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PREFACE I
t

For several summers the special Training Division of Oak Ridge Associated i
Universities has conducted a three-week program on Energy Sources for the I
Future. Sponsored by the U.S. Energy Research and Development Adminislni- |
tion, the program is designed for college professors teaching or planning to teach |
energy courses. Participants have reprwa-nti'd most branches of science. |

The invited lecturers have also represented mnst scientific disciplines. Although |
; espert in specific fields, the speakers have e'ndcavotvc! to present their topics in a j

manner comprehensible to scientists and educators un;u 'uiainted with the speaker's \
S disciplines. In doing this, the speakers distributed numtifrous handouts, graphs.

charts, etc.. that have already found their way into raarijy lectures.
: Since the first summer energy program, participants have encouraged the

course coordinators to compile the material for wider distribution. Although this
volume represents only about half of the material presented during the July 1975

| symposium, it will provide the reader with useful facts and respected opinions
about this nation's energy status.

[, We hope that these proceedings will enable teachers everywhere to give their
students a better understanding of our energy problems and possible solutions.

Jerome L. Duggan i
North Texas State University I

Rcger J. Cloutier I
Oak Ridge Associated Universities
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Survey of World Energy Resources

by

M. King Hubbert

United States Geological Survey, Washington, D. C.

ABSTRACT

The present large-scale use of energy and power by the human specios repre-
sents a unique event in the billions of years of geologic history. Furthermore,
in nagnitude, most of the development has occurred during the present century.
In the United States, the peak in the rate of petroleum production occurred in
1970 and that for natural gas is imminent. The peak in the world production of
crude oil is expected to occur at about the year 2000 and that for coal produc-
tion at about 2150 or 2200. For other sources of energy and power, water power,
geothermal power and tidal power are inadequate to replace power from fossil
fuels. Nuclear power, based on the breeder reactor and utilizing low-grade de-
posits of uranium and thorium, has a larger potential than the fossil fuels, but
it also constitutes a large perpetual hazard. The largest source of energy
available to the earth is solar radiation. This source has a life-expectancy
of a geologic time scale, is nonpolluting and is larger in magnitude than any
likely requirements by the human species.

In consequence of the large supplies of available energy, the period since
1800 has been one of an unprecedented exponential industrial growth. This also
has been accompanied by a world-wide ecological disturbance, including that of
the human population. It can easily be seen that such a period of growth must
be ephemeral in character and, in fact, is now almost over. One aspect of this
transition from a state of exponential growth to a state of nongrowth is the
present alarm over an "energy crisis." Actually, the world's present problems
are by no means unmanageable in terms of present biological and technological
knowledge. The real crisis confronting us is, therefore, not an energy crisis
but a cultural crisis. During the last two centuries, we have evolved what
amounts to an exponential-growth culture, with institutions based on the premise
of an indefinite continuation of exponential growth. One of the principal con-
sequences of the cessation of exponential growth will be an inevitable revision
of some of che tenets of that culture.

INTRODUCTION

By now, it has become generally recognized that the world"s present civili-
zation differs fundamentally from all earlier civilizations in both the magni-
tude of its operations and the degree of its dependence on energy and mineral
resources—particularly energy from the fossil fuels. The significance of energy
lies in the fact that it is involved in everything that occurs on the earth—
everything that moves. In fact, in the last analysis, about as succinct a state-
ment as can be made about terrestrial events is the following: The earth's



surface is composed of the 92 naturally occurring chemical elements, all but a
minute radioactive fraction of which obey the laws of conservation and of "non-
transmutability of classical chemistry. Into and out of this system is a con-
tinuous flux of energy, in consequence of which the material constituents
undergo either continuous or intermittent circulation.

The principal energy inputi; into this system are three (Picj. 1): (1)
174.000 x 10 1 2 thermal watts from the solar radiation intercepted by the earth's
diametrical plane; (2) 32 * 101'1 thermal watts conducted and convected to the
earth's surface from inside the earth; and (3) 3 * IOJ2 thermal watts of tidal
power from the combined kinetic and potential energy of the earth-moon-sun
system. Of these inputs of theimai power, that from solar energy is over-
whelmingly the largest, exceeding the sum of the other two by a factor of
more than 5,000.

Of the solar input, about 30%, the earth's albedo, is directly reflected
and scattered into outer space, leaving the earth as short-wavelength radiation;
about 47% is directly absorbed and converted into h<;at; and about 23% is dissi-
pated in circulating through the atmosphere and the oceans, and in the evapora-
tion, precipitation and circulation of water in the hydro loci ic cycle. Finally,
a minute fraction, about 40 * 10 1 ; watts, is absorbed by the loaves of plants
and stored chemically by the process of photosynthesis whereby the inorganic
substances, water and carbon dioxide, are synthesized into orqanic carbohydrates
according to the approximate equation

Light energy + CO2 + H;O - + O;.

FIGURE 1 - World energy flowsheet.

All figures are used courtesy of The Canadian Mining and Metallurgical Sulletin, July, 1973.

Small though it is, this fraction is the energy source for the biological
requirements of the earth's entire populations of plants and animals.



From radioactive dating of meteorites;, the astronomical cataclysm that pro-
duced the solar system is estimated to have occurred about 4.5 billion years ago
and tnicrobidl orqanisms have: been found in rocks as old as 3.2 billion years.
Durinq the- last 600 million years of qeoloqic history, a minute fraction of the
earth's organisms have been deposited in swamps and otb<- oxygen-deficient
environments under conditions of incomplete decay, ana . /entually buried under
great thicknesses of sedimentary muds and sands. By subsequent transformations,
these have become the earth's present supply of fossil fuels: coal, oil and
associated products.

About 2 million years ago, according to recent discoveries, the ancestors
of modern man had begun to walk upright and to use primitive tools. From that
time to the present, this species has distinguished itself by its inventiveness
in the progressive corstrol of an ever-larger fraction of the available energy
supply. First, by means of tools and weapons, the invention of clothing, the
control of fire, the domestication of plants and animals and use of animal
power, this control was principally ecological in character. Next followed
the manipulation of the inorganic world, including the smelting of metals and
the primitive uses of the power of wind and water.

Such a state of development was sufficient for che requirements of all pre-
modern civilizations. A higher-level industrialized civilization did not become
possible until a larger and more concentrated source of energy and power became
available. This occurred when the huge supply of energy stored in the fossil
fuels was first tapped by the mining of coal, which began as a continuous enter-
prise about 9 centuries ago near Newcastle in northeast England. Exploitation
of the second major fossil-fuel supply, petroleum, began in 1857 in Romania and
2 years later in the United States. The tapping of an even larger supply of
stored energy, that of the atomic nucleus, was first achieved in a controlled
manner in 1942, and now the production of nuclear power from plants in the
1,000-megawatt range of capacity is in its early stages of development.

In addition to increased energy sources, energy utilization was markedly
enhanced by two technological developments near the end of the last century:
the development of the internal-combustion engine, utilizing petroleum products
for mobile power, and the development of electrical means for the generation
and distribution of power from large-scale central power plants. This also made
possible for the first time the large-scale use of water power. This source of
power derived from the contemporary flux of solar energy has been in use to
some degree since Roman times, but always in small units—units rarely larger
than a few hundred kilowatts. With electrical generation and distribution of
hydropower, first accomplished at Niagara Falls about 1895, progressively
larger hydropower stations have been installed with capacities up to several
thousand megawatts.

ENERGY FROM FOSSIL FUELS

To the present the principal sources of energy for industrial uses have
been the fossil fuels. Let us therefore review the basic facts concerning
the exploitation and utilization of these fuels. This can best be done by
means of a graphical presentation of the statistics of annual production.

World Production of Coal and Oil

Figure 2 shows the annual world production of coal and lignite from 1860
to 1970, and the approximate rate back to 1800, on an arithmetic scale. Figure
3 shows the same data on a semilogarithmic scale. The significance of the
latter presentation is that straight-line segments of the growth curve indicate
periods of steady exponential growth in the rate of production.

I
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FIGURE 2 - World production of coal and lignite (Humbert, 1969, Fiq. 8.1)

FIGURE 3 - World production of coal and l ign i t e (semilogarithmic scale)
(Hubbert, 1971, Fig. 4) .



Annual statistic!; of coal product ion earlier than 1000 are difficult to
assemble, but front intermittent earlier records it can be estimated that from
the beqinnititj of coal mining About the 12th century A.D. until 1800.. the average
growth ratir of production must have been about 2*'. per year, with an average
d'jubliiKj period of about 35 years;. During the 8 centuries to 1860 i*. is esti-
ruit-fd that cumulative production amounttd to about 7 * 109 metric tons. By
1970, cumulative product ion reached 140 • 10' metric tons. Hence, the coai
mined during the 1!0-year period from 1860 to 1970 was approximately 19 times
that of r.h(; preceding 8 centuries. The- coal ^•;-.ii:a-6 Siting the la..-.i --.=-••--:
period from 1340 to 1970 was ai»|«roxiKiacely e^uai to tiiat produced during all
preceding history.

Tho rate of qrowth of coal production can be more clearly scon from the
jMniilotjarifchmir. ottiruj of Fiqure 3. The utraight-line secjnent of the produc-
tion curve from 1860 to World War I indicates a steady exponential increase of
the rate of production during this period at about 4.4* per year, with a dou-
bling period of 16 years. Hetweo?: the- bog inning of World War 1 and the end of
World War ii, the qrowth ralia slowed down to ibout; 0.75't per year and a doubling
period of 9i years. Finally, after World War II a more rapid qrowth rate of
1.%1 per year and a doubling period of 19.8 years was resumed.
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KIGURE 4 - World production of crude oil (Hubbert, 1969, Fig. 8.2).

Figure 4 shows, on an arithmetic scale, the annual world crude-oil produc-
tion from 18S0 to 1970. Figure 5 shows the same data plotted semilogarith-
mically. After a slightly higher initial growth rate, world petroleum produc-
tion from 1890 to 1970 has had a steady exponential increase at an average rate
of 6.94% and a doubling period of 10.0 years. Cumulative world production of
crude oil to 1970 amounted to 233 * 109 barrels. Of this, the first half
required the 103-year period from 1857 to 1960 to produce, the second half
only the 10-year period from 1960 to 1970.

When coal is measured in metric tons and oil in U. S. 42-gallon barrels,
a direct comparison between coal and oil cannot be made. Such a comparison can
be made, however, by means of the energy contents of the two fuels as determined
by their respective heats of combustion. This is shown in Figure 6, where the
energy produced per year is expressed in power units of 10 l z thermal watts.
From this it is seen that until after 1900 the energy contributed by crude oil
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FIGURE 5 - World production of crude oil (semilogarithmic scale)
(Hubbert, 1971, Fig. 6).

Coal and Ignite plus • - f
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FIGURE 6 - World production of thermal energy from coal and
lignite plus crude oil (Hubbert, 1969, fig. 8.3).

was barely significant as compared with that of coal. By 1970, however, the
energy from crude oil had increased to 5Ci of that from coal and oil combined.



Were natural gas and natural-gas liquids also to be included, the .energy from
petroleum fluids would represent about two-thirds of the total.

'J. S. Production of Fossil Fuels

The corresponding growths in the production of coal, crude oil and natural
gas in the United States are shown graphically in Figures 7 to 9. From before
1860 to 1907 annuai U. S. coal production increased at a steady exponential rate

iGtcwilti rite 6 58 percent iti ,ea
Doubting pensil 10 5 years

FIGURE 7 - U. S. production of coal (semilogarithmic scale).

of 6.58% per year, with a doubling period of 10.5 years. After 1907, due
largely to the increase in oil and natural-gas production, coal production
fluctuated about a production rate of approximately 500 x 106 metric tons per
year, after an initial higher rate, U. S. crude-oil production increased
steadily from 1870 to 1929 at about 8.27% per year, with a doubling period
of 8.4 years. After 1929, the growth rate steadily declined to a 1970 value
of approximately zero. From 1905 to 1970 the U. S. production of natural gas
increased at an exponential rate of 6.6% per year, with a doubling period of
10.5 years.

Finally, Figure 10 shows the annual production of energy in the United
States from coal, oil, natural gas, and hydro- and nuclear power from 1850 to
1970. From 1850 to 1907, this increased at a steady growth rate of 6.9% per
year and doubled every 10.0 years. At about 1907, the growth rate dropped
abruptly to an average value from 1S07 to 1960 of about 1.77% per year, with
a doubling period of 39 years. Since 1960, the growth rate has increased to
about 4.25% per year, with the doubling period reduced to 16.3 years.



S Sioo

:

r

C M U BZ? grant

—i i

•/

*

i

-

-

sew isso 1WQ I960

FIGURE 8 - U. S. production of crude o i l , exclusive of Alaska
(semilogarithmic scale).
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FIGURE 9 - U. S. net production of natural gas (semilogarithmic scale)
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FIGURE 10 - U. S. production of thermal energy from coal, oil, natural gas,
water power and nuclear power (semilogarithmic scale).

DEGREE QF ADVANCEMENT OF FOSSIL-FUEL EXPLOITATION

The foregoing are the basic historical facts pertaining to the exploitation
of the fossil fuels in the world and in the United States. In the light of
these facts we can hardly fail to wonder: How long can this continue? Several
different approaches to this problem will now be considered.

Method of Donald Foster Hewett

In 1929, geologist Donald Foster Hewett delivered before the AIME one of
the more important papers ever written by a member of the U. S. Geological
Survey, entitled "Cycles in Metal Production." In 1926, Hewett had made a trip
to Europe during which he visited 28 mining districts, of which about half were
then or had been outstanding sources of several metals. These districts ranged
from England to Greece and from Spain to Poland. Regarding the purpose of this
study, Hewett stated:

I have come to believe that many of the problems that harass Europe
lie in our path not far ahead. I have therefore hoped that a review
of metal production ir. Europe in the light of its geologic, economic
and political background may serve to clear our vision with regard
to our own metal production.

In this paper, extensive graphs were presented of the production of sepa-
rate metals from these various districts showing the rise, and in many cases the
decline, in the production rates as the districts approached exhaustion of their
ores. After having made this review, Hewett generalized his findings by observ-
ing that mining districts evolve during their history through successive stages
analogous to those of infancy, adolescence, maturity and old age. He sought
criteria for judging how far along in such a sequence a given mining district
or region had progressed, and from his study he suggested the successive cul-
minations shown in Figure 11. These culminations were: (1) the quantity of

9



exports of crude ore; (2) the number "of mines in operation; (3) the number of
smelters or refining units in operation; (4) the production of metal from do-
mestic ore; and (5) the quantity of imports of crude ore.

Although not all of Hewett's criteria are applicable to the production of
the fossil fuels, especially when world production is considered, the fundamen-
tal principle is applicable; namely, that like the metals, the exploitation of
the fossil fuels in any given area must begin at zero, undergo a period of more
or less continuous increase, reach a culmination and then decline, eventually
to a zero rate of production. This principle is illustrated in Figure 12, in

FIGURE 11 - Fig. 7 from D. F.. Hewett's paper, "Cycles in Metal Production" (1929)

FIGURE 12 - Mathematical relations involved in the complete cycle of
production of any exhaustible resource (Hubbert, 1956, Fig. 11).

which the complete cycle of the production rate of any exhaustible resource is
plotted arithmetically as a function of time. The shape of the curve is arbi-
trary within wide limits, but it still must have the foregoing general
characteristics.

An important mathematical property of such a curve may be seen if we con-
sider a vertical column of base At extending from the time axis to the curve
itself. The altitude of •... = column will be the production rate

P = AQ/At

at the given time, where AQ is the quantity produced in time At. The area of
the column will accordingly be given by the product of its base and altitude:

P x At = (AQ/At) x At = AQ.

10
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Hence, the area of the column is a measure of the quantity produced during
the time interval At, and tin.- total area from the beginning of production up to
any qiven time t will be a measure of the cumulative production up to that time.
Clearly, as the time t increases without limit, the production rate will have
qone throuqh its complete cycle and returned to zero. The ^rea under the curve
after this has occurred will then represent the ultimate cumulative production,
0im. In view of this fact, if from geological or other data the producible mag-
nitude of the resource initially present can be estimated, then any curve
drawn to represent the complete cycle of production must be consistent with
that estimate. No such curve can subtend an area greater than the estimated
magnitude of the producible resource.

Utilization of this principle affords a powerful means of estimating the
time scale for the complete production cycle of any exhaustible resource in any
qiven region. As in the case of animals where the time required for the com-
plete life cycle of, say, a mouse is different from that of an elephant, so in
the case of minerals, tVie time required for the life cycle of petroleum may
differ from that of coal. This principle also permits a reasonably accurate
estimate of the most important date in the production cycle of any exhaustible
resource, tnat of its culmination. This date is especially significant because
it marks the dividing po^nt in time between the initial period during which the
production rate almost continuously increases and the subsequent period during
which it almost continuously declines. It need hardly be added that there is
a significant difference between operating an industry whose output increases
at a rate of 5 to 10% per year and one whose output declines at such a rate.

Complete Cycle of Coal Production

Because coal deposits occur in stratified seams which are continuous over
extensive areas and often crop out on the earth's surface, reasonably good esti-
mates of the coal deposits in various sedimentary basins can be made by surface
qeological mapping and a limited amount of drilling. A summary of the current
estimates of the world's initial coal resources has been published by Paul
Averitt (1969) of the U. S. Geological Survey. These estimates comprise the
total amount of coal (including lignite) in beds 14 inches (35 cm) or more thick
and at depths as great as 3,000 feet (900 m ) , and in a few cases as great as
6,000 feet. Averitt's estimates as of January 1, 1967, for the initial pro-
ducible coal, allowing SO* loss in mining, are shown graphically in Figure 13
for the world's major geographical areas. As seen in this figure, the original
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FIGURE 13 - Averitt (1969) estimate of original world recoverable
coal resources (Hubbert, 1969, Fig. S.24).
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recoverable world coal resources amounted to an estimated 7.64
1 2

1 °
"
1

10 "^metric
tons. Of this, 4.31 x 10 1 2, or 56%, were in the USSR, and 1.49 * 10 , or 19%,
in the USA. At the other extreme, the three continental areas, Africa, South

12
and Central America, and Oceania, together contained only 0.182
tons, or 2.4%, of the world's total.

10
12

metric

Figure 14 shows two separate graphs for the complete cycle of world coal
production. One is based on the Averitt estimate for the ultimate production
of 7.6 x 10 1 2 metric tons. These curves are also based on the assumption that
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FIGURE 14 - Complete cycle of world coal production for
two values of Q-' (Hubbert, 1969, Fig. 8.25).

not more than three more doublings, or an 8-fold increase, will occur before the
maximum rate of production is reached. The dashed curve extending to the top of
the drawing indicates what the production rate would be were it to continue to
increase at 3.56% per year, the rate that has prevailed since World War II. For
either of the complete-cycle curves, if we disregard the first and last 10-
percentiles of the cumulative production, it is evident that the middle 80% of
Q™ will probably be consumed during the three-century period from about the
year 2000 to 2300.

Figure 15 shows the complete cycle of U. S. coal production for the two
values for Q»°, 1436 x 10 9 and 740 x io9 metric tons. Here too the time required
to consume the middle 80% would be the 3 or 4 centuries following the year 2000.

FIGURE 15 - Complete cycle of U.
two values of 0= (Hubbert,

12

S. coal production for
1969, Fig. 8.26).



A serious modification of the above coal-resource figures has been given by
Averitt (cited in Theobald, Schweinfurth and Duncan, 1972). Here, Averitt, in
February 1972, has given an estimate of the amount of coal remaining in the
United States that is recoverable under present aconomic and te'-'mological con-
ditions. This comprises coal in seams with a minimum thickness of 28 inches and
a maximum depth of 1000 faet. The amount of coal in this category is estimated
to be 390 x 109 short tons or 354 x io' metric tons. Adding the 37 x 109 metric
tons of coal already produced gives 391 * 109 metric tons of original coal in
this category. This amounts to only 26% of the 1486 ~ 10 9 metric tons assumed
previously. Of this, 9.5% has already been produced. If we apply the same
ratio of 26% to the previous world figure of 7.6 * 101 metric tons, that is
reduced to 2.0 * 10 1 2 metric tons. Of this, 0.145 x 10 I Z metric tons, or 7.2%,
has already been produced.

Revisions of Figures 14 and 15 incorporating these lower estimates of
recoverable coal have not yet been made, but in each instance the curve for the
reduced figure will encompass an area of only about one-quarter that of the
uppermost curve shown, and the probable time span for the middle 80% of
cumulative production will be cut approximately in half.

Estimates of Petroleum Resources

Because oil and gas occur in limited volumes of space underground in porous
sedimentary rocks and at depths ranging from a few hundred feet to 5 or more
miles, the estimation of the ultimate quantities of these fluids that will be
obtained from any given area is much more difficult and hazardous than for coal.
For the estimation of petroleum, essentially two methods are available: (1)
estimation by geological analogy; and (2) estimation based on cumulative infor-
mation and evidence resulting from exploration and productive activities in the
region of interest.

The method of estimating by geological analogy is essentially the following.
A virgin undrilled territory. Area B, is found by surface reconnaissance and
mapping to be geologically similar to Area A, which is already productive of
oil and gas. It is inferred, therefore, that Area B will eventually produce
comparable quantities of oil and gas per unit of area or unit of volume of
sediments to those of Area A.

Although this is prsctically the only method available initially for esti-
mating the oil and gas potential of an undrilled region, it is also intrinsically
hazardous, with a very w:.de range of uncertainty. This is illustrated in Table
1, in which the estimates made in 1953 for the future oil discoveries on the
continental shelf off the Texas and Louisiana coasts are compared with the
results of subsequent drilling.

In 1953, the U. S. Geological Survey,
on the basis of geological analogy between
the onshore and offshore areas cf the Gulf
Coast and the respective areas of the con-
tinental shelf bordering Texas and
Louisiana, estimated future discoveries
of 9 billion barrels of oil on the Texas
continental shelf and 4 billion on that
of Louisiana. After approximately 20
years of petroleum exploration and drill-
ing, discoveries of crude oil on the
Louisiana continental shelf have amounted
to approximately 5 billion barrels; those
on the continental shelf off Texas have
been negligible.

13

TABLE 1 —Petroleum Estimates by
Geological Analogy: Louisiana and
Texas Continental Shelves

(crude oil, 10° bbls)

Louisiana

Texas

U.S. G M I O -
Cleat Surviy
•rtlmattt,

1953

4

9

Cumulitivs
discovtrlu

to 1971

ca.5

Negligible



The second technique of petroleum estimation involves the use of various
aspects of the Hewett criterion that the complete history of petroleum explora-
tion and production in any given area must go through stages from infancy to
maturity to old age. Maturity is plainly the stage of production culmination,
and old age is that of an advanced state of discovery and production decline.

In March 1956, this technique was explicitly applied to crude-oil produc-
tion in the United States by the present author (Hubbert, 1956) in an invited
address, "Nuclear Energy and the Fossil Fuels," given before an audience of
petroleum engineers at a meeting of the Southwest Section of the American Petro-
leum Institute at San Antonio, Texas. At that time the petroleum industry in
the United States had been in vigorous operation for 97 years, during which
52.4 billion barrels of crude oil had been produced. A review of published
literature in conjunction with inquiries among experienced petroleum geologists
and engineers indicated a consensus that the ultimate amount of crude to b«
produced from the conterminous 48 states and adjacent continental shelves wnuld
probably be within the range of 150 to 200 billion barrels. Using these two
limiting figures, the curves for the complete cycle of U. S. crude-oil produc-
tion shown in Figure 16 (Hubbert, 1956) were constructed. This showed that if
the ultimate cumulative production, Q«>, should be as small as 150 * 109 bbls,
the paak in the rate of production would probably occur about 1966--about 10
years hence. Should another 50 * 109 bbls be added, making Q™ = 200 * lO9 bbls,
the date of the peak of production would be postponed by only about 5 years.
It was accordingly predicted on the basis of available information that the peak
in U. S. crude-oil production would occur within 10-15 years after March 1956.

This prediction proved to be both surprising and disturbing to the U. S.
petroleum industry. The only way it could be avoided, however, was to enlarge
the area under the curve of the complete cycle of production by increasing the
magnitude of Qm. As small increases of Q» have only small effects in retarding
the date of peak production, if this unpleasant conclusion were to be avoided,
it would be necessary to increase Q=> by large magnitudes. This was what hap-
pened. Within the next 5 years, with insignificant amounts of new data, the
published values for Q™ were rapidly escalated to successively higher values--
204, 250, 372, 400 and eventually 590 billion barrels.

In view of the fact that values for Q™ used in Figure 16 involved semi-
subjective judgments, no adequate rational basis existed for showing conclusively
that a figure of 200 * 10* bbls was a much more reliable estimate than one twice

CUMULATIVE
PRODUCTION

52.« I CO' 86LS

2629 zoso

FIGURE 16 - 1956 prediction of the date of peak in the rate of
U. S. crude-oil production (Hubbert, 1956, Fig. .11).
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that large;. This led to the search fc5r other criteria derivable from objective,
publicly available data of the petroleum industry. The data satisfying this
requirement were the statistics of annual production available since 1860, and
;he annual estimates of provrH rpserves of the Proved Reserves Committee of the
African Petroleum Institi'u.-, uegun in 1937. Prom these data cumulative produc-
tio. from 1860 coiil.- be computed, and also cumulative proved discoveries defined
as the sura of cumulative production and proved reserves after 1937..

This
1962), of

tvpe of analysis was used in the report. Energy Resources (Hubbert,
the National Academy of Sciences Committee on Natural Resources. The

principal results of this study
are shown in Figures 17 and 18,
in which it was found that the
rate of proved discoveries of
crude oil had already passed its
peak about 1957, proved reserves
were estimated to be at their
peak in 1962 and the peak in the
rate of crude-oil production was
predicted to occur at about the
end of the 1960 decade. The ul-
timate amount of crude oil to be
produced from the lower 48 states
and adjacent continental shelves
was estimated to be about 170 to
175 billion barrels.

o«-o0-o» —

1950 19/S
TEARS

FIGURE 17 - Curves of cumulative proved
discoveries, cumulative production and
proved reserves of U. S. crude oil as
of 1962 {Hubbert, 1962, Fig. 27).

FIGURE 18 - Curves showing the rates
of proved discovery and of production,
and rate of increase of proved reserves
of U. S. crude oil as of 1961. Note
prediction of peak of production rate
near the end of 1960 decade (Hubbert,
1962, Fig. 28).

1 1

The corresponding estimates for natural gas are shown in Figures 19 and 20
(Hubbert, 1962). From these figures it will be seen that the rate of proved
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FIGURE 19 - 1962 estimates of the dates of the peaks of rate of
proved discovery, rate of production and proved reserves

of U. S. natural gas (Hubbert, 1962, Fig. 46).

2073

FIGURE 20 - 1962 estimates of ultimate amount of natural gas to be
prcduced in conterminous United States, and estimates of date

of peak production rate (Hubbert, 1562, Fig. 47).

discoveries was estimated to be at its peak at about 1961. Proved reserves of
natural gas were estimated to reach their peak (dQr/dt = 0) at about 1969, and
the rate of production about 1977.

At the time the study was being made, the U. S. Geological Survey, in
response to a Presidential directive of March 4, ;.,C.'., presented to the Aca-
demy Committee estimates of 590 x io9 bbls for crude oil and 2650 ft3 for
natural gas as its official estimates of the ultimate amounts of these fluids
that would be produced from the lower 48 st:ates and adjacent continental shelves.

These estimates were, by a wide margin, the highest that had ever been made
up until that time. Moreover, had they been true, there would have been no
grounds for the expectation of an oil or gas shortage in the United States



much before the year 2000. These estimates were cited in the Academy Committee
report, but because of their wide disparity with any available evidence from
the petroleum industry, they were also rejected.

As only became clear sometime later, the basis for those large estimates
was an hypothesis introduced by the late A. D. Zapp of the U. S. Geological
Survey, as illustrated in Figure 21 (Hubbert, 1969). Zapp postulated that the

H.
ill-

&--«««*«»

% « »

~T s « »
(Billion* ol (»t)

CUMULATIVE FOOTAGE OF EXPLORATORY DRILLING

FIGURE 21 - Zapp (1962) hypothesis of oil discoveries per foot versus
cumulative footage of exploratory drilling for conterminous United
States and adjacent continental shelves (Hubbert. 1969, Fig. 8.18).

exploration for petroleum in the United States would not be completed until
exploratory wells with an average density of one well per each 2 square miles
had been drilled either to the crystalline basement rock or to a depth of
20,000 ft in all the potential petroleum-bearing sedimentary basins. He esti-
mated that to drill this pattern of wells in the petroliferous areas of the
conterminous United States and adjacent continental shelves would require about
a * 10* feet of exploratory drilling. He then estimated that, as of 1959, only
0.98 * 109 feet of exploratory drilling had been done and concluded that at
that time the United States was less than 20% along in its ultimate petroleum
exploration. He also stated that luring recent, decades there had been no de-
cline in the oil found per foot of exploratory drilling, yet already more than
100 * 10 barrels of oil had been discovered in the United States. It was
implied, but not expressly stated, that the ultimate amount of oil to be
discovered would be more than 500 * 109 bbls.

This was confirmed in 1961 by the Zapp estimate for crude oil given to the
academy Committee. At that time, with cumulative drilling of 1.1 * 109 feet,
Zapp estimated that 130 x 109 bbls of crude oil had already been discovered.
This would be at an average rate of 118 bbls/ft. Then, at this same rate, the
amount o£ cil to be discovered by 5 * 109 let of exploratory drilling should
be 590 * I09 bbls, which is the estimate given to the Academy Committee. This
constitutes the "Zapp hypothesis." Not only is it the basis for Zapp's own
estimates, but with only minor modifications it has been the principal basis
for most of the subsequent higher estimates.

The most obvious test fcr the validity of this hypothesis is to apply it to
past petroleum discoveries in the Unite! States. Has the oil found per foot of
exploratory drilling been nearly constant during the past? The answer to this
is given in Figv.re 22 (Hubbert, 1967), which shows the quantity of oil discov-
ered and the average amount of oil found per foot for each 108 ft of exploratory
drilling in the United States from 1860 to 1965. This shows an initial rate of
194 bbls/ft for the first unit from 1860 to 1920, a maximum rate of 276 bbls/ft
for the third unit extending from 1929 to 1935 and then a precipitate decline to
about 35 bbls/ft by 1965. This is approximately an exponential decline curve,
the integration of #hich for unlimited future drilling gives an estimate of
about 165 x io9 for Q=°, the ultimate discoveries.
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FIGURE 22 - Actual U. S. crude-oil discoveries per foot of exploratory
drilling as a function of cumulative exploratory drilling

from 1860 to 1965 (Hubbert, 1967, Fig. 15).

The superposition of the actual discoveries per foot shown in Figure 22 on
the discoveries per foot according to the Zapp hypothesis of Figure 21 is shown
in Figure 23 (Hubbert, 1969). The difference between the areas beneath the two
curves represents the difference between the two estimates—an apparent
overestimate of about 425 * 109 bbls.

300 | -

590x10' bbls

CUMULATIVE FOOTAGE h

FIGURE 23 - Comparison of U. S. crude-oil discoveries according to Zapp
hypothesis with actual discoveries. The difference between the areas

beneath the two curves represents an overestimate of about
425 billion barrels (Hubbert, 1969, Fig. 8.19).

To recapitulate, in the Academy Committee report of 1962, the peak in U. S.
proved crude-oil discoveries, excluding Alaska, was estimated to have occurred
at about 1957, the peak in proved reserves at about 1962 and the peak in produc-
tion was predicted for about 1968-1969. The peak in proved reserves did occur
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in 1962, and tho peak in the rate of production occurred in 1970. Evidence
that this is not likely to be exceeded is afforded by the fact that for the
six months since March 1972, the production rates of both Texas and Louisiana,
which together account for 60% of the total U. S. crude-oil production, have
been at approximately full capacity, and declining.

As for natural gas, the Academy report estimated that the- peak in proved,
reserves would occur at about 1969 and the peak in the rate of production about
1977. As of September 1972, the peak of proved reserves for the conterminous
48 states occurred in 1967, 2 /ears ahead of the predicted date, and it now
appears that the peak in the rate of natural-gas production will occur about
1974-1975, 2 to 3 years earlier than predicted. In the 1962 Academy report, the
ultimate production of natural gas was estimated to be a">out 1000 * 10** ft .
Present estimates by two different methods give a low figure of ]0QG * 10 ^ and
a high figure of 1080 * 1012, or a mean cf 1040 * 1012 ft3.

Because of its early stage of development, tho petroleum potential of
Alaska must be based principally on geological analogy with other areas. The
recent Prudhoe Bay discovery of a 10-billion-barrel field—the largest in the
United States—has been a source of excitement for an oil-hungry U. S. petro-
leum industry, but it still represents less than a 3-year supply for the Un.'.ted
Staizes. From present information, a figure of 30 x 10 bbls is about as large
an estimate as can be justified for the ultimate crude-oil production from the
land area of Alaska, although a figure greater than this is an admitted possi-
bility. Adding this to a present figure of about 170 * 109 bbls for the con-
terminous 48 states gives 200 * 109 as the approximate amount of crude oil
ultimately to be produced in the whole United States.

Canada"s Resources

For the present paper, it has not been possible to make an analysis of the
oil and gas resources of Canada. However, Figure 24, from R. E. Folinsbee's
Presidential Address before the qeological section of ths Royal Society of
Canada (1970), provides a very good appraisal of the approximate magnitude

1940 1V50 1960 1970 J980 !990 2000 20® 2020 2030
YEARS *

FIGURE 24 - Complete cycles of crude-oil production in Canada
(Polinsbee, 1970, with permission).



of Canadian crude-oil resources. According to this estimate, the ultimate
production of crude oil from Western Canada south of latitude 60° will be about
15 x 109 barrels, of which 12.5 x 109 have already been discovered. The peak
in the production rate for this area is estimated at about 1977. This figure
also shows a maximum estimate of 86 x 109 barrels of additional oil from'the
frontier areas of Canada. Should this be exploited in a systematic manner
from the present time, a peak production rate of about 3 x 10 bbl/yr would
probably be reached by about 1995.

As of 1973, however, the proved reserves for Canadian crude oil ind
natural-gas liquids both reached their peaks in 1969; those for natural gas
in 1971. Therefore, unless development and transpoination of oil and gas from
the frontier provinces begins soon, there may be a temporary decline in total
Canadian production of oil and gas toward the end of the present decade.

World Crude-Oil Production

In the present brief review, only a summary statement can be made for the
petroleum resources of the world as a whole. Recent estimates by various
major oil companies and petroleum geologists have been summarized by H. R.
Warman (Warnan, 1971) of the British Petroleum Company, who gave 226 * 109

bbls as the cumulative world crude-oil production and 527 x io9 bbls for the
proved reserves at the end of 1969. This totals 753 y 109 bbls as the world's
proved cumulative discoveries. For the ultimate recoverable crude oil, Warman
cited the following estimates published during the period 1967-1970:

Year Author Quantity
(109 bbls)

1967 Ryman (Esso) 2090
1968 Hendricks (USGS) 2480
1968 Shell 1800
1969 Hubbert (NAS-NRC) 1350-2100
1969 Weeks 2200
1970 Moody (Mobil) 1800

To this, Warman added his c-'-i estimate of 1200-2000 x lo9 bbls. A recent
unpublished estimate by the research staff of another oil company is in the
mid-range of 1900-2000 x io9 bbls.

From these estimates, there appears to be a convergence toward an estimate
of 2000 * 109 bbls, or slightly less. The implication of such a figure to the
complete cycle of world crude-oil production is shown in Figure 25 (Hubbert,
1969), using two limiting values of 1350 x lo9 and 2100 x io9 bbls. For the
higher figure, the world will reach the peak in it§ rate of crude-oil produc-
tion at about the year 2000; for the lower figure, this date would be about
1990.

Another significant figure for both the U. S. and the world crude-oil
production is the length of time required to produce the middle 80% of the
ultimate production. In each case, the time is about 65 years, or less than
a human lifetime. For the United States, this subtends the period from about
1937 to 2003; for the world, from about 1967 to 2032.

Another category of petroleum liquids is that of natural-gas liquids which
are produced of a by-product of natural gas. In the United States (excluding
Alaska), the ultimate amount of natural-gas liquids, based on an ultimate amount
of crude oil of 170 * 109 bbls, and 1040 x io 1 ? ft of natural gas, amounts to
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about 36 x iO9 bbls. Corresponding world figures, based on an estimate of 2000
* 109 bbls for crude oil, would be about 400 * 109 bbls for natural-gas liquids,
and 12,000 ft3 for natural gas.

FIGURE 25 - Complete cycle of world crude-oil production for two values
of Q°°(Hubbert, 1969, Fig. 8.23).

Other Fossil Fuels

In addition to coal, petroleum liquids and natural gas, the other principal
classes of fossil fuels are the so-called tar, or heavy-oil, sands and oil
shales. The best known and probably the largest deposits of heavy-oil sands
are in the "Athabasca Tar Sands" and two smaller deposits in northern Alberta
containing an estimated 300 * 10" bbls of potentially producible oil. One
large-scale mining and extracting operation was begun in 1965 by a group of
oil companies, and others doubtless will follow as the need for this oil
develops.

Unlike tar sands, the fuel content of which is a heavy, viscous crude oil,
oil shales contain hydrocarbons in a solid form known as kerogen, which distills
off as a vapour on heating and condenses to a liquid on cooling. The extract-
ible oil content of oil shales'ranges from as high as 100 U. S. gallons per
short ton for the richest grades to near zero as the grades diminish. When all
grades are considered, the aggregate oil content of the known oil shales is very
large. Hoi/ever, in practice, only the shales having an oil content of about 25
gallons or more per ton and occurring in beds 10 feet or more thick are consi-
dered to be economical sources at present. According to a world inventory of
known oil shales by Djncan and Swanson (1965), the largest known deposits are
those of the Green River Formation in Wyoming, Colorado and Utah. From these
shales, in the grade range from 10 to 65 gallons per ton, the authors estimate
that only 80 * 10 bbls are recoverable under 1965 economic conditions. Their
corresponding figure for oil shales outside the United States is 110 x 109 bbls.

The absolute magnitude of the world's original supply of fossil fuels
recoverable under present technological and economic conditions and their re-
spective energy contents in terms of their heats of combustion aro given in
Table 2. The total initial energy represented by all of these fuels amounted
to about 83 x 102' thermal joules, or 23 * 10 1 5 thermal kilowatt-hours. Of
this, 64% was represented by coal and lignite, 17 and 16%, respectively, by
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* TABLE 2—Approximate Magnitudes and Energy Contents of the World's
Original Su^ly of Fossil Fuuls Recoverable Under Present Ccnditions

Futl

Ccal and lignite...

Petroleum liquids

Natural gas

Tar-suidsil

Shale oil

TOTALS

Qiwrtlty

2.35 X 1 0 " metric tons

2400X10'obis

12.000 X 10" ft»

300XlO»bbls

190 x 10> bbls

Entrgy Content

1Q11 thermit joules

532

R2

13.1

1.8

1.1

83.4

10" thermal kwh

14.80

3.95

3.64

0.50

9.31

23.20

PtrCant

63.78

17.03

15.71

2.16

1.32

100.00

petroleum liquids and ratural gas, and 3t by tar-sand and shale oil combined.
Although the total amount of coal and lignite in beds 14 or more inches thick
and occurring at depths less than 3,000 feet, as estimated by Averitt, are very
much larger in terms of energy content, than the initial quantities of oil and
gas, the coal practically recoverable 'under present conditions is only about
twice the magnitude of the initial quantities of gas and oil in terms of energy
content. Therefore, at comparable rates of production, the time required for
the complete cycle of coal production will not be much longer than that for
petroleum—in order of a century or two for the exhaustion of the middle 80%
of the ultimate cumulative production.

To appreciate the brevity of this period in terms of the longer span of
human history, the historical epoch of the exploitation of the fossil fuels is
shown graphically in Figure 26, plotted on a time scale extending from 5000
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FIGURE 26 - Epoch of fossil-fuel exploitation in perspective of human
history from 5000 years in the past to 5000 years in

the future (modified from Hubbert, 1962, Fig. 54).

years in the past to 5000 years in the future—a period well within the pros-
pective span of h-.-man history. On such a time scale, it is seen that the epoch
of the fossil fuels can be only a transitory or ephemeral event—an event,
nonetheless, which has exercised the most drastic influence on the human
species during its entire biological history.
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OTHER SOURCES OF INDUSTRIAL ENERGY

The remaining sources cf energy suitable for large-scale industrial use
are principally the following.

1. Direct use of solar radiation.
2. Indirect uses of solar radiation.

(a) Water power.
(b) Wind power.
(c) Photosynthesis.
(d) Thermal energy of ocean water at different temperatures.

3. Geothermal power.
4. Tidal power.
5. Nuclear power.

(a) Fission.
(b) Fusion.

Solar Power

By a large margin, the largest flux of energy occurring on the earth is
that from solar radiation. The thermal power of the solar radiation inter-
cepted by the earth, according to recent measurements of the solar constant,
amounts to about 174,000 x 10 1 2 thermal watts. This is roughly 5,000 times all
other steady fluxes of energy combined. It also has- the expectation of con-
tinuing at about the same rate for geological periods of time into the future.

The largest concentrations of solar radiation reaching the earth's surface
occur in desert areas within about 35° of latitude north and south of the equa-
tor. Southern Arizona and neighbouring areas in the southwestern part of the
United States are in this belt, as well as northern Mexico, the Atacama Desert
in Chile, and a zone across northern Africa, the Arabian Peninsula and Iran.
In southern Arizona, the thermal power density of the solar radiation incident
upon the earth's surface ranges from about 300 to 650 calories per en2 per day,
from winter to summer. The winter minimum of 300 calories per cm2 per day,
when averaged over 24 hours, represents a mean power density of 145 watts per
square meter. If 10% of this could be converted into electrical power by photo-
voltaic cells or other means, the electrical power obtainable from 1 square km
of collection area would be 14.5 megawatts. Then, for an electrical power plant
of 1,000 megawatts capacity, the collection area required would be about 70 km2.
At such an efficiency of conversion, the collection area required to generate
350,000 megawatts of electrical power—the approximate electric-power capacity
of the United States at present—would be roughly 25,000 km2 or 9,000 square
miles. This is somewhat less than 10% of the area of Arizona.

Such a calculation indicates that large-scale generation of electric power
from direct solar radiation is not to be ruled out on the grounds of technical
infeasibility. It is also gratifying that a great deal of interest on the part
of technically competent groups in universities and research institutions has
arisen during the last 5 years over the possibility of developing large-scale
solar power.

Hydroelectric Power

Although there has been continuous use of water power since Roman times,
large units were not possible until a means was developed for the generation
and transmission of power electrically. The first large hydroelectric power
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installation was that made at Niagara Falls in 1895. There, ten 5,000-hp tur-
bines were installed for the generation of A.C. power, which was transmitted a
distance of 26 miles to the city of Buffalo. The subsequent growth of hydro-
electric power in the United States is shown in Fiqure 27 and that for the
world in Figure 23.

FIGURE 27 - Installed and potential hydroelectric-power capacity of
the United States (Hubbert, 1969, Fig. 8.28).

