied in the labora­
tory to a high volatile, low-sulfur subbituminous 
coal from the western United States (Wyodak 
coal). A 20% yield of extract similar in composi­
tion (but lower in yield) to U .K .  coal extracts was 
obtained by using supercritical toluene as solvent. 
The extract had a hydrogen content of 8% and 

a calorific value of 37,500 KJ / kg ,  compared with 
values of 5% and 29,500 KJ / kg for the coal. The 
char product was obta·1ned as reactive free-flowing 
particles. 

Extraction of the Wyodak coal with a super­
critical paracresol-water mixture yielded approxi­
mately 40% extract, but decomposition of the 
paracresol occurred, giving rise to a further quan­
tity of extract-l ike material. EPRI Project Man­
ager: Ronald Wolk 

NUCLEAR POWER 

On-line power plant 
alarm and disturbance analysis system 
NP-61 3 Interim Report (RP891 ) 
This report documents the first task of a mu lti­
task project undertaken by Combustion Engineer­
ing, Inc . ,  and Systems Control, I nc . ,  to develop, 
implement, and demonstrate an on-line analysis 
procedure for power plant disturbances. The 
objective of such a procedure is to provide oper­
ating personnel with early recognition and diag­
nosis of plant disturbances and to recommend 
timely corrective action. This is expected to 
reduce the number of outages and therefore 
increase plant availability. Although the proce­
dures to be developed will be applicable to the 
general process systems of a plant, the scope 
of the analysis and demonstration attempted in 
this project is l imited to a representative set of 
disturbances in two plant subsystems. The report 
reviews the objectives and functional require­
ments for an on-line disturbance analysis system 
(DAS), the plant subsystems selected for analysis 
and demonstration, and the functional require­
ments and preliminary outline of the DAS design .  
I l lustrative examples are cited, and some basic 
criteria for evaluating the DAS are high lighted. 
EPRI Project Manager: A. B. Long 

A calorimetric measurement 
of decay heat from 235U fission 
products from 10 to 1 05 seconds 
NP-61 6 Final Report, Vol .  1 (RP230) 
A calorimetric measurement of decay heat power 
of 235U fission products has been made by the 
University of California at Berkeley, using a fast­
response calorimeter in the cooling-time range 
from 1 0  to 1 05 s. The calorimeter is based on 
measurement of the rate of change of energy 
stored in a mercury absorber and on measure­
ment of heat flow through a thermopile. Agree­
ment between the measured values and summa­
tion calcu lations is good in the cooling-time range 
from 500 to 1 04 s. At less than 500 s ,  the ac­
curacy potential of the instrument is not realized 
-the average of measured results is up to 1 7% 
higher than predicted. The estimated uncertainty 
of the measurement is 3 .4% (one sigma) from 
400 to 1 04 s and rises to 22. 7% at 1 1  s. EPRI 
Project Manager: Frank Rahn 

The calculation of the decay heal of 
fission products from exact relations 
N P-61 6 Final Report, Vol. 2 (RP230) 
This report by the Un iversity of California at 
Berkeley presents a solution method for the 
system of ordinary differential equations repre­
senting the concentration, activity, and decay heat 
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of fission products. The method is based on a 
digital computer evaluation of the exact solution 
of the system expressed in recursive form. 

The system of coupled d ifferential equations 
describes the rate of change of the concentra­
tion of fission products resulting from direct pro­
duction in fission, radioactive decay, and neutron 
absorption for 81 8 different nucl ides. The decay 
heat is obtained by summing over the beta and 
gamma energies of each radioactive nuclide. The 
input nuclear data consist of fission yields, half­
lives, branching ratios, and average energies of 
beta particles and gamma rays. EPRI Project 
Manager: Frank Rahn 

Waler entrainment in  
inlercomparlmenlal flow 
N P-648 Final Report (RP275-1 ) 
There are no models or correlations available that 
are useful for estimating entrainment rates in 
intercompartmental flows in nuclear contain­
ments. Calcu lations representing primary coolant 
breaks in  PWR and BWR power reactors showed 
that the assumption of the extent of entrainment 
rate of the liquid phase in the exit flow had a 
significant effect on the predicted subcompart­
ment pressure. Thus, the objective of this project 
by Drexel University was to develop a method of 
predicting entrainment rates. In a series of bench­
scale tests, the effects of flow geometry and in let 
f luid conditions on l iquid-phase entrainment were 
determined for air-water mixtures flowing through 
a test section. In these tests, the most important 
variables were the test section's air velocity, air 
density, and instantaneous water volume fraction. 
The entrainment data were well represented as a 
function of average l iquid volume fraction and 
superficial air mass flux flowing in a horizontal 
test section. Alternatively, predictions with a physi­
cal model of the entrainment process show good 
agreement with the measured entrainment rate 
for midrange superficial air mass flux values. 
EPRI Project Manager: Gerald Lellouche 