FIGURE 28 - Installed and potential world hydroelectric-power capacity.

In the United States, by 1970, the installed hydroelectric power capacity
amounted to 53,000 megawatts, which is 32% of the ultimate potential capacity
of 161,000 Mw as estimated by the Federal Power Commission. The world installa-
tion, by 1967, amounted to 243,000 Mw, which is 8.5% of the world's estimated
potential hydroelectric power of 2,860,000 Mw. Most of this developed capacity
is in the highly industrialized areas of North America, Western Europe and the
Far East, especially Japan.

The areas with the largest potential water-power capacities are the indus-
trially underdeveloped regions of Africa, South America and Southeast Asia,
where combined capacities represent 63% of the world total.

The total world potential water power of approximately 3 x io12 watts, if
fully developed, would be of about the same magnitude as the world's present
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rate of ut i 1 izat ion. of industrial power. It may also appear that this would be
an inexhaustible source of power, or at least one with a time apart comparable
to that required to remove mountains by .stream erosion. This may not be true,
however. Most watcrpower developments require the creation of reservoirs by
the damminq of streams. The time required to till those reservoirs with sedi-
ments i- only 2 or i centurios. Hence, unless a technical solution of this
problem car. be found, water power may actually be comparatively short-livea.

Tidal Power

Tidal power is essentially hydroelectric power obtainable by damming the
entrance to a bay or estuary in a region of tides with large amplitudes, and
driving turbines as the tidal basin fills a,->d empties. An inventory of the
world's most, favorable tidal-power sites gives an estimate of a total potential
power capacity of about 63,000 Mw, which is about 2% off the world's potential
water power capacity. At: present, one or more small pilot tidal power plants
of a few megawatts capacity have been built, but the only full-scale tidal plant
so far built is that on the Rancc estuary on the English Channel coast of France.
This plane began operation in 1966 with an initial capacity of 240 Mw ~nd a
planned enlargement to 320 :-!w.

One of the world's most favorable tidal-power localities is the Bay of
Fundy region of northeastern United States and southeastern Canada. This has
the world's maximum tides, with amplitudes up to 15 meters, and a combined power
capacity of nine sites of about 29,000 Mw. Extensive plans have been made by
both the United states and Canada for the utilization of this power, but as yet
no installations have been made.

Geothertnal Power

Geothermal power is obtained by moans of heat engines which extract thermal
energy from heated water within a depth ranging from a few hundred meters to a
few km beneath the earth's surface. This is most practical where water has been
heated to high temperatures at shallow depths by hot igneous or volcanic rocks
that have risen to near the earth's surface. Steam can be used to drive steam
turbines. At present, the major geothermal power installations are in two lo-
calities in Italy with a total capacity of about 400 Mw, the Geysers in Califor-
nia with a planned capacity by 1973 of 400 Mw and at Wairakei in New Zealand with
a capacity of 160 Mw. The total world installed geothermal power capacity at
present is approximately 1,500 Mw.

What the ultimate capacity may be can be estimated at present to perhaps
only an order of magnitude. Recently, a number of geothermal-power enthusiasts
(many with financial interests in the outcome) have made very large estimates
for power from this source. However, until better information becomes available,
an estimation within the range of 60,000 to 600,000 Mw, or between 2 and 20% of
potential water power, is all that can be justified. Also, as geothermal-power
production involves "mining" quantities of stored thermal energy, it is likely
that most large installations will also be comparatively short-lived—perhaps
a century or so.

Nuclear Power

A last major source of industrial power is that of atomic nuclei. Power
may be obtained by two contrasting types of nuclear reactions: (1) the fis-
sioning of heavy atomic isotopes, initially uranium-235; and (2) the fusing of
the isotopes of hydrogen into heavier helium. In the fission process, two
stages are possible. The first consists of power reactors which are dependent
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almost solely on the rare isotope, uranium-235, which represents only 0.7% of
natural uranium. The second process is that of breeding whereby either the
common isctope of uranium, uranium-238, or alternatively thorium, is placed in
a reactor initially fueled by uranium-235. I • response to neutron bombardment,
uranium-238 is converted into plutonium-239, or thorium-232 into uranium-233,
both of which are fissionable. Hence by means of a breeder reactor, in princi-
ple, all of the natural uranium or thorium can be converted into fissionable
reactor fuel.

Uranium-235 is sufficiently scarce that, without the breeder reactor, the
time span of large-scale nuclear power production would probably be less than a
century. With complete breeding, however, it becomes possible not only to con-
sume all of the natural uranium, or thorium, but to utilize low-grade sources
as well.

The enercy released by the fissioning of a gram of uranium-235 or plutonium-
239 or uranium-233 amounts to 8.2 * 10 1 0 joules of heat. This is approximately
equivalent to t."te heat of combustion of 2.7 metric tons of bituminous coal or
13.4 barrels of crude oil. For the energy obtainable from a source of low-
grade uranium, consider the Chattanooga Shale, which crops out along the western
edge of the Appalachian Mountains in eastern Tennessee and underlies, at minable
depths, nost of several midwestern states. This shale has a uranium-rich layer
about 16 feet or 5 meters thick with a uranium content of 60 grams per metric
ton, or 150 grams per cubic meter. This is equivalent to 750 grams per square
meter of land area. Assuming only 50% extraction, this would be equivalent in
terms of energy content to about 1,000 metric tons of bituminous coal or to
5,000 barrels of crude oil per square meter of land area, or to one billion
metric tons of coal or 7. billion barrels of oil per square kilometer. In this
region, an area of only 1,600 km" would be required for the energy obtainable
from the uranium in the Chattanooga Shale to equal that of all the fossil fuels
in the United States. Such an area would be equivalent to that of a square 40
km, or 25 miles, to the side, which would represent less than 2% of the area
of Tennessee.

The fusion of hydrogen into helium is known to be the source of the enor-
mous amount of energy radiating from the sun. Fusion has also been achieved by
man in an uncontrolled or explosive manner in the thermonuclear or hydrogen
bomb. As yet, despite intensive efforts in several countries, controlled fusion
has not been achieved. Researchers, however, are hopeful that it may be within
the next few decades.

Should fusion be achieved, eventually the principal raw material will pro-
bably be the heavy isotope of hydrogen, deuterium. This occurs in sea water at
an abundance of 1 deuterium atom to each 6,700 atoms of hydrogen. The deuterium-
deuterium, or D-D, reaction involves several stages, the net result of which is:

5?D -*• 2He + |He + H + 2n + 24.8 MeV;

or, in other words, 5 atoms of deuterium, on fusion, produce 1 atom of helium-4,
1 atom of heliui.i-3, 1 atom of hydrogen and 2 neutrons, and in addition release
24.8 billion electron volts, or 39.8 * 10~ 1 3 joules.

It can be computed that 1 liter of water contains 1.0 x 10 2 Z deuterium
atoms, which upon fusion would release 7.95 x 109 joules of thermal energy.
This is equivalent to the heat of combustion of 0.26 metric tons of coal or
1.30 barrels of crude oil. Then, as 1 km3 of sea water is equivalent to 10 l z

liters, the heat released by the fusion of the deuterium contained in 1 km3 of
sea water would be equivalent to that of the combustion of 1300 billion barrels
of oil or 260 billion tons of coal. The deuterium in 33 km3 of sea water would
be equivalent to that of the world's initial supply of fossil fuels.
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ECOLOGICAL ASPECTS OF EXPONENTIAL GROWTH

From the foregoing review, what stands out most clearly is that our present
industrialized civilization has arisen principally during the last 2 centuries.
It has been accomplished by the exponential growth uf most of its major compo-
nents at rates commonly in the range of 4 to 8% per year, with periods of
doubling from 8 to 16 years. The question now arises: What are the limits
to such growth, and what does this imply concerning our future?

What we are dealing with, essentially, are the principles of ecology. It.
has long been known by ecologists that the population of any biologic species,
if given a favorable environment, will increase exponentially with time; that
is, that the population will double repeatedly at roughly equal intervals of
time. From our previous observations, we have seen that this is also true of
industrial components. For example (Fig. 29), the world electric-power capacity
is now growing at 8% per year and doubling every 8.7 years. The world automobile
population and the miles flown per year by the world's civil-aviation scheduled
flights ara each doubling every 10 years. Also, the human population is now
doubling in 35 years (Fig. 30).

FIGURE 29 - World
electric generating
capacity as an ex-
ample of exponential
growth (Hubbert,
1971, Fig. 2),.
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The second part of this ecological principle is that such exponential growth
of any biologic population can oniy be maintained for a limited number of dou-
blings before retarding influences sot in. In the biological case, these may be
represented by restriction of food supply, by crowding or by environmental pollu-
tion. The complete biologic growth curve is represented by the logistic curve
of Figure 31.

That there must be limits to growth
can easily be seen by the most elementary
arithmetic analysis. Consider the fami-
liar checkerboard problem of placing 1
grain of whe;\t on the first square, 2 on
the second, 4 on the third and doubling
the number for each successive square.
The number of grains on the nth square
will be 2 n~ l, and on the last or 64th
square, 2 E 3. The sum of the grains on
the entire board will be twice this amount
less one grain, or 2SI*-1. When translated
into volume of wheat, it turns out that
the quantity of wheat required for the
last square would equal approximately
1,000 times the present world annual
wheat crop, and the requirement for the
whole board would be twice this amount.

FIGURE 31 - The logistic growth
curve showing both the initial
exponential phase and the final
slowing down during a cycle of
growth.

It follows, therefore, that exponential growth, either biological or indus-
trially, can be onlv a temporary phenomenon because the earth itself cannot
tolerate more than u few tens of doublings of any biological or industrial
component. Furthermore, most of the possible doublings have occurred already.

After the cessation of exponential growth, any individual component has
only three possible futures: (1) it may, as in the case of water power, level
off and stabilize at a maximum; (2) it may overshoot and, after passing a maxi-
mum, decline and stabilize at some intermediate level capable of being sustained;
or (3) it may decline to zero and become extinct.

Applied to human society, these three possibilities are illustrated graphi-
cally in Figure 32. What stands out most clearly is that our present phase of
exponential growth based on man's ability to control ever larger quantities of
energy can only be a temporary period of about 3 centuries' duration in the
totality of human history. It represents but a brief transitional epoch between
two very much longer periods, each characterized by rates of change so slow as
to be regarded essentially as a period of non-growth. Although the forthcoming
period poses no insuperable physical or biological difficulties, it can hardly
fail to force a major revision in those aspects of our current culture the
tenents of which are dependent on the assumption that the growth rates which
have characterized this temporary period can somehow be sustained indefinitely.
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FIGURE 32 - Epoch of current industrial growth in the context of a
longer span of human history (Hubbert, 1962, Fig. 61).
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; ENERGY DEMAND GROWTH;
I INFLUENCE OF POPULATION GROWTH,

EFFICIENCY OF USE, AND PRICING POLICIES

i John H. Gibbons, Director
\ University of Tennessee Environment Center

; Paper presented at the ORAU Conference on
I "Energy Sources for the Future", July 1975

The intent of this paper is to present the case that the "energy problem"
I is more than a shortage of gas and oi l - i t is western man's confrontation with the
? finitude of our natural resources and limitations of our technologies. It is one of
- the most clear-cut signals to western man that we cannot forever continue to try
" to solve problems through expansionism. The energy problem is the problem of
.. growth - growth of population and growth of per capita consumption. World popu-
i lation has been growing at a rapidly accelerating rate over the past century
if. (figure 1). Indeed, the rate of increase of population growth is in itself accele-
:; rating. Projections of world population by the end of the century indicate a total
• number of more than 6,000 million people, more than 2,500 million more than
;•' live today. History shows that we have usually tended to underestimate popula-
; tion growth. For example, in 1950 world population in 1985 was predicted to be
• • about 3,300 million people. In fact the world has already passed that number!
. All world citizens are not equal energy consumers (an American uses 50 times the

'; energy consumed by an East Indian). However it is clear that the total number of
V people on the planet influences in some measure the total energy demand. As long
•. as population exponeniates, particularly at such a high rate, it is folly to hope to
y. expand significantly the energy availability per capita.

;;' While world population is expanding at an ever increasing rate, the use of
|1 natural resources is accelerating even faster. In figure 2 we show the world con-
fi sumption of iron ore in comparison with world population growth. Clearly the
t;; growth of demand for iron ore (similarly, energy and other resources) has been
yl sharply greater than that of world population growth. On the average resource
|; demand is growing at 2 to 3 times population growth rates. It is for this reason that
| Commoner and others see the energy/environment debate centered around resource
c use, whereas Ehrlich and others focus on population growth. Clearly the rate of
: increase of per capita consumption is currently the most significant factor in the

Western world; however population ultimately becomes the most important issue to
;.', deal wi th.

';'• There is another kind of growth that has exacerbated environmental prob-
£• lems associated with man's activities and that is the growth in "unit size". While
v, we have witnessed an explosion in the number of people in the world we simul-
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taneously witness an implosion of man's activities into small areas. This has been the
result of two phenomena:

(1) The growth of cities has caused a massive redistribution of population. In
the U.S. more than three-fourths of all the people now reside in "urban" oreas, up
from one-fourth only two generations bock. Cities have brought improvements in
education, availability of cultural and other services to a broader segment of our
population, and greater efficiency to our commercial and industrial system. At the
same time the growth of cities has not been without major socio-economic problems!
The growth also pushed our energy system toward one of greater energy intensiveness.

(2) The second "implosion" factor has been the growth in unit size of indm'rrial
activities (especially electric power plants). The advance of high technology plus
economic factors in the private market place have caused such a growth of unit size
that the natural assimilative capacity of the environment that once "handled" most
pollution emissions has been overwhelmed by the concentration of the emissions. We
illustrate this point in figure 3. Maximum unit size for a single electrical generator
has changed with incredible speec1 over the last twenty yeeriT, leading to rapidly
escalating power plant size.

It is clear that we can no longer get away with the tolerance for emissions
of pollutants that we were able to do only a quarter century ago. The scale of our
activities, combined with the physical concentration of those activities, simply
preclude the continuance of such policies.

1400
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A cursory examination of energy demand growth shows that for many years the
exponential has been closely followed. Total sales of electricity in the United States
(figure 4) show a remarkably consistent pattern from the end of World War II until
1974. A more detailed examination shov/s the rote of growth of electrical demand
actually increased to over 7% per annum, in figure 5 the total U.S. consumption of
energy resources is plotted to 1970, again showing an exponential growth (accelera-
ting from about 2% per year in 1950 to about 4.5% per year in 1970). It is both
tempting and very dangerous to extrapolate such past history into the future 'as indi-
cated by the dotted line in the figure).
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The old adage that "what is past is prologue" must not be interpreted to mean
thot what has happened in the past wi l l continue to happen in the future. For
example one of the main reasons that energy consumption expanded at such a high
rate during the last 20 years is because it's "real" price was constantly decreasing
throughout that entire period of t ime. When a commodity becomes cheaper and
cheaper over time the economic consumer wil l respond by using it more and more
compared to other goods and services. That is precisely what happened to energy in
the U.S. during the period 1950-1973. Given such a consistent rate of expansion of
energy demand it was easy, if sloppy, for energy planners to assume that such a rate
of expansion would continue into the future. In figure 6 we illustrate the point.
This information was presented to the Congress by the Atomic Energy Commission in
1968 to defend the need for its nuclear power program. In the last column a popula-
tion of 320 million people was projected for the turn of the century. Also a very
healthy expansion of per capita consumption was assumed. On the basis of these
numbers i t was "shown" to be imperative to expand the nuclear power program
(figure 7) in order to maintain exponential growth.

U.S. ELECTRIC UTILITY POWER STATISTICS RELATING TO POPULATION AND CONSUMPTION

POPULATION jmiltansj

TOTAL POWER CAPACITY
[millions ot kilowatts]

XW CAPACITY /PERSON

POWER CONSUMED PER PERSON
PER YEAR [kilowstl-houisl

TOTAL CONSUMPTION |kilowatt hours)

NUCLEAR POWER CAPACITY
°o OF TOTAL

1950

152

85

0.6

2.000

325 billion

0

1968

202

290

14

5.500

1.3 trillion

<1%

Est. for
1980

235

BOO

2-fc
11.500

2.7 trillicn

25%

Inter Proj.
for 2000

320

1.352

~ 4-'/4

~ - 25.000

-w 8 trillion

-v-69%

Figure 6

U.S. thermal generating capacity
projected to the year 2000

2,000

TO
Q.

<3

1.600

1,200

800

400

Breeder nuclear—«

Water nuclear-.

1S60

Projected heat-rejection from
thermal generating plants
12

2030

2

jo

1
S

I

10

8

6

4

2

i I I
AH water nuclear---.

Projected mix of
water nuclear, —»%

breeder and fossil

' /
All fossil—,

1960 1970 1980

Years

1993 2000

Figure 7

35

-.(3



Thus the arguments derived from an assumed continuation of rapid growth
played an important role in establishing U.S. energy policy and funding decisions
during recent years. At the same time it is already quite clear that these assumptions
are simply wrong. For example the population growth assumed (figure 6) has now been
reestimated at a dramatically lower figure (about 260 million rather than 320 million)
at the turn of the century. Other studies have shown that market saturation of
appliances and other factors wil l cause energy demand growth to taper off appreciably
during the next twenty years.

It is interesting to note that some of the most urgent questions raised about
meeting energy demand growth has to do with the capital demands that would be
imposed on our capital markets. Other questions arose about the capacity of our
environment to handle such rapidly expanding activities for any extended period of
Mme. During the late 1960's we came to a national concensus that we simply cannot
endure the continued external environmental impact of energy production and use
that had attained during the previous quarter century. We also were confronted by the
overwhelming problem of handling such straight-forward problems as heat loads from
waste heat produced by electrical generation. Waste heat loads for only 50 years
following 1970 were projected to be nearly ten times the already difficult problem
encountered in 1970 (figure 8).

Approximate Condenser
Heat Loads,

Year 1012 Btu/yr

1970 7,700
2000 35,000
2020 67.000 j

Figure 8

I
During the same time that arguments were made about how to continue the f

rapid exponentiation of energy consumption it became increasingly clear that our
"bountiful" fossil fuel supplies were not nearly as bountiful as we had once thought.
We are on the downward path in terms of world production of natural gas. We are
nearing the peak in the production of o i l . We are within 100-200 years of peaking in
our use of coal . That doesn't leave us much time to restructure our energy system. In
figure 9 we reproduce results of one of M. King Hubbard's studies on coal and in
figure 10 we illustrate the fact that, in terms of world history, the "age" of fossil
fuels wi l l turn out to be more an "incident" than "age". At the present time we
consume fossil fuels at a rate between 100,000 and one million times faster than
these fuels were created through their natural production rate. It is folly to think that
one can keep up such a growth of consumption for many more decades.

It is l i t t le wonder thGt arguments about "limits to the growth" of man's
activities began to surface during these past ten years. Models describing the inter-
action between resources, consumption, and quality of life have moved through an
age of infancy to one of credibility; all of us are left much more uneasy about the
ability of technology and institutions to deal with the problems of growth. In the
cartoon strip "Peanuts" Lucy exclaims to Linus: " . . . This generation has been given '
the works. Al l the world's problems are being shoved at us by the last generation".
Linus: "What do you think we should do about i t ? " . Lucy: "We' l l stick the next
generation!". We have been deferring costs of affluence from one generation to
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another for many years. Witness the degradation of air and water quality; the poison-
ing of rivers and wildlife with long lived pestisides; the grossly inefficient use of
natural gas and other energy resources; the ravaged landscape left behind in surface
mining; the one bil l ion dollar per year b i l l we now pay for black lung benefits that
was incurred years ago by people buying "cheap" coal. Over the past decode we have
instituted environmental standards and other devices to cause the true cost of our
affluence to be more adequately reflected in its market price. It is true that the
"price" has gone up but i t is also equally clear that the current price is a better
approximation of the real cost than i t was a decade ago.

During the 1960's our subsidy of energy prices was further increased by
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allowing ourselves to become heavily dependent upon imported o i l . The U.S.
changed from almost complete self-sufficiency in oil in 1960 to a dependence on
imports for about 35 percent of its oil by 1973. At the time of the most recent
Arab oil embargo our imports were rising at the annual rate of one million barrels
per day. Our decision to depend on oil imports gave us a short term advantage of
very cheap oil (2 to 3 dollars per barrel) but an ultimately unacceptable dependence
on the vagries of an international cartel. Bolstered by these cheap imports, our
national energy consumption efficiency continued to fall and demand growth
accelerated.

At the same time that imports began to rise we began to insist on paying more
completely for environmental costs associated with domestic energy production and
use. Several pollution control bills were passed by the Congress in the late 1960's
which are designed to internalize these environmental costs. This decision raised fhe
price of domestic energy and tended to make consumers think more carefully about
the efficiency of use. At the same time it gave energy companies an even greater
incentive to buy and refine oil overseas.

The Arab oil embargo (1973-4) and the OPEC cartel price on international
oi l that followed the embargo has had a dramatic effect on U.S. and world energy
strategies. Prior to the price rise the price of energy was generally placed below its
true cost. Oi l was sold at a moderate mark up from its average cost of discovery -
a figure far less than the average price of newly discovered o i l . The price of m i s -
state natural gas was controlled at a figure very much less than it would attain in a
free market environment. The price of coal , set to compete with cheap o i l , still did
not contain much of the environmental and health costs associated with its produc-
t ion. The new world oil price instituted by OPEC brought the price of oil up to a
level approximating the cost of "new" o i l . This, in turn, has resulted in a general
escalation of other energy costs. As a consequence the price of coal is no longer
cost-based and profit margins are now sufficiently high that essentially all health and
environmental externalities can be incorporated into its price and still leave a
respectable profit margin. As a consequence of this new price system a number of
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energy supply technologies wi l l be developed that heretofore were simply not compe-
t i t ive. In the long run our energy supply system wil l become much more diverse and,
as a consequence, more stabilized. Therefore in the long run the new higher price
for energy is probably good news for mankind.

But what about energy consumption? Our consumption system results from
decades of continually decreasing energy prices. How should this system change in
response to the new price? How fast can we make that response? Current energy
supply and consumption patterns are summarized in figure 11 . Petroleum and natural
gas now comprise more than three-fourths of our entire energy supply. With natural
gas on the decline and with petroleum production peaking i t is obvious that our supply
picture wi l l be changing markedly over the next half century. On the consumption
side, the proportion of energy used in various end uses has been changing only slowly
with industries' share decreasing slightly and the commercial/residential share i n -
creasing. Electricity production, which now accounts for about 25 percent of total
U.S. energy consumption, is projected to grow to as much as 50 percent of total
energy consumption between now and the end of the century. A slightly different
breakdown of end uses of energy is shown in figure 12, Space heating and cooling in
buildings account for 21 percent of total consumption. Direct heat and process steair̂
account for about 27 percent. As much energy goes into water heating as is consumed
in air conditioning. One important consumer of electricity is not highlighted in
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End Uses of Energy i n t h e U . S . , 1970

T rans po rtat i on
Space heating
Process steam
Direct heat
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Water heating
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£ Figure 12
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'•; figure 12; lighting accounts for about 20 percent of our entire electricity consump-
»•: tion.

; If we wish to understand energy consumption clearly enough to accurately
I project what wil l happen over the next decade or two we must look at the consump-

tion patterns of electricity very carefully. One of the first things to note is that the
• growth in elecirical consumption over the past two decades has been five to ten
?• times population growth rates. There are two main reasons for this high growth. First
! ' electricity is "clean", high in intrinsic quality, and versatile. Therefore a lot of the
| demand growth is derived from people switching over from other energy sources (e.g.
•| coal furnaces in individual homes). The second factor is that growth of per capita

•: | income has been absorbed by a wealth of energy intensive appliances (e.g. tele-
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vision, air conditioners, dishwashers) which fueled demand growth. It is equally
interesting to note that the surge in the sales and variety of these kinds of new energy
consuming appliances since 1950 has slowed down. Sales have slowed because the
market is now becoming nearly saturated for many of the appliances (with a notable
exception of air conditioning). New kinds of major energy-consuming appliances are
not appearing very often.

Unfortunately many appliances have been constructed with the goal of mini-
mum purchase cost and have very poor electrical efficiency, sacrificed in order to
cut manufacturing cost. Air conditioners can be found on the market that have
electrical efficiencies ranging over a factor of 3! In figure 13 we show the range of
electrical efficiency available for various commercial room air conditioners as a
function of their size. High efficiency units generally have slightly higher manufac-
turing costs but it is interesting to note that market price is not strongly correlated
with efficiency.

Prior to the new energy price shift the only motivation to the manufacturer
to make a highly efficient unit was to penetrate the market of higher capacity air
conditioners while keeping power requirements within limits of standard household
wiring. The consumer !wci essentially no information at the point of purchase about
the electrical efficiency of competing air conditioners or about his "best buy" in
terms of his minimum total cos1 to own and operate. In the absence of that informa-
most purchase decisions were based on minimum first cost; this usually meant that the
consumer paid more for the aminity of air conditioning than needed and that electr i-
cal demand grew unproductively. It seems not only sensible but imperative that con-
sumers be provided with information about efficiency so that they can make more en-
lightened purchase decisions. It seems defensible to insist that air conditioners sold
in interstate trade equal or exceed some minimum efficiency. The same argument
holds for heating systems. Electrical resistance heat is half as efficient as heat
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derived from an electric heat pump but its lower capital cost attracts the speculative
builder since it lowers the "first cost" of a house. Central electric resistance heating,
the so-called electric furnace, should be banned except as a back-up to a more
efficient system such as a heat pump.

Energy consumption in the commercial sector is mostly lighting, heating
and cooling. Here again we face the problem of capital versus operating costs. The
financial market is such that the building owner is inclined to minimize capital
investment and pass on operating costs to the tenants. As a consequence commercial
buildings tend to be very energy inefficient. Buildings are generally overlit, under-
insulated, over-cooled in summer, and over-heated in winter. Waste heat from
lighting can account for 60% of the air conditioning load in some commercial
buildings.

It is now becoming clear that it is economical to redesign new structures for
much greater energy efficiency. Ut i l i ty costs can be cut by 60 percent or more by
careful architectural design and engineering. Such gains are not likely by retro-
fitting existing structures but retrofit can economically reduce energy requirements
by 30 to 40 percent (e.g. through increased insulation and weather stripping, slight
thermostat adjustments, lessened humidity control, more sophisticated operation and
maintenance of the heating and cooling system, and decreased illumination levels).

In the transportation sector we find major opportunities for productive in -
creases in energy efficiency. This is particularly important since transportation
accounts for approximately 60% of our oil consumption. Private automobiles account
for 55% of al l of our transportation energy. Energy efficiency has been shifting
rather rapidly over the past twenty years in certain sectors of our transportation
system. In figure 14 we see that energy consumption per passenger mile has dramati-
cally decreased in rail transportation (due to replacement of the steam locomotive)
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but sharply increased in the case of the airplane (mostly due to the higher speed
jets). At the same time that airplanes have been the fastest growing sector in passenger
transportation the rails have steadily lost passengers. Clearly we have been trading
time for energy.

While we might think of energy efficiency as a major source of the increased
use of energy in transportation over the past twenty years this turns out not to be the
case. In figure 15 we show that per capita travel has accounted for almost half of
the entire increase in energy consumption in the transportation sector over the past
twenty years! Quite clearly population growth and energy efficiency have played
important roles but the major factor has been the fact that we have used our in -
creased affluence to travel more.
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We must also remember that there are both direct and indirect energy invest-
ments in maintaining our lifestyle (see figure 16). In the case of the automobile
the indirect energy investment required to produce and maintain the vehicle and high-
way are a very important fraction of the total energy consumption of the automobile
over its lifetime (about 6000 out of 16,000 BTUs per mile). It is now quite evident
that the new price of energy and the uncertainty of its availability is causing the
American automobile buyer to shift rapidly toward more efficient cars. The average
efficiency of the new American car in the 1976 model line is more than 1/3 greater
than the average efficiency of new cars only two years ago. One consequence of
this rapid market response is that gasoline sales, which until recently grew at over
3% per year, wi l l probably remain level for as much as a decade.

Analyses of the many places in which energy is used in our economy indicate
that in the face of the new energy price a lot of responses are not only possible but
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are probable in the long run i f we assume that people make economically sensible
decisions. These responses include shifts to higher efficiency, alteration of lifestyles,
changes in urban growth patterns, and new industrial processes. Also the same
analyses indicate that there are many relatively easy and productive short term
expedients to reduce energy demand growth. Conservation, o rational economic
response to price and other market factors, wil l not only provide us important
short-run slack in our energy demand but wil l also provide us in the long run with
an energy system that can maintain amenities with a dramatically less energy per
capita.

One of the most important factors to include in projecting energy demand is
that of "time lag" . People wi l l respond to relative price shifts but the time required
for such a response varies from months to many years. In the electrical sector studies
of price response indicate that only about 10 to 15 percent of the total response to a
price change occurs during the first year and that fifteen years or more may be
required for the ultimate response. Therefore it may seem that the response to a
price change may be relatively inelastic but that is only in the short run. Some long
run elasticities for electricity have been estimcled and are given in figure 17. A
value of (-1.3) implies that an increase in electricity price of 1% wil l ultimately
result in a decrease of electricity use by 1.3%. Such a decrease would result as a
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collective result of conversion to more efficient air conditioners, the addition of
thermal insulation in buildings, decreased illumination levels.- changes to more
efficient forms of lighting, .tc. When elasticities such as those given in figure 17
are used to calculate future demand growth for electricity we find that rather than
a continued exponential growth the growth rate tails off rather sharply (Projection
A in figure 18). Projection B in the figure was calculated on the assumption that the
price of electricity and fossil fuels increases by 50% by the turn of the century,
that population increases at 1% per year and per capita income increases at 2^% per
year. Projection C assumes a doubling of electricity and fossil fuels price by the
year 2000, an annual population growth decreasing from 1% in 1970 to 0.5% in
2000, and per capita income increasing at 2?% per year. These projections should
not be interpreted as firm predictions. What they do show is that when we take into
account price changes and shifts in our demographic and economic system there will
inescapably result a greatly lowered demand growth rate for energy in the U.S.
Electricity demand growth will probably continue to be higher than other sectors of
our energy economy due to the shift to electricity from other fuels such as natural
gas.

ORNL-DWG 72-3726

LONG-TEBM ELASTICITIES
FOR ELECTRICITY

PRICE OF ELECTRICITY:

RESIDENTIAL
COMMERCIAL
INDUSTRIAL
AVERAGE

-1
-1
-1

.3

.5

.7
••1.5

PER CAPITA INCOME +0.6

PRICE OF FOSSIL FUELS +0.1

Figure 17
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Summary

As we look to and beyond the end of the century we can speculate about
the relative roles of various domestic and imported energy resources os well as that
of conservation in meeting demand growth:

1. Energy consumption w?f! taper off from the recent 4^% per year to about
2% or less. This decrease wil l be due to lower population growth rate, shifts to more
efficient energy consumption patterns, market saturation of energy consuming equip-
ment, and alterations of personal l ifestyle.

2. Demand growth in the electricity sector wil l continue to exceed average
energy demand growth, due to the depletion of natural gas reserves and the versa-
t i l i ty of electricity as an energy source.

3. New technological developments in both energy production and in
efficiency of energy consumption wi l l provide important new options before the
turn of the century. In the interim, however, the most promising new "source" for
energy has a negative sign in front of i t , namely energy conservation. If we accept
the notion that it is just as good to save a barrel of oil through increased efficiency
of use as it is to produce a new barrel of oil then we would make our investment
decisions based on the cost of either saving an equivalent barrel of oil or producing
a new barrel of o i l . Since environmental, health, and other externalities still exist
in the energy supply area a barrel of oil saved is worth even more than a barrel of
oii earned. If it costs the equivalent of 3 to 4 dollars per barrel of oii saved through
the mechanism of increased thermal insulation in buildings and i f i t costs about $12
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per barrel to discover and develop new o i l , then clearly the economic decision
would be to invest in insulation rather than in new o i l . We must make our decisions
about capital flow into the energy problem on the basis of maximum cost-effective-
ness and this means that much more attention should be given to productive ways to
decrease demand growth. This is a new ways of thinking for western man, who is so
accustomed to solving problems through expansionism and increased production;
however, it is imperative that we not only begin to think in these ways but to act
accordingly.

Most of the illustrations used in this paper were taken from the results of research
conducted at the Oak Ridge National Laboratory by members of the Environmental
Program sponsored by the National Science Foundation and ERDA. Further informa-
tion can be obtained by contacting Ms. Miriam Guthrie, Energy Information Center,
Energy P,vision, ORNL, Oak Ridge, Tennessee 37830.
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SOLAR ENERGY RESEARCH AND UTILIZATION

by

William R. Cherry

Energy Research and Development Administration, Washington, V

ABSTRACT

The gas and oil shortages of the 1970's are forewarnings of more serious
energy deficiencies to come near the turn of the century. Solar energy processes
are on the verge of commercial readiness to help the nation utilize this enor-
mous, renewable clean source for many of our future energy needs. The paper
describes what role solar energy will play in the heating and cooling of build-
ings, the production of renewable gaseous, liquid and solid fuels, and the pro-
duction of electric power over the next 45 years. Potential impacts on the
various energy markets and estimated costs of such systems are discussed along
with illustrations of some nf the processes to accomplish the goals. The con-
clusions of the NSF/NASA Solar Energy Panel (1972) are given along with the
estimated costs to accomplish the 15 year recommended program and also the re-
cent and near future budget appropriations and recommendations are included.

INTRODUCTION

The energy "crisis" of 3 973-1974 is mostly associated with the production
of useable fuels and their distribution and not because the world has run out
of natural gas and crude oil. Further, since a great deal of our energy is
wasted in oveiheated, overcooled and poorly designed structures and oversized,
overpowered vehicles the demand for energy has become disproportionate to our
true needs. Even with some moderation on these demands tha world's energy
consumption is expected to continue to increase for the foreseeable future
creating major problems world wide in the extraction, refinement and distribu-
tion of our fossil fuels in the next few decades.

The shortages of the 1970's have brought into focus the necessity for mar
to look at renewable sources of energy which are abundantly available yet, when
used, have minimal effect on the environment. One of the few energy sources
that meets these criteria is Solar Energy. Numerous times in history the use of
solar energy has been tried and discarded because it was not cost competitive
with existing energy sources. However, the true costs of the conventional
sources of energy have rarely been taken into consideration especially when the
costs of destroyed land, disposal of useless or hazardous wastes and the degra-
dation of the atmosphere, health, structures, flora and fauna are considered.
Now with the cost of fossil fuels increasing substantially and the problem of
future availability questionable, solar energy is finding applications which
are competitive with conventional sources of energy.
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Availability of Solar Energy

Solar energy arrives on the surface of the 48 contiguous states at the
average rate of 400QKcal/M2day (1500Btu/ft2/day), more in the southern U.S.
and less in the north. Figure 1 shows the anticipated consumption (Ref. 1) of
energy in the U.S. for all purposes for the years 1970,1977,1985,2000, and
2020 amounting to 16,21,29,44 and 75 x 10 Kcal/yr respectively. To produce
the equivalent of the total expected energy requirement for the U.S. in the
year 2000 by converting solar energy arriving at the ground at 10% efficiency
it would require about 4% of the U.S. 48 state land area or about 322,500Km2

(124,000 square miles). This is slightly larger than the state of Arizona.
To put it in another perspective, the major metropolitan areas of the U.S.
coverl!s% of the U.S., the Great Lakes occupy about 3% and U.S. farms cultivate
greater than 15% of our land area to produce about 1% of our energy - food.
Therefore, setting aside various regions in the U.S. as energy farms shouldn't
create major problems; in fact, a lot of non-productive liind would suddenly
become useful.
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Figure 1. Projected U.S. Energy Demanded by Source
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In the Solar Energy Panel's report (Ref.2) of December 1972 three appli-
cations were identified in which solar energy could have a major usage impact.
These are:

Thermal Energy for Buildings
Production of Renewable Clean Fuels

Electric Power Generation

THERMAL ENERGY FOR BUILDINGS

By the year 2000 about 5.25 x 10 1 5 Kcal (21 x 10 1 5 Btu) or 12% of the U.S.
energy consumption will be used for heating and cooling buildings. If only
10% of this load is derived from solar energy it would represent a savings of
over 0.5 x 10 1 5 Kcal (2 x 1015Btu) of fossil fuels which at $8/106 Kcal($2/10
Btu) would represent an annual savings of over $4 billion! Over 30 buildings
in the U.S. have been equipped with solar heating systems rfhich derived various
amounts of their heating needs but none attaining 100%. The houses have been
built in Massachusetts, Maryland, Florida, Delaware, New Mexico, Arizona,
California, Oregon, Colorado and other areas. Only a very few structures have
been built to provide a significant amount of the cooling needs of a house but
great progress is now promised. The major capital investment in a solar house
is the collector which must be large enough to absorb sufficient thermal energy
to provide adequate instant heat and allow for storage of heat during the
night or for inclement weather. The black flat plate collector covered with one
or more layers of glass, illustrated in Figure 2 is typical of many systems so
far developed. Some systems do use water cascading down the hot collectors
rather than the closed rubes illustrated, while some systems circulate air
over the collectors and store thermal energy in rock beds. Water tflmceratures
range up to the boiling point under good sunny conditions and precautions must
be taken about excessive collector temperatures if the' system is shut down
during the summer. In regions with favorable night sky radiation in summer,
bags of water built into the roof have been used for cooling of dwellings.
During the day the bags are shielded from the sun and absorb heat from within
the structure. At night the shields are removed and the heat radiated to the
night sky thus cooling the water mass for the next day's cooling process. In
winter, the process is reversed, exposing the water bags to the sun in the day-
time to absorb thermal energy, then shielded from the sky at night to prevent
readiation loss and provide warmth to the dwelling.

An experimental house in Delaware is equipped with a combination of cadmium
suplhide photovoltaic arrays and flat plate collectors as illustrated in Fig. _,.
Air is circulated behind the solar arrays and the latent heat is stored in tubes
containing fused salts which have melting points of about 10°C (50°F),24°C(75°F)
and 50 C (120°F). During the heating season the house air is curculated over
the 50°C (120°F)salts while during the summer itpasses by the 10°C(50°F)salts.
A small heat pump allows the shifting of the thermal energy from one fused salt
to another depending on the need. The electric power generated by the solar
arrays is passed to an electrochemical storage system where it is held in re-
serve until needed or directly used in the house. While dwellings in the U.S.
have used combinations of solar thermal collectors and wind generators to pro-
vide heating and electric power this is the first structure which has combined
photovoltaics and thermal systems.

A 1970 study (Ref. 3) of costs of residential space heating showed that in
a number of places in the U.S. solar energy was competitive with fossil fuels
at that time. With the recent dramatic increases in natural gas and oil fuels,
many more regions of the U.S. will find the use of solar energy very competitive.
When solar cooling can be used in conjunction with heating then solar energy for
space conditioning becomes very attractive. An industry must be started so that
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TWO GLASS
COVER PLATES

BLACK METAL SHEET TO WHICH
1/2" TO 1 " TUBING IS BONDED

INSULATION (2" TO 4 " THICKNESS)

'ROOF SURFACE

SHEET METAL TROUGH OR PAN

NOTES: ENDS OF TUBES MANIFOLDED TOGETHER
ONE TO THREE GLASS COVERS DEPENDING
ON CONDITIONS

DIMENSIONS: THICKNESS (A DIRECTION) 3 INCHES TO 6 INCHES
LENGTH (B DIRECTION) 4 FEET TO 20 FEET
WIDTH (C DIRECTION) 10 FEET TO 50 FEET
SLOPE DEPENDENT ON LOCATION AND ON
WINTER-SUMMER LOAD COMPARISON

Figure 2. Solar Collector for Residential Heating and Cooling
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the cost advantages of mass production can be brought to bear on the present
high cost of collectors. These present $64 - $107/m'! ($6-$10/ft2) must approach
$32-$42/m ($3-$4/ft2) and the public must have the benefits of a service
industry before wide spread use will take place. Government funding will pro-
bably be necessary for "pump priming" of the industry and incentives given for
installing capital intensive equipment which must be amortized over the life
of the dwelling. Operating and maintenance costs should be low while fuel
costs are zero. In regions where solar heating cannot handle the entire load,
an auxiliary fossil fuel must be irtegrated with the solar system.

SUNLIGHT

HEAT
TRANSFER
LIQUID
OR GAS

1ST GLASS

ANTI-REFLECTION
COATINGS

2ND GLASS

INFRA-RED
REFLECTOR
COATING

SOLAR CELLS

DUCT FOR
HEAT TRANSFER
LIQUID OR GAS

THERMAL
INSULATION

M. WOLF

Figure 3. Structure of Combination Thermal-Photovoltaic Solar Collector

PRODUCTION OF RENEWABLE CLEAN FUELS

Over 95% of the U.S. total energy is derived from fossil fuels. Until the
last few years, much of the industry and central power plants were attempting to
use natural gas for firing boilers in an attempt to comply with NEPA emission
standards. When natural gas became difficult to obtain, especially for new
installations, oil was selected as the fuel because of cost and ease of use.
This, plus the addition of millions of new vehicles to the economy each year,
placed an unprecedented demand on oil refinery capacity causing short falls to
appear in various locations in the U.S. Because foreign crude oil was available
at costs below domestic stock, the U.S. became more and more dependent upon
imports, -eaching somewhere nsar 35% of our totaT. demands by 1973. About half
of these imports were from the middle east and when that supply became seriously
reduced in late 1973 the availability of petroleum products reached a critical
stage. President Nixon's late 1973 proclamation to become independent of out-
side sources for energy is indeed a desirable one but will require a great deal
of exploitation of our natural deposits of gas, oil and coal. In addition, solar
fuels which can supplement the Nation's growing demand for duel yet have a
minimal impact on the environment and even help dispose of our wastes.
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GASEOUS FUELS

In general about 285 m 3 (lO^ft3) of methane gas can be produced from 900kgm
(one ton of dry organic material (Ref.4) which corresponds to about 2.5 x 10^
Kcal (107Btu) of heating value. The U.S. presently uses about 0.57 x 1012m
(20 x lO^ft ) of natural gas per year. Under advanced growth conditions, 2%
conversion efficiency, about 4.5 x 10°kgm/km2(20 Tons/acre)of organice material
can be produced per year and even more night become available through plant
research. Therefore, each km (acre) could produce enough organic material to
yield 1.4 x 106m3/km2 (2 x 105ft3) of methane gas. Thus 0.57 x 1012m3/yr (20 x
1012ft /yr) divided by 1.4 x 106m3/km2 (2 x 105ft /acre) yields 4 x 105km
(108acres) of the U.S. to produce all the current natural gas consumption.
This is equivalent to about 5% of the U.S. 48 state land area oi less than 1/3
of the area used for fanning. This crop being renewable year after year could
continue to supply a large amount of the nation's gaseous fuel needs for years
to come. Costs of natural gas during 1971 ranged from about $1.00 to $4.00
per million Kcal compared with estimated costs of $2.00 to $8.00 per million
Kcal for solar produced methane.

LIQUID FUELS

The pyrolysis or organic materials under an atmosphere devoid of oxygen at
temperatures greater than 500°C will produce both combustible gases and a good
quality oil suitable for use in power plants. (Ref.5) Research on 17,600kgm
(4 Ton) per day plant showed that about 2 barrels of oil can be derived from a
900 kgm (ton) of dry organic material. Enough gas was also produced to provide
the fuel to heat the reactor to produce the oil. If the 4 x 105km (108 acres)
mentioned in the previous paragraph were devoted to oil production at 4.5 x 10 e

kgm/km (20 tons per acre) per year about 4 x 10 barrels of oil could be
produced each year from this land. This is equivalent to about 2/3 of the pre-
sent total U.S. petroleum consumption. Major developments in farming and
harvesting enormous crops at low cost must be achieved before such a system
will compete with natural crude oil prices but the recent upswing in costs and
the eventual nonavailability of natural crude oil will make the pyrolysis
process more attractive. Natural crude ranged from about $2.00 to $4.00 per
million Kcal in 1971 compared to estimated costs of $3.00 to $6.00 per million
Kcal by the solar /pyrolysis process. Already this process is being used for
the disposal of urban wastes and because there is a credit earned for the cost
to dispose of garbage this helps to make the liquid fuels produced by these
plants competitive with natural fuels. If the total U.S. solid urban waste
of about 4.5 x 1010kgm/yr (5 x 10 tons/yr) were subjected to pyrolysis about
10° barrels of oil could be obtained. This is about 1^% of pur annual petro-
leum consumption.

SOLID FUELS

With the drive to convert the gas and oil burning boilers of industry and
the electric utilities to coal perhaps some could be converted to wood burning.
Until about 1971 more energy in the U.S. was derived from wood burning than
controlled nuclear fission. A recent study (Ref.6) showed that in certain
regions of the U.S. conditions exist which would permit the production of
clean, renewable wood fuels at a competitive price with fuel oil. Assuming a
1% solar energy capture efficiency and an average annual insolation 4000Kcal/
m2/day (1500Btu/ft /day) an aera of about 1000km2 (400 square miles) would pro-
duce enough wood on a continuous basis to power a 1000 MW steam electric plant
operating at 35% efficiency with a load factor of 75%. This energy plantation
would have the power plant located near its center and would emit a minimum of
pollutants because of complete combustion nutrients in the plantation soil from
which the fuel is derived. Improved photosynthetic processes could reduce the
land area needs. Also, they would be attractive and useful for recreation and
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ecological purposes. Modern growing, harvesting chipping and drying processes
would have to be utilized and developed. Estimates of the price of fuel derived
from pulpwood and chips ranged from about $4.60 to $5.40 per million Kcal in
1971. Coal and oil costs ranged from about $2.00 to $4.00 at that time.

ELECTRIC POWER GENERATION

In 1970 about 22% of our total energy consumption was devoted to the gener-
ation of electric power including the use of gas, oil, coal and nuclear energy.
Only electric power produced from hydroelectric plants, amounting to about 3%
of our total energy demand, did not consume some unrenewable resource for its
production. Unfortunately most of the choice sites for hydro power plants in
the U.S. have been built up and it appears that it is unlikely to ever double
the production of electricity by this method on the U.S. mainland. Projections
(Ref.l) indicate that more and more of our increasing total energy consumption
will be used to produce electric power amounting to 27% in 1977, 32% in 1985,
43% in 2000 and greater than 50% by 2020.

Nuclear energy has been the bright hope of the future to pick up the
electric power generation load from the fossil fuels. With the many problems
the world is facing in harnessing the atom ranging from sociological, ecolog-
ical to technological it is clear that alternate methods for producing
electricity should be explored now so that they will be ready for wide scale
application in the next 15 to 30 years. Following are some indications of
the potential of solar energy related methods which could provide significant
quantities of electric power to the U.S.

WIND POWER

Kung's (Ref.7) studies indicate that between 1% and 1*5% of the 1 kw/m2 of
energy reaching the earth's surface in the U.S. is converted into the kinetic
energy of the atmosphere thus amounting to some 10 to 15 watts/m . Certain
regions of the U.S. have reliably continuous winds particularly along the New
England and Middle Atlantic East Coasts, along the Great Lakes, through the
Great Plains, along the Gulf Coast,- through the Rockies and Cascades and along
the Aleutian Chain of islands. It is estimated (Ref.2) that there is over 10"
kilowattts of generating capacity in the winds over these regions. If only 0.1
of 1% of this energy were converted to electric power it would be equivalent
to one quarter of the total electric generating capacity of the U.S. today.
Due to fraction and deflection by buildings and natural features of the terrain
the aeroturbines should be placed from 30 to 350 meters (100 to 1000 feet) above
the ground and in those locations where winds persist at 4.5 to 6.5 m/sec
(10 to 15 mph) or greater. A comprehensive study (Ref.8) shows how the total
electric power requirements for all of New England could be derived from float-
ing wind stations located off shore. Hydrogen can be produced as a clean fuel
from such an installation, stored in underwater pressure vessels and shipped to
the mainland as a clean fuel in place of the diminishing natural gas. Table 1
indicates the electric power generation possible by the year 2000 if steps are
taken now to mass produce this significant energy source. Costs of plant
installations are expected to range from about $300 to $600 per kilowatt and
electric power costs ranging from 16 to 21 mills per kWh. One of the largest
aeroturbines built in the U.S. was located at Grandpa's Knob near Rutland,
Vermont. In a 9m/sec (20 mph) wind this unit developed 1.25 mw from the 53
meter (175 ft) tip to tip blades. An ice storm during the early 1940"s caused
a blade fracture and the whole system fell into disuse when low cost electric
power was strung through New England by the Rural Electrification Administration
shortly after World War II.
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Table 1

Electr ical Energy Production from Wind Power by 2000 AD

Offshore, New England

Offshore, Eastern Seaboard, along
the 100 meter contour, Ambrose
shipping channel south to
Charleston, S,C.

Along the E-W Axis, Lake Superior
(320 m)

Along the N-S Axis, Lake Michigan
(220 m)

Along the N-S Axis, Lake Huron
(160 m)

Along the W-E Axis, Lake Erie
(200 m)

Along the W-E Axis, Lake Ontario

(160 m)

Through the Great Plains from
Dallas, Texas, North in a path
300 miles wide W-E, and 1300
miles long, S to N. Wind
Stations to be clustered in
groups of 165, at least 60
miles between groups (sparse
coverage).

Offshore the Texas Gulf Coast,
along a length of 400 miles
from the Mexican border, east-
ward, along the 100 meter
contour.

Along the Aleutian Chain, 1260
miles, on transects in each 35
miles long, spaced at 60-mile
inervals, between 100 meter
contours. Hydrogen is to be
liquified and transported to
California by tanker.

Annual Power Production

318

283

35

29

23

23

23

210

190

402

X

X

X

X

X

X

X

X

X

X

109

10 9

109

109

109

109

109

10 9

109

kwh

kWh

kWh

kwh

kWh

kWh

kWh

kWh

kWh

kWh

Possible by Year

2000

2000

2000

2000

2000

2000

2000

2000

2000

2000

Estimated Total Production Possible: 1.536 x 1012kWh by year 2000
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OCEAN "THERMAL POWER

Enormous amounts of solar energy is absorbed by the tropical oceans
increasing their surface waters to temperatures above 27°C (80°F). The melting
of polar ice caps and glaciers causes a large source of cold dense water at
about 4°C (40 F) to flow along the ocean bottoms toward the equator eventually
warming and rising to the surface and then heading North in the Northern
hemisphere. In regions where the warm and cold water overlay each other/ such
as in the Gulf Stream, the potential exists for the conversion of this energy
into electricity using Carnot cycle engines. Figure 4 illustrates a possible
floating station (Ref-9) with dimensions of 120 meters (360 ft) long by 100
meters (300 ft) deep located in the Gulf Stream and drawing warm water from
the surface and the cooling water from depths of 600 to 900 meters (2000 to
3000 feet). Assuming a 3% efficient system, a power plant of 100 mw would
require the passage of about 1.8 million m (64 million cubic feet) of warm
water per hour for the boiler. With a 1.5 x 100 meter (5 foot high by 300
foot long) intake it would need to capture water at the rate of 3.5m/sec (8
miles per hour), just about the speed of the Gulf Stream. Cooling water for
the condensers would be drawn through a pipe about 10.5 meters (35 feet) in
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Figure 4. Sea Solar Power Plant
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diameter from near the bottom of the ocean. The propane would be contained in
a closed system and is the medium which powers the turbogenerator producing
the electricity.

Since ocean thermal power plants are closely allied to the ship building
idustry some reasonable estimates can be derived for the power station costs.
Installation costs are estimated to be between $300 to $500 per kw and
because of very favorable load factors of 90% the cost of power is expected
to range from 5 to 10 mills per kWh. Ocean thermal power stations obviously
require the special conditions of warm surface waters and cool underlying
currents. This occurs only on the Gulf and lower Atlantic coasts of the U.S.
but could be developed as a major electric power source for those regions of
the U.S.

CONCENTRATED SOLAR THERMAL ELECTRIC POWER PLANT

Vast regions in the SW portion of the U.S are endowed with direct sunshine
between 80% and 90% of the possible sunlight time. By focussing the solar
radiation on tubular collectors under a concentration factor of about 10,
temperatures of 425°C (800°P) or more can be obtained. The general scheme of
such a system is shown in Figure 5. Several studies (Ref.10) are underway to
better identify the problems of large scale solar thermal systems and com-
ponents. If systems of 20% efficiency evolve which are economically compet-
itive with conventional electric power generation methods, then a 1 million
Kilowatt power station would occupy about 26 sq. km (10 sq. mi.) of desert in
the U.S. SW. Much new technology and materials developed for the space pro-
gram will be brought to bear on the solar thermal collection, transmisison,
storage and conversion problems to see how such systems fit into the Nations1

future. Plant installation cost estimates range from about $900 to $2000 per
installed kilowatt. This is considerably more than fossil fuel plants but
nuclear installation costs are now rising above $500 per kilowatt. When fuel
and siposal costs for the life of these plants are considered there could be
come major trade-offs by the 1990's.

SOLAR
ENERGY CONCENTRATOR RECEIVER TRANSFER

I

1

STORAGE

TURBO
GENERATOR

Figure 5. Thermal Conversion Concept

PHOTOVOLTAIC ELECTRIC POWER GENERATION

Photovoltaic type phenomena have been known since first reported by
E. Becquerel in 1839. It wasn't until 1954 when the Bell Telephone Laboratories
announced the silicon solar cell that practical conversion efficiencies approach-
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Table 2

Solar Cell Efficiencies

Material

Silicon

Gallium Arsenide

Cadmium sulphide

Air Mass Zero (Space)

11-12%

10-11%

3-4%

Air Mass One (Ground)

13-14%

12-13%

5-7%

ing 10% became available. Since that time, about a dozen substance have been
researched for their potential as practical photovoltaic materials. Silicon
solar cells have been used almost exclusively for powering long life satellites
since the launching of Vanguard 1 March 17, 1958. Gallium arsenide was
developed to a space flight quality but didn't replace silicon because of its
significantly higher cost. Thin film ca'dmium sulphide cells in 7h x 7*5 cm
( 3 x 3 inch) sizes have not as yet proven themselves suitable for space flight
but ars striving for acceptance in terrestrial applications. The greatest pro-
blem in adopting photovoltaics for ground applications is vheir cost, primarily
caused by the very limited production needed in the space program and the
rather sophisticated materials and processes required in their production.
Typical performance characteristics of the three main solar cell materials are
shown in Table 2.

Some recent developments (Ref.ll) in the silicon solar cell fabrication
methods are showing individual cells with air mass zero efficiencies greater
than 14% and ground performance approaching 18% with the expectations of attain-
ing 20% in the next year or two. While space quality silicon solar arrays cost
anywhere from $300 per watt to over $1000 per watt, terrestrial systems are
now selling for around ?50 a peak watt in small orders and as low as $20 a
peak watt in kilowatt quantities. Improved manufacturing processes and an
expanding market for remote and unattended navigation aids and data relay
stations should reduce these costs to something around $10 per peak watt. A
peak watt is defined as the maximum power output of an array at normal incidence
to the sun in the zenith at sea level on a clear day(approximately lOOmw/cm ) .

Before extensive use of photovoltaic arrays will come about, such as wide
application on buildings, auxiliary power plants and massive central station
installations, large scale automated methods of producing long life arrays at
costs in the tens of cents per peak watt will have to be developed. Steps in
this direction are being made in the research of single crystal silicon
dendritic growth (Ref.12) and the Edge Defined, Film-Fed Growth (EFG) process
(Ref.13) which will permit the continuous growth of ribbons suitable for making
solar arrays. Cadmium sulphide lends itself particularly well to mass pro-
ductions since the base material is deposited upon thin substracts by a vapor
deposition process. (Ref. 14) other investigations (Ref.15) are underway in
methods of depositing silicon films by chemical vapor deposition (CVD) so as to
reduce array fabrication costs and reduce the amount of semiconductor needed
in an array. The ultimate method will probably closely resemble the process
and technology used in the manufacture of photographic film which is produced
in millions of square meters per year at costs less than $10.00 per square
meter. This concept is illustrated in Figure 6 which represents a continuous
operation with efficient use of manpower, materials, and energy.

When low cost photovoltaic arrays become available in large quantities one
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Figure 6. Solar Array Manufacturing

of the early applications will be for providing electric power on buildinqs and
at remote sites. Experiments using solar arrays in conjunction with flat
plate thermal collectors were studied at the University of Pennsylvania ^rd now
being done at the University of Delaware's "Solar One" house where cadmium
sulphide is employed. Figure 3 illustrates the general principle showing the
collection of sunlight on the solar array where electricity is produced and the
cooling of the array being done by the passage of a fluid behind the cells.
The thermal energy is then stored in either rocks, a liquid or in fused salts
until needed for space conditioning.

As very large amounts of solar array become available then considerations
will be made for their use in terrestrial central power stations.(Ref.17) This
is illustrated in Figure 7 showing the conversion of underutilized land into
productive regions. For such stations to become self-sufficient for around
the clock service, inexpensive high capacity electic storage systems will have
to be developed to work in conjuction with them. These are in research now.
Another concept (Ref.18) explores the potential of floating power stations on
huge helium filled mattresses at elevations in excess of 50,000 feet to get
above the weather. A "mattress" 2.6 sq. km (1 sq. mile) and 30 meters (100 feet)
thick could support, over 9.1 x 10 kgm (10,000 Tons) at 0.1 atmosphere elevation,
sufficient to provide 250,000 KW of electric generating capacity.

The ultimate method for collecting solar energy is described in a concept
of a synchronous space station (Ref. 19) converting the sun's rays to elec-
tricity by solar arrays, inverting to microwaves which are beamed to a terres-
trial station which then converts the energy back to 60 hertz current. All of
these schemes would require considerable research and development of components
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Figure 7. One Square Mile Terrestrial Solar Power Plant

and systems which are not yet available and especially the devalopment of very
low cost solar arrays.

ELECTRIC POWER PLANT COSTS

The comparative costs for the construction for various types of electric
power plants are shown in Figure 8. The costs for gas, oil and coal plants are
well known; however, due to nonavailability of fuel no new gas and oil fired
plants are being built in the U.S. Some oil plants are being converted to
coal and there are about 50 new nuclear plants in planning or under construction
which will add to the 37 or so now on line. Costs for all these plants are
increasing dramatically as are the fuels they consume. The construction costs
of breeder plants are projected to range from $500 to $1000 per installed kilo-
watt but the first full scale plant is not expected "on line" until the early
or mid 1980's. Since no commercial power plants using solar derived energy or
fuels have been built, the construction cost varies widely depending upon the
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Figure 8. Estimated Installation Costs for Electric Generating Plants

source. Best estimates seem to fall near the $1000 per kw price which is high
in the 1970 market but will be competitive in the near future. Obviously, no
operating experience has been gained for solar plants, thus these costs can
only be estimated but are thought to be modest. Fuel costs are zero. Wood
burning plants would be similar to coal fired plants since the only difference
in their operation would be the fuel.

STATUS OF SOLAR ENERGY RESEARCH

Table ? shows the general state of the art in the various solar energy
application areas mentioned in this paper. Only solar hot water heaters are in
a commercial readiness status at this time. Building heating systems are ex-
pected to be available in mass quantities during 1974 or 1975 as should large
scale pyrolysis systems especially for the disposal of urban solid wastes.
While many small power plants have burned wood in the past no planned energy
plantation type of system has been developed.
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Table 3

Status of Solar Utilization Techniques

Application

Thermal Energy for Buildings:

Water Heating
Building Heating
Building Cooling
Combined H/C Systems

Production of Fuels:

Gaseous Fuels
Liquid Fuels
So3id Fuels

Electric Power Generation:

Wind Power
Ocean Thermal Power
Solar Thermal Power
Photovoltaic Power

L
X
X
X
X

X
X
X

X
X
X
X

X
X
X
X

X

X
X

X
X
X
X

/ 3?
/ "\
/ »̂

X

X
X
X

X

X
>:

X
X

9/47k
1

X

X

X

y
X

X

7/
X

X

X

/ / * /

w
X

fI
f

RECOMMENDED PROGRAM AND BUDGET

The NSF/NASA Solar Energy Panel (Ref.2) recommended a research and devel-
opment program spanning a period of 15 years for the total expenditures shown
in Table 4. The actual funded program for Fiscal years 1973 and 1974 along
with the funding recommended by the Chairman of the AEC on December 1, 1973 in
response to th° President's request for an energy RSD program is shown in
Table 5. Some adjustments in the AEC's recommendations are expected during the
second session of the 93rd Congress meeting during 1974 which should place
even more emphasis on accelerating the application of solar er.ergy to our
National energy needs.

SOLAR ENERGY IMPACTS £ CONCLUSIONS

With funding support from both Government and private sources at the levels
recommended by the NSF/NASA Solar Energy Panel the impact on the Nation's
energy demands can be expected as shown in Table 6. As can be seen frore the
table the savings in fossil fuel consumption in one year at the turn of the
century would more than pay for the S&D expenditures to develop solar energy
applications.

In conclusion, it is expected that at least 20% of the U.S. total energy

requirements by 2020 will be derived from solar energy. This is nearly equiv-

alent to the total energy consumed by the U.S. in 1970. From this harnessed
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Table 4

NSF/NASA Solar Energy Panel Recommended 15 Year Program

Application

Thermal Energy for Buildings

Production of Fuels

Electric Power Generation:

Wind Power
Ocean Thermal Power
Solar Thermal Power
Photovoltaic Power

Total

Funding in $Millions

$100

$370

$610
$530

$1,130
$780

$3,520

Table 5

U.S. Tsrrestrial Solar Energy R&D Program
(in millions of dollars)

Application

Thermal Energy for Buildings

Production of Fuels

Electric Power Generation:

Wind Power
Ocean Thermal Power
Solar Thermal Power
Photovoltaic Power

Totals

Actual

FY73

0.9

0.7

0.1
0.2
1.4
0.9

4.2

FY74

5.6

1.1

0.2
0.8
2.7
2.8

13.2

Proposed

FY75

12.8

2.4

6.2
1.9
5.0
4.2

32.5

FY75-79 Total

50.0

20.4

31.7
26.6
35.5
35.8

200.. 0

solar energy, at least 35% of the building heating and cooling requirement at
least 30% of the Nation's gaseous fuel requirement, {more if wanted) 10% of the
liquid fuel requirement (more if wanted) and at least 20% of the Nation's
electrical power demand can be obtained. All this may be accomplished with a
minimal impact on the environment, producing little atmospheric thermal or
particulate pollutants, no unusable solid residues and no harmful conditions or
wastes.
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Table 6

Impact of Solar Energy Applications on the Nation's Energy Demand
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Notes: (I) Each of the above impact estimates assumes the successful dcvclnpincnt of practical ecu mi mil-ally competitive sy>tim<i. However
in each case a judgement has been made resulting in estimates that arc leu than the maximum pussihte. The e^timate^ are nut
necessarily additive since nut all tyticms will be carried to commercial readiness.

(2) Nonrcnewablefiwl consumed to generate the electric power as projected in the energy reference system!) and resource data report.
AET-H. Aswcbted Universities, inc.. April 1972 11 (.

ii) Nonrenewable fuel ronnimed tu generate the projected electric power reu,uiremeiiK Tor buildings. AET-H 111.
(4) Methane consumed to meet projected energy needs, AET-B 111.
(S( Oil consumed to meet projected energy needs. AET-S (11.
(61 Minor. 03',:: Mudesi. S-10W; Major. >IW.

63



REFERENCES CITED

Reference Energy Systems and Resource Data for Use in the assessment of Energy
Technologies by Associated Universities,Inc., Upton, N.Y., April 1972.

"An Assossment of Solar Energy as a National Energy Resource" NSF/NASA Solar
Energy Panel available from National Tech. Info. Service PB-221,659.

Tybout, R.A. and Lof, G.O.G, "Solar House Heating" Natural Resourced Journal
10, (2),pp.268-326, April 1970.

Christopher, G.L.M., "Biological Production of Methane from Organic Materials"
United Aircraft Research Lab Report K910906, May 13, 1971.

Appell, H.R., et. al. , "Converting Organic Wastes to Oil" U.S. Dept. of the
Interior, Bureau of Mines Report No. RI-7560, 1971.

Szego, G.C., Fox, J.A., and Eaton, D.R., "The Energy Plantation" Paper No.
729168,IECEC, Sept. 1972.

Kung, E.C., "Large Scale Balance of Kinetic Energy in the Atmosphere" Monthly
Weather Review, Vol. 94, pp.627-640, 1966.

Heronemus, W. E., "Power From the Offshore Winds: Proceedings of the 8th Annual
Conference of the Marine Technology Society, Washington,DC, Sept. 1972.

Anderson, J.H., "The Sea Platn, A Source of Power, Water, and Food Without
Pollution" Journal of Solar Energy, Vol.14, No.3, Feb. 1973.

NSF/RANN Solar Energy Research Grants S Contracts

Lof, G., "Analysis of Solar Thermal Electric Power Systems" Colorado
State University/Westinghouse.

Jordan,R., "Research Applied to Solar-Thermal Power Systems" University
Minnesota/Honeywell.

Vant-Hull, L., "Feasibility Study of a Solar Thermal Power System Based
Upon Optical Transmission" Univ. Houston/McDonald-Douglas Astronautics Co.

Howell, J.R. and Bannerot, R.B., "The Evaluation of Surface Geometry Modifi-
cation to Improve the Directional Selectivity of Solar Energy Collectors"
Univ. Houston.

Greenberg, A.B., "Solar Thermal Conversion Mission Analysis" Aerospace Corp.

Lindmayer, J. and Allison, J.F., "The Violet Cell: An Improved Silicon Solar
Cell" Comsat Technical Review, Vol. 3, No.l, Spring 1973.

Westinghouse Electric Corp., "Manufacturing Methods for Silicon Dendrite Solar
Cells" Final Report AF 33 (657) - 1127, May 1963 to July 1965.

Bates, H.E., Cocks, F.H., and Mlavsky, A.I., The EFG of Silicon.Single Crystal
Ribbon for Solar Cell Applications" Conference Record of the 9th IEEE
Photovoltaic Specialists Conference, May 2, 3, 4, 1972.

Shirland, F.A., "Design Performance and Possible Applications of High Efficiency
Thin Film Polycrystalline CdS Solar Cells" Rev. ?hys. Appl. 1, 178 (1960).

64



NSF/RANN Solar Energy Research Grants & Contracts

Fang, P., "Low Cost Polycrystalline Silicon Photovoltaic Cells for Large
Solar Power Systems" Boston College.

Chu, T., "Development of Low Cost Thin Film Polycrystalline Silicon Solar
Cells for Terrestrial Applications" Southern Methodist Univ/Texas Inat. Corp.

Wolf, M., "Cost Goals for Silicon Solar Arrays for Large Scale Terrestrial
Applications" Conference Record of the 9th IEEE Photovoltaic Specialists
Conference, May 2,3,4, 1972.

Cherry, W. R., "The Generation of Pollution Free Electric Power from Solar
Energy" Transactions of the ASME, Journal of Engineering for Power, 94
Series A, No.2, pp. 78-82, April 1972.

Cherry. W.R., "A Concept for Generation Commercial Electric Power .from Sunlight"
Conference Record of the 8th IEEE Photovoltaic Specialists Corcerence,
August 4,5,6, 1970.

Glaser, P.E., "Satellite Solar Power Station" Journal of Solar Energy, Vol. 12,
No.3, May 1969.

65



ECONOMICS OF SOLAR-ELECTRIC POWER

WiIIiam G. Pol lard

Institute for Energy Analysis

The advantages of solar energy as a long-term solution to the energy
crisis are frequently cited. Solar energy is free, largely non-polluting, and
its extensive use would not disturb local or global heat balances which are
thermodynamically inevitable for energy derived from fuels. These very real
and important advantages have frequently been made the basis for proposals
calling for massive federal support for research and development on solar
energy systems. The argument is frequently advanced that both U.S. and Euro-
pean research and development support for breeder reactors is excessive and
misplaced in view of the dangers and hazards of this mode of energy production.
It is said that a comparable investment in solar energy research and develop-
ment might solve our energy needs without a long-term reliance on breeder
reactors.

Over and above scientific or technical solutions for solar energy
components such as heliostats, efficient absorbers, photocells, and the like,
an overriding objective of solar energy research and development must be cost
reduction. It is the purpose of this study to define the cost constraints on
any system for electric power generation from solar energy in as simple and
general a way as possible. When this has been accomplished, cost targets which
must be met by particular systems for solar-electric power generation can be
defined and the prospects for meeting such targets evaluated.

Solar Insolation

Any system for electric power generation from solar energy will be
dependent on the total energy received by the system from the sun. This in
turn is governed by the climatic characteristics of the site on which the
system is constructed. These site characteristics will be defined on two
quantities: the peak solar power density, P_, and the average annual solar
insolation per unit area, J_. The peak power is used to match the solar system
to a predetermined installed electrical capacity, E_, by adjusting the area, A_,
of solar collectors so as to provide the full generating capacity when the
peak solar power is realized. With the area determined in this way, the annual
yield of solar energy from the system can be determined when J is known.

The maximum solar power density on a clear day at noon depends on the
latitude of the site and the angular elevation of the sun at noon. In the
Southwestern deserts of the United States, its maximum value in the summer is
about 320 BTU/ft.zhr. and this value will be used here.
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One of the sunniest spots in the United States is the Sonora Desert of
Arizona. On this location, a teat station has been operated for many years by
the Desert Sunshine Exposure Tests, Inc. (DSET) on a site AO miles north of
Phoenix. Measurements of J_ made by DSET at this site over a 20-year period
from 1955-l97Af as reported on their data sheet of January 1, 1975, are:

Hours of
J (BTU/ft.2) Sunshine

Minimum I966 628,000 3,805
Maximum 1956 73*1,000 U,](>0
20 year average 69^,000 3,8^3

As an average value for a most favorable solar site, we will use 700,000
BTU/ft.? per year for J.with 3800 hours of sunshine corresponding to 317 days
per year for electrical generation with solar energy. For less favorable sites
in the Miuwest and South, ̂  would have a lower value of about 500,000 BTU/ft.2

per year with only 230 days for electrical generation with solar energy.

By way of summary of this section, we define the characteristics of the
site on which a solar electric power plant is to be built by two character-
istics of its solar insolation as follows:

P = Peak solar power density at mid-day on a clear day, in BTU/ft.2 • hr.

J = Total average yearly solar insolation per unit area of site, in
BTU/ft.•- • yr.

An important derived quantity is J/P, the number of hours at peak power
to produce the annual solar insolation. For the Arizona site, this is 2,200

I hours; for less favorable sites, 1,600-1,800 hours.

'-• Characteristics of Solar-Electric Systems

E For particular solar-electric systems constructed on a site defined by J
I and P., four characteristic parameters are required for this analysis: "~

5= A = Area of solar collectors, in ft.2

fc f = Fraction of solar energy falling on collectors which the system
S makes available for electric generation
k
fe E = Installed electrical generating capacity, in KWe
W
% H = Heat Rate for system in BTU/kwh
|; For the analysis to be carried out here, all systems considered will be
II taken to have an installed electrical generating capacity of 100 MWe 50 that
I' E = 105 for each reference system.

General Cost Characteristics

For the economic analyses, the following typical values will be used:

Value of electrical energy at point of generation is _R
mills/kwh. In the examples given here, R_ is taken to be
50, but expressions valid for other values of R. are given.
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The percentage of gross annual income required to cover
profit, taxes, insurance, and depreciation is taken to
be 12 percent.

The initial capital investment in the system is amortized
over 25 years at 8 percent interest resulting in a
present value of 10.67 times the annual capital cost.

Method of Cost Analysis

We first match the area of solar collectors to the installed generating
capacity so as to use this capacity fully when the peak solar power is being
received. The maximum rate of delivery of solar energy from the solar col-
lectors is fPA BTU/hr and this thermal power will convert to electric power
at the rate of (1/H)kw per BTU/hr. Thus,

E = fPA/H (1)

From this expression, the area of solar col lectors required to match the
ins ta l led e lec t r i c generating capacity at peak solar inso la t ion i s :

A = EH/fP (2)

This expression for the area of solar collectors required to achieve a
peak generating capacity J^will be used in analyzing five typical solar elec-
tric plants of widely different operating characteristics. For them, the
values of f_ wi 11 vary between 0.1 and 0.9 and of ̂ between 3,^00 and 25,000
with a corresponding wide variation in the area /\ required. All of them will,
however, provide the same annual output of electrical energy 0_ as may be see:,
from:

Q = fJA/H=EJ/P (3)

where A^has been substituted from Equation 2.

Since we have chosen Ê  to be 10-1 for the reference solar-electric system
to be considered here and, as has been seen, J/P = 2,200 hours for the most
favorable solar sites in the Southwestern deserts, the annual electrical
output of all reference solar systems is:

Q e = 2.2 x 10
8 kwh/yr.

This output corresponds to an average annual power level of 25 MWe or an
average power of 58 MWe during the 3.800 hours of daylight at this site.

For the analyses which follow, we need to determine the initial capital
investment £ in the solar plant which this annual production of electrical
energy will sustain. At j* mills/kwh, the gross annual income from Q_e is
0.22R million dollars. Setting aside 12 percent of this income for profit,
taxes, insurance, and depreciation and deducting from the remainder the annual
budget for operation and maintenance, 0 & M in millions of dollars, leaves an
annual income of 0.19R - 0&M million dollars for capital amortization. At our
assumed amortization rate of 8 percent over 25 years, this gives a rule of
thumb allowable capital investment of :

C = 2R-10(06M) million dollars (*))
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This expression is quite general for any system which converts solar
energy into electricity. As examples of its use, five quite different solar-
electric systems will be analyzed. For this purpose, F̂  wi 11 be chosen at
50 mills/kwh which is high by present standards but seems likely to be true of
both fossil and nuclear plants by 1985 when commercial solar-electric systems
might become available. The annual budget for operations and maintenance is
arbitrarily taken to be $500,000 although this figure would probably vary
considerably among the five systems chosen for analysis. These choices result
in a maximum capital investment of $95 million for any solar-electric plant
with an installed generating capacity of 100 MWe matched to the peak solar
power at its site. This result can now be applied to a capital cost analysis
of a variety of possible solar-electric systems.

1. Point Focus System

The system for solar-electric power generation on which research end
development is most advanced consists of a central tower supporting a solar
receiver-boiler generating high-pressure steam surrounded by a circular field
of heliostats of radius about twice the height of the central tower. The
heliostats are equipped with large light-weight mirrors with two-axis drives
controlled by a central computer responsive tc the position of the sun which
maintains an image of the sun from each heliostat on the solar receiver.
Development problems for this system include accurate control of the angular
orientation of the heliostats to within a few minutes of arc, maintenance of
high mirror reflectivity over long periods, and protection against wind-borne
sand damage and damage from infrequent severe storms and tornadoes. Another
problem ii that of minimizing radiative and convective heat loss from the
central receiver.

For this system, the fraction _f_ consists of three components: 1) the
percentage of the total solar radiation which is direct from the sun and
reflectable by the mirrors; 2) the mirror reflectivity; and, 3) the fraction
of the energy falling on the receiver which is not lost by convection or
radiation but absorbed in the working fluid. For the first fraction, the
measured value at the OSET site over a nine-month period in 1973 and 197*1 was
80 percent, and the Project Independence Solar Energy Report on page A-1-13
also gives 80 percent for Yuma, El Paso, Phoenix, and Albuquerque. The mirror
reflectivity with effective maintenance, either manual or automatic, can
perhaps be maintained at 80 percent. A possibly attainable design goal for
minimizing radiative and convective losses from the receiver would be to hold
them within 20 percent of the energy failing on it so that the fraction
absorbed may be taken as 80 percent. Thus, an optimistic but possible value
of _f for this system is 0.5- A reasonable value of the heat rate, ii, for this
system is 10,000 BTU/kwh. Using these values in Equation 2 with E=100 MWe, the
area of solar collectors required is:

A = 105 x 10V0.5 x 320 = 6.25 x 106 ft2.

If each heliostat mirror is a square five feet on a side, the area of each is
25 ft2 and the number required for this system is 250,000.

Assume that the central power plant (consisting of central tower, boiler,
steam lines, turbines, generator, and cooling tower) can be built for $25O/KWe,
or $25 million. This leaves $70 million to cover the cost of the heliostats
and allows a maximum investment of $280 in each heliostat. With half the land
area covered by heliostats, this solar farm would cover 290 acres.

69



2. Line Focus System

Another approach to solar-electric power is based on fixed trough mirrors
of parabolic cross-section which concentrate solar radiation on a tube or pipe
whose position is adjustable so as to coincide with the line focus of the
mirror. The receiver is coated so as to maximize absorption of radiation
falling on it and minimize reradiation from it. It is encased in a glass tube
with the intervening space evacuated so as to eliminate convective losses. The
chief problem with such a system is the harvesting of the energy collected from
a large number of such units over the large area of a solar farm. For the
purpose of a comparative cost analysis with other solar-electric systems, one
method of accomplishing such a harvest is sufficient. This is the EVA-ADAM
chemical heat pipe being developed at the Kernforschungsanlage Julich for use
with a high-temperature, gas-cooled reactor. The system has been described in
a paper in Science, "Energy Choices that Europe Faces," by Wolfe Hafele,
Vol. 18*», pp. 360-369, April lj, 197**.

Assume each solar unit to consist of a parabolic mirror 10 ft long and
k ft wide equipped with a one-inch ID, vacuum-jacketed pipe adjusted to the
focus of the mirror. Each pipe is packed with a catalyst consisting of nickel
in a porous alumina matrix. At a temperature of i^OO-l500°F, maintained by
the solar line image on the tube, a mixture of methane and steam is admitted
at one end of the pipe at a pressure of up to 10 atmospheres. At this tempera-
ture, in the presence of the nickel catalyst, the reaction

CH^ + H20 + 195 BTU -* 3H2 + CO

takes place. The hydrogen-carbon monoxide gas is collected from all units
after exchanging heat with the incoming methane-steam gas and piped to the
central power station where it gives up its heat in the reverse reaction, also
in the presence of a nickel catalyst, at a temperature of 800-1000°F. This
heat is used in place of fuel for the generation of power and the product gas
returned and redistributed to the solar units.

As in the case of the heliostats, the fraction of direct solar radiation
which can be focused by the mirrors is taken to be 80 percent and the mirror
reflectivity also 80 percent. Because of the high temperature, the radiation
loss from the pipes is estimated to be 30 percent. The fraction _f_ is,
therefore, taken to be for this system 0.8 x 0.8 x 0.70 = O.45- With this
value, and the same heat rate as before, the area of solar collectors required
is from Equation 2,

A = 6.9 x 106 ft.2 .

Since each mirror unit is 40 ft.2 in the collecting area, the solar farm
would require 170,000 mirror units, each equipped with adjustable, vacuum-
jacketed, coated pipes charged with nickel catalyst and a heat exchanger
between the incoming and outgoing gas. If, again, $250/KWe is allowed for the
central methanation unit and power plant, the allowable investment in the
mirror units and associated equipment is $70 million or $*4lO per unit. It
seems doubtful whether alternatives to the EVA-ADAM system for harvesting the
energy from the solar farm would appreciably improve this cost limitation. At
50% coverage, this solar farm would require 320 acres.
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3- Photosynthetic Hydrogen

Some interest has been shown in the development of a photosynthetic system
which would dissociate water into hydrogen and oxygen. A detailed account of
research problems in the development of such a system has been given in the
proceedings of a workshop on such systems held in 1973 at Indiana University.
The enzyme hydrogenase in certain organisms diverts the photosynthetic process
from the usual production of ATP to the production of hydrogen. This workshop
describes the research which would need to be done to achieve a practical system
of this type. Such a system might consist of a layer of free chloropJasts
encapsulated with enzymes and with membranes separating oxygen production on one
side of the layer from hydrogen production on the other. A formidable research
program would be required for the achievement of such a system. Major diffi-
culties to be overcome would be the achievement of stable eel 1 -free chloropiast-
er.zyme systems, the achievement of mutant forms of bacterial hydrogenase not
deactivated by small amounts of oxygen, and overcoming blockage of photosyn-
'.hesis by higher light intensities. If such a program were successful, 10% of
the toial solar insolation could theoretically be available for splitting water.
A solar farm could then be developed with a large number of photosynthesis cells
generating hydrogen and oxygen in separate channels. The guses would be col-
lected from them and pumped to a central power station where the hydrogen would
be burned with the oxygen to produce high-pressure steam directly in a turbine.

Assuming the maximum value f = 0.1 for such a system, and a heat rate for
the hydrogen power plant of 9,000 BTU/kwh, the required area of photosynthesis
cells is, from Equation 2, 28 x 106 ft.2 As in the previous examples, $70
million could be invested in them if $25 million is still reserved for the
central power plant. This would allow $2.50 per square foot for the manufacture
of photosynthesis cells.

4. Flat Plate Solar System

At the present time, the most promising application of solar energy is in
the heating and cooling of buildings, both residential and commercial. Such
systems use flat plate collectors without mirrors or other means of concentrat-
ing solar radiation. The present major emphasis being given to the commercial
development of low-cost reliable systems for this purpose may be expected to
result in the quantity production of efficient flat plate solar collectors at
a reasonable price. It is, therefore, worthwhile to consider the possibility
of utilizing such collectors for electric power generation.

A possible system of this type might consist of a large,, low-lying
hexagonal structure, open around the sides for heat dissipation, the roof of
which consists of solar panels. The working fluid would consist of an organic
vapor such as isobutane. The vapor would enter the solar panel roof along two
opposite sides of the hexagon, be heated and expanded as it flows through the
roof to a plenum along the central diagonal parallel to these two edges. The
heated vapor would be collected at the center of the hexagon and fed into a
compressor-turbine generator unit mounted immediately below. Output vapor from
the turbine would be returned to the inlet edges of the hexagon through heat
exchanger tubes in a sealed pool of water at the base of the structure for heat
removal. At night, air would be passed through a separate heat exchanger in the
pool and discharged at the center of the structure near the turbogenerator for
removal of the heat absorbed in the pool during daytime operations.
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The sealed water pool used as a heat sink is «n attractive feature of this
system. The central station facilities of the prev ous examples would require
centralized heat disposal by either evaporative or dry cooling towers. The
dispersed electrical generation in this system opens up the possibility of a
very large area for heat dissipation as well as that of employing a heat sink
during day-time operation followed by heat removal from the sink during the
night.

For a flat solar panel, the achievable absorption of solar energy is
easily 90 percent or more. The temperature of the heated vapor is, however,
low (around 300°F in average operation) so thy thermal efficiency is low. If
the heat rate is taken as 25,000 BTU/kwh, the area of flat plate collectors
required is, from Equation 2, 10 5 x 25,000/0.9 x 320 = 8,7000,000 ft 2. If the
installed generating capacity in each hexagonal unit is 50 KWe, 2,000 units
would be required for a 100 MWe facility. The, area of each hexagonal structure
would be 4,350 ft2, and the hexagons 41 feet on a side. Since each unit is
complete, the entire $95 million is available for them, and the maximum allow-
able cost per unit is $47,500. If the water pool beneath each hexagonal unit
were 3,600 ft2 and 2.5 ft. deep, the rise in temperature of the water during an
average day's operation would be 13°F.

These hexagonal units could be constructed over 80 percent of desert land
area with 20 percent available for access roads between them. A solar farm of
the reference capacity would require only 250 acres which is somewhat less than
any of the central power station solar farms. If the solar panel roofs could be
manufactured for $2 per square foot and the water pool and support columns for
the roof for $4,000, this would leave $35,000 for the compressor-turbine
generator units. These cost limits do seem achievable with presently known
technology assuming large-scale production of identical units.

5. Photovoltaic Systems

In the space program, electrical power generation from solar energy using
silicon photocells has been realized for some time. In this case, cost has,
of course, not been a consideration, and on a per kilowatt basis, the cost has
been orders of magnitude higher than alternative systems for commercial electric
power. However, major improvements in the manufacture of silicon photocells are
foreseen, and the full range of possibilities in the present advanced stage of
solid-state physics is such that the achievement of relatively inexpensive but
durable phtovoltaic cells seems promising. Recently, the Bell Laboratories have
fabricated such cells consisting of a cadmium sulfide film on a single-crystal
substrate of either ind'um phosphide or copper indium diselenide. They have an
efficiency of 12 percent, but their long-term durability has not been establish-
ed. With the vigorous level of R&D now being mounted, there is a reasonable
expectation that a practical system will be developed over the next decade.

Since phtovoltaic cells directly convert solar energy into electrical
energy, the heat rate, Ji, for this system is simply the BTU equivalent of one
kilowatt hour of energy or H=3,41O BTU/kwh. Assuming 12 percent conversion
efficiency, the area of photocells required for 100 MWe peak power is, from
Equation 2, 9 x 106 ft2. The entire capital investment of $100 million for this
system can be used for photocells since no other facilities in addition to solar
collectors are required for it, and the annual cost of operation and maintenance
should be very small if the photocells have long-term durability. Thus a cost
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of about $11 per square foot could be allowed for photocell fabrication. This
is very much less than the cost of presently available photocells, but the
prospect for achieving it through a vigorous solid state research and develop-
ment program is not unreasonably small. Success in achieving a photovoltaic
cell of long-term stability which could be manufactured in quantity at or
belov\ this cost would have incalculable importance. The achievement would
rank in importance with success in the controlled thermonuclear project in
meeting the long-range energy needs of mankind.

I
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In the following discussions we will cover six areas of geothermal !
resource utilization: (1) concept and potential of the resource; (2) natu-
ral geothermal systems; (3) artifically stimulated, dry hot rock geothermal
systems; (4) energy utilization alternatives; (5) power cycle thermodynamics; '
and (6) power cycle economics. The geothermel program in the United States •
has grown considerably in the past 2 years. The National Science Foundation
(NSF), the U. S. Geological Survey (USGS), and the Energy Research and
Development Administration (ERDA) are currently sponsoring numerous efforts
scattered throughout the country in its national laboratories, universities,
and many private research and development organizations. For example,
Lawrence Berkeley Laboratory, Lawrence Livermore Laboratory, Battelle North-
west Laboratories, Sandia Laboratories, Oak Ridge National Laboratory and
Los Alamos Scientific Laboratory are exploring geothermal possibilities.
Furthermore, private industry itself is undertaki_g a very active effort in
exploiting geothermal resources. Because the summary presented here covers
only the salient features of current research in geothermal energy, Refer-
ences 1-11 should be consulted for further information.