Suppression pool swell analysis 
N P-669-SR Special Report 
The dynamic response of a Mark I pressure sup­
pression system during the early air discharge 
phase of a postulated LOCA was studied mathe­
matically by the Un iversity of California at Berke­
ley. The mathematical analysis of the surface 
swell caused by the initial discharge (located at 
a finite depth below the free surface) is described 
in detai l ,  with the surface elevation shape as a 

60 EPRI JOURNAL May 1 978 

function of time being one of the results. The initial 
approach considers the case of an infinite pool 
with the approach progressing to vertical bound­
ary walls and finally to the semicircular pool cross 
section of the Mark I pressure suppression system.  
This analysis is valid for the time interval prior 
to any free surface impact. EPRI Project Mana­
ger: Charles Sullivan 

Detailed analysis of the fundamental 
ultrasonic response data from stainless 
steel stress corrosion crack specimens 
NP-676-SR Special Report (TPS75-620) 
The development of improved ultrasonic testing 
techniques requ ires a study of the basic character 
of the reflected ultrasonic energy from an actual 
stress corrosion crack. Southwest Research Insti­
tute compiled considerable ultrasonic response 
data, using various combinations of inspection 
probes and instrument variables. The compiled 
results indicate a general d irection for remedial 
action. 

Consulting and laboratory facilities were pro­
vided by General Electric Co. through a joint 
cost-sharing program with EPRI. General Electric 
also provided the test samples used in the project. 
EPRI Project Manager: Eugene Reinhart 

Analysis of some uranium oxide 
and mixed-oxide lattice measurements 
NP-691 Final Report (RP830) 
A series of critical lattice experiments has recently 
been carried out at Battel le, Pacific Northwest 
Laboratory's Plutonium Recycle Critical Facility 
(RP348). The experiments, which util ized both 
uranium oxide and mixed-oxide fuel (uranium­
plutonium) moderated by clean or borated water, 
are expected to provide the information neces­
sary for testing the accuracy of computer pro­
grams and nuclear data l ibraries used in the analy­
sis of nuclear reactor cores. 

In order for experimental information to be of 
value in such a validation program, it is neces­
sary that uncertainties inherent in the measure­
ments be quantitatively small. In general, experi­
mental parameters such as reaction ratios or dis­
advantage factors (which can be compared with 
calcu lations) are not measured d i rectly but must 
be deduced from foil activation data. Perturba­
tions introduced by the measuring apparatus and 
effects of various other approximations must be 
determined and accounted for. 

The objective of the present Stanford Univer­
sity project has been to provide a detailed and 

independent evaluation of the experimental proce­
dures followed in RP348 and of the correction 
factors that have been applied. The revised "mea­
sured" parameters are compared with calculated 
values obtained from the most rigorous neutronic 
analysis methods. The proposed corrections and 
revisions to the measured values have indicated 
the advisability of supporting such reviews in 
parallel with experimental programs. The revisions 
to the measu red parameters are expected to 
extend the usefulness of the results obtained in 
RP348. EPRI Project Manager: Ode/Ii Ozer 

Comprehensive study of the 
operating and testing experience 
during the startup and initial operation 
at the Fort St. Vrain HTGR: phase I 
N P-697 Key Phase Report (RP457-1 ) 
The Phase I report by The S. M. Stoller Corp. 
documents the important experience gained at 
the Fort St. Vrain HTGR plant during the perfor­
mance of preoperational tests. Also documented 
are general experiences from the start of pre­
operational testing to the commencement of the 
rise- to-power tests in April 1 975. This is the first 
of three phase reports. The analysis of experi­
ences at Fort St. Vrain may be of value in the 
design, construction, and operation of future gas­
cooled reactors. The report also contains sum­
mary descriptions of the various Fort St. Vrain 
plant systems for use in interpreting the dis­
cussions contained in  al l  three phase reports. 
EPRI Project Manager: James Kendall 

Comprehensive study of the 
operating and testing experience 
during the startup and initial operation 
at the Fort St. Vrain HTGR: phase I I  
NP-698 Key Phase Report (RP457-1 ) 
The Phase II report by The S. M .  Stoller Corp. 
documents results from the formal core load ing, 
physics, and low-power testing program at the 
Fort St.  Vrain HTGR plant (December 1 973-
November 1 974). It covers the following opera­
tions performed during the low-power startup 
tests: initial loading of fuel and reflector elements; 
core reactivity, reactivity coefficient, and control 
rod worth measurements; nuclear flux distribution 
measurements; control rod drive and helium flow 
orifice valve performance; fuel-handling equip­
ment performance; hel ium purification system per­
formance; and hel ium circu lator performance. 
EPRI Project Manager: James Kendall 
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