1. Concept and Potential of the Resource

With a volume of 10 km3 of mostly molten or near molten rock, the
earth represents a potentially inexhaustable source of energy. Typical
surface manifestations of geothermal energy are evident in the form of hot :
springs, geysers, and fumaroles, and of course active volcanoes.1 Unfor- ;
tunately its inaccessibility, except in a relatively few areas of the !
world, has severely limited the exploitation of geothermal energy. The
removal of geothermal energy from the earth's crust is basically an engi-
neering problem in which the comparative economics with more conventional
energy resources play a critical role. j

*
As stated, the geothermal resource is vast. By using b-̂ , Q as a

measure of its magnitude, the energy released by a 40 cubic mile volume
of granite when cooled from 25O''C to 50aC is equivalent to the total energy
consumption of the U. S. in 1972, 0.07 Q.

*Q = 1021 J = 101B BTU = 4 x 1010 tons of coal = 1.7 x 101 ° bbl of oil
= 3 x 10'" kWh.
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Currently, conventional drilling techniques are used to reach natural
underground reservoirs (aquifers) that contain hot water and/or steam.
These geothermal fluids are carried to the surface where they are either
used directly for space or process heating purposes or to produce electric-
ity from a vapor turbine cycle.

2. Natural Geothermal Systems

Natural geothermal systems can be divided into four categories:
(1) vapor-dominated (dry steam)3 (2) liquid-dominated (superheated water),
(3) geopressurized reservoirs, and (4) lavas and magmas.1

Although dry steam fields are relatively rare, the Italian fields at
Larderello and Mt. Amiata and the U. S. field at The Geysers in California,
are producing over 600 MW(e) of electricity. Vapor-dominated fluids are
advantageous for power production because they are usually available at
relatively high temperature and high pressure (180°C, 7.8 bars, 114 psia,
at The Geysers)1 and the superheated steam can be used directly to drive
turbines.

The more commonly occurring liquid-dominated systems present a com-
plex utilization problem in that a reasonably high-pressure vapor phase
must be created for power conversion in a conventional turbogenerator unit.
Fluid can be partially vaporized by flashing it to a lower pressure, with
the vapor then injected Into a suitable turbine to produce power.1 Or it
can exchange heat to another (secondary) fluid vaporizing at a lower temp-
erature (e.g., isobutane or a halogenated hydrocarbon, Freon) which in
turn, is injected into a turbine, condensed, and pumped in a continuous
closed cycle.8*11 A disadvantage of direct steam flashing is that multiple

: flashing steps are required to attain high conversion efficiencies. Only
i a small fraction of steam is produced with a single flashing stage (about
:• 10% for a 150°C source). Successive flashing improves efficiency but
i requires complex turbine design. Furthermore, the relatively high specific
\ volume of steam at these lower temperatures results in large, expensive
: turbine exhaust areas. Both systems have to reinject or discard all or

part of the geothermal fluid. Steam flashing, however, does require less
' surface equipment (such as heat exchangers and pumps) for power conversion

than do secondary or alternate fluid cycles. Except for a few small sys-
tems (Kamchatka, USSR),1 flashing plants are the only systems presently
developed for liquid-dominated resources.

i Liquid-dominated systems vary widely in terms of the available temp-
; eratures and pressures of geothermal fluids. For power production, temp-
j- eratures of at least 100°C are desirable when coupled to sink (heat
I: rejection) temperatures of approximately 25°C. Fluid temperatures as high
« as 300°C have been observed in the Imperial Valley of California and
fv presently comprise an upper limit,

I Geopressurized reservoirs such as those of the Gulf Coast, from Mexico
r- to Mississippi, contain moderately hot water (150 to 180°C) under extremely
i high pressures (270 to 400 bars). However, utilization of this resource
'; has been limited by engineering problems associated with drilling into such
• formations and extracting useful amounts of energy. Lavas and molten mag-
;. mas are another potentially useful energy source; but controlled energy
; extraction is only in the formative research stages at this point.

3. Artificially Stimulated, Dry Hot Rock Geothermal Systems

One concept under development by the Los Alamos Scientific Laboratory
consists of creating a geothtrmal reservoir in rock hot enough to be a
suitable energy source for either direct use or for generating electricity

'• (Refs. 5, 6, 7, and 10). One hole would be drilled into a hot impermea-
li ble region and a large surface-area reservoir created by hydraulic fractur-
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ing, similar to the techniques used for oil and gas stimulation. A circu-
lation loop would be formed by drilling a second hole until it intersected
the fractured region. Cold water kept under pressure would flow down one
hole and circulate through the fractured zone to remove heat with the
buoyant forces helping to pump the fluid up the second hole. Energy removal i
on the surface may utilize direct steam flashing or a binary-fluid cycle for
power production.

The primary objective of the LASL program is to examine the engineering
and economic feasibility of creating geothermal energy reservoirs in dry hot
rock. The current efforts involve a rather extensive field program of
drilling into hot granite, fracturing it to create surface area, and demon-
strating the viability of the resource by extracting energy as heat over an
extended period of time. The field program is complemented by research in
geochemistry, geophysics, seismology, environmental effects, rock mechanics,
fluid dynamics, and heat transfer.

LASL's field experiments are situated on the western rim of the Valles
Caldera, an extinct volcanic crater, which is located on the Jemez Plateau j
of north central New Mexico. Two holes have been completed, GT-1 to 2575
ft and GT-2 to 9619 ft. A third hole, EE-1, is currently being drilled and
will be one leg of a two-hole circulation loop with GT-2. The --squilibrium
bottomhole temperature of GT-2 is approximately 200°C with a geothermal
gradient of 5C°C/km. Fracturing experiments have been conducted in both
GT-1 and GT-2, and techniques are being developed toward determining frac-
ture orientation and size. These measurements are critical to engineering
the geothermal system because with our current concept intersection of the
fractured region is required to establish a circulation loop. Microseismic,
electric resistivity, magnetic, and hydrologic flow experiments will be
used in establishing fracture geometry.

Another important factor in the design of geothermal power plants for
both artificially stimulated and natural resources is the chemical composi-
tion of the fluid. Frequently large quantities or dissolved minerals, j
particularly silica (SiO2> and calcium carbonate (CaGOa) are present and 1
they create scaling, corrosion, and erosion problems for heat exchangers, j
turbines, and related surface equipment. These problems vary in magnitude ;
from those created by geothermal water containing less than 100 ppm total j
dissolved solids to those from Imperial Valley water with more than 300,000 i
ppm.1'3

Estimating reservoir lifetime in terms of geothermal fluid production
rates and fluid quality is very difficult but is extremely critical to
optimal economic design of a power plant. Furthermore, the reinjection of
spent fluid to alleviate surface disposal problems, to control subsidence,
and help in sustaining reservoir lifetime is far from a proven technique.
Communication between a production and reinjection well is not at all
certain in the case of natural reservoirs. For this reason, maximum use
should be made of such wells; the difference between the geothermal fluids'
wellhead and reinjection temperature should be maximized to the limit
governed by available ambient conditions. For artificially stimulated
resources, communication will be established prior to production but
reinjection should occur at the lowest practical temperatures to favor
thermal stress cracking.

Thermal stresses will develop as circulating cold water continues
to cool the rock in the fractured region. The volume contraction result-
ing from this cooling process might cause thermal stress cracking which
potentially could increase the effective heat transfer area and allow ;

penetration of water deeper into the formation where temperatures are
higher. Computer models have been developed for predicting the thermal
power-time history of a dry hot rock reservoir.1"10 The fluid dynamics
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and heat transfer processes are examined for cases with and without ther-
mal stress cracking. Because the energy extraction capacity of the frac-
ture system is very quickly limited by the low thermal conductivity of
the rock, large fractures are required to insure a steady supply of

T. heat for long time periods (̂ 20 years).

4. Ensrgy Utilization Alternatives

Using geothsrmal energy to produce electricity is far from a new con-
cept to the world, '.s - Larderallo dry steam fields in Italy began produc-
tion in 1904. As seen by Table I» their capacity has grown to 390 MW(e)
with plans to increase to 430 MW(e) by 1980. The United States began
producing electrical power from geothermal steam at The Geysers field in
California in about 1960, with a 12.5 MW(e) capacity. This has increased
to 396 MW(e) in 1974 with plans to have a 1180 MW(e) capacity by 1980.

TABLE I

WORLD PRODUCTION OF GEOTHERMAL POWER

Megawatts Electric MW(e)
Country

El Salvador

Iceland

Italy

Japan

Mexico

New Zealand

Philippines

USSR

USA

1974

3

390

S3

75

170

—

6

396

1980 (Est.)

60

82

430

147

150

?

200

38

1180 (Geysers)

For countries such as Iceland, New Zealand, and Russia., the numbers 1
given in T3ble I represent only electrical production and are by no means 3

; representative of their total utilization of geothermal energy. They all \
.; have extensive space heating or direct industrial applications in addition
| to producing electricity. The Geysers area, the Italian Larderello and |
I Mt. Amiata fields, and the Matsukawa fields in Japan are all vapor-dominated |
| or dry steam systems and utilize the geothermal fluid directly in low- I
I pressure steam turbines. The more commonly found systems consist of liquid- |
I dominated or superheated water. The Cerro Prieto area in Mexico, the |
| Wairakei fields in New Zealand, and the resources of Iceland and Russia are |
s liquid-dominated and generate electric power by flashing the geothermal j
S fluid to a lower pressure to produce steam which in turn is used to drive {
i low-pressure turbines. I

5. Power Cycle Thermodynamics j

: The second law of thermodynamics imposes real limitations to the j
production of electricity from a low-temperature geothermal heat source. I
Since the geothermal fluid temperature of a liquid-dominated system does j
not remain constant as one extracts useful work, a somewhat specialized
ideal process must be constructed for calculating the maximum amount of
work that can be produced. In one scheme, an infinite number of infini-



tesimally small reversible Carnot heat engines would be required. The
maximum amount of work would then result from taking the gfeothermal fluid
at wellhead conditions (temperature T _ and pressure Pgf) and allowing
heat to be removed through these CarnSt engines to produce work and reject
an amount of heat to the environment at temperature TQ. This process would
be continued until the geofluid reached the so-called dead state or ambient
condition (TQ, P o). The total maximum work can then be expressed by a
quantity called the availability AB which is given by

W = AB = AH - T AS
max o

T ,P
o o

where AH = enthalpy difference between State (T f,P f) and State (TO,P

AS = entropy difference between State (Tef»
p
Kf)

 a n d State (TQ,PO)

This maviTtii"" work quantity can then be compared to the actual amount of
work produced by any real power conversion process.

Comparisons of this type are usually achieved by defining a cycle
efficiency (iCycle^

 wni-ch represents the net useful work obtained from
the system divided by the amount of heat transferred from the geothermal
reservoir. As the cycle efficiency decreases the amount of heat rejected
to the environment increases. For an ultimate sink of 25°C with a geo-
thermal heat source at 50°C cycle efficiencies would be less than 5%. As
the temperature increases to 100°C the efficiency would be "\>8%, at 150°C
^12.5%, and at 200°C ̂ 17.5%.

An alternative approach to using cycle efficiency would be to compare
directly the real work to the maximum possible work AB by defining a utili-
zation efficiency nu

 as»

W
n u " A B '

nu will then be a measure of the effectiveness of the utilization of the
geothermal resource. Ideally, we would like to keep r|u as high as possi-
ble; but there are limitations in the efficiency of work-producing machin-
ery (turbines and pumps) as well as in the heat transfer systems associated
with generating power.

Because the maximum availability of the geofluid (AB) increases as the
resource temperature (Tgf) increases and as the sink temperature (To)
decreases, high Tgf's and low To's should be maintained. Due to the rela-
tively low geothermal gradients that prevail in the eastern United States,
there are some economic limitations to maintaining a high Tg£. But many
areas have favorable conditions for heat rejection, particularly where
large quantities of water exist. This situation should be contrasted with
prevailing conditions in the western United States, where because of the
lack of water it is necessary to use dry cooling towers or air-cooled
condensers. There are further limitations to these minimum and maximum
temperatures. For example, any heat transfer step will require reasonable
temperature differences to keep the equipment sizes at practical levels.
Temperature differences are very important in the tradeoff between fluid
utilization and the economics associated with producing power.

Several power conversion schemes applicable to liquid-dominated sys-
tems are summarized in Fig. 1. Although in each case a production and
reinjection well system is shown, reinjection might not be required in
many applications. Direct steam flashing systems are currently used through-
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out the world for producing power while binary-fluid cycles employing organic
working fluids are just beginning to be developed. Binary-fluid cycles are
usually saturated, superheated, or supercritical Rankine-type cycles. They
involve a primary heat exchange step where the heat from the geothermal
resouce is transferred to one or more higher vapor pressure compounds to
generate a vapor, which expands through a turbogenerator to produce elec-
tricity and then passes to a condenser/desuperheater for heat rejection to
the environment. The cycle is completed by pumping the fluid up to the
operating pressure with a feed pump. Compounds considered for these appli-
cations are lower molecular weight hydrocarbons (e.g., isobutane, propane),
their halogenated derivatives (e. g., Freons, CH2F2, CHCI2F) and ammonia
(NH3). Properties of these alternate working fluids, particularly their
low-temperature vapor density, make them attractive for turbine applications.
In addition, they potentially should have higher utilization efficiencies
than even two-stage flashing systems. This would reduce the capital invest-
ment in the geothermal wells. Flashing systems are, of course, simpler in
that they do not require a primary heat exchange step.

Topping/bottoming and dual cycles represent combinations of two binary-
fluid cycles. In the topping/bottoming type cycle, the entire fraction of
the geofluid's heat is transferred to a topping fluid which rejects heat
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Fig. 1. Schematic of electric power conversion cycles for liquid-dominated
geothermal resources.
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in its condenser/desuperheater to a bottoming fluid which is vaporized and
in turn finally rejects heat to the environment. In the dual cycle only
part of the geofluid's heat is transferred to one cycle while the remaining
fraction is transferred to a second cycle operating at a lower temperature.
The characteristics of the geothermal fluid, particularly its temperature,
will determine whether one or two cycles are optimal.

In the discussion that follows a summary of the preliminary results
from a joint study between Oak Ridge National Laboratory and Los Alamos
Scientific Laboratory will be presented.11 Our major effort has been
directed toward developing thermodynaraic and economic design criteria appli-
cable to geothermal electric power systems.

When evaluating the potential of binary-fluid cycles or direct steam
flashing systems, accurate data on the thermodynamic properties (heat capa-
city, density, vapor pressure, pressure-volume-temperature (PVT) relation-
ships) and transport properties (viscosity, thermal conductivity) are
required to calculate performance. For example, a revised rorm of the
Martin-Hou equation of state with 21 empirical parameters was used for
calculating PVT properties.11 The properties of water are very well under-
stood as are the limitations of low-pressure steam turbomachinery. This
is not the case for alternate working fluids and consequently we have con-
centrated our work in characterizing binary-fluid cycles.

ZOO 50
Enthalpy IJ4)>

Fig. 2. Approach to the thermodynaroically optimized Rankine cycle for
R-115 (C2CJ.F5) with a 150°C liquid geothermal resource and heat
rejection at 26.7°C (80°F). Temperature-enthalpy diagrams shown
at four different reduced cycle pressures,

80



A specific example is included here for a 150°C liquid-dominated
resource with a heat rejection Lg&per&ture of 26.7°C. Monochloropenta-
fluoroethane (R.-115) was selected as the working fluid. Temperature-
enthalpy diagrams for four different operating pressares are presented
in Fig. 2 to illustrate the dramatic effect that pressure has on cycle
performance. Ingoing from a subcritical cycle at 27.5 bars (Case A, Pr

= 0.87) to a supercritical cycle at 80.1 bars (Case C, Pr = 2.54), the
utilization efficiency increases from 46.5 to 63.2%. This improvement
is due primarily to a more uniform heat capacity at the higher pressure
and a reduction in the amount of sensible heat rejection (desuperheat).
At supercritical pressures there is no phase change and the working fluid
heating path can be maintained almost parallel to the geothermal fluid
cooling path. As the pressure is increased to 114.4 bars (Case D) cycle
performance declines to an nu of 54.6%. This is caused by the less than
ideal efficiencies of the turbine and pump components (85 and 80%,
respectively) and the larger component work requirements associated with
higher pressure operation.
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Fig. 3. Geothermal well utilization efficiency r^ as a function of geother-
mal fluid temperature for optimum therraodynamic operating conditions.

For any given working fluid there is an optimum set of operating con-
ditions yielding a maximum r^ for particular geothermal fluid and heat
rejection temperatures. In screening potential fluids, some knowledge of
the magnitude of r^ and how it changes as the resource temperature changes
would be particularly useful. Figure 3 shows how T^ varies for six addi-
tional fluids, besides R-115, for geothermal fluid temperatures ranging
from 100 to 300°C. The fluids examined were (1) R-717 (ammonia, NH3),
(2) R-115 (C2C1FS), (3) R-22 (CHC1F2), (4) R-600a (isobutane, i-C^Hio),
(5) RC-318 (Ci^Fs), (6) R-114 (C2HClF<0, and (7) R-32 (CH2F2). These fluids
represent a wide range of properties including molecular weight, vapor
pressure, heat capacity, and specific volume. A distinct curve with a
maximum T\^ exists for each fluid and gives an indication of a range of
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temperatures where optimum performance would be expected. It is important
to emphasize the differences in the shape of the curves as well as the
maximum value that is achieved.

Thermodynamic optimum conditions (maximum r\a) were determined for
each fluid by varying the cycle operating pressure at each geothermal
fluid temperature. This required considerable computer computational
time. In the initial screening process it would be helpful to have a
less involved procedure for evaluating fluids. Figure 4 was obtained by
plotting the difference between the temperature of optimum performance
(T*) from Fig. 3 and the fluid's critical temperature (Tc) as a function
of reduced, ideal gas state heat capacity (Cp/R). Cp/R can also be
expressed using the heat capacity ratio (y = Cp/Cv) as y~p Data for the
seven fluids correlated well with the reciprocal Cp/R relationship given
on the figure. In a qualitative way this behavior can be explained by
changes in properties associated with changes in molecular weight. Lower
molecular weight compounds like R-22 (MW = 86) and ammonia/R-717 (T = 17)
reach their optimum performance at much higher values of superhero above
the critical point. As the molecular weight increases the amount of
superheat decreases. This type of procedure might be valuable in the
preliminary assessment of a potential working fluid since y and Tc are
commonly known properties for a. great many compounds.
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Fig. 4. Generalized correlation for the degree of superheat above the
critical temperature for optimum well utilization as a function
of ideal gas reduced heat capacity.
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6, Power Cycle Economics

The entire picture of geothermal power production isn't revealed
until the economics are considered. In the time remaining, it would be
difficult to present details; but I will at least try to give the basic
concepts. In comparing direct steam flashing with binary-fluid cycles,
differences between the primary components including wells, heat exchangers,
condensers/desuperheaters, turbines, and pumps are important. Well drill-
ing and casing costs typically comprise between 40 to 80% of the total
capital investment In the power plant. This percentage is strongly
dependent on the depth and diameter of the well and the type of formation
it is drilled in. Biuary-fluid systems will have large investments in
heat exchangers and condenser/desuperheater components; and a much smaller
amount invested in the turbogenerator and pump units. Flashing system
equipment investment is largely centered around the low-pressure, large-
diameter steam turbines and heat rejection aystems employed, e. g. cooling
towers. Single- and two-stage flashing systems have n w values from 40
to 50% which are below those for good binary-fluid systems (>60%). Conse-
quently for a given size power plant, flashing cycles will require more
wells than binary-fluid cycles. One uncertainty that should be mentioned
is that flashing systems are in use today and binary-fluid cycles are just
being developed. For example, scaling problems associated with the pri-
mary heat exchanger might be important.

In evaluating potential working fluids, turbine size requirements are
important to the economics. Using a similarity analysis, the efficiency
of converting thermal energy into rotating mechanical work is governed
by two dimensionless numbers involving four parameters: (1) turbine blade
diameter; (2) turbine rotational speed; (3) stage enthalpy drop; and
(4) volumetric gas flow rate. In the cases we considered, turbine effi-
ciency was maximized;thus the relationship among the parameters was
specified. Therefore turbine sizes and operating conditions and conse-
quently costs could be estimated. Generalized figures of merit £, involv-
ing the fluid's molecular weight M, critical pressure Fc, and reduced
vapor energy density hfj,)r/vg)|

at evaluated at the heat rejection tempera-
ture T o for several potential working fluids are presented in Table II.
For a given power output, £ decreases with turbine size.

TABLE II

TURBINE SIZE FIGURE OF MERIT

Heat Rejection Temperature T = 26.7°C (80°F)

M
V "\"sat

r ->

Compound

R-717

R-32

R-22

R-115

R-600a

RC-318

R-1.14

Water

Formula

NH3

CH2F2

CHC1F2

C2C1FS

Ci,Hio

CUFB

C2CI2FU

H20

0.177

0.223

0.411

0.649

0.881

1.628

2.246

30.71

83



Because of the numerous variables that need to be specified before
cost's can be estimated, several specific cases were examined. A 100 MW(e)
capacity was selected. A 150°C liquid-dominated resource with a two-stage
flashing and R-32 (CH2F2) binary-fluid cycle and a 250°C dry hot rock
resource with ammonia as the working fluid were considered initially. In
each case, well flow rate and depth were specified and reinjection well
costs included. Economic optima were determined by varying the operating
pressure of the binary-fluid cycle for fixed heat exchange conditions.
Flashing system optima were calculated by varying the flashing stage pres-
sure or temperature. Figure 5 presents the results.

Cost estimates of this type are not only very site specific in the
sense that they depend on well flow rate, geothermal fluid temperature,
and geothermal temperature gradient, but they also depend heavily on the
assumptions made concerning the process equipment and well drilling costs.
We have tried to be conservative in our estimates, particularly with
respect to well costs, and consequently total capital Investments are
high. For the 150°C liquid-dominated resource, costs range between

2000

1000

IOC MWfe)
Installed equipment and
well costs

R-32 (150 -CI-

°oL

Therm odynamic optimum

i I I l i
I 2 3

Pr-Reduced Cycle Pressure

Fig. 5. Approach to economic optimum cycle conditions. Cost per kWh and
cost per installed kW as a function of reduced cycle pressure Pr.
NH3 for a 250°C dry hot rock geothermal source and R-32 for a
150°C liquid-dominated geothermal source.
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$1400/kW to $2200/kW with between 45 to 80% of that figure invested in
the wells depending on cycle choice. This case was for a geothermal gra-
dient of "iCC/km which is far from the anamolously high gradients of
200°C/km found in certain regions of the world. Using a 50°C/fcni gradient
but drilling to obtain 250°C fluids in a dry hot rock system with a well
flow rate three times higher, costs drop to $600/kW.

At this point, the controlling effects that well flow rates, fluid
temperatures, and geothermal gradients have on the economics should be
evident:. The effect of resource temperature on generating costs was
determined by optimizing an R-32 cycle at several geothermal fluid tempera-
tures between 130 and 250°C assuming a constant geotherraal gradient of
50°C/km and a fixed well flow rate (see Fig. 6). There was a distinct
minimum in the cost curve at a particular temperature. In other words,
for a given set of resource and power plant conditions there is an optimum
depth for drilling.

t
kWh

3.5

3.0

2.5

2 0

T I I I I I I I

Economic Optimum Conditions

R-32

100 MW(e)

VT=50 °C/km

mw=IOO Ib/sec (45 kq/sec)

I I ! I I J L I I I
120 140 160 180 200 220 240

Geothermal Fluid Temperature Tgf (°C)
260

Fig. 6. Generating costs versus geothermal fluid temperature for an R-32
binary-fluid cycle. Well depths I correspond to a geothermal
gradient of 50°C/km with heat rejection at 26.7°C.
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Theje results were expanded into a generalized cost model for pre-
liminary estimating purposes. In this model, installed generating cost
is expressed parametrically as a function of well flow rate (45 to 225
kg/sec), geothermal fluid temperature (100 to 300°C), and geothermal gra-
dient (20 to 20Q°C/km) using a binary-fluid cycle for power production.
Figure 7 illustrates the parametric dependence at 113 kg/sec.

Given our conservative economic approach, geothermal generating costs
still appear competitive (Table III) with the present escalated fossil-
fuel and nuclear generating costs, and should be given serious considera-
tion as one alternate energy source.

100_ i

Generating costs

100 MW(e)

mw=25O Ib/sec (113 kg/sec)

200.

100 200 300

Geothermal Fluid Temperature Tgf (°C)

Fig. 7. Generalized cost model for geothennal systems. Generating costs
expressed as a function of geothermal gradient VT and geethermal
fluid temperature Tpf for a well flow rate VL. = 113 kg/sec (250
lb/sec). S
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TABLE III

COMPARISON OF FOSSIL-FUEL, NUCLEAR, AND GEOTHERMAL GENERATING COST ESTIMATES

Installed Operating and Total

Equipment Equipment. Maintenance Well or Generating
Costs Cost as as Fuel Cost Cost

Resource Tyoe C$/kW) (c/kWh)' (C/kWh) (c/kWh) (c/kWh)

Direct flashing0 300-600 0.68-1.37

Binary-fluid cyclesb 400-700 0.90-1.60

Nuclear >800 >1.83

Fossil fuel—oil 300-500° 0.68-1.14

Fossil fuel—coal 300-500 0.68-1.14

0.13 0.80-2.80 1.61-4.30

0.13 0.33-2.45 1.56-4.18

0.13 0.30 >2.26

0.13 2.0 2.81-3.27

0.13 1.0 1.81-2.27

17% annual fixed charge rate.
85% (7446 h/yr) load factor.

b150-200°C resourcesi
m = 100-300 Ib/sec well flow rate,
w

°Higher costs correspond to stringent environmental control systems.
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COAL MINING AND THE ENVIRONMENT:
SEEKING A BALANCE IN APPALACHIA

Birney R. Fish and Robert E. Nickel
Kentucky Department for Natural Resource0

and Environmental Protection

INTRODUCTION

Coal has been called the curse of Appalachia. For many years, we sold
much more than coal — we sold the beauty of our land, the purity of our
streams, and the health and economic well-being of our people. On the other
hand, few people outside of the coal mining industry realize how precarious
that industry's position became in the 1950's when everyone, including the
coal people, believed the claims of the Atomic Energy Commission that nuclear
power would soon replace coal. The industry situation certainly has changed.
While many segments of our nation's economy are declining, the coal business
is booming as never before and can well afford the cost of environmental and
human protection and rehabilitation. An observer who is familiar with coal
mining practices of only a few years ago can easily see the current major
improvements in land reclamation, which is in sharp contrast to the poor or
non-oxistent reclamation of the past; still, we have a long way to go.

This review will touch briefly upon the past and present situations
particularly in Kentucky, but will put •'•.he greatest emphasis on future ac-
tions toward achieving a balance between coal extraction and environmental
quality. While we should expect and insist on responsible action by the
operators of coal mines, this must be matched by responsible and realistic
demands by legislators through the statutes they write and by the regula-
tors who write and enforce regulations under those statutes.

BACKGROUND

In 1973, Kentucky led the nation in coal production. The nearly 128
million '. ns were mined about equally in 703 surface mines and 795 under-
ground mines.--'-'

Kentucky's coal lies in two separate coal fields having very differ-
ent characteristics. Most of the coal from the comparatively steep slopes
of Eastern Ke ̂ vucky, part of the Appalachian coal field, has a lox>; sulfur
content. In contrast, the Western Kentucky coa1 field, an extension of the
Illinois Basin deposits, has a more gently rolling terrain and yields a high
sulfur coal. The estimated identified remaining coal resource in Kentucky
is nearly 65 billion tons: adding hypothetical resources of coal in un-
mapped areas, the total may be as large as 117 billion tons of bituminous
coal.<2)

HISTORICAL DEVELOPMENT

Except for relatively primitive mining from obvious outcrops, the
first mechanical surface extraction of coal in Eastern Kentucky was done
in 1905 when a steam shovel began operating at Lily, in Laurel County.
The first commercial surface mine in Western Kentucky was opened in 1919
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a few miles west of Madisonvillu. By 1937. Kentucky was producing about
180,000 tons of surface-mined c-oal annually, principally in the western part
of the state.

World War II gave a significant boost to surface mining in both
Eastern and Western Kentucky, with defense industries demanding every ton
of coal that could be extracted, no matter how difficult the operation. By
1947, Kentucky's production of surface-mined coal had increased to 10.5
million tons a year.

The increased demand for coal, as well as an improving road system
for haulage from mobile mining sites, resulted in renewed surface mining
activity in Eastern Kentucky beginning in the 1940's. Despite rapid expan-
sion, surface mining still accounted for only 51 of Eastern Kentucky's coal
production by 1957, much less than the 67t in Western Kentucky.

After the coal recession of the 1.950 "s, however, the production of
surface-mined coal picked up remarkably. By 1966, 39% of Kentucky's coal
production, or 36.4 million tons, was coming from surface mines, with 25%
of this surface-mined coal coming from Eas'ern Kentucky. By 1970, surface
and underground mining each produced about 50% of Kentucky's 125.3 million
tons. Figures of 1973 indicate that 511; of Kentucky's surface mined coal
came from the Eastern part of the state.

Among the coal states, Kentucky was slow to enact laws regulating
surface mines. West Virginia iii 1939 became the first to pass surface-
mine legislation. Indiana passed its first surface mining legislation in
1941, Illinois in 1943, Pennsylvania in 1945, and Ohio and Maryland in 1947.

Two bills to regulate the industry were introduced into Kentucky's
1948 Legislature, but both failed of passage. After attempts at regulation
failed Ln the 1950 and 1952 Legislatures, the 1954 Legislature passed a law
which established a Commission of Strip Mining and Reclamation, called for
the issuance of permits, and indicated that reclamation shouJd be done "where
practicable." The Commission was abolished in 1956, but re-established in
1960. Effectiveness of the regulatory efforts may be assessed in light of
the discovery in 1960 that only nine of some 160 surface mine operators in
Eastern Kentucky had obtained the required permits.

The 1964 Legislature passed Kentucky's first effective surface mine
legislation, however, there were a number of deficiencies in the law.
Finally, the 1966 Legislature, after lengthy discussions, passed a surface
mine law which was quickly hailed by conservationists ind damned by indus-
try representatives as strictest surface mining legislation in the
United States. The legislation also authorized Kentucky's becoming the
first member of the Interstate Mining Compact.

The contrast between the situations before and after 1966 are so
great that it is common practice to refer to lands that were strip mined
before 1966 as "pre-law" lands. This is further emphasized by the obser-
vation that of about 130,000 acres disturbed in Kentucky by surface mining
of coal before 1966, there remains approximately 80,000 acres of abandoned
mined lands which are inadequately revegetated. These areas are referred
to as orphan mined lands.
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PRESENT STATUS

In Kentucky we have about 80,000 acreo of orphan mined land remaining
iionx y^st mining, we are currently disturbing about 25,000 new acres each
year and have a coal resource of approximately 500,000 acres potentially
mineable by surface methods. These actual and potential problems are dis-
similar in nature and require distinct approaches.

Orphan Mined Lands Program

Nearly 130,000 acres of land were strip-mined in Kentucky for their
coal deposits and most of this area was abandoned before the first effec-
tive reclamation laws were passed in 1966. No accurate data are available
for the state as a whole, but estimates of the amount of inadequately re-
vegetated land remaining range from 70,000 acres' ' to 93,000 acres. " )
The latter figure includes other surface mining activities such as stone,
clay, sand and gravel in addition to coal. Much if not most, of the re-
vegatated pre-law land has been reclaimed lay natural, adventitious growth.
The usual criterion is to consider a vegetation coverage of 70% or more to
be adequate. In my estimation, the 80,000 acre figure is probably accurate
to about ±20%.

In 1972, the Kentucky General Assembly established a revolving fund
recommended by Governor Ford to reclaim orphaned strip mine land. The
Legislature appropriated $500,000 to implement the program during the
following two years, and added $1,000,000 in 1974 to continue the effort.
The Kentucky Department for Natural Resources and Environmental Protection
administers the orphaned mined lands rehabilitation program.

The goal is to purchase the land and rehabilitate it as rapidly as
possible. Two areas have been obtained, both in the Western Kentucky coal
field. One area comprising about 225 acres in Muhlenberg County has been
designated as a Federal Job Corps Training Camp where approximately 100
men are receiving on-the-job training as heavy equipment operators while
they are reclaiming the land. This cooperative effort betwaen the U. S.
Department of Labor and the Kentucky Department for Natural Resources and
Environmental Protection has progressed to the point that dormitories,
maintenance shops, and other buildings have been finished and reclamation
of the first 75 acre block should be completed by May or June, 1975. The
reclamation plan envisions about 15 acres being set aside for the Job Corps
Training Center and the remainder to become permanent pasture.

The 400 acres of the Hopkins County site lies along one side of a
state highway connecting two growing communities: one, the county seat,
has a population or about 16,000 and the other 2,500. Because of its
xocation and accessibility, it is planned that the restored land will be
used for residential, industrial, and recreational purposes. The entire
400 acres is expected tc be rehabilitated under contract within calendar
year 1975.

Lands restored under this program can be transferred to other state
agencies, sold at cost of acquisition and restoration to political sub-
divisions of the state, or publicly sold to the highest bidder. But in
any case, sale of the land is under the condition that no strip mining can
ever again be carried out on the land.
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Surface Effects of Current Mining

The surface mining law currently in effect in Kentucky affecty area
mining, contour mining and auger miring operations. These mining methods
depend primarily upon the nature of the terrain. On the steeper slopes of
Eastern Kentucky, contour mining is the usual practice, while on the more
gently rolling terrain of Western Kentucky, coal is mined by area stripping.

Contour strip mining (figure 1) is commonly practiced where mineral
deposits occur along contours in mountainous terrain. Basically, tills
method consists of removing the overburden above the bed by starting at the
outcrop and proceeding along the hillside. After the ieposit is exposed and
removed by this first cut, additional cuts are often made in a similar manner
until the ratio of overburden to product brings the operation tc, a halt.
This type of mining creates a shelf or "bench" on the hillside, while on
the inside, it is bordered by a highwall, which may range from a few to
perhaps more than 100 feet in height. On the outer portion of the operation
is located the "outslope", which consists of the spoil material cast down
the hillside luring the mining activities. Unless controlled, or stabilised,
this spoil material can cause severe erosion and landslides.^) N O W regu-
lations authorized by the 1974 Legislature to be effective in July, 1975,
will permit no more than 40% of the first cut spoil to be pushed over the
outslope, and no overburden due to second and subsequent cuts can be placed
on the outslope or on the outer one-third of the bench. At present, slopes

on 1
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Figure 1
Coal Seams Mined at Outcrop on Mountainside
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in excess of 27" cult be mined only by auger ing or by a huulb.ick method whert-

no overburden in allowed over the out.si ope.

Area stripping, (figure- 2) is usually practiced on relatival/ flat
terrain. A trench or "box cut" is made through the overburden to expose
a portion of the deposit which is then removed. The first cut nay be ex-
tended, parallel, to the limits of the property or the deposit. As each
succeeding parallel cut is made, the spoil, (overburden) is deposited in
the cut just previously excavated. ̂ "' The coal operator is required to
cover the final mining pit and grade to the approximate original contour
and reveqetate the area which has been mi'-.ed.

In ail cases, toxic material and exposed auger holes must be cover-
ed by a minimum of four feet of dirt. Surface run-off water must be im-
pounded and treated to control sediment and acid if necessary, and drained
in sn- h a way as to reduce erosion and stream pollution. Any acid water
break through must be sealed off. After final contouring and grading, the
land must be revegetated according to an approved plan. Time limits are
set for grading, backfilling and revegetation after coal removal.

The 1974 Legislature also directed the Department for Natural Re-
sources and Environmental Protection to regulate the surface effects of
underground mines. Regulations have been written and are being promulgated
to require permitting and reclamation of haul roads, cut for entry, park-
ing areas, waste disposal areas and other surface disturbances associated
with underground mines.

Figure 2
Area Strip Mining with Concurrent Reclamation
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COAL MSD UUR FUTURE KNVIRONMKHT

There- is no doubt that the United States has. a vast coal resource,
De:x>mli,n9 upon the assumptions ts«c-d, various pefison;; have estimated that
coal can supply our country's; -inorgy needs for many, possibly '.undrudci,
of years. Without entering into an argument over the feasibility or the
desirability of doubling or tripling the output of coal, it is eloai' that.
coal will be a najor fuel for s;ii« remainder of this century. Jn anticipa-
tion of the likely expansion in surface ami underground coal minimi, the
Contmonwciilth of Kentucky has intensified its effort:-; to reduce the adverse
effects on the environment asssociatod with the extraction and the utili?.-
atiof of coiil.

Coal Utilization Research

The l'.»"2 General Assembly rtjijirofiriati'ti $.100,000 to «uj.n;-ort coal
utilisation research at the Uiiivcsrttity oS' Kentucky's Institute for Mtniiut
and Minorals Soso.irch. Burintj thu fir.m. two years of x:,\y program the main
emphasis was on the av;».'. lability and detailed chiiracturifitics oi Kentucky
coal, on s-.rocess evaluation and site selection for coal lujuifactitm -itui
gasaif ication plants, and on thv: s:st«ibl iahsnent of a nucleus of peopK- with
expertiso in the broad area of coal utilisation.^'^

In 197'5 the General Aasombly approved Governor Ford's request for
authorisation of S57.7 million to mount a major expansion of Kc-ntucky*:;
energy resource- utilisation protean. Tho authorisation provides: 350
million over a sist-year period to provide ma-ii money for pilot and demon-
stration plants to product- synthetic fuels from coal; ?-5 million for .1 ui-w
specialised rest-arch and analysis facility near hoxiiKjton in central Ken-
tucky; and 53.7 million for expansion of the ret;«.-*H'ch efforts t!u'QU-.i:i the
University of Kentucky'.'.; Institute lax Mininq »t\A Minerals Stetu-arch.

The research program includes prujects in the five following ar^as:
Evaluation of Sc-servc-s; :-U:ii!>u> HeciJiPtation; Coal Utilisation: and Envir-
onmental Effects. Of these- five- areas, the jrK(ior out is that of Coal
Utilisation, which includes tt-s-iarch and uxp<:ri!Ruittal projects involviny
1iquifact ion of coal, chemical reactions of coal with hydrogen at various
pre-surc-s and temperatures. physical and cho«ical dossuli'urisation of coal,
and production of tmithanol front coal. All fiv« «rea« of rose.m-rh «ir<:; boin
addressed in terms of short rantj<.- practical application to iBstK.'diat«j pro!>
1.0ms with a view toward lontjer ran^e developin«nu;.

All of those re-search areas have a direct hearin'! on '.n
quality, especially the work on coal utilization, hiti.It some of the in-
terest in synthetic fuels from coal stems from the convenience of liKUi'j
liquid or gaseous fuels, it should he Kept in mind that tho removal or
abatement of impurities, principally ash and sulfur, is a major underlying
factor motivating much of the current rose-arch effort.", to develop clean
fuels from coal.

Reclamation Research

A number of general coir^ents can be made concerning the major en-
vironmental problems associated with disturbing the surface of tho earth
to extract coal in Kentucky. Sediment is the number one problem, espec-
ially in the mountainous eastern part of the state. The number two prob-
lem in Eastern Kentucky is tho failure of an otitslope, resulting in
obvious slides. Such slope failure often results in blocking stream beds
and occasionally blocks a road or encroaches upon private property. The
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i'tuMi-m ot vi't]utat ion failure is most prevalent in the Western Kentucky

.oul t u-ld whvri- 'hi- i-n.il and overburden have a high sulfur content some-

t m v K iJtoituviiHi .icitl LtiniLal suiis, In addition, r.-'asonal variations in

rain fall, nay load to rcvtHjetation failure. These failures arc also found
in isolated areas of Kan corn KentucKy, primarily because of improper rc-cla-
.'••uttio.'i techniques, difficulty in seeding steep outslopes, and occasionally,
bttcauac- of toxic or predominately rock-type- overburden. Chemical water
pollution problems occur mainly i» the Western Kentucky coal field, pri-
marily because of the same factor,-.' producing revegetation failures. Some
cht.-:nical water pollution problems do occur in Eastern Kentucky, most of
which can be attributed to old abandoned underground mine workings and some
old, unreclaimed orphan surf act; mined areas.

The

. loii. in

Kentucky Department for Natural Resources and Environmental Pro-
•„•.-•_ L ii.ui, in eooi-n.-rat icm with various state and federal agencies, has initiated
a number of reclamation research projects directed toward overcoming the
out jor barriers to sucoissfu; reclamation. Some of the recently completed
JIK.1 ongoing research and dotnuristratiori activities are summarized in the
fol lowin<; paragraphs.

1 . Slouu- Fat lure Research

Next to sedimentation, slope- failure is the biggest problem associ-
ated with surface mining in Eastern Kentucky. Slope failure occurs as a
result ol many factors, but mainly because; of the placement of too much
overburden material on thv natural outslope and the presence c-f water.
Slides have bi'cn known to occur in areas of Eastern Kentucky as many as
thirteen year;; after inininq operations have ceased. Slope failures are
not. only •»! eye sore, they drastically increase our sediment problems.

A v;roqram of slope Stability Research, funded jointly by Kentucky and
the A: palachian Reyoital Commission, has been directed toward identifying
tactors responsible for the residual chronic slides in steep slope terrain,
and tow.-srd preparation of guidelines to methods of detecting slide move-
ments and practical methods of arresting ti oir progression. Eight repre-
sentative surface wines throughout Eastern Kentucky have been selected for
instrumentation and monitoring. (Reference 8)

2. Royoqctation Research

; The establishment of new vegetation on surface mines is a problem
in certain areas of Kastorn Kentucky. As part of an Appalachian Regional

% Commission grant program, the Department entered into an agreement with the
' United States Forest Service Experiment Station in Berea, Kentucky to con-

duct a study entitled, Revegetation Research for Eastern Kentucky. Notice-
• able beneficial results have been observed on many of the project test plots

as compared to the poor to mediocorc results of the usual revoketation
practices performed by coal operators on problem spoils.

The objectives of the Revegetation Project are:

; a. To identify problem areas and classify them by physical

and chemical conditions;

; b. To carry out soil and rock strata studies;

| c. To evaluate present mining and revegetation require-

... J ments and recommend alternative means to overcome
! problems;
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d. To conduct tests on research plots and monitor through

two full growing seasons; and

e. Tc develop a manual to be used by surface .tdne operators
ami reclama4ion inspectors to establish guidelines for
effective revegetation.

Establishment of quick cover crops has been emphasized. With min-
imum seed bed preparation, the addition of fertilizer and mulches, the es-
tablishment of quick cover crops such as pearl millet, has been successfully
demonstrated. However, some problems have been encountered. Xn some cases,
it was found that the quick and abundant growth actually smothered the more
desirable perennial grasses, such as Kentucky 3i fescue, which were planted
along with the quick cover crops.

The Forest Service group recommended that the Division of Reclamation
require a chemical and physical evaluation of the overburden strata before
issuing a surface mine permit in areas considered highly sensitive to tn-
vironmental damage, and on coal seams known to have produced acid spoils
in the past or are suspected of being acid producers. In cases when the
overburden analyses indicate that the proportion of the acid overburden is
so great that it cannot feasibly be buried, then consideration should be
given to prohibiting mining, rather than attempting the very difficult task
of correcting the acid problem.

The final report, in the form of a revegetation design manual has

been issued. (Reference 9)

3. Design of Surface Mining Systems

Because of the obvious problems involved in continuing, possibly
expanding, the surface mining industry, we in Kentucky felt that we needed
to identify new approaches toward surface mining, and at the same time take
a look at present methods by which our Department administers the surface
mine law and regulations. Because of this need, a study was undertaken en-
titled. Design of Surface Mining Systems, in conjunction with MATHEMATICA,
Inc., and the engineering company Ford, Bacon and Davis. The study, con-
ducted as part of an Appalachian Regional Commission-Kentucky project for
"Improved Surface Mining Techniques in Eastern Kentucky", was divided into
two parts. Part "A" of the project was aimed at identifying alternative
approaches to surface mining, using varying combinations of existing equip-
ment, which appear to be feasible based on different resource objectives
such as maximizing recovery of the resources, minimizing the adverse envir-
onmental impact, and reclaiming land for multi-purpose use on a latge scale.
In addition, the contractor was asked to recommend desirable changes in the
general administration of our reclamation enforcement program. Part "B" of
the study was directed toward identifying feasible modifications of mining
systems which might improve surface performance, and toward tha design of
new equipment, procedures, and systems which would improve the mi-iing opera-
tion, both for increased resource recovery and lessening the adverse envir-
onmental impact.

From the investigations conducted under this program, two new mod-
ified mining methods were proposed. One is tho modified block-cut method,
which is presently proposed for implementation through an Environmental
Protection Agency demonstration grant.
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Another potential method which appears feasible is a modified
mountain-top removal minmq technique. (Figures 3, 4, 5, 6, and 7).
This mining operation is conducted similar to the conventional mountain
top removal method, but like the buried highwall technique, it substan-
tially reduces the need to deposit overburden material on the outslopes
typical of mining in Eastern Kentucky. Work under this project has been
completed and three project report volumes have been issued. (Reference 5)

4. Chemical Water Quality Research (Eastern Kentucky)

While chemical stream pollution, particularly acid mine drainage,
is not as biy a problem in Eastern Kentucky as it is in the Western Ken-
tucky coal field, nevertheless, many streams in the Eastern part of the
state are affected to some degree by mine drainage pollution, and the
overburden associated with a few coal seams are known to be acid producers.

In cooperation with the Appalachian Regional Commission, Kentucky
began a chemical water pollution project to determine the characteristics
which would allow for pre-mining identification of areas in Eastern Ken-
tucky having a high potential for developing chemical pollution, and to
propose alternative waste material handling methods for such areas.

The method employed during this study was to select surface mining
sites which were associated with different coal seam groupings, to monitor
the stream quality, and to obtain and analyze stratigraphic samples of coal
seams x'ound in each grouping. On the basis of this work, coal seams in
Eastern Kentucky that have the highest potential for acid production have
been idc-ntified, and appropriate methods of overburden handling have been
outlined. (Reference 10)

5. Chemical Water Pollution (Western Kentucky)

Many of the area-type surface mines in Western Kentucky operate with
the pit f1ior well below the local water table. Consequently, both ground
and surface water accumulates in the pits where the chemical reactions
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leading to acid formation take place. In the past, drainage water which
ctccumulattxi in the surface mine pit was discharged untreated directly into
a stream. However, since the adoption of Kentuck' a.tor Quality Standards
for Surface Mining, this method of discharging water is no longer permitted.
Water which has accumulated in a pit must now meet stringent, standards be-
fore being discharged. Concurrent with an oversupply of acid water, during
some seasons of the year revegetation efforts sometimes fail in Western
Kentucky because of insufficient moisture in the soil.

In order to attack both of these problem concurrently, Kentucky, in
cooperation with the Environmental Protection Agency and the Peabody Coal
Company began a project entitled "Revegetation Augmentation by Reuse of
Treated Active Sus: race Mine Drainage." Th«? objective of this ongoing pro-
ject is to demonstrate the technique of using neutralized acid mine drainage
from a full scale, active surface mine to irrigate new vegetative cover on
re-'ircidt-d spoil bank:", and to eliminate pollution from the surface water.

As shown in the process flow and instrumentation diagram (figure 8)
the- acid water will be pumped out of the pit to a mixing tank. In the
mixing tank, the acid water will be treated with pulverized limestone.
From the mixing tank the water will flow to a pond, where an aerator will
provide oxygen to speed up the neutralization process. From the aeration
pond, tho neutralized water will go to a settling lagoon where the limestone
sludge and heavy metals will settle out. From tho settling lagoon^ the water
will be pumped as needed to the spoil irrigation system and sprayed at pre-
determined rates on the seeded spoil, or will be drained directly into the
receiving stream.

Both tho neutralization and irrigation units will be engineered and
constructed for semi-portability, so as to be compatible with the transient

- I

Figure 8
Vogue Mine—Process Flow and Instrumentation Diag am
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nature of the surface mine o p e r a t i o n , cont inuous muni to r ing of d l^ctuirgt-s,
rece iv ing s t r eams , and runoff q u a l i t y w i l l be c a r r i e d out during the
p r o j e c t . Costs and e f f e c t i v e n e s s of the p r o j e c t w i l l a l so be .iocumei

6. Demonstration of Debris Basins for Control of Sedimentation in

Steep Slope Terrain

Under present regulation;:, the surface mine operator in Kentucky is
required to build approved sediment control structures in the hollow;; below
the mining site. These control structures are designed to retain the water
coming off the strip mined area long enough for the suspended solid;; to
.settle out. While debris basins are the best practical means of control Iimj
sediment from strip mining, still there are many limitations and problems
with using this sediment control method.

Under a grant from the Environmental Protection Agency, Kentucky hcit:
undertaken the task for developing the needed research and documentation nn
the current practice of u^ing debris basins for sediment control. In thit>
study, which is now getting underway, we and our contractor, the i... Robert
Kimball Consulting Engineers, wi .1 evaluate and document data related to the-
design, construction, operation, maintenance, costs and the- quality of dis-
charge water coming from control structures presently used in Eastern Ken-
tucky. Subsequently, based on data obtained from our study, we will outline
alternative design and construction methods applicable to producing the de-
sired water quality and which will insure the safety of people living down-
stream.

7. Demonstration of On-Site Control of Surface Mine Sedimentation

In view of the problems and limitations of control'ing sediment by
the use of debris basins, the Environmental Protection Agency has approved

HAUL RQAO

Figure 9
Typical Cross Section Showing Haul Roads, Terraces, Mined Contour, and Final Contour

100



a 'jrasit tor a project which will dt-mojistrate the cost and effectiveness of
;iiiijstf non-structural consorva'.ion practices at the; source of the sediment
in !.:orssf;i'<:tiof! with thi. modified block cut method of contour mining. These
conservation practices will, present no flood hazards, and hopefully will pre-
vent thi.- sc-dimi.Tst frost1, reaching the stream channel. Thus attacking the
prof)JI'm at its source, not aft«;r it is als/eady in the stream.

Water diversion terraces will bt> located above and below the dis-
turbed ar<..-a (figure • * ) . Thesediversion terxaces will be constructed and
y«.--:;etai<-H:i prior to the S>;.-qirmUKj of any n)ini.n<j activity. The outlets of
the fiiversion terraces will be broad, vegetated "far." areas (figure 10).
The "fan" areas wsii also foe constructed and vegetated prior to mining,
,'isjis will livrvt? as the- final filtering device before the water reaches the
a t r«;iatn chaji.'ie j .

Figure 10
Typical Schematic of Vegetated Sediment Control Fan Outlet
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After the vegetation is established in the diversion terraces, and
"fan" areas, haul roads will be built to each area prior t̂i the removal of
the overburden. In figiu * 11, the haul road is shown as being located above
the highwall with ramp roads leading to each section. Other possible loca-
tions of the haul roads will also be considered.

After _ : coal and overburden from the first mined area, is removed,
the overburden from the second block to be mined will be placed in the va-
cated area, returning the ground it its approximate original contour. The
spoil will then be mulched and seeded immediately (figure 12). The slcpe
length of the replaced spoil will be reduced by specially designed terraces.

This method, if demonstrated satisfactorily, will not only minimize
the disturbed area and reduce the volume of sediment leaving the operation,
but will also eliminate the highwall and the cutslopa disturbance — thereby
returning the area nearly to its original state and reducing the potential
for slides.

— — — COAL OUTCROP

Figure 11
Typical Proposed Plan of Strip Mining
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8 .

Figure 12
Typical Schematic of Proposed Mining and Reclamation Sequence

Demonstration of Coal Mine Haul Road Sediment Control Techniques

The design, construction, and maintenance of haul roads have not been
of very much concern to many coal mine operators since their main interest
i-i in the extraction of the mineral itself. Consequently, many haul roads
have been poorly designed and grossly neglected. However", in terms of the
environmental impact, the haul road is a principal contributor to stream
pollution. Some studies indicate that as much as half of the sediment com-
ing from a surface mining operation can be attributed to the haul road.

Although generally guidelines concerning haul roads have been issued
by various regulatory authorities, they have not been definitive, nor have
any innovative techniques been introduced. In order for Kentucky to be
better equipped to provide definitive criteria for the control of sediment
from the haul roads, we have begun along with the Environmental Protection
Agency a project entitled "Demonstration of Coal Mine Haul Road Sediment
Control Techniques."

The haul road under study will be divided into various test sections
which will be approximately one-fourth mile in length, and separated by
natural drainage divides (figure 13). Various control techniques to be
introduced into the test sections include such things as: diversion ditches
above the road's highwall, slope reduction of the highwall, low cost drainage
control structures, grassed or lined ditches and soil cements.

The results of these control methods will be monitored for each
section, by on line monitoring equipment and periodic grab samples.
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9. Surface Mine Pollution Abatement and Land Use Impact Investigation

The reclamation research effort has concentrated attention on speci-
fic problems, limited areas, or at most, the entire mine. In contract, a
new program sponsored by the Kentucky Department for Natural Resources and
Environmental Protection, and the Appalachian Regiorial Commission is en-
titled "The Surface Mine Pollution Abatement and Land Use Impact Investi-
gation" and is aimed toward three main goals — identifying pollution prob-
lems resulting from surface mining on a large watershed, recommending al-
ternative abatement schemes, and analyzing the impact of surface mining on
surrounding land use patterns. The investigation is being carried out on a
selected model area in the Eastern Kentucky coal field. It is anticipated
that knowledge obtained from this project will be applicable throughout the
Central Appalachian Region.

Figure 13
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During the project an inventory of orphan (pre-law), active, and in-
active surface mines will be undertaken. Both high and medium altitude
aerial photographs will be employed as the primary inventory tool, with
periodic spot checks on the ground. This inventory will provide information
leading to the identification of land and water problems associated with
surface mining and enable a model area to be selected for more thorough
investigations.

After the selection of the model area (probably a manageable sub-
tributary of a water basin), problems will be classified by type, degree,
and extent. Surface mining impacts upon existing land use and population
centers will be evaluated in terms of environment, social, and economic
values.

within the model area, the potential impact of surface mining upon
future land use, especiallv in areas of potential growth, will be projected
and evaluated and potential areas of critical environmental concern will
be identified. For those problems determined to be significant, alterna-
tive abatement programs and costs will be determined.

10. Other Cooperative and Future Studies

A number of studies are being done in cooperation with the Univer-
sity of Kentucky, the Tennessee Valley Authority, the U. S. Bureau of
Mines, and the U. S. Soil Conservation Service. These involve assistance
by the Kentucky Department for Natural Resources and Environmental Pro-
tection by supplying data related to orphan mined lands, information on
specific watershed, and general surface mine reclamation statistics.

The National Aeronautics and Space Administration has approved fund-
ing for a program which was initiated in February, 1975, to analyze the
feasibility of using satellite and other remote sensing data to monitor and
inspect surface mining operations in Western Kentucky.

Several studies have been proposed and are pending. These include
a demonstration project to rehabilitate an orphan mined area in Eastern
Kentucky, the investigation of 34 watersheds and a demonstration of re-
vised mountaintop mining systems.

SUMMARY

Extraction of coal in past years both from underground and surface
mines has done great damage to our environment, and in many cases, has
left us with massive scars on our beautiful land. From our experience in
the field and on the basis of research, we can categorically deny that our
living environment must be destroyed in order to extract coal. While there
does appear to be isolated areas where successful reclamation of a surface
mine may not be possible, hence should not be permitted, still, in the
majority of cases the land can be restored to equal or higher quality than
before mining.

Certainly it is the duty of all citizens to do everything in their
power to help our country to become less dependent upon insecure sources
of vi*-al fuels, fin increased rate of extracting coal is a key factor that
very likely will be with us through the next two or three decades. Thus,
if we are to have both our fuel and a decent world to live in, it is im-
perative that the regulatory agencies be firmly supported by statutes that
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require mining, reclamation and enforcement to be done using the bost current
methods, but to be effective those statutes must include adequati funding
and recognize the critical need to obtain qualified personnel to provide
them with continuin9 education in the broad and rapidly changing field of
environmental protection.
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REVIEW OF CENTRAL TOWER MAGNETOHYDRODYNAMICS AT THE
UNIVERSITY OF JENNESSEE SPACE INSTITUTE AND ITS

RELATION TO THE WORLD EFFORT IN MHD.

John B. Dicks
Director, Energy Conversion Division
University of Tennessee Space Institute

Tuliahoma, Tennessee 37388

Introduction

Central power magnetohydrodynamics has grown to the point
where it can be applied producing in the first generation of
electrical plants 50 to 55 percent thermal efficiency and in
later versions of these plants efficiencies up to 75 percent, j
in contrast with overall efficiencies of 40 percent or less,
available in present coal-fired central power plants, consid-
erably less than that in nuclear plants. Magnetohydrodynamic
power generation can do all of this, at the same time providing
low levels of pollution in the power plant effluent.

It also has the advantage of being a relatively low-cost
technology when compared to other central power technologies
being presently developed. This technology promises to do all ;
of these things along with a cost savings of $120 to $274 billion ;
in the country's power bill by the end of the century. Current
status and future plans in the United States will be reviewed
as well as the technical status in the Soviet Union.

The principle of Magnetohydrodynamic (MHD) Power Generation
was invented by Faraday in 1831 during the bame time that the
rotating generator principles were first uncovered. Mechanically,
MHD power generation is very simple because there are no moving
mechanical parts other than the electrically conducting flowing
fluid itself. In the United States, coal is the only interesting
fuel since it is the only fuel which will be available in suffi-
cient quantities to be meaningful by the time MHD is developed.1'2 j

There are three different types of MHD energy conversion. \
The open-cycle system utilizes fossil fuel as its heat source, i
the resulting combustion gas being the working fluid. The closed- f
cycle generator usually refers to the closed-cycle plasma gene- j-
rator which requires an external heating source to heat a noble
gas as the working fluid. Finally, there is the liquid-metal
generator which is also closed-cycle, but utilizes a two-phase
mixture. The open-cycle system is by far the most promising and j
most advanced. Emphasis will be placed on this system here. ;
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Open-Cycle Generators

The group at the University of Tennessee Space Institute
has focused its attention on the study of directly coal-fired
MHD generators and has succeeded in demonstrating that such
generators can be operated successfully on coal.3'4 As a
matter of fact, this demonstration includes the fact that the
slag formed from the coal ash coats the walls of the generator
in such a way as to protect it from corrosion. Major damage
in MHD generators is not caused by heat transfer from hot gas,
but by micro-arcs that form in the cold boundary layer as cur-
rent passes from the hot conducting plasma core into the elect-
rodes. Such damage may also occur when voltage breakdown be-
tween electrodes occurs.

The first successful generator tested was a segmented Fara-
day generator.5 The difficulties of maintaining ceramic or
water cooled blocks that form the insulating walls within the
generator indicate that this is not a good design. We saw the
need of developing the diagonal conducting wall generator6

which was analyzed from a theoretical standpoint, originated
by de Montardy,7 as a series connected generator. The dia-
gonal conducting wall generator is made of metal window frames
which form the electrodes and sidewalls. Figure 1 shows such
a generator which is essentially a copper pipe made by utiliz-
ing window-frame-like copper elements with thin insulators
separating them. Construction is simple and inexpensive and
has turned out to be very rugged in use. Such generators have
been operated by us for two years without disassembling during
which time hundreds of short runs as well as continuous operat-
ion of up to one hour have taken place in a wide variety of
experimental conditions for a total of approximately 10 hours
operating time.

Figure 1
Water-Cooled 60° Diagonal Conducting Wall Generator

The coal slag coating of the interior of the generator
during operation protects the entire structure from electrical
corrosion8 and covers the entire inside of the generator as
shown in the photograph of Figure 2 without resulting deterio-
ration of performance. In fact it was long realized that no
electrode material could survive the corrosive environment of
the open-cycle MHD generator using clean fuels. Replenishment
of electrodes must be employed.9
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This scheme is expensive and troublesome. With the use of com-
bustion gas of coal carrying at least a portion of the slag, the
electrodes (as well as sidewalls) are virtually the self-renew-
able coal slag. Examination of a cross section of this deposit
under the microscope, as shown in Figure 3, indicated that a
solid part of the deposit approximately 0.001 in. thick appears
to be formed during operation of the generator.

Figure 2
Interior of Generator Channel Coated with Coal Slag

Figure 3
Cross Section of Deposit 0.03 in. Thick Formed During
Operation of the Generator. The Side to the Left To-
ward the Copper and Side to the Right Toward Flow

On top of this is another layer of deposit which as apparently
been liquid at one point in its history and has deposited in a
glass-like layer probably after the generator was turned off.
When the slag layer was carefully removed, the generator elect-
rode was subjected to investigation by the microscope, and as
shown in Figure 4, there is absolutely no change in the electrode
surface from this original surface characteristic when it was
put into the experiment.

Figure 4
Copper Electrode Surface after One Hour Opera-
tion of Coal. This Photograph Shows Part of the
Cathode Edge and its Reflection in a Mirror at
the Bottom of the Picture
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By contrast, prior to the coal experiment, we conducted a
series of experiments on electrode deterioration in the presence
of clean fuel. The fuel used was benzene whose chemical composit-
ion is similar to that of coal, but of course, contains no ash.
In order to conduct a careful experiment, we first ran the gene-
rator on coal to deposit a layer of slag within the generator.
The.i the generator was disassembled and the electrodes
examined in a way similar to that examination conducted on the
one hour coal run. The result is shown in Figure 5. Arcs in
the generator have cut through the coal slag deposit and down
into the copper, especially on the edges of the electrode where
higher concentrations occur due to the interaction of electric
and magnetic fields.

Figure 5
Coal Slag Eroded from Electrode Surface at 0.6 Amp/Cm2 Average Current. No Copper Erosion is

Observed. Currents Are Typical of Central Power Generators

Presently cermets are being investigated as a possibly
superior method for channel construction when sprayed on the
inside and bonded to the copper. These cermets promote a more
rapid growth of the slag layer over a variety of coal materials.
Beyond that,other more sophisticated materials experiments are
being conducted in hopes of further improving on what seems to
be a first solution of the problem of generator wear.

A direct coal fired MHD plant has tremendous advantages
over any other schemes of utilizing coal in a power plant. If
the coal must go through a gasifying process first, the effici-
ency of such a gasifying process will be, at most, on the order
of 75 percent. Present efficiencies are quite low, around 60 or
65 percent. In this case even if a MHD power plant turbine
plant is 55 percent efficient, one must multiply this 55 percent
by the 75 percent efficiency of the gasification process to arrive
back at an overall efficiency of 41 percent, no better than that
of present coal burning plants. Gas turbines are particularly
affected by such calculations because particles down to one
micron size have to be removed from the flow. Thus the tempera-
ture of a fixed bed gasification process must be reduced for
such particle removal in a bag house and then reheated for the
turbines.

On the other hand, the direct coal fired MHD plant not only
has an efficiency of 55 percent but depends on the seed removal
process and on holding time in a radiant boiler to completely
eliminate sulfur from the power plant effluent and drastically
reduce the N0x concentration.

10"13 A diagram of the MHD section
of an ideal power plant utilizing direct fired coal is shown in
Figure 6. It is possible that the preheaters might be separately
fired in the firs.: plants of this type which means that fuels of
a purity of that required for gas turbines or clean fuel MHD
generators might be used to fire the preheaters. The require-
ment for such fuel is only 30 percent of that required for runn-
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ing a whole plant so the attendant penalties mentioned in the
previous discussion are reduced by two-thirds, resulting in an
overall efficiency o; 30 percent for the early plants. The high
temperature prehsater problem may be eliminated even in early
plants because calculations show that enriched air containing
40 percent oxygen and SO percent nitrogen can be produced for
a cost of 4 dollars per ton of oxygen and used in the MHD power
plant in place of high temperature preheaters.

Experiments on downstream equipment shown in Figure 6 are
prcceeding in our laboratory. A preliminary uncooled slag sepa-
rator operating at 12C0°C separated as much as 95 percent of the
slag from the flow. This is desirable to keep such slag out of
the preheater section and sections downstream of this. Presently
experiments are being run with two larger water cooled cyclones
and a radiant boiler section. This radiant boiler must operate
at temperatures of approximately 2000°K. This is much above
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Figure 6
MHD Section of an Ideal Power Plant Utilizing Direct Fired Coal

the temperature of ordinary boilers. The construction of such
boilers must be within acceptable cost limits in the full scale
plant so that inexpensive materials must be used. The experi-
mental boiler section is behaving well in preliminary runs. In
general, the technique is to promote growth of slag in this
device in order to protect the boiler tubes and reduce heat
transfer. The radiant boiler is shown in Figure 7 and the
slag separators are shown in Figure 8.

Because of higher efficiency, hence better fuel utilization,
the operating cost will be reduced. At the same time, higher
overall thermal efficiency implies a reduction of thermal pollu-
tion. These advantages have prompted wide attention to using
the MHD generator bottomed with a conventional steam plant as
a base load central power station. However, MHD competes well
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Figure 7
Radiant Boiler Transition Section Operating at 2000°K

Figure 8
Slag and Seed Separating Cyclones Removing Slag Potassium and Sulfur from the Affluent. Previous

Models Have Taken Out Up to 95 Percent of the Slag Particles
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also in the areas that can be best suited by MHD power. High
power short duration requirements"to power wind tunnels and
other experiments is a prime example.

In 1973, the MHD community had drawn up a national program14

for MHD central power generation which will lead MHD to be avail-
able for commercial service by 1985. This is the recommended
date by the utility industry. 5 The overall cost of this program
is projected to be $410 million (1973 dollars). Figure 9 gives
an overview of the proposed program. Adoption of this plan and
its successful execution would make possible significant amounts
of electrical power generation using the MHD fuel consumption
and environmental benefits.

Figure 9
MHD Development Cost Plan

Recently the Electric Power Research Institute (EPRI) has
made a new projection of a much more elaborate plan for MHD deve-
lopment with a somewhat extended time schedule. The just issued,
"A National Plan for Energy Research, Development and Demonstration"
frora Energy Research and Development Administration (ERDA) mentions
MHD, but does not yet give a development plan. The Congress has,
however, issued several statements to encourage MHD development
and ucve appropriated money directly for MHD projects. In the
next fiscal year they indicate an appropriation somewhere between
$30 and 50 million.

Closed Cycle Generators

Closed cycle generators are sometimes called non-equilibrium
generators since they take advantage of the non-equilibrium effect
of the plasma. Hence, the process enables the generator working
fluid to be at much lower temperature as compared to the open cycle
system yet still have sufficient electrical conductivity due to
the elevated electron temperatures. Good technical progress has
boen made in this area. However, due to the lack of suitable
nuclear reactor to heat the noble gas to the required temperature
(of the order of 2000°K), the closed cycle generator has been
greatly curtailed. Recently, a fossil fuel heat source has been
proposed and study is going on at General Electric.
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The USSR MHD Program

Recently a very complete study was made by Rudins1 comparing
the United States and Soviet Union MHD program. The Soviet Union
has a number of installations for all three different types of
generators. But, as in the United States, open cycle work has
dominated tfca MHD effort. The most important facility is the U-25
at the Institute of High Temperatures which was reported before
by the present author. This installation i^ a complete pilot
plant with the MHD portion generating 25 mega atts while the steam
bottom plant delivers 50 megawatts. The decision to proceed with
this project was made in 1966 and the MHD generator was first run
in 1971. At present the MHD generator delivers about 13 megawatts
and it is expected that this device will produce 20 megawatts by
the end of the year

For long duration experiments a new channel called the R-channel
was designed. The sidewalls were constructed according to the
electrical design developed at the University of Tennessee where
diagonal conducting walls carry a relative lait,e percentage of the
generator current. This channel was designed for 3 megawatts, but
in operation yielded 4 megawatts (a considerable improvement over
the projected performance). This improvement is due to the conduct-
ing sidewalls, improved uniformity and reduced losses connected with
currents entering the electrodes. The channel was operated for 100
hours without apparent difficulty in which time the relatively tri-
vial event of a water hose coming loose caused premature shutdown.

The U-25 has made data from this channel operation available
to us and it confirms on a much larger scale many o± the smaller
scale experiments that we have conducted in our laboratory in this
design. It is a very useful product of the cooperative program
with the Soviet Union to have this data available a number of years
in advance of achieving it in the United States. We know now that
our designs and results on a smaller scale can be extrapolated to
the 12 megawatt level. This is, of course, highly useful in any
sort of development program. In addition, this Soviet plant also
is producing vital experience on air preheater, seed recovery sys-
tems, inverters and downstream steam plants. Because of the diffe-
rent conditions in the Soviet Union as regards to mineral resources,
natural gas will be available for a longer time than it will in the
United States and, thus, their MHD program is directed towards nat-
ural gas conversion.

The U-25 plant's exterior air preheaters consist presently of
aluminum oxide, and are heated by natural gas and then used to heat
the incoming air. Such heaters are periodically cycled to provide
a continuous flow of air at 1200°C. Such preheat is necessary in
the MHD cycle in order to make the combustion products conducting.
In the U-25 additional temperature is gained through the addition
of a small amount of pure oxygen preheated at 1200°C to the air.
The preheaters have been in operation for some time, though it is
not completely clear for how long they have been operated. Others
at the High Temperature Institute have been cycled for 8000 hours.
Their seed-recovery process is quite successful, as the Moscow group
claims 99.9 percent seed recovery. Otlier technical triumphs in the
program include successful operation of boiler tubes for long per-
iods of time in a potassium-seed combustion gas. We believe that
the project itself is skillfully and intelligently organized so
that the Soviet Union will acquire the necessary technology for
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central power in a short periof of time at an optimum cost. Quest-
ions of endurance and electrical efficiency will be solved in good
time, and the High Temperature Institute should be congratulated
on its ability to put such a plant in operation so soon. In the
U. S., because of cost limitation, we are at least five years away
from a plant of this type.

The Soviet Union now projects the construction of a 1000 mega-
watt MHD topping plant to begin within the next 5 year period. This
development is moving more rapidly there than it is in the United
States.

Concluding Remarks

Because of its simplicity, MHD power generation is less expens-
ive than ordinary coal or nuclear plants. It also is more economi-
cal, for because of its higher temperature, it can raise the 40
percent efficiency of present base-load power stations to 60 per-
cent or more. That would mean that we will get 50 percent more
energy for a pound of coal h- ,>ed in an MHD plant than can be
obtained from a conventional . il-fired plant.

A few years ago, we cal; ̂ated that the cost savings to the
United States through the development of MHD power generation would
amount to from $40 TO $130 billion by the end of the century. Now
with the drastic increase in the cost of coal, these savings would
be tripled so that at a minimum would be $120 billion and might go
as high as $274 billion. Further fuel cost increases result in
making MHD even more important.

As part of the MHD power generation system, the sulfur dioxide
pollution in high sulfur coals is reduced by 120 times, nitrogen
oxides by many times, particulate matter by 10 times and finally,
thermal pollution is reduced by more than 50 percent even without
the use of cooling towers. All of this can be done at the relat-
ively low cost of $410 million in 10 years.
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NUCLEAR ENERGY: BENEFITS VERSUS RISKS

by

Walter H. Jordan

Department of Nuclear Engineering

University of Tennessee
Knoxville, Tennessee

Just a few years ago almost everyone looked forward to the coming age of
nuclear energy as a boon to mankind. Of course the coal interests have always
been less than enthusiastic, but that was to be expected. Recently, however,
many persons have undertaken the role of professional critics, joined by some
conservationists.

I feel particularly betrayed in this instance, for I have long considered
myself a conservationist. Certainly one of my strongest motives in promoting
nuclear energy has always been the conserving of our valuable and irreplaceable
fossil fuels, coal, oil and gas. Because this can be accomplished and, at the
same time, the pollution of our atmosphere reduced, I felt a sense of righteous-
ness in promoting nuclear energy. But these critics say that all these fine
benefits just are not worth the risk. I strongly disagree. I believe that more
lives have already been saved by the advent of nuclear energy than will be n s t
as a consequence of it in the next hundred years.

A swarm of controversy over the growing nuclear technology appears to be
developing. If it were just an occasional book or article, I would be inclined
to hold my peace. Unfortunately, it is deeper than that. Part of the federal
licensing procedure for a nuclear-power plant, though not for any other kind,
stipulates that a public hearing be held at which individuals may intervene. In
some cases these hearings have been so drawn out that the power company has with-
drawn its application rather than face the continued publicity. A power plant
planned for construction at Bodega Bay, California, has been abandoned. The
opposition was concerned mainly with the natural beauty of the proposed site,
but the issue of earthquake damage was the deciding factor. New York State
Electric & Gas Co. has decided to postpone indefinitely the project to build
a nuclear-power plant at Ithaca. In this instance the intervenors protested
the possible thermal pollution to Cayuga Lake.

Electrical power, polluted air

First, let me summarize some of the benefits. I do this quickly because
there really is not much argument about this part. The real reason that power
reactors are being installed in so many places in the U. S. (some 80 nuclear-
power plants have been ordered; 15 are in operation) is to save money. Although
construction costs of a nuclear plant are higher than those for a fossil-fueled
plant, the operating costs are much less. As a consequence the cost of elec-
tricity will be less than it would have been with fossil-fuel plants.
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The "amand for electricity has almost doubled within the past ten years,
and another doubling is projected for the next decade. Part of this rise is
caused by the population increase, but for the most part it reflects a higher
standard of living. When I came to Oak Ridge National Laboratory some 20 years
ago, air conditioning was a rarity. Now the summer demand for electricity in l

some regions exceeds the winter demand. Although nuclear energy is beginning
to supply some of the ever increasing demand for power, the fossil fuels (coal,
oil and gas) are being burned at an ever increasing rate. Moreover our reserves
are very limited. Whether the commercial supply of them will be exhausted in 50
years or 200 years is not certain—but the time is short compared with the already
brief span of man's existence on this planet, or with the hundreds of millions of
iaars that it took to form those deposits of coal and oil. Our limited reserves
are fast going up in smoke.

And smoke there is! From a single large, coal-fired power plant, such as
Bull Run near Oak Ridge, hundreds of tons of noxious sulfur oxide.s are emitted ;
every day. In addition to the sulfur, thousands of tons of carbon dioxide are I
emitted by Bull Run per day. (It has been observed that the carbon-dioxide con-
centration in the atmosphere is increasing at about 2% per decade, a change that
may have implications for long-term effects on climate.) No longer is the air
clean and pure in the Tennessee Valley—or in New York, or in Los Angeles, or i
indeed in most of the U. S. Our eyes may burn, and pine trees drop their needles. !.

Unfavorable atmospheric conditions can be so bad that many people sicken j
and die as they did in Donora, Pa., in 1948 (43% of the population became ill, :

20 deaths attributed to smog), or in London, England, in December 1952, when the
excess fatalities were estimated at 3500.-^ (There was a time in English history,
around 1300, when King Edward I decided to take steps toward reducing pollution.
He made it a crime punishable by death to burn coal.)

It is imperative that we take steps to reduce this outpouring of noxious
gases either by removing them from the smokestacks, thereby increasing the cost
of electricity, or by installing nucl&ar-power plants. Coal-fired power plants
are not the only contributors to the air pollution of the country: Automobiles ;
and trucks also represent a major source, as does the heating of homes and •
buildings. To reduce this pollution caused by combustion, a general conversion ;
to electricity will have to ensue. Homes must be heated electrically and auto- j
mobiles and trains driven electrically, which will triple the demand for elec- !
tricity, a challenge thac can only be met economically with nuclear-power plants.

Nuclear power offers a virtually inexhanscible supply of cheap electricity.
Moreover, it offers a chance to clean up___the—atmospHexe-;—Bat—-tfieYe~Ts, in addi-
tion, a third major benefit—the myriad uses of radioisotopes. These isotopes,
produced so copiously in every nuclear-power plant (and indeed representing the
chief danger in their operation), have already proven to be' a great boon to
mankind. Although production reactors have been the chief source of the fission-
product radioisotopes, such as Sr'° and Cs 1 3 7, power reactors will undoubtedly
become the major producers r.n the future. Research reactors and cyclotrons
supply most of the medical i.-otopes. Estimates of the benefits of these iso-
topes to industry are of the order of a $1000 million a year. Many major in-
dustries use radioisotopes to gauge the thickness of sheet steel in a rolling
mill; the level of a liquid in a tank or the flow of oil through a pipeline is
measured with radioisotopes. Isotopes are also used for well logging in the
exploration i w-r oil. A slow leak in a water main or a gas line can be found
with an isotopic tracer. The gamma rays from Co 6 0 are used for "x raying" welds
and are used in a chemical plant to produce new plastics. The dramatic uses of
radioisotopes in agriculture, biology and medicine have caught everyone's
attention.
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Daily hazards

I could easily lecture for many hours about the benefits of nuclear energy.
However, there are also risks. Those radioactive isotopes that are so useful
when properly prepared also represent a major hazard. The possibility, no mat-
ter how remote, of spreading millions of curies of radioactivity over the
countryside is not a pleasant one to contemplate. The critics present a gloomy
picture. How likely is such an accident? Before discussina that question, let
us recall some risks that we a?1 encounter in everyday life'' (see Table 1).

Table 1. Risks in Daily Life*

Death rate
per 10" hrs

Type of Risk of exposure

Riding in a private car (U. S.) 0.95
Riding on railroads and busses 0.08
Flying on a scheduled airline 2.4
Riding a motorcycle 6.6
Death due to disease, old age 1.0
Smoking cigarettes 1.2
Rock climbing 40.0
Radiation at a rate of 5 rem/yr (extrapolated linearly

from experiments at high-dose rate) 0.05

*Data from reference 3.

To get a feeling for the numbers involved, consider the probability that
an average member of the population wiil die during the next hour due to
disease, such as heart failure and cancer. The figure is about one in a
million, or probability P = 10~6 hour"1.

It appears that people are willing to accept a risk of about that same mag-
nitude provided it is voluntary and the benefits are personal and real. For
example, the risk of being killed while riding in a car is about 10~6 per hour
of exposure, about one-tenth of what it was a generation ago. There have indeed
been significant advances in automobile safety. The risk of riding in a com-
mercial airplane is now about 10~6 per hour, which means that air travel is some
ten times safer than auto travel on a mileage basis because planes travel so
:;iuch farther in an hour. Air travel in private planes is a much more dangerous
undertaking; fatalities in these flights are some 20 x 10~6 per hour of exposure,
20 times more risky than commercial air travel. And yet many people willingly
take the risk of their own free will. No one imposes the risk upon them.

On the other hand, if the risk is imposed upon a person (such as an air-
plane falling on a busy street, or the explosion of gas mains in a city), he will
insist that the probability of death be much less than the normal disease death
rate. He will live below a dam, if he is convinced that the chance of the dam
collapsing is very remote (perhaps 10~a per hour of exposure) and that there is
good reason (benefit) for him to live with the exposure to a small, but not zero,
hazard. He may protest if a chemical plant or a nuclear-power station is built
near his home—suggesting thac it be built in another location—but if he is
convinced that the risk is small, he will not move. A small risk is, as we have
assumed, something less than 10"8 per hour of exposure or 10""* per year. In
other words, if he is convinced that a major catastrophe will happen only about
once in every 10,000 years, he will feel that the risk is acceptably small. Will
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Los Angeles and San Francisco be spared a major earthquake for that long?
than 50 yeais ago 150,000 people were killed in Japan as a result of an
earthquake.

Lost;

Qlovir

Containment pressure
reduction system (spray)

7
Coolant reservoir

Fuel pin

Reader-pressure vessel
Biological shittd

Primary reactor loop pump

Reador coolant

SAFEGUARDS IN A NUCLEAR-POWER REACTOR. The fuel cladding, the reactor vessel
and the containment vessel are the three major barriers that prevent the escape of fission products.

Above figure is used courtesy of Physics Today. May, 1970.

Nuclear risks. . .

Only by experience can we demonstrate that the risk of living near a nu-
clear plant is small. The situation is indeed remarkably similar to the budding
electric-power industry in the latter part of the last century. There was a
great deal of opposition to the introduction of electricity into the home. The
critics pointed out that electricity was dangerous, that people would be elec-
trocuted, that innocent children would stick their fingers into electric sockets
and die a horrible death and that wires would become overheated and burn down
the homes. Of course they were right. A thousand people in the U. S. are ac-
cidentally electrocuted every year. Moreover, it has been estimated that 16%
of the fires are electrical in origin and 1200 Americans lost their lives last
year in these fires. However, there are 200 million people in the U. S., so the
individual's chance of being killed is small, about 10"9 per hour of exposure.
This is well below the "acceptable" risk of 10"8, and the benefits of electri-
city are so apparent to everyone that no one wants to turn back the clock.

Let us now turn to the risks of operating nuclear-power plants,
currently be classified as:

These can

Thermal pollution of the rivers and lakes, also known as thermal
effects.

Low-level release of radioactivity into the air and ground waters
caused by the normal operation of nuclear-power and reprocessing
plants.

The accidental release of large amounts of radioactivity.
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To my mind this last item is the risk causing the most concern, but the
critics (Chaunci.-y Starr cull a them "nuclear hypochondriacs") have been equally
vociferous; about the first two items.

Thermal pollution in nut a now phenomenon, nor is it confined to nuciear-
jjQwor plants. Kany industrial plants generate a large amount of heat, and it
is much lei;:; expansive to dump the waste heat into a rivor than to release it
to the atmosphere. The rivers that flow through Pittsburgh, for example, arf
raised in temperature by 20 or 30 decj. This has had an adverse effect on the
fish and has in general upset the ecology. Federal standards are needed, and
enforcement; by the states is most desirable. Such legislation is now pending
in Congress. These regulations should apply to any plant, be it nuclear,
fossi1-fueled or chemical. Nuclear plants should conform no more or no less
than any other type. It is true that a nuclear electric plant dumps more heat
into a stream than a fossil-fueled plant of corresponding electric-power output.
Rut it does not make sensi- to raise a storm of protest over a nuclear plant of
500 M W electric capacity while a 1000 MW electric fossil-fueled plant escapes
almost: unnoticed. "tew York State has passed legislation requiring nuclear
plants to make an environmental-evaluation report, which is not required for
conventional plants.

It is not surprising that a nuclear-power plant that generates millions of
ruries of radioactivity may discharge a very small amount of radioactivity into
the atmosphere or waste stream. The whole argument has to do with defining a
"small amount" of radioactivity. The nuclear critics insist that it should be
zero for a nuclear plant, whereas they recognize that a coal plant does emit
some radioactivity from the small amount of uranium and its daughter products
in the coal.

Merril Eisenbud and Henry G. Petrow'" have noted that although the amount
of radioactivity from a larae coal-burning Dower piant is less than 1 curie per
year of Ra" and Ra" " , this release is the equivalent of considerably greater
amounts of I1 '" and Kr J, which are the principal atmospheric effluents from a
nuclear-power plant. In either case the radiation dose to the nearby population
is very small compared to the natural background of radioactivity.

. . .from radiation effects

Actually we know much more about the effects of radiation on the human body
than we do about the effects of various chemical pollutants that occur in ever
increasing amounts in the air we breathe and the water we drink. Hundreds of
millions of dollars have been spent by the Atomic Energy Commission in biologi-
cal research aimed at establishing not only the effects of radiation on man but
also on the environment, so we can be certain that the ecological effects will
be minimal. This concern is almost without precedent. Certainly the automobile
industry has not expended much money on the effects of smog on the population,
or the tobacco industry on lung cancer or the chemical industry on the effects ..
of DDT on the ecological cycle. One of the nuclear critics' favorite expres-
sions is that there is enough radioactivity in a reactor to irradiate everyone
in the U. S. with a lethal dose. There is also enough insecticide manufactured
to poison every U. S. citizen; moreover, the insecticides are meant to be widely
distributed, yet the radioactivity is carefully confined.

As a result of the tremendous research effort on the effects of radiation,
the Federal Radiation Council has developed a set of radiation-protection guides.
The levels that have been set, even for workers in the nuclear industry, are
meant to be at least an order of magnitude below that where physical effects on
the individual would be observed. (This is in contrast to the ozone level in
Los Angeles, which is set just barely below the level where eye irritation will
be noticed.)



If workers in the nuclear industry were to get the maximal level of 5 rem
per year, there probably would be a small increase in the observed number of
deaths caused by leukemia after a number of • >ars. But the additional risk of
death by leukemia to each person so exposed would be less than 10" per hour of
exposure, less than the normal occupational hazards.^ Actually, it is rare for
anyone to got 5 rem during a year, and most of us get much less. Although 5
rent is considered to be a conservative figure (much less, cor example, than
radiologists used to take) it is thought that an additional factor of 30 reduc-
tion should be made when considering the dosage levels to the population at
large. Hence the protection guides limit the amount of activity to such a low
level that the general population will receive no more than a fraction of a rem
Der year. Everyone receives something like a tenth of a rem per year of radia-
tion because of cosmic rays and natural radioactivity in the earth and air—
everyone, that is, but those who live in certain hiyh-level radiation areas,
like India, where they receive eight times as much.

When on>> adds to this the radiation from medical x rays (estimated to be
another 0.1 rem to the average member of the population), it is apparent that
the amount contributed by nuclear power is small in comparison. I do not hesi-
tate to take several rem of x rays when it is needed for diagnosis or treatment
of disease. Here is a very real example—the benefits far outweighing the
risks. On the other hand, I am opposed to taking even medical x rays need-
lessly. Some of the older machines for dental x rays sprayed the whole body;
the use of a filter and cone can produce better pictures with less radiation.
X-ray machines in hospitals have also been greatly improved; good, clear, lung
radiograms can be obtained with a dose of one-tenth to one-hundredth of a rem
rather than with the several reins required with poor equipment and procedures.

Recent measurements by the Bureau of Radiological Health, Department of
Health, Education and Welfare, have shown that the Dresden Nuclear Power Station,
111., has contributed a negligible amount of radioactivity to its environs, some-
thing less than 1% of the natural radioactive background and orders of magnitude
below permissible limits. But despite the conservatism in setting the federal
radiation-protection guides, the Minnesota Pollution Control Agency, responsible
for water purity, has recently protested the granting of a license to operate a
reactor, unless the operator guarantees to maintain a level of activity release
that is a factor of 100 below the values recommended by the Federal Radiation
Council. If the utility is not granted a license to construct a nuclear-power
station, power demands will have to be met by adding fossil-fuel stations with
all the stack effluents. All in the name of "safety." I believe it is demon-
strable that the hazard from the presently regulated amount of radioactivity
released in normal ope, a*ion of a nuclear-power station is much less than that
from the pollutants emitted by the operation of a fossil-fueled station.

Safeguards

However, the risk of releasing a large amount of activity inadvertently is
quite another matter. The hypothetical consequences of such an accident were
the subject of a much publicized Brookhaven National Laboratory report some ten
years ago. The authors assumed the worst possible combination of circumstances.
They gave no credit for containment in estimating that half of the fission pro-
ducts would become airborne; they assumed that the accident would occur during
an atmospheric inversion and low-wind velocity; and thus the fission products
would be carried straight toward a population center with very little dilution
or mixing. Under these catastrophic, but unlikely, circumstances up to 3000
people could be killed, assuming evacuation was not possible. The possibility
that such a major catastrophe will occur is, I believe, exceedingly remote.
However, the occurrence of several smaller events is certainly within the realm
of possibility; there surely is some risk. Nevertheless, it is the stated mis-
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siori of :he nuclear industry and the regulating agency to make the possibility
of such an accident exceedingly remote. How do we go about it?

First, the fission products are contained in fuel elements that would melt
only if cooling were to fail. Second, the fuel elements are contained within a
primary coolant circuit that undergoes the most thorough series of tests and
inspections that any pressure vessel has ever been subjected to. Then the whole
works is contained within a large steel or concrete containment vessel. Finally,
there is an exclusion area sun funding the power plant and a low-population zone
outside of that. This should result in considerable dilution of the radioactive
fission products before they reach the population center, as well as introduce
a delay so that evacuation can begin.

For the radioactive fission products to escape, the fuel elements must melt,
the primary vessel must burst and the containment vessel must fail. Even if all
these failures occurred, it appears that probably no more than 5% of the fission
products would become airborne—rather than the 50% assumed in the Brookhaven
report. Even so, the release of 5% of the radioactive products under unfavorable
atmospheric conditions would be serious. And we can see ways that it might hap-
pen. However, bear in mind that, when a mechanism for an event can be postulated,
the design can be modified to make that particular mode of occurrence most unlike-
ly. It is true that fate has a way of figuring out another path to an incident
that was not foreseen. But the designers and builders of nuclear-power plants
have exercised sophisticated ingenuity and have spent large sums of money to
make tha plants as safe as they knoy how.

There have been accidents and releases from experimental reactors.6 The
releases have been small by comparison with the hypothetical Brookhaven incident,
and no member of the public has been injured. The graphite moderator of a large
reactor in Windscale, England, caught fire, causing some fuel elements to melt
and burn. A considerable amount of radioiodine was spread over the countryside,
thereby contaminating milk supplies and crops. That reactor was not in a con-
tainment vessel (all nuclear-electric stations in the U. S. are contained), so
perhaps 2% of the fission products did escape. No power reactor in the U. S.
has been similarly involved. There were some fuel elements melted in the Fermi
reactor, but neither the primary nor the secondary containment was violated.

A small experimental army reactor (SL-1) released a considerable amount of
radioactivity to the building where it was operated, but only a relatively small
amount of activity, an estimated 80 curies of I 1 3 1, escaped from the building
and precipitated on the desert. The prophets of doom have heavily dramatized
these reactor incidents, pointing out that it can happen despite our best efforts.
It all depends on your point of view. To me it demonstrates that a fairly major
release of radioactivity from the core can occur, as at Windscale or SL-1, and
yet no one outside the reactor building received a tolerance dose of radiation.

The important question still remains. Have we succeeded in reducing the
risk to a tolerable level, that is, something less than one chance in ten thou-
sand that a reactor will have a serious accident in any year? When we have one
hundred nuclear-power stations in operation, which is not too far in the future,
an accident once every hundred years might be expected. And if a hundred people
were to be killed, such as now happens in a major airline disaster, it is a
lower calculable risk than that taken by many facets of U. S. industry today,
and a small price to pay for the benefits.

Have we succeeded in reducing the hazards to such a low level? There is no
way to prove it. We have accumulated, so far, some 100 reactor years of accident-
free operation of commercial nuclear electric power stations in the U. S. That
is a long way from 10,000, so it does not tell us much.
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The only way we will know what the odds really are is by continuinq to
accumulate experience in operating reactors. There i£ some risk, but it in
surely worth it. I am impatient with those who cry "wolf" when there is HO
much to be achieved. On the other hand, it is a mistake to use the head-in-
the-sand approach and say it can never happen to us. Scientists and the public
should be prepared to face the possibility of a nuclear incident just as we
expect major earthquakes that will exact a large toll in property and lives.
Only a few people advocate abandoning the West Coast. I hope only a few
advocate abandoning nuclear power, which promises so much for mankind.

This work was sponsored by the Atomic Energy Commijsion under contract with the
Union Carbide Corporation.
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Public Concern for l.'uclear Power

by

William H. Bibb, Chief

Research and Development Branch
Research and Technical Support Division

Enemy Research and Development Administration
Oak Kidqe, Tennessee

There is qeneral recoqnition in the United States today that we do have an
enorqy problem and that we have a long way to qo in developing an effective
solution. The types of problems which we face are a function of the time frame
beinq considered and the solutions differ significantly.

There are three major principles of energy development that our nation must
follow if we are to maintain our way of life.

First, we must conserve enerqy—whenever and wherever we can. This will
require sacrifice in the short run and technological innovation in the
lonq run.

Second, we must use today's enerqy fuels mere efficiently--by such means
as substituting more plentiful fuels for those that are scarce, and by
developinq to commercial fruition technologies that will enable us to
make better use of our two most readily abundant fuels, coal and
uranium.

Third, we must move ahead to develop more advanced energy technologies for
the time when conventional sources of oil and gas will provide a far
smaller proportion of our fuel requirements than the nearly three-fourths
of our energy they supply today. Synthetic fuels made from coal and oil
shale, advanced fission reactors, fusion, and solar and geothermal
sources all suggest the range of energy concepts that i.iust be explored.

The Energy Reorganization Act of 1974, which established the Nuclear Regu-
latory Commission (NRC) and the Energy Research and Development Administration
(ERDA) and abolished the Atomic Energy Commission, has provided much of '.he
Government's organizational basis for solving our long-range energy problems.
The Nuclear Regulatory Commission has the responsibility for regulation and
licensing to assure the safety of commercial nuclear facilities. The Energy
Research and Development Administration brings together Federal activities in
energy research and development to assure coordinated and effective development
of all energy sources. ERDA officially began this task on January 19, 1975.

ERDA's capability for carrying out broad based programs is based on R S D
programs and personnel transferred from other Federal agencies. These include:
from the Department of the Interior, fossil fuel energy research and develop-
ment programs such as those conducted by the Bureau of Mines energy centers,
and including off-shore drilling technology, oil shale production techniques,
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oil and gas secondary and tertiary recovery, and conservation; also the Office
of Coal Research programs, including coal liquefaction and gasification, and
research on underground electric power transmission. Krom the National Science
Foundation, solar, including wind and ocean thermal, and yeothermal energy ef-
forts. From AEC, nuclear fission and fusion R s D, nuclear weapons activities,
uranium enrichment, physical, biomedical and environmental research, including
waste management, and AEC programs in geothermal and solar energy, electrical
transmission and storage, and underground coal gasification. From the Environ-
mental Protection Agency, new automotive power systems, and alternate fuels. .

The Government's commitment is reflected in the request for funds that ERDA
is asking Congress to appropriate. Compared to operating coats in the current
fiscal year, the percentage increases for fiscal year 1976 would amount to;
(1) solar, geothermal and advanced systems—2114, (2) conservation—93%, (3)
fossil—60%, (4) fusion—4l7.; (5) other nuclear--23%, (6) environment and
safety—201. Obviously, achieving energy self-sufficiency is an enormous
undertaking. However, money invested in energy development today should pay
significant dividends in future years.

In the near term, nuclear power must play a significant role if our nation
is to satisfy her growing energy needs. A review of the development of the
United States' nuclear power program serves to outline the key steps in the
concerted development of nuclear power technology to an advanced state, enabling
the U. S. to place heavy reliance on nuclear power at this time.

History of the United States' Nuclear Power Program

During the late 1940's, the Atomic Energy Commission began its experimental
power reactor program. This program was aimed, first, at obtaining the basic
scientific and engineering data needed for proof of technical feasibility and
safety of the more promising approaches to nuclear power generation, and, second,
at demonstrating the actual or potential economic feasibility of such approaches.
One outgrowth of this program was the Experimental Breeder Reactor-1 at the
National Reactor Testing Station in Idaho, which produced the world's first
useful electricity from nuclear energy in 1951.

In 1953, the AEC embarked on a five-year "experimental." program to develop
reactors giving promise for civilian power applications. " A number of power
reactor experiments were built and operated in the 1950's. These early experi-
mental plants were undertaken largely by AEC laboratories and contractor
installations.

The revision of the Atomic Energy Act in 1954, which encouraged industrial
cooperation, ushered in the next stage of the industrial development of nuclear
power. Although it had been hoped that under the 1954 Act nuclear power develop-
ment would be largely privately financed, it was found necessary for continued
Government support. The AEC power demonstration reactor program, begun in 1955,
invited industry to join with the AEC to develop power reactors. There have
been several stages in this program, and over the years it has reflected the
coordinated efforts of the AEC, the electric utilities, and the reactor manu-
facturers in constructing and operating demonstration plants on actual utility
systems.

The year 1957 was significant because it marked the initial operation of a
60,000 kw prototype nuclear power plant, the pressurized water reactor. This
AEC-owned reactor facility, at Shippingport, Pennsylvania, built under a coopera-
tive agreement with the Duquesne Power Company, was the nation's first large-
scale civilian nuclear power reactor.
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Tin- yfars 1457-1'JD3 naw the- initial operation of several demonstration
iiui.'lcjr power units with jirjwi.-r outputs up to about 200,000 kw. Some of these
w r r built j'- [urr .it !•!•,.• joint .Iemonst rat ion program and some were privately
f if.anced. Tht; \ankee-Row«:- reactor in Massachusetts, the Dresden-1 reactor in
Illinois, and the Indian i'oint-1 reactor in New York were typical examples of
such units.

The general arrangements in the AEC demonstration program were modified in
1962 .spGcitically to encourage support of power reactors in larger sizes—above
•100,000 kw. This phase- of the program included the Connecticut-Yankee and the
Kan Ouofre plants which went into operation in early 1968. It was this scale-up
in siao, and the competition between the two big nuclear equipment companies,
which enabled nuclear power plants to move into competition with fossil fueled
(-oal and ''ID plants in the 1963-1968 period.

In 1963, the results of all of these variouK reactor programs were embodied
in commitments by private utilities to build the Oyster Creek plant in New Jersey
and the Niaqa: -.-Mohawk plant in New York with favorable projected economics and
without "Jovornmor.t assistance. These plants were in the 500,000 to 600,000 kw
ranqo.

The first larqe wave of nuclear power plant orders began in 1965, when 7
nuclear power plants were purchased; 20 more nuclear plants were ordered in
1966 and 30 plants in 1967. The orders dropped to 14 plants in 1968 and to 7
in 1969 due to a number of factors, including the traditional cyclic buying
patterns of U. S. utilities. But the orders then picked up again to 14 plants
in 1970, 20 plants in 1971, 36 plants in 1972, 38 plants in 1973, and 36 plants
in 1974. By the end of 1974, 221 civilian nuclear power plant units with a
total capacity of about 215 million kw had been ordered.

Fxperience with the development of nuclear power has clearly shown that
taking a new energy concept from the research and development stage, to the
experimental staqe, then to the demonstration plant stage and finally to large-
scale commercial utilization is a difficult and expensive undertaking—particu-
larly toward the end of the developmental process. In developing the light-water
reactor for civilian power production, the AEC spent about $1.5 billion over
approximately a 25-year period; in addition, another 52 billion was spent on
naval light-water reactor development which has been of major benefit to the
civilian power program. The nuclear industry has also expended a considerable
sum in the development of nuclear power.

The Nuclear Energy Option

Nuclear energy serves as a viable option for meeting our electric power
requirements. The other options are: (a) nonnuclear energy sources, (b) more
efficient means of converting energy resources to useful forms, and (c) more
conservative means of using the available energy. Obviously a combination of
the various options within these categories will be necessary to meet the
nation's future energy needs.

In the nuclear category, energy can be extracted either through the fis-
sioning of heavy metals, notably uranium, plutonium and a thorium derivative,
U-233; or by the fusion of light elements, particularly deuterium and tritium.
Of the two nuclear options, the fission processes are the more advanced in
development. A substantial light-wacer reactor (LWR) industry is already well
established, as I have just indicated. A comparable high-temperature gas-cooled
reactor (HTGR) industry is in the process of becoming established with the
placement of multiple orders by utilities for large HTGR pov/er plants. Both
of these systems depend, however, upon uranium-235 as thei •_• primary fuel. The
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relative scarcity of uranium-235 in relation to its much more plentiful fertile
counterpart, uranium-238, severely limits the utilization of uranium resources
by the LWR and HTGR.

Because of this limitation of existing nuclear power reactors, we have been
conducting research and development for many years on the concept of the "breeder"
reactors, which can produce more nuclear fuel than they consume and hence utilize
the nation's nuclear fuel resources to their maximum potential. The "fast
breeder" reactor can convert the abundant nonfissionable form of uranium (U-238)
to the nuclear fuel, plutonium (Pu-239), resulting in utilization or 63 percent
or more of the total energy from uranium thereby assuring the availability of
useful uranium reserves for many hundreds nf years.

In 1967, after considering *"he ongoing reactor programs and the results of
research up to that time, the AEC selected the Liquid Metal Fast Breeder Reactor
(LMFBR) as the basis for its highest priority breeder reactor development pro-
gram. The LMFBR was chosen over the other breeder reactor concepts principally
because of predicted performance, industrial support, a broad base of technolo-
gical experience and proven basic feasibility.

The objective of the U. S. LMFBR program is to develop a broad technological
and engineering base with extensive utility and reactor industry involvement
which will lead to the establishment of a strong and competitive commercial
breeder industry in the mid-1980's. Prior to commercial utilization of the LMFBR
by the electric utilities, the technology and economics of this reactor system
must be demonstrated in a utility environment.

The Clinch River Breeder Reactor Plant (CRBR), a 350,000 kw demonstration
liquid metal fast breeder reactor power plant, will be built near Oak Ridge,
Tennessee, under a cooperative arrangement between ERDA and representatives of
the nation's electric utilities. The demonstration plant will provide experi-
ence for industry and utilities in LMFBR plant design, construction and opera-
tion. This project will be jointly funded by the Federal Government, electric
utilities throughout the United States, and segments of the nuclear equipment
industry. It should be noted that more than 370 electric systems have pledged
more than S245 million toward the project.

Other fission option;.- are less well developed, and these include: the
light-water breeder reactor which has the potential for operating on a self-
sustaining uranium-thorium fuel cycle; the molten salt breeder reactor which
also operates on the uranium-thorium fuel cycle and uses liquid fuel with
continuous on-line fuel processing to achieve modest breeding; and the gas-
cooled fast reactor which operates on the same fuel cycle as the LMFBR but has
the potential for higher breeding ratios because of its more energetic neutron
spectrum. However, none of these concepts has been fully developed.

The remaining nuclear option is the controlled thermonuclear reactor system
which has yet to be demonstrated scientifically feasible.

Fusion is the process of joining atoms to produce energy, as happens _,i the
sun and the stars. It is the opposite o." nuclear fission—the splitting of an
atom.

The quest for economic fusion power has been called one of the most
challenging engineering and scientific endeavors of all time. In order for
fusion reactions to occur, the reactants must be heated to about 100 million
degrees Centigrade and for magnetic confinement systems, held at this tempera-
ture for about one-half a second. The deuterium-tritium reaction is considered
the most attractive for first generation fusion power reactors. Deuterium is
present in sea water and may be extracted at low fuel cost by means of proven
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processes. It is, thus, virtually an unlimited fuel resource. Tritium, on the
other hand, does not occur naturally and must be bred by means of neutron ab-
sorption in lithium. Hence, the supply of lithium determines the capacity to
utilize tritium in fusion reactors. Known litnium reserves are large, however,
and the potential for expanding lithium resources is excellent.

Later, when the technology has been developed to permit the commercial use
of deuterium-deuterium reactions, requirements for lithium will be alleviated
and the CTR industry could eventually be based upon the virtually inexhaustible
deuterium resource.

It is estimated that even with success with a vigorous research and develop-
ment effort the CTR option cannot contribute significantly to the energy supply
until well after the start of the next century. However, the extent of the energy
resources this option can exploit, coupled with the avoidance of many of the en-
vironmental problems associated with conventional power systems, fully justifies
the major research effort under way to develop this system to its full potential.

Problems—Past, Present and Future

As could he expected, significant problems are being encountered with the
large-scale introduction of the new and relatively advanced nuclear power tech-
nology into the economy, utility and manufacturer organisations are finding
that building nuclear plants which will perform reliably poses a number of dif-
ficulties and problems. Meeting the rigorous engineering standards required in
constructing nuclear plants has involved some delays. Other factors associated
with introducing new technology involving licensing, management, labor and com-
ponent delivery have also caused delays. It is important to note that fossil
fuel plants of large size and advanced design are encountering similar
difficulties.

A further development which has become an important factor in the U. S.
nuclear power program over the past several years is the increased concern
about the safety and environmental impact of modern technologies.

Radioactive Discharges

Several years ago, the adequacy of the radiation protection standards was
challenged on tne grounds that the routine discharge of low levels of radio-
activity from nuclear plants would result in a large increase in cancer inci-
dence or infant mortality. Those who made these charges were particularly
concerned about the increase in radioactivity in the environment which they
believed would occur as more and more nuclear power plants went into operation.

Radiation standards established by the Federal Radiation Council are based
on criteria set by the National Council on Radiation Protection and Measurements
and the International Commission on Radiological Protection. In 1970, the func-
tions of the FRC were transferred to the Environmental Protection Agency. All
Federal agencies including the ERDA and NRC are required to adhere to these
standards. The underlying philosophy of radiation protection has always been
and continues to be the general principle that radiation exposure should be kept
"as low as practicable." This policy governs the licensing and regulating acti-
vities cf the Nuclear Regulatory Commission and has resulted in radiation levels
at the bounaary of nuc] :ar power stations being only a very small fraction of
the natural background r-diaLion to which we are all normally exposed.

In spite of the extensive research program which Tias been under way for
more than 30 years, we are unable to demonstrate any biological effect at these
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radiation levels even with the sophisticated techniques known. This really
shouldn't be surprising since the levels of radiation from commercial nuclear
power plants are less than the variation in natural background radiation we all
encounter as we r.iove around the country. The low level releases from nuclear
power plants are carefully monitored by the utility as required by NRC. Inde-
pendently, NRC, the Environmental Protection Agency and the States conduct
monitoring programs to check on the utilities. This entire effort is designed
to assure that radioactivity released by the plant does not result in "buildup"
in the environment.

It should be remembered that radiation standards were set before population
exposures from nuclear power plants occurred and thus are quite different from
public health standards for ether potential hazards which only came after
measurable effects were noticed in the population.

Reactor Safety

Concern has also focussed on the safety aspects of nuclear power plants.

The nuclear industry has been and is one of the safest industries in the
nation. This has, in large part, been due to the fact that unlike most other
industries, the nuclear industry has not waited for serious accidents before
adopting rigid safety controls. Safety has been the watchword from the
beginning.

To assure that nuclear power plants are built and operated safely and that
reactor accidents are prevented, a "defense in-depth" technical concept is used.
Briefly stated, it consists of three basic aspects as follows:

(1) achievement of superior quality and design, construction and
operation of nuclear power plants;

(2) accident prevention safety features which prevent any unlikely
malfunction from growing into more serious problems; and

(3) finally, consequence limiting safety features, such as the large
containment shells, which are now becoming more commonplace on
tne landscape of the country.

Primary assurance of safety in a nuclear power plant is provided by cor-
rectly designing, constructing and operating the reactor. Extensive and
systematic quality assurance procedures are required and are applied at every
step to provide the needed verification of plant ..afety.

A rigorous licensing process has been established to review and assure the
safety of nuc1-cr power plants. These reviews take into account the possibility
that deviations from normal reactor operations car. occur, and because of this
fact, additional protective systems and backup safety features are provided.

The combination of the defense in-depth concept, technical review and
inspection activities, supplementing a careful and safety conscious design and
quality assurance effort, provides a high degree of assurance that the public,
as well as the nuclear plants themselves, are adequately protected and that the
safety record which has been achieved by the nuclear industry to date will be
continued.

In August of 1974 the results of a two-year study directed by Dr. Norman C.
Rasmussen cf MIT were released. This study made a quantitative assessment of
the potential risks involved in nuclear power plant accidents and compared these
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risks with nonnuclear risks to which our society and its individuals are already
exposed. The basic conclusion of the study is "that the risks to the public
from potential accidents in nuclear plants are very small."

The study found that the likelihood of a person living in the general
vicinity of a reactor being injured in any one year in a reactor accident is
one chance in 150,000,000. An individual's chance of being injured in an auto-
mobile accident in that same year is one in 130. On a broader societal view-
point, if there were 100 reactors operating in the U. S., one individual of the
15,000,000 people living in the vicinity of these reactors might be killed and
two individuals might be injured every 25 years. For comparison there were
approximately 1.5 million injuries and 55,000 fatalities last year due to
automobile accidents.

High-Level Wastes

Significant concern has been expressed over the disposal of the high-level
radioactive wastes which remain after the reprocessing of nuclear fuel elements.

The problems involved in safely containing the solidified waste away from
man and the environment are technically feasible and straightforward and are
based on chemical and physical principles which have been known and used
routinely for years.

It should be made very clear that there is a significant difference between
the way wastes generated as a result of wartime needs were handled and the way
that commercial reactor wastes will be handled. These differences make possible
a completely different technical approach.

The AEOERDA high-level radioactive wastes consist of very large volumes of
mixtures of solids and liquids in many large steel tanks located just beneath
the surface of the ground. This waste, from production of material for defense,
has been accumulating since 194b. It should be understood, also, that this waste
will have to be nonitored and handled even if there had never been a kilowatt of
nuclear generated electricity in this country.

In the commercial sector, used fuel from a nuclear power plant is shipped
in special containers, called casks, by truck or rail to a reprocessing facility.
The high-level liquid wastes extracted by the reprocessing facility are then
stored at the reprocessing site. Within five years this liquid waste must be
converted to a solid and within 10 years shipped to a Federal repository. The
responsibility for the isolation and ultimate disposal cf high-level wastes
rests solely with the Federal Government. The cost of this Government storage
must be borne by the utility that operates the nuclear power plant.

At present no commercial reprocessing plants are operating in the United
States; however, it is expected that those currently under construction will
begin operation in the late 1970"s. Thus, it will be the 1980's before any
solidified high-level waste will be delivered to a Federal repository. The
Energy Research and Development Administration is currently considering three
sites for the construction of a Federal repository for interim storage of high-
level waste. The sites being considered are the Federal Government's Nevada
Test Site, Idaho Reactor Test Site, and the Hanford Reservation in Washington
State. A Federal repository will be designed for interim storage of up to 100
years to allow for the orderly development of permanent storage facilities in
geologic formations such as salt.

The volume of waste is small. At present it is only a fraction of one
percent of the total defense generated wastes in this country. Through the
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year 2000, all the commercial high-level wastes in this country can be handled
in a facility which, including a buffer zone, handling, receiving and storage
facilities, would take a land area of no greater than 1500 acres, depending upon
the storage concept chosen. In other words, to handle commercial high-level
wastes in this manner requires only a relatively small area of land be dedicated
to this use.

Shipment of Radioactive Materials

In regulating the shipment of radioactive materials it is assumed that
accidents will occur and that there will be no way of predicting which shipment
will be involved in an accident. Therefore, these shipping casks must be capable
uf withstanding, without leakage, all of the normal conditions of transportation
as well as a series of accide.it tests which produce damage conditions comparable
to the actual danage a package might encounter in a hypothetical severe transpor-
tation accident. Prior to certification by NRC and the Department of Transporta-
tion, tests on these casks include dropping from a height of 30 feet onto an
unyielding surface, exposure for at least 30 minutes to a fire having a tempera-
ture in excess of 1475°F, immersion in water for at least 8 hours, and dropping
onto a 6-inch diameter pin from a height of 40 inches.

Based on the design and testing of the shipping casks and train and truck
accident statistics, ERDA estimates that an accident resulting in the release of
radioactivity will occur once in 10,000,000,000,000 vehicle miles or approximately
once in 5,000 years. Even in such a remote accident possibility, highly hazard-
ous levels of radioactivity would be confined to a radius of 100 feet of the
damaged cask and would then only be dangerous if someone remained in the vicinity
for a very long time. It should be remembered that even though there have been
serious accidents which have resulted in damage to the outside of the massive
shipping cask, no radioactivity has ever been released.

Only about one percent of all radioactive shipments involve highly radio-
active material such as shipments of used fuel rods from a nuclear power plant
to a nuclear fuel reprocessing plant. About 95% of all radioactive shipments
involve very small amounts of material or very little hazard material on its
way to hospitals, clinics, or laboratories. Most of these shipments would offer
little public hazard even if the package were completely crushed and the material
released.

The need to prevent the theft of material which could be used to make an
atomic bomb is one of the most important responsibilities the Federal Government
has. At ERDA facilities we employ extensive techniques to safeguard all nuclear
materials /̂hich have a potential for clandestine uses while inside our facilities
as well as in transit. During transpcrtation these ERDA materials are guarded
by armed Federal employees.

An overall security plan for every commercial power reactor and fuel hand-
ling facility must be approved by the Nuclear Regulatory Commission as part of
the licensing requirements. As indicated previously, there are no commercial
reprocessing plants in operation today, thus there is little movement of spent
fuel or plutonium in the commercial sector at present. However, the NRC is
requiring stringent security requirements which must be adhered to by the com-
mercial industry to assure continuing public safety as the number of spent fuel
shipments and shipments from reprocessing plants increases.
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Conclusion

In the years ahead, the United States will need to use in the most effi-
cient manner possible all of the practical energy sources available to us if
future energy demands are to be met. Nuclear energy has an important role to
play in this regard.

In a real sense, public acceptance of nuclear power will depend on whether
these plants, after a reasonable maturing period, deliver the reliable, economic
and safe power which has been promised for them. As with other technologies,
the public will sooner or later judge nuclear power by the straightforward tests
of success or failure. This is as it should be.
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RADIOACTIVE WASTES: SOURCES, TREATMENT AND DISPOSAL*

R. G. Wymer and J. 0. Blomeke

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

INTRODUCTION

Of all the problems associated with nuclear energy, probably none is so
chronic and its solution so elusive and controversial as that of "permanent"
disposal of the radioactive wastes produced by fission and transmutation
reactions. The technical problems arise from the effectively infinice radio-
active lifetime of some of the wastes, and from the fact that an appreciable
fraction of the earth's air, crust and water would be required to dilute the
wastes to concentrations considered to be acceptable. Together these factors
impose a requirement either of disposing of wastes in a manner permitting
and ensuring indefinitely long surveillance and attention to ensure their
confinement or of disposing of them in a place so free from natural disturbance
or remote from man that such attention is not required. A few moments' reflec-
tion on the nature of man and on his history strongly suggests the second
course of action, vrtiich, if it is possible, relieves mankind of long-term
responsibility. Another alternative method of permanent waste disposal is
simply to destroy the very long-lived radioactive isotopes. While all
attempts to accelerate significantly the process of radioactive decay have
failed so far, there is a way which may be practical to destroy a very signi-
ficant part of the radioactive wastes. Thi s will be discussed later on.

A final way to circumvent the problem of permanent waste disposal is simply
to forego nuclear energy. It is not the purpose of this essay to discuss the
pros and cons of various energy sources. It is assumed that there will be
significant amounts of radioactive wastes; this is a discussion of them and
of the options for disposing of them.

It is generally accepted that the primary hazard presented to people by
radioactive wastes devolves from their radioactivity. Thus, it is worth-
while to consider for a moment what the general nature of that hazard is.
Most radioactive materials decay with the emission of a or B particles
or of y rays. Some have alternate decay modes and emit two or all three
types of radiation. In general, a given number of curies (defined as
3.7 x 10 disintegrations per second) of an a particle emitter in the body
is more hazardous than the same number of curies of a gamma ray emitter
inside the body. This results from the fact that all the energy of the
a particle is deposited in the body in the immediate vicinity of its
emitting isotope; the y ray, on the other hand, penetrates tissue easily,
and some of the rays may leave the body unattenuated. Conversely, an a
particle emitter outside the body is less hazardous than a y ray emitter
outside the body because shielding from a particles, which hardly penetrate
the skin, is much easier than shielding from the much more penetrating y
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rays. Beta particle emitters are, in general, intermediate between a

and y emitters in their hazardousness.

Because many radioisotopes emit more than one type of radiation during
decay, the above generalizations eie an oversimplification. Further, some
plants and animals eaten by man preferentially take up certain elements,
and for those radioactive materials which get inside a person, either by
ingestion or respiration, there is the important consideration of preferential
uptake or concentration in specific organs such as the thyroid gland, the 1
bones or the liver. Some radioelements or their compounds are taken up in |
a highly specific manner by the body. This biological concentration can f
lead to serious damage because of the resultant high local dose, when that 1
amount of radioactive material dispersed uniformly over the body might be |
relatively harmless. |

if
From the above it is apparent that the hazard posed by radioactive wastes 1

must be considered from a number of points of view: type of radiation s?
emitted; ecological pathways followed to arrive in food and ultimately in if
man; biological concentration; sensitivity of o'.gans to the radiation; |
amounts of various types of radioactive materials and their sources; and |
the location of unconfined wastes. In addition to the above may be added §
lifetime (more correctly, half-life) of the radioisotope and the method
of its disposal.

SOURCES

Man lives in a "sea" of radiation, both outside and within his body.
Typically, man is subjected to 120 to 140 millirems per year from
naturally occurring radioactivity in and around him. A mlllirem is a
relatively very small amount of radiation. For comparison it may be
noted that about 450 rems absorbed by a man over a relatively short time I
would have about a 50-50 probability of killing him. •

i
Natural i

Radiation commonly around and in man comes from such varied sources as
40 14 3 219,220,222 , . . . . .

K, C, H, - _ Rn and cosmic rays. There are, of course, signi-
F ficant amounts of u, U and Th, and of the radioactive elements in
! their decay chains, also present in the earth's crust and water, but these
i are mostly fixed in minerals, such that with the exception of the Rn isotopes
| they are net commonly in the biota of which man is a part. Since Rn is
f a gas, it is motile, and if it is inhaled by a man before it decays to its
| solid daughters, the subsequent decay chain is likely to run its course in
| that man. The relatively short half-lives of C{r" 5600 yrs) and H
l ("v. 12.3 yrs) preclude the possibility that they persist from their creation
% in the primordial past. They are made continuously through nuclear reac-
% tions induced by cosmic rays. The amount of C, though relatively small
- (̂  2.8 x 10 curies worldwide in steady state, about 97% of which is deep in

the oceans), is adequate to make practical the technique of "carbon dating"
5 used successfully by archeologists, historians, and others to determine
\ the ages of carbonaceous things a few tens of thousands of years old. The
- amount of H is still less ('v 2.8 x 10 curies worldwide in steady state,
• about 90% of which is in water, 10% in the stratosphere, and Q.1% in
* the troposphere). The very long half-life of K (̂  1.3 x 10 yrs)
- suggests that it could have been around at the generally accepted time
v the earth was formed (4-6 billion years ago) and still b& there at 5 to
; 10 percent of its original amount. The amount of K may be calculated
s to be about 4 x 10 curies in a layer of the earth about 10 miles thick.I
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The average man contains about 0.02 gram of U OK, or about 0.14 microcuries.

In the context of radioactive wastes, tritium, lllC radium and radon isotopes
are the radioisotopes of greatest interest from among those mentioned.. Actually,
onlv the radium and radon isotopes are truly important "natural" wastes. The
tritium and ^ C are only of consequence as they are produced artifically in con-
centrations.

Mills

The nuclear fuel cycle starts at the mines and nearby mills where uranium
(or thorium) ores are taken from the ground, and a first separation of the
desired element from the unwanted waste dirt is carried out. And it is
here that the first significant radioactive waste problem arises. Typical
"good" uranium ore contains only about 0.21% U3OB;thns.- it is apparent that
a great deal of the material present in the ore is left at the uranium mill
after the uranium has been removed. The volume of such wastes that will be
generated per year in the year 2000 has been estimated2 to be abou 880 million
cubic feet. The total volume accumulated by the year 2000 is estimated ;:o be

14 billion cubic feet! This estimate, based on a recent AEC Office of ;

Planning and Analysis forecast3, gives an idea of the potential magnitude of ;
the problem. The present practice is to dispose of this waste material or
"tailings" as it is called, by simply dumping it into "monumental" tailings
piles at the mills. Radon is continuously emitted from such piles, and radium
is also a potential source of harmful radiation if it escapes by seepage into
ground or surface water. Methods have been suggested for limiting the amount
of radon evolved from tailings piles; these methods are based on putting layers
of dirt or spreading asphalt membranes on the piles to inhibit diffusion of
the radon long enough for it to decay substantially to its non-volatile daughters. ;
Figure 1 presents an idea of the size and disposition of the piles now in [
existence in the western states. Guides for disposing of uranium milling wastes J
have been published"*, and continuing attention is being given to this waste ^
disposal problem.

Fabrication Plants

After mining and billing, the uranium concentrates typically are refined
(a process which further purifies the concentrate suitable for the uranium
enrichment plant), enriched in the isotope 2 3 5U at a gaseous diffusion plant,
and the enriched uranium is fabricated into fuel. Uranium enrichment pro-
duces two streams of material: enriched UFg product, and depleted UF6 "tails."
The tails are far and away the larger of the streams, and could be considered
a radioactive waste. However, it appears likely that the LMFBR, which uses
depleted uranium in its blanket to breed plutonium, will put this material
to good use.

Reactor fuel fabrication plants, by their nature, produce wastes which are
mainly alpha-contaminated. Light water reactor (LWR) fuel fabrication
involves uranium of low enrichment (typically, about 3% 2 3 5 u ) , and may
involve plutonium as well. The decision on whether to recycle plutonium
back to light water reactors will probably be made in the coming months.
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Figure 1
Tailings Pile at the Kerr-McGee Mill near Grants, New Mexico



High temperature gas-cooled reactor (HTGR) fuel fabrication involves
highly enriched uranium (about 93% U) and thorium. Thorium decay produces
2 2 0Rn, which has been mentioned previously in connection with natural
radiation, and with uranium milling wastes. As mentioned earlier, delaying
the emission of Rn, whose half-life is just under one minute, permits
it LD decay to its solid daughters, which may be disposed of as moderately
radioactive wastes. In the steady state, HTt^s. must be fueled partly with

U produced by nuclear reactions from the " ^ 3 3 T n e disposal problem
becomes more acute when fuel is fabricated froi^ U. This is true partly
because of the presence of U in the u^3o " Rn is produced in the decay
chain of U, in amounts dependent on the " %13§onteri535 lt i s a l s o true
partly because U is itself more toxic than U or U.

Liquid metal fast breeder reactor (LMFBR) fuel fabrication involves
uranium and plutonium. The toxicity of plutonium has already been
noted. Fuel fabrication plant wastes include all manner of solids and sludges
that arise from decontamination operations, liquid waste stream treatment,
and off-gas cleanup. Uncompacted wastes may vary in density from 2 to
200 lbs/ft , with uranium, plutonium and thorium contents of from trace
amounts to several grams per cubic foot. About 1/2 to 2/3 of the waste
volume is combustible, and volume and weight reductions of 50 and 20,
respectively, may be obtained with these fractions. It has been esti-
mated that about 20,000 ft of alpha waste will be generated per tonne of
plutonium or U fabricated, and that these wastes will contain about 0.5%
of the plutonium or U.

Reactors

The really major problems of radioactive waste disposal are born in the
reactor, where uranium or plutonium fissions occur, and where transplutonium
elements (I.e., elements higher in atomic number than plutonium) are pro-
duced. Although it is in the reactor cores that far and away most of the
radioactive materials to be disposed of are produced, in a more precise
sense, reactors do not actually produce the most radioactive wastes. They
produce spent fuel elements, which in the present concepts of waste manage-
ment are not radioactive wastes. Although "poisoned" with fission products
and laden with relatively non-fissile transplutonium isotopes, these spent
fuel elements also contain enriched uranium and fissile plutonium. Thus,
they are not truly wastes. The other radioactive materials produced at
reactors contain far less radioactive wastes than the fuel element, and are
much less of a disposal problem.

The next step in the fuel cycle, i.e. fuel reprocessing, separates the
uranium and plutonium from the fission products and transplutonium elements,
and it is at this step that "the (waste disposal) buck stops." That is
not to say, however, that reactors do not produce radioactive wastes—they
do. Further, each of the various reactor types produces its own types
of wastes, though there is a general similarity among them. A great deal
has been written about reactor wastes, both in general ' and about specific
reactors.

There are liquid, gaseous and solid reactor wastes to be disposed of. The
liquid wastes are mostly aqueous, and are treated at the reactor to remove
the radioactive components as sludges or solids so the decontaminated water
may be disposed of in environmental water (streams, rivers, lakes or oceans).
This type of treatment must perforce produce a solid waste.
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Gaseous wastes vary markedly from one reactor type to another. For the
light-water reactors prevalent in the U. S., fission product krypton is the
most important. Tritium may also be present, but in relatively small
amounts. Some radioactive particulates are produced which are filtered
from the gevs (ventilation air is the chief source) leaving the reactor.
These too become, finally, solid wastes. Radioactive krypton (primarily

Kr) may be removed from reactor gaseoup effluents by several processes
with varying degrees of effectiveness.

The Lwo principal power reactor types in the United States are the boiling
water reactor (BWR) and the pressurized water reactor (PWR). Both are
light-water-moderated and cooled, i.e., their cores are immersed in ordinary
(light as opposed to heavy) water which circulates and removes the heat
of fissioning from the fuel elements. Radioactive wastes are produced at
quite a few different places in the power plants. In general, these are
treated to produce solid wastes, as shown in figures 2 and 3. A comparison
of BWRs and PWRs indicates that BWRs generate a larger volume of solid radio-
active waste per thermal megawatt-hour than PWRs, but that the number of
curies shipped from the plants per thermal-megawatt-hcur is essentially
the same, about 3 x 10 . In general, since 1970 the curie content per
unit volume of PWR waste has exceeded that of BWR wastes by factors of
2 to 8, and is about ' curie per cubic foot.

Incorporation into an inert matrix of wastes from the filtration, ion
exchange and evaporation processes used to produce solid wastes is commonly
used to produce a solid safe for shipping and disposal. Incorporation in
cement is routinely used, although other matrices such as plastics and
asphalts are used. Although the volume of waste to be disposed of is approxi-
mately doubled by putting it in cement, cement provides radiation shielding,
mechanical strength, and affords some protection against the inadvertent
leaching of radioactivity from the solid.

Solidified wastes from reactors have been shipped to "burial grounds" for
disposal. Several commercial organizations* exist which dispose of these
wastes. The wastes are generally low level,**and as mentioned above are
either incorporated in a stable matrix, e.g., cement or plastic, or are
baled to produce compact, dry solids. The high-level wastes produced at
the fuel reprocessing plants cannot be stored at these commerical burial
grounds.

Non-radioactive gases present with the fission product krypton are
important in determining how the gaseous wastes are treated. Off-gas treatment
systems for BWRs have recently been reviewed. Radioactive gaseous waste
streams arise mainly from the condenser off-gas stream. Hydrogen and oxygen in
the amounts of 110 and 55 standard cubic feet per minute, respectively,
from radiolytic decomposition of water in the core will be present, as

*Examples of organizations offering this service are Nuclear Engineering Co.
Inc., ATCOR, and Pickard, Lowe and Associates.

**The disposal of radioactive wastes at commerical burial grounds may be
limited to those having a specific activity of no more than about 10~
curies of alpha activity per gram of total solid, leactor wastes sent to
burial grounds will average about one curie per cubic foot, due mainly to
induced radioisotopes in reactor and fuel structural components.
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well as air in the amount of about 18 1/2 standard cubic feet per minute
from in-leakage. Over a year's time the noble gas content of the nearly
10 million cubic feet of nir in-leakage will be about 10 standard cubic
feet. The annual total amount of radioactive noble gas produced by the
1000 megawatt (electrical) plant will be about 40 cubic inches. Treatment
methods of these wastes from a 1000 megawatt-electrical energy plant may
be compared on the basis of radioactive noble gases (krypton plus xenon)
present after 30 minutes delay before treatment. (The delay is obtained
by passing the gases through a long pipe. During this delay a 25-fold
reduction in the curies of Kr plus X3 is obtained. In 10 hours the reduc-
tion is 114-fold.)
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Figure 2
Typicat System for Treatment of Solid Radioactive Wastes at a Boiling Water Reactor
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After the 30-minute delay and recombination of hydrogen and oxygen in a
recombiner to form water, the non-condensible gases may be handled in
several ways to decontaminate them. Basically these involve either one of
several versions of selective absorption on charcoal, or cryogenic distilla-
tion, or selective fluorocarbon absorption. In each case, after their
selective concentration the noble gases may be transferred from the con-
centration system to metal cylinders for storage. It should be noted that
fluorocarbon absorption, although promising, its quite new; further,
potentially dangerous problems of ozone buildup may exist with cryogenic
charcoal absorption and cryogenic distillation unless care is taken to prevent
it.

WASTE CORE COMPONENTS
- SPECIAL TREATMENT —

1 STORE SPENT
FILTER CAR-
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Figurs 3
Typical System for Treatment of Solid Radioactive Wastes at a Pressurized Water Reactor
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A third type of reactor, the high-temperature gas-cooled reactor (HTGR),
shows promise of becoming important in the U.S. in the next 10 to 15
years. In this reactor the coolant is helium and the moderator is the
graphite present in the fuel itself. Very preliminary information on
its waste disposal problems suggests that they will be similar to those of
LWRs. Figure 4 shows schematically what the 330 meqawatt HTGR, Fort t̂ aint
Vrain Nuclear Generating Station, helium purification system is like. '

A final word is in order about the reactors themselves as a radioactive
waste disposal problem. If, as has been projected," there are about
1,200,000 megawatts of installed nuclear electricl power by the year
2000, there may be M.000 reactors whose useful lives will be over in th
10 to 30 /ears following the year 2000. These must be disposed of, or
"decommissioned." According to the recent trend there will be 2, 3 or
more of these reactors on a single site, so there will be well under 1000
sites to be decommissioned. Nonetheless, since these reactors will be highly
radioactive from induced radioactivity in the containment vessels and other
materials of construction, as well as from fission produces from accidental
release,* there will exist a substantial disposal problem. There appear to
be two approaches to the problem. One is to cut the reactors up into pieces

Figure 4
Helium Purification System for 330 Megawatt-Electncal Fort Saint Vrain Nuclear Generating Station HTGR

(Taken from Reference 9)

*The recently released study Reactor Safety Study, An Assessment of Accident
Risks in U. S. Commercial Nuclear Power Plants, WASH-1400 (August 1974) esti-
mates 1 reactor core melt accident in 17,000 reactor-years. Thus,
1000 x 30/1700 =1.7 core melt accidents.
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that can be hauled ^way to a disposal area, thus reducing the number of
radioactive sites from many reactor sites to a few disposal sites; the other
is to decontaminate the reactor thoroughly, and then entomb it in concrete and
cover it with dirt. Although this latter approach does not restore the site to
general use, and necessitates a sort of "perpetual care" philosophy, it should
be remembered that the radioactivity, which is largely induced, is fixed in the
predominantly metal reactor parts themselves, and will be released slowly, if
at all.

Reprocessing Plants

The basic, large problems in radioactive waste disposal raise from opera-
tion of Lhe spent fuel reprocessing plants. The status of spert fuel reprocess-
ing has recently been reviewed.11 In general, the spent fuel is chopped (LWR
and LMFBR fuel) or burned (HTGR fuel) to make the fissile and fertile materials
available for dissolving in acid. The resulting acidic solutions are treated
by solvent extraction to extract uranium and plutonium (and in the case of
HTGRs, thorium), leaving the fission products in an aqueous waste stream. It is
this waste stream that poses the outstanding waste disposal problem of the
nuclear power industry. Just as in the case of realtors, fuel reprocessing
plants have many sources of radioactive wastes.

The aqueous waste stream mentioned above is certainly the most important,
but gaseous wastes such as krypton, xenon, tritium, or tritiated water vapor,
and volatilized iodine and solid wastes are also important reprocessing wastes
requiring disposal. An especially important so.] id waste is the chopped up
pieces of fuel cladding left after the fuel has been dissolved. These- may
be contaminated with difficult-to-remove plutonium. Table 1 summarizes
estimated annual fuel reprocessing wastes generation rates and total accumu-
lations for various waste types in the U. S. in the year 2000. This table
was based on the assumption that an economically competitive mixture of LWRs,
HTGRs and LMFBRs would exist in the year 2000 in the U. S. Since each of these
reactor types leads to somewhat different types of wastes, flowsheets for
reprocessing fuel from each type were assumed and wastes expected from each
were calculated and compiled to produce Table 1.

TABLE 1

Fuel Reprocessing Wastes Annual Generation Rate and
Total Accumulation in the U. S. ic 2000 A. D.

(Taken from reference 2)

Type
Annual Generation Rate Total Accumulation

Megacuries Cubic Meters Megacuries Cubic Meters

High-level solids

Alpha-bet s-ganma

cladding
ther

Alpha sol ids

Beta-gamma

solids containing
noble gases

iodine
other solids

54,400

54

1,300

57,200

150,000

260

13,300

370
5 .8

1
17

,930
,300

1 ,150
26

15
131

,200
,G00

349,000

14
230

1
.001
. 1

130
62

Cat 150 atmos.)
2 . 2

1,740,000

96
1,630

4
. 0 1
.5

1

11,100

,290
660

22
,000
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The various important kinds of wastes generated during fuel reprocessing
are given in Table 2 for LWR, HTGR and LMFBR fuels. These wastes are defined
as high-level wastes, and federal regulations call for them to be solidified
within S years of their generation, and for the resultant stable solids to be
shipped to a federal repository within 10 years of their generation.*

In the case of HTGRs, fuel reprocessing may lead to the release of signi-
ficant quantities of 1!*C. The HTGR fuel is largely graphite, which will
be burned to release the fuel values for dissolution and recovery. During
the b-irning operations, carbon dioxide gas will be generated. After cleanup
to remove iodine, tritium and krypton the carbon dioxide may be released to
the atmosphere. The carbon dioxide will contain C. The HTGR fuel is largely
graphite, which will be burned to release the fuel values for dissolution and
recovery. During the burning operations, carbon dioxide gas will be
generated. After cleanup to remove iodine, tritium and krypton the carbon
dioxide may be released to the atmosphere. The carbon dioxide will contain

C produced mainly by neutron reactions with nitrogen present in the fuel,
but also by neutron absorption by the naturally-occurring C. The amount
of carbon dioxide produced will be trivial as an atmospheric pollutant no
matter what the projected number of HTGRs whose fuel is reprocessed by burning.

TABLE 2.

Calculated Curies in Spent Fuel per Tonne of Heavy Metal Charged to the Reactor

(Taken from Reference 2)

Source of
Radioactivity

Cladding
Fission Products
Actinides

Light Elements
Fission Products
Actinides

Cladding
Fission Products
Actinides

0

1.42
1.38
3.91

6.52
2.96
1.04

1.34
1.96
8.OS

day

x 10$
x 108
x 107

x 103

x 108

x 108

x 106

x 108

x 1O7

Curies Present
30 days

8.03 x 10*
1.08 x 107

1.83 x 10*

3.55 x 103

2.32 x 107

2.18 x 107

6.06 x 10s

1.68 x 107

7.16 x 105

at Indicated
90 days

4.52 x 10*
6.19 x 106
1.33 x lflS

HTGRb

3.49 x 103

1.32 x 107

4.77 X 106

Days
160

2.62
4.19
1.26

3.4 s
9.1 x
1.0 x

LMFBRC

3.99 x 10s

9.56 X 106

6.79 x 105

2.8 >
6.7 )
6.6 )

after
days

x 10*
x 10&
x lOS

: 103

: 106
: 106

t 105
t 106

c 10s

Discharge
365 days

1 x 10*
2.22 x
1.14 x

3.26 x
4.5S x
3.81 x

1.32 X
3.31 X
6.21 x

105

103

106

10*

105

3653 days

2.4 x 103

3.18 x 105
7.2 x 10*

1.76 x 103

1.01 x 10*
2.80 x 10*

5.98 x 10S

3.15 X lOS
4.10 X lOS

turnup: 33,000 megawatt-days/tonne; power: 30 megawatts; flux: 2.92 x 1013 neutrons/cm2.sec.

Burnup: 94,271 megawatt-days/tonne; power: 64.57 megawatts; flux: 8.04 x 10l3 neutrons/cm^.sec.

Burnup: 37,118 megaw-tt-days/tonne; power: 49.28 megawatts; flux: 2.49 x 1015 neutrons/cni^.sec.

These regulations are given in "Siting of Fuel Reprocessing Plants and
Related Waste Management Facilities," Federal Register 3j[, No. 222, 17530
(Nov. 14, 1970). There is at present no federal repository, so there is
something of a dichotomy implicit in the regulations.
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However, if the fuel contains 20 to 30 parts of nitrogen per million parts
of graphite, the C liberated by a 1.5 tonne per iay (of uranium plus thorium)
reprocessing plant may not be negligible. LWRs, whose fuels contain nitrogen
as an impurity, may generate comparable amounts of C, but since the carbon
dioxide content a* LWR fuel reprocessing effluents is so small, retention
of the carbon dioxide by conversion to a solid (e.g. CaCO,) appears much
simpler and more economical than for HTGR fuel reprocessing effluents.

It is important to note that at present there is no commerical reprocessing
plant for reactor fuels operating in the United States. The USAEC maintains
reprocessing capability at the Savannah River Plant near Aiken, South Carolina
and at the Idaho Chemical Processing Plant near Idaho Falls, Idaho, but these
plants are devoted to fuels from AEC and U.S. Navy reactors. The earliest
expected commerical fuel reprocessing capability will probably be at the
Allied-General Nuclear Services plant at Barnwell, South Carolina, which may
be in operation starting in 1976-77. This plant is designed for operation
with LWR fuel of about 33,000 megawatt-days burnup and 160 days decay ("cooling")
b»fore reprocessing. It will have a nominal capacity of 5 tonnes of uranium
per a^y, or about 1500 tonnes per year. Projections indicate that this
capacity will be inadequate to meet the PWR fuel reprocessing load almost as
soon as the plant becomes available. Table 3 gives the magnitude of the
reprocessing problem, and so, indirectly, of the waste disposal problem.

TABLE 3.

Tonnes of Fuel Requiring Reprocessing from 1974 to 2000

(Taken from Reference 2)

Year LWR HTGR LMFBR

1974
S
6
7
8
9

1980
1
2
3
4
5
6
7
8
9

1990
1
2
3
4
5
6
7
8
9

2000

100
400
1100
1700
2032
1955
2395
3030
3509
4051
4195
4752
5229
5689
6355
6999
7650
8158
9000
9536

10,092
10,478
10,871
11,194
10,837
11,180
11,041

3.9
6.6
7.7
36.8
66.3
97.8
169.3
239.2
321.1
406.3
492.1
589.6
683.4
764.0

858,
954,
1040
1116
1193
1261
1333
1415

S
7.1
77.1
175.4
306.4
492.1
709.8

1038
1470
2073
2689
3450
4270
5123
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Just as in the case of reactors, there is the problem of "decommissioning"
the fuel reprocessing plants when they reach the end of useful life. However,
it is not so clear that the option exists to cut up the contaminated parts of
the reprocessing plants and remove them to a central waste storage facility.
Whereas the bulk of the activity of the reactors is induced in relatively
stable metal components, the activity of the reprocessing plant is, by the nature
of the operations, in a variety of chemical and physical forms as it passes
through the plant and the process equipment. Thus, extensive "loose" contami-
nation will be present in the plants, and this will pose a major obstacle to
its complete removal from the plant site. For this reason it is likely that
the "perpetual care" approach to disposal after decommissioning will be the
one chosen for spent fuel reprocessing plants. Of course, there will be fewer
spent fuel reprocessing plants to decommission than there will be reactors.
Seven or eight 5 tonnes per day plants should be adequate to handle the LWR
spent fuel reprocessing load in the year 2000. About three 1.5 tonnes per
day HTGR spent fuel reprocessing plants may be needed, in addition to
about four 5 tonnes per day LMFBR fuel reprocessing plants. Thus, there
may well be 15 or more spent fuel reprocessing plants present in the U. S.
in the year 2000 that will need to be "disposed of" as radioactive wastes
sometime between 20C0 and 2030 AD. (The useful life of a reprocessinq plant
may be about 30 years.) Of course, part of these plants will have been built
before 2000 AD, and others may be built after that year.

Miscellaneous

There are numerous sources of radioactive wastes which are outside the
nuclear fuel cycle. These include wastes from hospitals where radium and
its dauqhters have been used for decades, and where now a wide range of
radioisotopes is used for a variety of diagnostic and therapeutic purposes;
from universities, where research is carried out in the physical and life
sciences with almost every radioelement available; from radio-pharmaceutical
plants where radiophosphorous, radiosulfur, radiocarbon, tritium and other
radioelements are incorporated in various drugs; from oil logging sources
made of neutron emitters; and from dozens of research reactors around the
country.

Future sources of wastes may include tritium and neutron-activated com-
ponents of fugion reactors, or spent heat sources for powering heart pacers
(made with Pu) or remote power stations, or many other radioisotopes.
Regardless of the source, these wastes will be treated by the methods developed
to handle the more common or abundant sources of radioactive wastes.

TREATMENT

Radioactive wastes are treated prior to their disposal to put them in
chemical and physical forms suitable for the intended method of disposal.
As has been discussed, there are liquid, gaseous and solid wastes, and these
contain alpha, beta and gamma emitters. The waste treatment method chosen
depends on all of these factors. Thus, as mentioned in the section on
Reactors, low activity level aqueous wastes are treated by ion exchange
and evaporation, so that the decontaminated water may be disposed of in
environmental water. The radioactivity is concentrated in a sludge or
other solid, e.g., ion exchange resin. These solid wastes are treated to
make them more compact, if possible, and they are commonly incorporated in a
solid matrix whose function is to prevent their subsequent release in a
dispersible form.

Gaseous wastes are composed largely of non-radioactive gases such as air,
helium, carbon dioxide or nitrogen con^aminated with relatively small
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amounts of radioactive gases such as Jkr, xenon isotopes, and^jitium, Cjjj
• vapors such as tritiated water vapor, and the iodine isotopes I and I.

Such wastes are usually treated by preferential sorption of the radio-
isotopes onto materials such as charcoal (for Kr and I), silica gel (for
tritiated water), molecular sieves (for tritiated water) and silver-

: impregnated high-specific-surface-area solids (for I 2 ) . The gaseous radio-
; active wastes are thus put into the form of solid v:astes, or in the case of
f krypton, are put in metal cylinders as compressed gas, and the decontaminated
\ gaseous wastes may be disposed of in the earth's atmosphere.

: Because of the special hazard presented by ingested or inhaled alpha
! emitters, and the highly specific uptake of iodine in the thyroid gland
' these materials require special attention. Alpha emitters are largely

actinide elements, and when half-lives are taken into account, the elements
uranium, neptunium, plutonium, americium and curium emerge as the elements
of principal concern. Highly specialized methods for their treatment are
being studied. Iodine, primarily the isotope I when the wastes are
allowed to decay a year or more before treatment ( I, while the predominant
fission product iodine isotope, has a half-life of only 8.05 days), is a
special problem because its many chemical valence states, its proclivity
to add to organic compounds and the volatility of many of its common forms
give it a troublesome ubiquity. Both I and I are beta emitters.

^ i
Decay

There is a form of preliminary waste "treatment" which is widely used
that is highly effective in reducing waste disposal problems. The treatment
is simply to wait for the wastes to decay before final treatment prior to
disposal. A simple example of this has already been mentioned in the Reactors
section of Sources of radioactive wastes. In this example, a 30-minute
delay before treating the condenser off-gas resulted in a 25-fold reduction
in the curies of krypton plus xenon to be handled in the off-gas treatment
system. There is a similar advantage to be gained by waiting before fuel
reprocessing. However, the period of waiting required is about 10 times
longer, or about 0.5 to 1 year. The principal radioisotope providing incentive
for extended waiting, or "decay" periods is I. Table 4 shows how the
amounts of I and I change with time. Clearly there is no incentive to
wait more than a year from the point of view of radioiodine decay because the
very long half-life isotope I (the half life is 1.6 x 10 years!) dominates
after about 200 days.

TABLE 4.

Anounts of Radioiodine from One Tonne of Irradiated Heavy Metal from an LHR

(Basis: 33,000 aegawatt-days/tonne; 2.92 x 10 1 3 neutrons/cm2•sec)

Curies Present at Indicated Days after Discharge
Isotope 0 day 30 days 90 days 160 days 36S diys 3653 days

1S1I 8.61 x 10s 6.71 x 104 3.83 x 102 9.23 x 10"1 1.99 x 10"8 0

™1 3.71 x 10-2 j . 7 J „ 10-2 s ?4 ^ io.2 s ?4 ^ jo_2 S _ M ^ i().2 3 ^ x i o 2

TOTAL 8.61 T 10s 6.71 x 10* 3.83 x 102 9.60 x 10-1 3.74 x 10'2 3.74 x 10"2
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Radioactive decay heat is another important problem in waste treatment
which is ameliorated by delay. Although only a few percent of the energy
released by fission is not released virtually instantly as kinetic energy
of the fission products during the fission process, the few percent released
more slowly by radioactive decay of the fission products is not negligible.
For example, the fission product decay heat production rates for the fission
products (exclusive of Kr, Xe, H and I) present in 1 tonne of heavy metal
charged to an LWR and irradiated to a level of 33,000 megawatt-days/tonne
are 1.92 x 10 watts 0.438 years after discharge from the reactor, 2.93 x 103

watts 3.44 years after discharge, 1.05 x 10 watts 100.5 years after discharge.
Since the weight of the fission products being considered is about 28.8
kilograms, the specific heat generation rates range from 0.67 watts per
gram 160 days after discharge to 0.035 watts per gram 10.42 years after
discharge, and 1.05 x 10 watts 100.5 years after discharge. Since the
weight of the fission products being considered is about 28.8 kilograms, the
specific heat generation rates range from 0.67 watts per gram 150 days after
discharge to 0.035 watts per gram 10.42 years after discharge. The factor
of nearly 20 decrease in specific power gained by a 10 year delay makes a
very significant difference in how the wastes may be treated.

Typically, after fuel reprocessing the liquid fission product wastes are
stored in underground, shielded tanks as a method of interim disposal.
Figure 8 is a cross section drawing of a representative modern waste storage
tank. Storage of liquids in such tanks is now limited to 5 years or less.

HLLW STORAGE TANK

PROCESS
PIPING

REINFORCED
CONCRETE
WALL
STAINLESS
STEEL
LINER

UTILITY
PIPIN©

STAINLESS
STEEL
TANK

2'-0"DIA. PERIPHERAL
BALLAST TANK

Figure 8
Liquid Waite Storage Tank

(Courtesy of the Barnwell Nuclear Fuel Plant,
Separations Facility, Allied-Gulf Nuclear Services, Barnwell, South Carolina.)

148



Solidification

As has been discussed, regardless of the form of the wastes initially,
they are finally treated to incorporate or contain them in solids for
disposal, or they are reduced to such low levels of activity that they
may be released to the environment. Treatments of reactor wastes have been
discussed earlier. Fuel reprocessing plant wastes are primarily very highly
radioactive fission product wastes which arise from the process steps
discussad in the section on Reprocessing Planes. Tables 5, 6 and 7 summarize
the projected characteristics of solidified aqueous reprocessing wastes
for three kinds of reactor fuels.

Tabla 5
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Solidification of high level wastes from reprocessing plants is a very
important process step, since it bears directly on the disposal step which
follows. For this reason methods of solidification have received a great
deal of attention. Methods range from incorporation in glasses made from
calcined wastes with appropriate additives, to calcination in fluidized beds
to produce a granular powder which is stored in steel containers.

Partitioning

The special problem posed by long-lived alpha wastes deserves separate
discussion. As was mentioned earlier, the elements of greatest concern
are uranium, neptunium, plutonium, americium and curium. If these actinide
elements could be removed from the wastes (primarily from the fission product
wastes from fuel reprocessinq plants, but also from fuel fabrication and
refabrication plants), the period of significant radioactive hazard at
the disposal sites may be reduced from millions of years to less than 1000
years. However, the required degree of removal of these actinides from the
fission products to achieve this extraordinary change in the nature of the
waste disposal problem is such that only about one part in 10 of the actinides
may remain with the fission products. Further, once separated from the
fission products and the inert, confining solid matrix containing the fission
products, the actinides are more hazardous than before because now they are
much more concentrated, and any release is correspondingly more toxic. So
the problem has two major facets: (1) partitioning the actinides away from
the fission products or other radioactive wastes with an unprecedented
(and in a practical sense, perhaps unattainable) degree of separation, and (2)
completely and positively removing the actinides from the biota essentially
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forever. The second part of the problem, while seemingly impossible of
attainment, may not be impossible as will be discussed later under "Transmu-
tation" in the section on DISPOSAL.

The first part of the problem is being studied conceptually and experi-
mentally. Figure 9 is a schematic representation of a conceptual processing
sequence to remove the actiiiides. This part of the problem is extremely
difficult because of the very high degree of separation required, and because
additional contaminated materials are produced in the course of carrying out
the partitioning. Thus, the very real danger exists that the solution to
the problem does not "converge." The actinides may be more dispersed at the
end of the process than at the beginning, or the volume of wastes containing
the fission products may be unacceptably large — or both. Also, it should
be noted in the figure that during inr.erim waste storage, radioactive decay
leads to the buildup of additional plutonium which must be removed in an
additional step.

ORNL DWG 74-3054
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Figure 9
Conceptual Processing Sequence for the Removal of Actinides
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DISPOSAL

At the outset it must be stated that there is no such thing as perfectly
safe "ultimate disposal" of high level radioactive wastes. However, certain
types of wastes may be safely disposed of by dispersion in the environment,
and safe disposal of others in stable geological formations may be possible.
As was mentioned in the TREATMENT section, there is a chance that the
critically important, alpha-emitting, long-lived actinides may be removed
by partitioning them from fission products.

In the short term, it appears that some sort of interim storage of
high level wastes in accessible containers may be used to retain the option
of treating them later in any way found suitable, e.g., by partitioning.
A comprehensive study.pf methods for long-term management of high-level
wastes has been made, and a summary of this report was prepared.

Dispersion

To the present time tritium, krypton and xenon have been disposed of by
release into the atmosphere. The amounts of these materials have been so
small as to make no significant change in the natural background radiation.
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Fiqure 10 shows the projected build up of Kr and tritium in the world to
the year 2000. Present plans call for removal of the bulk of Kr from
reactor effluents, and especially from fuel reprocessing plant effluents.
There are also plans for tritium removal, but it is not so obvious that tritium
poses a health threat. Removal of C0,; from fuel reprocessing plane effluents,
for both LWR and HTGR fuels, may be necessary because its projected buildup in
the biota may exceed acceptable limits. This question remains to be answered.
Dispersion of a broad spectrum of non-gaseous radioisotopes is permitted in
verv low concentrations in both the atmosphere and environmental waters.
However, the air and water of the entire world are inadequate to provide
for safe dispersal of the high level wastes to be produced by projected
fuel reprocessing plants.

Geologic

Of the so-called "ultimate disposal" methods being considered, the concepts
based upon use of geologically stable features of the earth, e.g., abandoned
salt mines, appear most promising. Other methods, such as disposal at sea
in h'.gh-integrity containers, or extraterrestrial disposal using rockets
appear more fanciful. In any case, removal of the actinides prior to
disposal makes all long-term, high-level waste disposal proposals more
attractive, provided the actinides can themselves be safely disposed of or
destroyed.

Figure 11 provides an instructive presentation of the various options for
high-level waste management and disposal. In this presentation, options
shown for disposal of the actinides are (1) rF-ycle to a transmutation
step which destroys them, (2) fixation in a solid for disposal on the
earth, or (3) extraterrestrial disposal, e.g. by shooting them into the sun
or into space on a rocket. As has been mentioned, there appears to be
little to recommend separating the actinides from fission products only to
store them in a much more concentrated and thus potentially more dangerous

I -

Figure 11
High-Level Radioactive Waste Management and Disposal Option Diagram

(Taken from WASH-1297)
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form. Also, until rocketry becomes cheaper and more fool-proof, there is not
likely to be much waste disposed of in space. This leaves transmutation as
the most promising of the proposed actinide disposal methods.

Transmutation

18
Transmutation has been discussed,io and in principle appears feasible. As

has already been mentioned, the process improvements necessary in existing
fuel reprocessing operations, as well as the required development of new processes
to carry them out, promise to be extraordinarily difficult.

An idea of the decrease in waste hazard which may be obtained through
removal of actinides from high-level wastes, as well as of the way the hazard
associated with these wastes changes with time, both with and without actinide
removal, is presented in figure 12. This figure applies to LWR wastes, and
relates the hazards of wastes stored with and without actinide removal to the
hazards associated with the naturally occurring mineral pitchblende, and with
tvpical uranium ore. The lower curves were calculated assuming uranium, neptunium,
Plutonium, americium, curium and I removals of about 99.9%, 95%, 99.99%,
99.9% and 99.9%, respectively, i.e., to an extent where their cumulative
contribution to the hazard index of the waste after 1000 years is about the same
as that due to the fission products remaining after 1000 years. The upper curve

ORNL C WG 72- II .'07

WASTE FROM
CONVEKTtONAL
NCPROCESMM

( 6 0 % U)
WASTE WITH
SECONDARY TREAT
MENT AFTER SUS-
TAINED RECYCLE OF
IODINE AND ACT I

NIDES
WASTE FROM
CONVENTIONAL
REPROCESSING PLUS «ECON
DARY TREATMENT FOR REMOVAL
OF IODINE AND ACTINIDES

TYPICAL URANIUM ORE

10 K>" KT 10" Kf K>"
AGE Qf WASTE, y t o r t

Figure 12
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was calculated assuming conventional fuel reprocessing, which removes no more
than about 99.5% of the uranium and plutonium, and 90-^5% of the neptunium.
Removals of americium and curium are not carried out at present.

After appropriate treatment, the solidified high-level wastes could be
stored in metal containers in an underground repository with a high degree of
assurance of containment. A great deal of study has gone into the question
of what is the most suitable type of repository, and for a variety of reasons
(not the least of which is that their very existence bespeaks great temporal
stability) salt deposits appear to be the optimum choice. Figure 13 shows
where some of the major salt deposits are in the U. S. Those in the southwest,

OkWL-OWG 69-7*30

ROCK SALT DEPOSITS IN THE UNITED STATES (SEE PIERCE AND RICH, U.S.6.S. B U L L ( 1 4 8 )

SALT DEPOSITS HAVING THICKNESS OF AT LEAST ZOOfl AND LYING WITHIN 2 0 0 0 fi OF LAND SURFACE.

Figure 13
Rock Salt Deposits in the United States

particularly in New Mexico, appear most promising. Figure 14 is a picture of
the inside of a salt mine, and gives an idea of how the area looks in which
high-level wastes may well be stored.

Wastes continue to accumulate. Storage of high-level wastes in a way
which should be acceptable for up to 100 years, and which permits their
retrieval for further treatment to put them in condition for "ultimate"
storage, if desirable, is being studied. Methods being considered include
(1) standing waste cannisters in the desert in a restricted access area,
where the climate is dry, and relying on air convection to remove decay heat,
and (2) storing waste cannisters in specially-built facilities in pools of
water for decay heat removal, again located in remote, restricted-access
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Figure 14
The Inside of a Typical Salt Mine



areas. Figure 15 is a schematic representation of a retrievable waste

cannister. Fiqure 16 shows how cannisters might be arrayed in a desert

storage area. Fiqure 17 is one concept of a pool storage facility.
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Figure 15
Retrievable Waste Surface Storage Facility Cannister

[Taken from Waste Management Studies, Progress Report No. 8,
ARH 2437H, April-May 1973. compiled by R. Y. Lyon, Atlantic Richfield Hanford Company {June 19731.

Figure 16
Proposed Retrievable Waste Surface Storage Facility Showing an Array of Cannisters

[Taken from Waste Management Studies, Progress Report No. 8,
ARH-2437H, April-May 1973, compiled by R. Y. Lyon, Atlantic Richfield Hanford Company (June 1973).
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Figure 17
Proposed Retrievable Waste Surface Storage Facility: Pool Storage Concept

[Taken from Waste Management Studies, Progress Report No. 8,
ARH-2437H, April-May 1973, compiled by R. Y. Lyon, Atlantic Richfield Hanford Companv (June 1973).]

Interim

There is at present a hiatus in the progress toward selection of a
federal repository for permanent high-level waste disposal. Until this
selection is made, and the myriad other problems attending "ultimate" disposal
are solved, some sort of interim waste storage plan must be put into action.
The projected total volumes of various wastes to be stored one way or
another at a Federal Repository are shown in figure 18. As can be seen,
far and away the largest volume (3022 million cubic feet) is from intermediate-
level wastes. However, the largest number of curies in the repository is
associated with the high-level wastes (16,200 million curies). Comparison of
the 1,630 million curies of solidified wastes stored in the year 2000 with
the total of 151,000 million curies (see Table 1) accumulated in that year
gives an idea of the amount of high-level waste in tank storage and being
processed at the fuel reprocessing plants.
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Figure 18
Projected >ccumulation of Various Wastes at a Future Federal Repository

ITaken from Reference 19)

SUMMING UP
(A Subjective View)

The preceding sections have presented a picture of waste disposal for the
nuclear energy industry baser! on reasonable projections for nuclear energy
growth and on established or easily attained technology. The single excep-
tion to this statement is in regard to waste partitioning to separate the
actinides from other radioactive wastes; the anticipated difficulty of
reducing this concept to practice has been noted, as has the potential advan-
tage to be derived from it. But what does it all mean? Can radioactive wastes
really be coped with? Or are the problems so severe, the consequences of
an accident or of failure to anticipate all the serious problems so catastrophic,
as to preclude nuclear energy ae a major energy source? The answers to such
questions are of fundamental importance, and like so many truly important
questions are not capable of unarguable answers.
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It must be allowed that there is a qualitative difference between storing
and caring for wastes for a thousand years, and storing them for one hundred
thousand to a million years. A geologist who would guarantee stability of
a salt mine—or any other "geologically stable" formation—for a million
years certainly cannot be classified as conservative. On the other hand,
examples of manmade structures which have endured intact for more than a
thousand years are readily called to mind, e.g., the Great Pyramid of Khufu

(^4600 years), the catacombs near Rome (VL900 years), and the Great Wall
of China (^1700 years). So there is objective evidence that man's plans for
the future and his creations based on them are commensurate with plans
involving waste storage times of the order of one thousand years.

But what of the problems of man unknowingly digging up a waste disposal
area in the distant future, or of a natural occurrence bringing waste containers
or contaminated earth to the surface where man will contact it? There is
certainly precendent for man unearthing relics of his past. As a matter of
fact, it is a well established profession. But what of the radioactivity? As
this essay has tried to show, at storage times longer than about a thousand
years there will be no radiation in excess of that found naturally en the earth,
(if actinides plus a few selected fission products are removed), and there will
be less radiation than large segments of the population are subjected to right

Lest the conclusion be drawn that no waste disposal problems exist, it
should be recalled that the actinides may indeed pose .-. long-term problem. So
may the tailings piles at the mills, though solutions to these problems appear
to be attainable, at least in principle. So may the potential existence of a
large number of decommissioned reactors and a smaller number of fuel reprocess-
ing plants. In the case of these decommissioned facilities, the bothersome
aspect is not so much one of a radiation hazard in the long term. (In this
regard, the problem resembles that of tht= planned federal waste disposal sites.)
The disquieting factor is more related to a potentially large number of such
decommissioned facilities spread widely over the country. The questions of how
many such sites to allow, and of where they should be, are important ones which
deserve careful attention. These questions are, in fact, being closely studied,
but their answers lie in the future.
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A. Effects of Radiation on Human Health

There is an impression in some quarters that the effects of radiation on
human health are only very poorly understood, but this is definitely not the
case. At least the upper-limits on health effects are rather well known from
various incidents in which people have received large radiation exposures. The
data have been analyzed in recent reports by two prestigious groups of radiation
medicine experts, the National Academy of Sciences-National Research Council
Committee on Biological Effects of Ionizing Radiation (BEIR),1 and the United
Nations Scientific Committee on Effects of Atomic Radiation (UNSCEAR).2 In
addition there is a continuing surveillance of the information by the Inter- j
national Commission on Radiological Protection (ICRP) and the National Council j
on Radiation Protection and Measurements (NCRP), groups mainly concerned with '
setting standards for maximum permissible exposure.

The principal effects of radiation on people are (1) acute radiation sick-
ness, (2) cancer, and (3) genetic defects. Acute radiation sickness results
from exposures in excess of 100 rem and can be fatal in a matter of days. The
exposure which has a 50% probability of causing death is about 400 rem without
medical treatment-' and perhaps 600 rem with treatment. If death does not re-
sult, the patient recovers after several weeks and all symptoms disappear.
There have been less than ten American fatalities from this malady, all of them
research workers involved in experiments where something went wrong.

Cancer induction by radiation haj been a much broader threat, and there is
a rather substantial body of human data on it.1 The largest single source is
the Japanese atomic bomb victims—about 24,000 people were exposed to an average
of about 130 rem, and there have been over a hundred excess cancer deaths as a
result. There were almost 15,000 people in United Kingdom treated with heavy
x-ray doses for ankylosing spondylitis, an arthritis of the spine, receiving an
average whole body exposure of almost 400 rem which resulted in over a hundred
excess deaths, and there have been even more deaths among 4,000 uranium miners
who received average doses to the lung approaching 5000 rem from radon inhala-
tion. There have been several situations that have caused about 50 excess
deaths, including those involving 775 American women employed in painting radium
numerals on watch dials between 1915 and 1935, almost 1000 German victims of
ankylosing spondylitis treated with R a 2 2 \ and fluorspar and metal miners exposed
to radon gas; and there have been several situations studied involving ten or so |
excess deaths.
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It has been conventional to treat these data with the "linear, no threshold"
hypothesis, assuming that effects are just proportional to population exposure
in raan-rem. This involves a very large extrapolation; it assumes, for example,
that the probability of cancer induction by 1 mrem (0.001 rem) which is typical
of most exposures of interest, is 10~5 times the probability from 100 rem, which
is the region from which most data are available. In addition, it has been con-
ventional to assume that cancer induction is dose rate independent, no larger if
all dosage is received at once, as in much of the experimental data, than if it
is spread out uniformly over many years. It is well established5 that there are
mechanisms in the body for repairing radiation damage. There is direct evidence
for this from animal studies, and the fact that there is less time for this re-
pair is the reason why rapidly multiplying cells are more susceptible to radia-
tion injury which is the basis for cancer radiation therapy. Cancer induction
by radiation is known to be a multi-event process, not due to a single damaging
incident to a single cell. For these reasons, all four of the prestigious groups
mentioned above have acknowledged that the linear, no threshold and dose rate
independent hypotheses are highly conservative, much more likely to over-estimate
than to under-estimate effects of low dosage. All of them accept these hypotheses
as a basis for setting exposure standards, but only the BEIR Committee condones
using them for estimating risks; UNSCEAR pointedly refuses to do so, and NCRP
has been highly critical of it.

For lack of an alternative, we will use thes° hypotheses, with the under-
standing that they give upper limits to tho effects. In particular we will use
the BEIR estimate of 180*10" cancer deaths per man-rem,6 which means that for
every rem of radiation a person receives to his whole body, his probability of
ultimately dying of cancer is increased by 1.8 parts in ten thousand above the
normal probability (16.8% for the average American). On this basis, one rem of
whole body radiation reduces life expectancy by a little more than one day.'
For perspective it may be noted that the life expectancy reduction from smoking
a single cigarette is equivalent to that of 5 millirem (mrem) of radiation.

For situations in which radioactive material enters the body, exposures to
individual organs become more relevant than whole body exposure, an.i the BEIR
Report-*- gives risks for these individually; in terms of cancer deaths per mil-
lion man-rem, some of these are^ for bone-6, for the thyroid-6, for lungs-39,
for gastro-intestinal tract-30, etc. Studies of the survivors of the Japanese
atomic bombings gave no evidence that the incidence of diseases other than
cancer is affected by radiation.-'-0

There is no evidence from human data for genetic defects in off-spring from
radiation to parents, so all estimates are based on animal data. Averaging
between the BEIR and UNSCEAR estimates gives 150xl0~6 eventual genetic defects
per man-rem exposure of the entire population.-1-1 These genecic defects range
from such simple things as an extra finger or toe (usually removed surgically
shortly afLer birth) to rather serious defects that make life difficult, and
include diseases which develop much later in life. Such genetic effects nor-
mally occur in about 3% of all live births, about 100,000 per year in the U. S.
They are generally caused by spontaneous mutations in the sex cells, and the
rate at which spontaneous mutations take place is highly sensitive to the tem-
perature of the gonads. The custom of men wearing pants increases the tempera-
ture of the gonads by over 3° Centigrade,12 so that an equivalence may be devel-
oped between radiation and wearing pants. It works out that 1 mrem of radiation
to the gonads carries about the same genetic risk as 1 1/2 hours of wearing
pants.13

The basis for the 150*10~s genetic effects per man-rem estimate has been
open to some question recently. Studies of the survivors of the Japanese atomic
bombings14 have yielded no evidence for additional genetic defects among off-
spring, a result which assures that the above estimate is not too small; and a
recent reassessment indicates that it may be an order of magnitude too large.15
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B. Routine Emissions

We now turn to a discussion of the various ways in which members of the
public can receive radiation exposure from the nuclear industry. In this section
we consider exposures resulting from routine emissions of radioactivity in the
course of normal operations.

Basically, a light water reactor consists simply of long, thin rods of fuel
(fuel pins) enriched to about 3% in U 2 3 5, submerged in water. In the proper
geometry, this allows a chain reaction in which a neutron striking a U 3 5 nucl-sus
induces a fission reaction, which releases neutrons, one of which induces another
fission, etc. Each fission reaction releases energy (about 200 MeV) which is
rapidly converted to heat, warming the surrounding water. The reactor therefore
serves essentially as a gigantic water heater; as water is pumped through at a
rate of thousands of gallons per second, it is heated to 600°F. The hot water
may then be converted to steam either in the reactor (boiling water reactor, BWR)
or in an external heat exchanger (pressurized water reactor, PWR); the steam is
then used to drive a turbine which turns a generator to produce electric power.

The fuel is in the form of UO2 ceramic pellets about 1/2 inch long by 3/8
inch in diameter. About 200 of these pellets are lined up end to end inside a
zirconium alloy tube (cladding) which is then sealed by welding to make a fuel
pin. The reactor fuel then consists of about 40,000 of these fuel pins, or a
total of about 8 million pellets.

2 3 5

When a U nucleus is struck by a neutron and undergoes fission, the two
pieces into which it splits are ordinarily radioactive. This is the principal
source of radioactivity in the nuclear energy industry. They fly apart with
considerable energy (about 80% of the 200 MeV energy release is in their kinetic
energy) but they are stopped after only about 0.001 inch of travel, so nearly all
of this radioactivity remains very close to the original uranium nucleus, inside
the ceramic fuel pellets. The same is true for the second most important source
of radioactivity, capture of neutrons by the uranium to make still heavier radio-
active nuclei, known as actinides, such as plutonium, americium, and neptunium.
While essentially all of these radioactive nuclei remain sealed inside the cera-
mic pellets, a few of the fission products have a degree of mobility and wander
around inside the pellets, and some small fraction of them eventually get out of
the pellets, but they are still contained inside the cladding. However, during
the operation of the reactor, a small fraction (typically one or two per thou-
sand) of the fuel pins develop tiny leaks in the cladding, in which case the
radioactive material that has diffused out of the pellets is released into the
water.

There are chemical clean-up facilities for removing the radioactive material
from the water, but these facilities do not remove the gases. Among the fission
products are krypton and xenon isotopes which, of course, are gases, and in addi-
tion, iodine is a very volatile element so that, in spite of elaborate equipment
for trapping it out, some fraction of one percent of the iodine comes off with
the gases. These gases, including also small fractions of one percent of a few
other volatile fission products, are held up for some time within the power plant
to allow the short half life activities to decay away, and are eventually re-
leased into the environment. This is one source of radiation exposure to the
public from the routine operation of the nuclear industry. Regulations require
that no member of the general public, including those living closest to the plant,
receive a radiation dose from these emissions larger than 5 mrem per year to the
whole body, or 15 mrem per year to the thyroid. It is estimated that if all the
electric power now used in the U. S. were produced by light water reactors, the
average American would receive an average annual exposure from this Kr and Xe
of about 0.05 mrem per year. '/18 The iodine released gives exposures to human
thyroids of the same order of magnitude, ^ mostly due to the concentration in
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cow's milk of material settling on grass, but this does considerably less harm
because of the lower effectiveness for inducing cancer noted above.

Another source of routine emissions of radioactivity is from tritium (H ).
In about one fission reaction out of 500, the uranium nucleus splits into three
parts (ternary fission) rather than two, and in about 5% of these cases (once in
10,000 fissions) one of the three pieces is H3. Other sources of H3 in reactors
are (n,t) reactions on boron (used for control purposes because of its large
neutron absorption cross section), and (n,y) reactions on the H* in water (this
is much more important in heavy water reactors). The difficulty with H is that
it "sixes with the ordinary hydrogen in the water and cannot be separated from it.
Th1. J, when any water is released from the plant, it includes some H3, this goes
into a nearby river, lake, or ocean. Regulations require that no member of the
general public be exposed to more than 5 mrem per year of whole body radiation
from this water, and this is calculated on the assumption that a person derives
all his drinking water and fish trim the plant discharge canal and swims in it
for an hour per day. Estimates are "-'nat if all our power were nuclear, the
average American would receive less thar* 0.01 mrem per year from this source.-^

When the fuel in a reactor has been burned up as much as possible consis-
tent with proper operation, it must be removed from the reactor and replaced with
fresh fuel (typically one-third of the fuel is replaced in one such operation per
year). The spent fuel is stored for about six months in the power plant to allow
short half-life radioactivity to decay away, and it is then shipped to a fuel
reprocessing plant. There the fuel pins are cut into pieces of manageable size
and dissolved in acid, and the solution is then chemically processed to remove
the uranium which is useful for making fresh fuel, and the plutonium which will
hopefully be used for making future fuels. Everything else is now classified
as "waste;" this waste includes all of the fission products which contain the
vast majority of the radioactivity, the uranium and plutonium that escaped re-
moval in the chemical processing (this is typically 0.5% with current technology),
and the other actinides produced. The eventual disposal of this waste is an im-
portant topic which we will discuss later.

When the fuel pins are dissolved, the gases once again present a problem.
Xenon has no long half life isotopes so no radioactive Xe is present, but Kr85

has a ten year half life and in current technology, all of it is released to the
atmosphere from a tall stack. The tritium is also released as water vapor in
the same way. Estimates are that it all of our present electric power were
nuclear, the average American would be exposed to 0.02 mrem per year from the
Kr and 0.15 mrem per year from the tritium.^1 in addition, people in other
countries would be exposed to 0.02 mrem per year from Kr05 produced in the U. S.
There are now active and advanced development programs for greatly reducing the
emissions of Kr85, but reducing the tritium emissions is a much more difficult
problem.

When these exposures are added to the 0.05 mrem per year from the power
plants, we see that the exposure to the average American from routine emissions
if all our power were nuclear would be about 0.23 mrem per year.

It may be of interest to compare this 0.23 mrem/year average exposure with
ether radiation we experience. it is less than 1/500 of the exposure we get
from natural radiation (U. S. average is 130 mrem per year) and about 1/300 of
our radiation exposure from medical and dental x-rays. It is said that the
latter could be reduced by a factor of five without compromising effectiveness
if tighter regulations on equipment and procedures and more elaborate training
programs were instituted.23 Natural radiation varies widely, from an average of
250 mrem per year in Colorado and Wyoming to 100 mrem per year in Texas and
Louisiana. There are areas in India and Brazil where average exposures are

: 1500 mrem per year from monazite sands which are rich in throium and uranium
I (studies of the population in these areas have revealed no unusual effects).
ir
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There are considerable variations even within a single city; e.q. the radiation
level is 10 mrem per year higher"^ in Manhattan (built on granite) than in
Brooklyn (built on sand). A rather important source of radiation exposure is
building materials as brick and stone contain significant quantities of radio-
active material. Living in a typical brick or stone house (rather than a wooden
one) gives about 40 mrem per year additional exposure, so that six months of
this gives more exposure than a lifetime of all nuclear power. The 0.23 mrem
per year from routine emissions if all our power were nuclear is substantially
exceeded even by such minor sources of radiation as'- luminous dial watches (1
mrem per year), and airplane flights (0.7 mrem per hour at 30,000 feet), and
is comparable to the dosage from television watching by children (0.3 mrem
per year).

The consequences of 0.23 mrem per year of whole body radiation to the aver-
age American may be readily calculated from the numbers given in Sec. A; they
are-5 8.3 additional cancer deaths per year and 7.0 additional genetic defects.
In addition to radioactivity releases from power plants and fuel reprocessing
facilities, there are releases of uranium and its daughters from various other
elements of the nuclear fuel cycle. These involve alpha particle emitters which
do their damage to a few specific organs following inhalation, so the effects
cannot be expressed in terms of whole body radiation. In terms of deaths caused
if: all our power were nuclear, these effects are

uranium ore mills"" 0.16/year
conversion facilities2? 0.09
enrichment facilities2^ 0.01

fuel fabrication plants29 0.03
transportation30 0.08

Adding these effects to the 8.3 deaths per year from power plants and fuel re-
processing gives a grand total of 8.7 deaths per year.3! This is the first entry
in Table I (Sec. J) which is a compilation of deaths per year from radiation to
the public in U. S. if all the electric power we now use were derived from light
water reactors.

C. Routine Emissions of Long Half-life Radionuclides

The estimates of the previous section are based on a steady production of
400*10s KW of electric power for a period long enough to bring effects of Kr85

and H into equilibrium with their decay, which would be a few decades. However,
there would be no such equilibrium with long half-life radionuclides like Clh

(5600 yr), Rn 2 2 2, which is a grand-daughter of Th 2 3 0 (8xio" yr), and I 1 2 9 (1.6*
107 yr), so their effects would grow linearly with time. At present and for the
near future, they contribute to population exposure in a very minor way so con-
trol of their emissions has not beer considered to be an urgent matter and has
received little attention either from the AEC or from the critics. However, it
is clear that action on these matters cannot be long delayed unless, of course,
the linear, no threshold, dose rate independent theory of biological effects of
radiation is abandoned.

The issue of C1"* was first raised by Magno, Nelson and Ellett32 in mid-1974.
C is produced by (n,a) reactions on the rare oxygon isotope 0 and by (n,p)
reactions on N1"1 impurity in the fuel and coolant. If all our power were from
light water reactors, about 0.02 Megacuries per year would be produced and this
would increase the C1"* concentration in the biosphere by 0.016 p Ci of Clh per
grai: of carbon which would contribute a dose of 0.0026 mrem per year to all
humans33 for several thousand years. On the linear-no threshold theory this
would eventually cause about 600 cancer deaths in the U. s. plus many times
that in the rest of the world. It is clearly important to control these emis-
sions, and since the problem was brought to light in June 1974 that problem has
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been under study. It seems likely that equipment now being developed to freeza
out the Kr 8 5 in reprocessing plants will simultaneously remove most of nhe Clu.

The issue of nation-wide exposure from Rn 2 2" emitted from uranium mill
tailings was first raised in Kef. 17 published in Oct. 1973, but it was not
included in the summary of that report and received little or no public notice.
When uranium is separated from the ore in the mill, the residue which contains
the radium and its precursor Thz3° is accumulated in large piles typically one
square kilometer in area and 5 meters deep. The radon gas emitted from the
tailings piles accumulated in fueling one year of all-nuclear power (2.5 piles
of the above dimensions) is estimated by the EPA authors•" to cause 0.8 lung
cancers per year in U. S. (our estimate is an order of magnitude smaller") but
this will continue for a very long time if nothing is done about the problem.
These mill tailings have caused local problems especially when it was found that
they were used for building construction in Grand Junction, Colorado,36 and that
a pile in Salt Lake ?ity, Utah, is giving off enough radon to cause 0.2 lung
cancers per year in that city alone.3 As a result, the whole problem has been
under intense in"estigation, and there is active planning for removing or cover-
inc, the piles. A 20 ft. earth cover reduces the emissions by a factor of ten
and would cost about $3.5 million per yaar for all U. S. power nuclear, ' a
rather modest sum. The tailings consist of two components, slimes and sands,
and the former contain 7 5% of the radioactivity but only 25% of the mass so they
could perhaps be pumped back into the mines, reducing the problem 3-fold. There
are also studies of chemically separating the radon precursors during the milling
operation.-^ The whole problem would, of course, be grossly reduced with breeder
reactors.

The I 1 2 9 problem has long been recognized because of the elaborate precau-
tions needed with I 1 3 ! as a short half life (8 days) menace. Plans for more
efficient removal of I * from reprocessing plant emissions are in an advanced
development stage and should soon be required.

In adding up the harm done over very long time periods by long half life
radioactivity, there is a negative term that is perhaps worthy of consideration.
Uranium is the ultimate source of radon gas which, according to EPA estimates-^
is killing 4000 Americans per year, so by burning uranium in reactors we are
saving about 4*1O~5 lives per year;38 if we view this as continuing for the
4.5*iO9 year half life in uranium, each year of all-nuclear power ultimately
saves 300,000 lives.

It is difficult to give a proper treatment to these long half life emissions
in Table I. If nothing is done about them and their entire potential cost in
human lives is realized, they would be dominant contributors to that Table,
whereas if the C1"1, Rii'"22, and i 1 2 9 are properly handled they will be of minor
importance. The recently announced NRC policy^ of requiring emission control
devices in power plants where the cost is less than $1000 per man-rem exposure
avoided, which corresponds to $6 million per life saved, gives every reason to
expect the latter to be the case. Since these problems are so recently dis-
covered, are doing little harm as yet (with only 8 percent of our power nuclear
and no reprocessing plants in operation) and are being actively worked on, it
does not seem reasonable to include them in Table I, but their tentative omis-
sion is noted in the caption. If no measures are taken to control these emis-
sions within about 5 years, we would recommend their inclusion.

y It is often charged that nuclear power confers benefits on our generation
I at the expense of future generations. However, in assessing the impacts of our
,' present use of nuclear power on our future progeny, there sr» T\any imponderables.
j: For example, what do we do to future generations in burning up gas, oil, and
| coal at a rate of billions of tons per year? They are used as feedstock for

I making plastics and medicines; how manv lives may eventually be lost by the

I
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scarcity or hiqh price of these? Historically high technology saves lives in
enormous quantities; life expectancy in high technology civilizations greatly
exceeds that in primitive societies. Does our development of nuclear power
today increase the probability that high technology will be alive in the future?
To what extent do we worry about the future in our other activities? We are
using up the Earth's mineral resources at a tremendous rate; our agricultural
practices and lick of attention to population control are dooming millions of
yet unborn children to starvation. There is an excellent chance that there will
be a cure for cancer in the not too distant future; this would nullify the en-
tire problem raised in this Section. And of course, all of these problems would
instantly evaporate if the linear, no threshold theory of radiation effects were
abandoned, a relatively likely situation.

P. Power Plant accidents

In routine operation of the nuclear industry, nearly all of the radioactivity
produced in reactors ends up as radioactive waste coming out of the fuel repro-
cessing plant which, as we shall see, is not difficult to dispose of safely.
However, the danger exists that due to some sort of accident in the reactor, an
appreciable fraction of this radioactivity will be released into the environment
at the power plant. In such a situation, the potentiality for damage is very
high.

It should tie recalled that essentially all of the radioactivity produced is
sealed inside the UO2 ceramic fuel pellets, so the only way for it to be released
is for these pellets to be melted. Thus, any reactor accident of large conse-
quences must involve a "melt-down." The melting temperature of UO2 is over 5000°F
whereas normal operating temperatures are near and below 1000°F, so such a melt-
down cannot result from small abnormalities. The most obvious cause for a melt-
down might seem to be a large reactivity excursion caused by withdrawing control
rods too far and too fast, but there are several mitigating effects on this. In
such a situation, the power level would immediately escalate rapidly, but as a
result the reactor would heat up. As the temperature increases, U 2 3 8 captures
more neutrons in the "resonance region" (due to Doppler broadening of resonances)
leaving fewer neutrons to be slowed down to thermal energies where they induce
fission in U 2 3 5; moreover as the temperature increases, water becomes a poorer
moderator (in a BWR more water boils into steam which is essentially an elimina-
tion of moderator). Hence, these reactors have a large "negative temperature
coefficient of reactivity" which works powerfully against large reactivity excur-
sions. In addition, the emergency insertion of control rods (called "scram") is
such a simple operation that it would very rarely fail. It depends only on grav-
ity (PWR) or on stored fluid pressure (BWR) and so does not require electric
power.

On the other hand, these safety aspects are challenged rather frequently.
About once a year on an average, a generator is suddenly taken off line due to
some abnormal electrical occurrence, and when this happens, the turbine which
drives it can 10 longer accept steam. The resulting back pressure causes the
steam bubbles to collapse in a BWR, thereby suddenly increasing the reactivity
which greatly increases the reactor power. If the emergency control rods should
fail to insert, the pressure would build up dangerously (this is also true in a
PWR but to a lesser extent). This accident is called ATWS, anticipated transient
without scram. In many reactors the scram system is the only defense against
this once-a-year challenge. There is strong pressure to include a back-up
"poison-insertion system" which would inject boron solution (a stong neutron
absorber), but there has been strong resistance on the basis that if such a
system were to activate unnecessarily, it would keep the reactor shut down
for many hours.
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The prevailing opinion among safety experts seems to be that the most likely
cause of a reactor fuel melt-down is not a reactivity excursion, but rather a
loss of coolant accident (LOCA) resulting from a large leak in the reactor cool-
ing water systemT The water temperature in these reactors is about 600°F (higher
temperatures give higher efficiencies), so to prevent or control boiling, the
pressure must be very high, about 100 psi in the BWR and 2200 psi in the PWR.
If there were a rupture in this high pressure system, the water would flash into
steam und : O E " out at a tremendous rate (this is called "blow-down") leaving the
reactor core without coolant. Loss of the water moderator would immediately shut
down the "chain reaction," but it would not, of course, shut off the radioactive
decay processes. The power generated by this radioactivity in the fuel pellets
immediately after the chain reaction stops is very substantial, about 6% of the
full power level of the reactor, and it is easily enough to eventually me is. the
fuel. In fact the situation is so bad that in the PWR, if the fuel is left com-
pletely without coolant for 45 seconds (and possibly even for 30 seconds), the
temperature gets so high that bringing in water may do more harm than good; at
high temperatures water reacts chemically with the zirconium fuel cladding in an
exothermal reaction which would raise the temperature still more. Thus, if cool-
ing is not restored within about 45 seconds, the reactor is doomed to melt-down^O
(in a BWR, this critical time is about 3-5 minutes), releasing the radioactive
material. | :-

t
Complete melt-down of the fuel would take about 30 minutes, and after an | '

hour or so the molten fuel would melt through the reactor vessel. An appreciable | .
fraction of the radioactivity would at this point come spewing out in the form of \

: a radioactive dust or gas.
'. \ •'''

\ This is clearly a potentially very dangerous situation, so a great deal of j '
\ engineering effort has been expended to minimize the probability of a LOCA, to '
5 reduce the chance that a LOCA would lead to a melt-down, and to mitigate the con-
' sequences of a melt-down if it should occur. In the first place, quality stand- -
; ards on materials and fabrication methods match or exceed those in any other

industry, and rarely is expense an issue in this regard. In the second place, \
a very elaborate program of inspections is maintained during the fabrication |
stage, including x-raying of all welds, magnetic particle inspections, and a very |
elaborate series of ultrasonic tests aimed at detecting imperfections that might |
lead to failures of materials. Once the reactor comes i,.to operation, there are I
scheduled periodic shut-downs for extensive ultrasonic and visual inspections. I
The lat er coisip* o removing insulation frc:n pipes and carefully looking for |
imperfection, or ,j.?'":k-s; it was in these visual inspections that workers found j
the hair-line cracks n a few BWRs Lt.i.t received so rurch p^lieity in Jan.-Feb. !

: 1975. They were, of C'jurs'j, t.x er< iv i j oly r.-p-ii^d L.y replacing sections of '
i nine.
I * ' ,<?,
t Ordinarily large leaks develop from small leaks, so the third "line of |; •'
| defense" is in systems for detecting small leaks if they should occur. Since hi';
| the water is at high temperature and under high pressure, any leak would result !;i;
~ in steam spewing out and this would increase the humidity. There are therefore I"
I two different types of systems, based on different physical principles, for ||J
i detecting increases in humidity around the high pressure system. Since there
J" i? radioactivity in the water, the steam coming out would carry radioactivity
I with it, so there are two different types of systems for detecting increases of
? airborne radioactivity. Any indication of increased humidity or increased air-
: borne radioactivity would be interpreted as a sign of a possible leak, calling
( for further inspection and study. The radioactivity gives an especially sensi-
F tive leak detection capability.

1 If, in spite of these precautions, a LOCA should occur, the next line of
'.' defense is the emergency core cooling system (ECCS) , an elaborate arrangement for
, injecting water back into the system to re-flood the reactor core (all pipes

I
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enter the reactor vessel above the core so reflooding is possible unless the
rupture is in the lower part of the reactor vessel itself; the latter is of very
thick high quality steel so its rupture is orders of magnitude less probable than
breaks in piping or external components). The ECCS is a highly redundant system
so that no simple failures of pumps or valves would prevent its operation. All
estimates indicate that it is more than 99 percent certain of delivering water
in the event of a LOCA.

However, there has been extensive controversy over whether the ECCS will
prevent a melt-down in the event of a large LOCA ("large" here refers to a break
larger than f> inch diameter) . By the time the water from the ECCS fills the
reactor vessel up to the jottom of the fuel pins, the latter are quite hot so
the water flashes into steam. This steam exerts a back pressure which retards
the rate of flooding "IO something not much more than one inch per second, so
there is a period during which the heat transfer is principally by water droplets
entrained in steam. This type of heat transfer is not well understood, and there
is also considerable uncertainty about the ccc3ing by the water-steam mixture
during tha initial blow-down. In order to assess these problems, the engineers
conducted experiments with full length electrically heated fuel yin mcck-1..1 "̂',
and developed empirical "theories" to explain their observations. They then
used these empirical theories in computer codes to calculate the operation of
the ECCS. There is no question but that this procedure is highly uncertain and
inaccurate, and the engineering approach to such a situation is to apply a factor
of safety. To be specific, the normal maximum operating temperature of fuel clad-
ding is about 1000°F and the dangerous temperatures for chemical reactions between
zirconium and water are above 2700°F (although there are claims that temperatures
up to 33OO°F would not be catastrophic); the AEC requirement on the ECCS was that
the calculated temperature not exceed 2300°F. In 1971, Union of Concerned Scien-
tists (UCS) headed by Henry Kendall studied these matters and declared that they
did not consider the factor of safety adequate. In the controversy that followed,
AEC organized hearings that lasted .rare than a year to consider the question.
Several AEC safety experts came forward to support Kendall's contention that the
factor of safety was inadequate. The eventual result of the hearings was that
AEC lowered the maximum calculated temperature to 2200°F, required that the cal-
culations be expanded to include buckling and cracking of the fuel pins at high
temperature, and introduced other changes. As a result, some reactors were
forced to reduce their power levels until smaller diameter fuel pins could be
installed—the calculated temperatures are reduced as the fuel pin diameter is
reduced. As a result of these actions, the AEC safety experts who had supported
Kendall said they were now satisfied (accordinq to an AEC statement) but Kendall
is still far from convinced that the factor of safety is now adequate. Very
elaborate tests to further develop understanding of the problems are scheduled
for 1976 using a reactor especially constructed and. instrumented for that pur-
pose (LOFT, for "loss of fluid tests"). However, as we shall see, the ECCS
question is not of over-riding importance in the overall accident picture.

If a LOCA should occur and the ECCS should fail to perform its function,
there would be a melt-down. In order to mitigate the consequences of a melt-down
the entire system is enclosed in a very powerfully built structure called the
"containment." It is constructed of very thick, heavily reinforced concrete and
lined with steel plate (the F-.ost common type is tested to withstand an internal
pressure of 5 atmospheres). The containment is strong enough to repel a wide
variety of axternal threats, including missiles that a rnado might hurl at it
(automobiles, trees, etc.) and conventional explosives and bombs. An airplane
smaller than a Boeing 707 flying into it would not break through (the largest
airplanes might penetrate the containment, but the reactor is surrounded by a
thick radiation shield which would give further protection). However, the func-
tion of the containment in a melt-down accident is to contain the radioactive
dust for some time. Inside the containment there are systems for pumping the
air through filters to remove the radioactive dust. Moreover the containment
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walls are relatively cool so many of the radioactive materials would be expected
to plate out on them. Thus if the containment holds for at least 3 few hours,
most of the airborne radioactivity would be removed and the consequences of the
accident to the public would not be very serious.

However the situation could be much more serious if the containment should
fail shortly after the molten fuel melts through the reactor vessel. This could
happen immediately as a result of a very violtnt (but highly improbable) explosion
as the molten fuel drops into water, or at a relatively early time as a result of
high steam pressure if the water sprays designed to condense the steam inside the
containment should fail to function. In such situations, the airborne radioactive
duct would be released into the environment. The consequences would then depend
on the weather conditions. Ordinarily the radioactivity would be widely dispersed
and cause little obvious damage,^ but if there should be a strong temperature
inversion the radioactive cloud would be concentrated close to the ground so that
anyone it passes would be exposed externally and would inhale radioactive dust
which would expose him internally. In such a situation, there could be thousands
of fatalities.

There have been many studies of the probabilities and consequences of reactor
accidents, but the most elaborate is the recent study financed by the AEC and
directed by Norman Rasmussen, an MIT professor. This study involved 60 man-years
of effort and cost S3 million; its results were published in draft form in August
1974 in a multi-volume document labelled WASH 1400. If one is willing to accept
the Rasmusne'i study, answers are immediately available to a wide variety of
questions. We will present a few of these:

There would be a melt-down about once in 17,000 reactor-years, so if all our
power were nuclear (400 reactors), we might expect such an accident every 42 years
on an average. The average annual consequences (1/42 times the average conse-
quence per melt-down) would be 0.16 deaths from acute radiation sickness plus 1.2
eventual cancer deaths, and $6.4 million in damages, mostly in clean-up and eva-
cuation costs. The frequency of accidents of various severity (as indicated by
the number of fatalities) is shown in the following Table:

Severity distribution of accidents

(Frequency)"1 - years per accident

Severity—

number of fatalities Nu.-lear Other man-Caused Natural disasters

0.7
2
8
50

The Table also includes non-nuclear accidents for comparison. For example, ac-
cording to WASH 1400, an accident with more than 1000 fatalities would be expected
once in 120,000 years if all our pov/er were nuclear. Other nan-caused disasters
resulting in over 1000 fatalities night be expected in the U. S. once in 25 years;
t.nse include darn failures, airlire crashes into crowded areas, fires, explosions,
releases of poison gases, etc. Natural disasters causing over 1000 fanalities,
such as tornadoes, hurricanes, and earthquakes are expected about once in 8 years.

It may be noted from the Table that according to WASH 1400, no nuclear acci-
dent can cause more than 10,000 fatalities, whereas other man-caused accidents of
this severity are quite possible. For example, there are several dams in this
country whose sudden failure could cause over 200,000 fatalities.42

171

>IO
>100
>1000
-.•TO nno.

500
2,500

120,000

0.
1.
25
500

5



The worst conceivable nuclear power plant accident, according tc WASH J !)0,
would result if there were a breach of the containment shortly after the reactor
vessel is melted through, and the weather conditions include a strong temperature
inversion with the wind blowing toward a nearby large city. In such an accident,
it is assumed that half of the radioactivity in the core is initially scattered
around inside the containment, and that the material escaping the containment
includes 80% of the Kr and Xe, 60% of the I and Br, 40% of the Cs, Rb, Te, Ru,
Mo, Rh, and Tc, 5% of the Ba and Sr, and 0.3% of th- other fission products.
The consequences of such an accident are estimated to be 2300 fatalities from
acute radiation sickness plus 3200 later cancer deaths. An accident of such a
magnitude is predicted to occur about once in a million years in U. S. if all
our power were nuclear with the present rate of usage.

The above accident would do little property damage, but there are other situ-
ations, especially in widespread heavy rainstorms, that would contaminate large
areas and require extensive evacuation and clean-up. In the worst accident of
this type, expected about once in a million years, these would cost $5 billion.

WASH 1400 was issued in August 1974 as a "Draft," asking fcr comments and
criticisms to bo used in developing a final version which is scheduled for issu-
ance in late 1975. The request for criticism has been amply satisfied, with about
100 formal comments submitted. We now ti_--n to a discussion of these criticisms.

The overall effect of accidents is essentially the product of two numbers
(1) the probability of a melt-down, and (2) the consequences of a melt-down if
it should occur. Under category (1), the strongest criticisms of WASH 1400 have
been on the ECCS as discussed above, and on the methodology of fault tree analy-
sis. It has been said by critics that fault tree analysis has been abandoned by
the aerospace industry because of its many obvious failures, whereas defenders
claim that it is a prime safety analysis tool in the aerospace industry, espe-
cially in Great Britain. Critics correctly claim that it failed to even consider
a large scale electric power failure due to a fire in the wire insulation such
as occurred at the Brown's Ferry nuclear plant in eai J_y 1975, while defenders
correctly claim that it did predict a large scale electric power failure due to
some source in some plant by this time. It is often said that WASH 1400 does not
consider human failures, but this is certainly not completely true: it starts
with data on all component failures or malfunctions that have occurred as a re-
sult of human errors and mechanical failures in operating plants, and obtains
probability estimates from these data; it then analyzes what combinations of
these component failures would lead to a tnelt-dov/n, and to each such combination
assigns a probability equal to the product of the probabilities for each compo-
nent failure required.

The critics have never given a numerical factor by which they consider the
WASH 1400 figure of one melt-down per 17,000 reactor-years to be an underestimate,
but for our purposes we shall need one. According to WASH 1400, failure of the
ECCS to prevent melt-down in a large LOCA, as claimed to be not-unlikely by the
critics, vi uld modify its u.-,t Ltiate to ore melt-down in 6000 reactor-years. There
have been about 2000 reactor-years of experience without a melt-down (or even a
significant loss of coolant accident), so the critics would be hard pressed to
justify a claim that, the WASH 1400 estimate of one in 17,000 reactor-years is too
low by much more than a factor of ten; we therefore will take a factor of ten to
be representative- of their claims.

On category (2), the consequences of an accident, perhaps the strongest
criticism has been that WASH 140C uses an evacuation model. They assume that
people within 20 miles of a reactor can be evacuated with a two hour half life
with 90% efficiency; i.e. 45?. can be evacuated in the first two hours, 22.5% in
the next two hours, etc. until 90% have been evacuated. This model was derived
from experier-es in other situat'ins requiring large scale evacuation such as
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incidents involving release of poisonous chemicals, but the largest such inci-
dents have required evacuation of only 80,000 people whereas the population within
20 miles of a reactor is typically ten times higher. The critics have claimed
that evacuation is therefore impractical. According to WASH 1400, if there were
no evacuation the consequences would be multiplied by a cactor of 3 or 4.

A counter-point to this factor is that the principal source of radiation
exposure in WASH 1400 is inhaled radioactive dust, and in calculating this no
credit is qiven c<^r protection from being inside buildings. It may be shown''5

that such an assumf on is valid for a non-reactive gas; the amount that gets
into a building from a passing cloud is proportional to the leakage rate, but
the time the gas is retained in the building is inversely proportional to this
leak rate, and the two effects exactly compensate. However, particulate can
deposit on surfaces as it enters through tiny cracks, so that treatment is not
valid. Recent measurements by this author and collaborators at University of
Pittsburgh on relative concentrations indoors and out-of-doors of partjcujate of
known outdoor origin (e.g. Pb and Br which are from automotive exhaust, and Fe
and Zn which in Pittsburgh are from industrial sources) indicate that being in-
side a building would reduce the inhalation of radioactive du?t by about a factor
of four. This would essentially cancel the increase in consequences if evacuation
is impractical.

Another important criticism of WASH 1400 estimates of accident consequences
was developed by the American Physical Society Reactor Safety Study.^6 it was
pointed out that WASH 1400 did not give proper consideration to long term effects
of radioactivity, principally Cs , deposited on the ground. It is not consi-
dered practical to evacuate people whose accumulated radiation exposure from this
source would be less than 10 rem; this is about equal to the extra radiation one
receives in a lifetime from natural sources by living in Colorado or Wyoming.
While this radiation might typically give a person only one chance in 1000 of
eventual cancer death, there might be 10 million people (as far away as 500 miles
downwind) thus exposed in a large accident so the death toll would be 10,000.

Principally due to this effect, the APS Study estimated 50 times as many
cancers as WASH 1400. However, they used a population density of 307 people per
square mile over this larae area, which is highly unrealistic; more careful esti-
mates for planned reactor sites give 78 people per square mile^7 (note that for
sites in eastern U. S., most of the 500 miles downwind is over ocean).

There has been frequent criticism of WASH 1400 arising from the fact that
it gives much lesser consequences for the worst accident than an earlier AEC
study, WASH 740, first published in 1957 and updated in 1965. However, there
are several good explanations for the discrepancy. WASH 740 assumed that half
the radioactivity in the reactor would somehow be projected outside the contain-
ment—no jv .cification for this assumption was even attempted—whereas WASH 1400
stctes that an elaborate search was made trying to find mechanisms for such a
projection and were unsuccessful because there simply is not sufficient energy
available for such an explosion. In addition, WASH 1400 includes evacuation as
note'f above, whereas WASH 740 assumed no protective measures. WASH 740 assumed
hi'/her population densities around reactors; those used in WASH 1400 are the
-•ctual population densities around the first 100 reactors to be completed. In
general, WASH 1400 was a much more elaborate-and careful study, as attested by
several who participated in both studies.

Still another criticism of WASH 1400 accident consequences is that it used
100*10 cancer deaths per man-rem which is less than 180*10"6 derived from the
BEIR Report,48 but on the other hand it took the median lethal dose for acute
radiation sickness to be 250 rem which is nearly a factor of two too low,
especially if medical treatment is administered.
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The most recent estimate by H. Kendall, the leading critic on safety issues,
is that the WASH 1400 consequences for acute deaths, cancer, and genetic defects
should be multiplied by about 12, 50, and 25 respectively.49 The first two of
these combined with the critics' assertion (discussed previously) that WASH 1400
underestimates the probability of a melt-down by a factor of 10, gives the cri-
tics' estimate to be an average of 700 deaths per year if all our power were
nuclear. This figure is included in Table I. It should be noted that the vast
majority of these victims would be people whose probability of cancer death has
been increased by 0.1%. Since the average American has a 16.8% probability of
dying from cancer,^0 these extra cancers would be undetectable.

The risk from accidents would be much greater for people living very close
to a nuclear power plant. If we assume it is half of the risk of 100 total deaths
in an accident, or equivalently 1/10 the risk of 10 total deaths in an accident,
our Table from WASH 1400 (based on 400 plants) would give their risk as 10~6 per
year. Our interpretation of the claims of the critics is that there might be a
melt-down every 1700 years and that following such a melt-down the death risk for
a person living very near to the plant ir. about 1/30 (including the fact that an
early containment failure is not expected in more than 1/10 of these melt-downs),
so his net risk is about 2O*1O~6 per year.

In addition, a person living near a reactor is subject to more routine emis-
sions, nearly always less than 2 mrem/yr. Multiplying this by 180*10 cancer
risk/rem gives 0.36*10"° which is much less than the accident risk.

One sometimes hears that a reactor accident could seriously contaminate the
whole earth with radioactivity, but this is certainly not correct. The radio-
activity in a reactor at shut-down is 10 1 0 curie, and this drops to 109 curie
after 10 days and 107 curies after 40 years. By comparison, the natural activity
of Kuo in the oceans is 5X101! curies, and the top 500 meters of the earth's crust
contains 10 1 3 curies of K1*0 plus 10 1 3 curies of U, Th, and their daughters.

It is often said that reactors are an inviting target for terrorist sabo-
teurs. By carefully choosing weather conditions and well planned use of large
quantities of explosives, highly knowledgeable saboteurs could probably cause
the worst accident, involving 2 300 (WASH 1400) to 30,000 (Kendall) acute deaths—
it is difficult to see how cancer deaths occurring with very low probability 15
to 45 years later would serve the purposes of terrorists. They would have to
shut down the reactor and then spend some time operating inside the reactor build-
ing, so they would have little chance for escape, and they would very probably be
killed by the accident. Since reactors are surrounded by guarded fences and have
elaborate constraints on entry, it would not be easy to enter the plant with the
large quantities of explosives needed. All in all, it would seem that saboteurs
could find easier and safer ways to carrying out mass indiscriminate murder. In
fact experts of terrorism have stated that they hope terrorists will be attracted
to nuclear power plants as this might divert them from much more terrible things
they could do much more easily.

E. Transportation Accidents

When the spent fuel is shipped from the power plant to the fuel reprocessing
plant, there is a possibility of a transportation accident in which radioactivity
will be released to the environment. However, there are several mitigating points
that differentiate such releases from those in power plant accidents. First, only
a very small fraction of the fuel in a reactor is involved in any one shipment.
Second, the fuel is stored in the power plant before shipment for about six months
to allow the short half life radioactivity to decay away; this reduces the poten-
tial danger by two orders of magnitude. Third, and most important, the highest
temperatures that would ordinarily be encountored in a transport accident are
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those of a gasoline or organic solvent fire, and these are about 1450°F, far
below the 5000°F temperature required to melt the UO; ceramic fuel pellets. Thus
nearly all the radioactivity remains trapped in these pellets, so the principal
danger is only that the cladding tubes will be ruptured releasing the small frac-
tion of the radioactivity that had migrated out of the pellets and was trapped
inside these tubes. This is principally Kr 8 5 which is destined to be later
released from the fuel reprocessing plant anyhow, albeit under more controlled
conditions. In addition, it is sometime3 assumed that in some unspecified way,
a very small fraction of the solid fission products are released. *•

In order to minimize the danger of such releases; spent fuel is shipped in
very elaborate casks, designed and prototype-tested to withstand without damage
to the contents a 30 mile per hour crash into a solid and unyielding obstacle,
envelopment in a gasoline fire for 30 minutes, submersion in water for 8 hours,
and a puncture test. 1'hese casks cost about $2 million each, and details aside,
it seems reasonable to expect a high degree of protection against accident damage
from such an elaborate effort.

In a document WASH 1238, scenarios are given for accidents that would re-
sult in substantial releases of radioactivity. These are:

(1) A "very severe accident," expected once in 250,000 years if all our power
were nuclear, might result in 10% of the fuel pins being perforated. There
would be extensive releases of Kr J and 1% of all other fission products
(especially Cs 1 3 7) might be dispersed. It is estimated that exposure to the
public would average 400 man-rem; multiplying this by 180*10~ cancer deaths
per man-rem gives 0.07 deaths. It would be urgent to evacuate within a 50
foot radius, and if convenient out to 500 feet. The cost of this evacuation
and the subsequent clean-up would be in the range $10,000 to $50,000.

(2) An "extremely severe accident," expected once in 2.5 million years if all our
power were nuclear, would break open the cask and release the fuel elements.
The radioactivity release would be ten times that in (1) above, enough to
cause 0.7 deaths. In addition direct radiation from the then unshielded fuel
would give a lethal dose in 5 minutes at 100 feet. Casualties would depend
on how effectively people could be kept away until shielding is restored.

(3) Accidents disabling the cask cooling system would ordinarily not be serious,
but under extreme conditions there could be trouble. For example, if PWR
spent fuel were left without cooling for 11 hours in 130°F weather, it is
expected that 50% of the fuel pins would rupture giving a typical population
dose of 2000 man-rem, enough to cause 0.4 cancer deaths on an average. On
the other hand, in 100°F weather, the damage would be minimal, and BWR spent
fuel is much less susceptible to overheating.

From these scenarios one derives the impression that the average death toll
if all our power were nuclear would be of the order of 10~5 per year or less.
There have been other estimates of this toll, 5 4' 5 5 and one of these 5 5 gave re-
sults as low as 10~ 2 per year. However, it was clearly highly over-conservative.
For example, it applied transportation accident spill statistics for class A
packaging (used for shipment of radioactive isotopes) to spent fuel transport
which requires class B packaging; class A packaging is designed to withstand an
11 mile per hour crash (vs 30 miles per hour for class B ) , a 266°F temperature
(vs 1475° for class B ) , and wetting of the surfaces (vs submersion in water for
class B ) . As another example, it assumed shipment only 90 days after removal
from thu reactor when 8 day half-life I 1 3 1 is the dominant radioactivity, whereas
a wait of 120 days, still shorter than is used in practice, would reduce accident
consequences by an order of magnitude. We therefore use the 10~ 5 deaths per year
estimate in Table I. In any case, even the highly over-conservative 10~2

estimate would have no importance in that Table.
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There would, of course, be many more deaths from the conventional aspects
of transportation accidents, but if the same amount of power were derived from
burning coal, a hundred times as much transport would be required resulting,
presumably, in a hundred times as many fatalities.

Another problem in transport of radioactive material arises in shipping high
level waste from the fuel reprocessing plant to the storage facility. No such
shipments have yet taken place and complete plans for them are still not formu-
lated, but here again the radioactivity will be incorporated into a solid mate-
rial which cannot be melted by temperatures arising in gasoline or organic solvent
fires. It will be encapsulated in heavy stainless steel which is much less sus-
ceptible to fracture than the very thin and fragile fuel pin cladding. Moreover,
there are no radioactive gases to be released as in the case of the spent fuel,
and the total radioactivity involved is considerably less because there will be
several years for decay before shipment. Because of these factors it is generally
believed that shipment of high level waste is much less of i danger than spent
fuel shipments.

F. Hazards from Plutonium Dispersal

There has been extensive publicity about *:he extreme toxicity of plutonium
and its consequent danger to human health. It has often been called "the most
dangerous substance known to man," and there has been a widely oublicized state-
ment that "an ounce of plutonium could kill 30 million people."-'° There has been
no support for such statements io the scientific literature. The only property
of plutonium that makes it more harmful than other radioactive materials is that
its residence time in the lung is about four times longer, so it is less harm-
ful per gram than other alpha particle emitting radioactive isotopes with half-
lives more than four times shorter; e.g. Ra 2 2 6 has a 16 times shorter half-life
than Pu 2 a 9 and hence is 4 times more dangerous per gram for inhalation Plutonium
is not very dangerous for ingestion as it hydrolizes and forms polymers which do
not easily pass through the intestine walls, so only 30x10 G of soluble plutonium
salts and 1*10 G of insoluble salts ingested get into the blood stream; Ra 2 2 6

for example, gets into the blood stream 500 times more ^

I have recently completed a study of the hazards from plutonium dispersal,59
and some of the results will now be summarized; all figures refer to a mixture of
Pu isotopes ordinarily encountered in the nuclear energy industry, a mixture 5-4

IJ a q

times more toxic than pure Pu . Pu causes cancers which develop 15 to 45 years
after exposure whereas other poisons cause death within hours, but if this dif-
ference is ignored, Pu is more toxic for inhalation than any chemical agent; it
is, however, orders of magnitude less toxic than some biological ayents. For
ingestion, Pu is considerably less toxic than common chemical poisons, like KCN
or HgCl2 and not much more toxic than caffeine.

When meteorology is taken into account, dispersal of Pu dust in a large city
would probably result in about one death for each 15 grams dispersed if there is
no warning. With warning, as in a blackmail situation, people can be advised to
improvise inhalation filters from handkerchiefs or clothing which would reduce
the above toll by a factor of ten. After the dust settles to the ground, resu-
spension will cause about one eventual death for each 100 grams, with nearly all
of this exposure occurring within the first few months. After the Pu becomes
part of the soil, which takes several years, the net effect over the tens of
thousands of years before it has decayed away is about one death for each 1000
grams dispersed. The effects of plant root uptake into food are only one death
per 28,000 grams. If Pu is dissolved in a city water supply there would be one
death for each 2600 grams. If Pu were dispersed in a crowd such as a sports
stadium, there would be two eventual deaths for each gram dispersed, and in a
building ventillation system there would be about 70 deaths for each gram
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dispersed, but in both these situations there are many easier and more effective

ways to kill as many people.

Expected routine releases from an all-nuclear electric power industry would
be less than one gram of Pu per year60 and this would not be in cities, so the
number of deaths this might be expected to cause is much less than 1/15 per
year. In Table I we estimate61 it to be about 0.01.

For those who worry about the dangers from Pu toxicity, it may be of inter-
est to note that about 10,000 pounds of Pu have been dispersed in bomb tests,
millions of times more than would be dispersed annually by a nuclear p.nergy in-
dustry. We have already noted that natural radiuin is much more toxic than Pu;
there is as much radium in every meter of depth of the Earth's crust as there
would be Pu in the whole world if all the world's power were obtained from fast
breeder reactors. Essentially all of this Pu would be carefully contained inside
nuclear facilities; Pu is worth $5000 per pound and is guarded as though it were
worth $5 mil]ion per pound.

G. Theft of Plutonium for Weapons Fabrication

Widespread concern has been expressed that plutonium may be stolen from the
nuclear energy industry for use by terrorists or by foreign nations for fabrica-
tion of nuclear bombs. While this threat cannot be completely quantified in the
same sense as the other environmental impacts of nuclear power, it clearly cannot
be ignored in assessing the environmental impacts of nuclear power.

As a consensus of various informed opinions that have been expressed on the
subject,62'6-^ starting with about 10 kg of PuOj , a group of about three indivi-
duals (Taylor62 has said "possibly even a single exceptionally talented indivi-
dual," but all ether bomb experts seem to disagree; each exceptionally talented,
and well-trained and experienced in a different technical area, could produce a
device that would have perhaps a 70 percent chance of giving an explosive yield
of about 100 tons of TNT. This would be enough bo devastate a large building,
and since there is at least one building which sometimes contains over 50,000
people (the World Trade Center in New York City), it is often stated without
explanation (e.g. on the NOVA TV program, "The Plutonium Connection") that such
a bomb could kill over 50,000 people. There would also be a radioactivity pro-
blem; there does not seem to have been any evaluation of it, but it clearly
would not increase the death toll by any appreciable percentage. The production
of this bomb would require several months of dedicated work by the group, it
would require several thousand dollars worth of equipment, and there is about
a 30% chance that the bomb makers would kill tnemselves in the process.

The principal protection against this scenario is not to allow plutonium
to become available to prospective terrorists. The method for keeping track of
it since the 1940s was to weigh all plutonium entering and leaving a facility,
but errors in weighing leave substantial room for undetectable losses, referred
to as HUF—maximum unaccounted for. In addition, there have been losses down
drains, so that it is not impossible that enough plutonium has already been
diverted to make many bombs. On the other hand, there is no evidence for any
plutonium ever to have been stolen in as much as gram quantities.

The AEC has leng conducted programs for improving security, but in 1973,
T. B. Taylor, a former bomb designer, became disenchanted with the slow progress
in these programs and "blew the story open" with a remarkable series of articles
in New Yorker Magazine and a less publicized book62 in which he gave a great deal
of information on how to make nuclear bombs. He felt justified in doing this to
attract attention to the plutonium safeguards problem, and he was certainly highly
successful in that regard. On the other hand there has been a great deal of
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bitterness among those working on nuclear weaponry over the fact that a great
deal of information useful to potential terrorists was revealed.

In any case, as a result of the publicity, plutonium safeguards procedures
were greatly tightened, and new regulations are constantly being added. For
example transport of plutonium, often called the "weakest link," must now include
armed guards plus an escort vehicle with armed guards with "shoot to kill" orders.
They are in constant radio contact with outside monitors, and in areas where this
is not possible, an additional escort vehicle is required. New transport vehicles
are being developed which can instantly be made essentially immovable and impene-
trable in less than 30 minutes, and which would send out alarms automatically if
attacked. There are also plans for locating together all plutonium handling faci-
lities from fuel reprocessing where it is first separated, to fuel fabrication;
this would leave shipping of fresh fuel to reactors as the only transport, and in
this phase it is highly diluted with uranium and incorporated into large arid mas-
sive units. Problems of theft within plants are also being vigorously attacked:
radiation monitoring techniqr.es provide constant inventory checks, and are now
capable of detecting sub-gram quantities of plutonium carried out by employees.

In his original writings, Taylor emphasized that adequate safeguards could
be instituted without raising the cost of electricity more than 1%, and he now
seems to be reasonably satisfied with the progress that is being made. However,
the non-technical anti-nuclear community has taken up the issue with great fervor.

Several counter-points have been brought up. One would think that terror-
ists would find it much easier to steal a military bomb; these are available by
the tens of thousands, would give thousands of times larger explosive yields, and
would save a great deal of effort, time, and risk. They could also steal highly
enriched U 2 3 5 which is much easier to convert into a bomb. In fact it is r.ot
obvious that nuclear power is closely connected with the whole issue. There is
a great deal of plutonium already in existence, much of it of far higher quality
for bomb making purposes. Uranium isotope separation is another independent
route to bomb material, and that technology is becoming easier and cheaper.

If terrorists want to kill all the people in a large building, there are
clearly much easier ways, as for example, by introducing a poison gas into the
ventilation system. It is rather easy to devise many other techniques for in-
discriminately murdering several thousand people, especially in dense crowds as
at football games and other entertainment events. Experts on terrorism consider
the plutonium bomb publicity to be a great asset to Society in diverting atten-
tion of would-be terrorists away from easier and much more harmful pursuits.

It would by no means be trivial to assemble a team of scientists capable of
producing a bomb.6^ And once assembled, it would not be trivial to keep them
motivated, and to prevent the story of the activity from being leaked during the
several months the project would probably require.

Asi.Je from the terrorist threat, it is often suggested that plutonium could
be stolen by foreign governments for purposes of developing nuclear weapons. In
this connection it is important to note that plutonium from power reactors is very
different from that used for military bombs," and would hardly be suitable for
such purposes. Moreover, a nation interested in obtaining bomb material could
produce it in research reactors, or could obtain it through regular channels.
Germany has recently agreed to supply nuclear technology to Brazil, and there is
a similar arrangement between France and Iran. It is also not very clear how a
small nation would benefit from a nuclear weapon capability, especially when it
is based on stolen, low grade material.
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H. Radioactive Waste Disposal6&

We now consider the problem of disposing of the high level wastes that accu-
mulate in fuel reprocessing plants as discussed in Sec. B. They are now kept in
solution and stored in large tanks. There is currently 600,000 gallons of. this
waste from nuclear power plants, and more than 100 times that much from govern-
ment operations, principally producing plutonium for weapons.

There has been considerable publicity about some of these tanks at Hanford
developing leaks.^ These are single wall tanks of World War II vintage contain-
ing military wastes. There have beer, a total of 16 leaks in 15 years in the 151
tanks; the largest, in June 1973, involved the loss of 115,000 gallons, including
40,000 Ci of Cs , 14,000 Ci of Sr , and 4 Ci of Pu. Leaking material has
reached as far as 47 feet below the tank bottom, still 160 ft. above the water
table; it has spread out laterally only a few feet. Ground water below the site
moves very slowly, taking 800 years to reach the Columbia River a few miles away,
but for reasons to be discussed later, the radioactivity would move orders of
magnitude more slowly even if it would reach the ground water. Tanks at Savannah
River and Idaho Falls, the other two government sites, as well as new tanks at
Hanford, are double walled so •' f leaking develops, the liquid can be pumped out
and the leak repaired without loss into the ground. There is also a program for
solidifying the waste into a salt-cake; this will be left in the tanks and while
there will be no liquid leaks possible the material will have to be watched
indefinitely.

The plans for waste from civilian power are very different. It is required
that it be converted to a suitable solid form (as yet unspecified) within 5 years,
and delivered to a government repository within 10 years. The first such deliver-
ies may be expected in the late 1980's (the little waste that has already been
generated is exempted from this schedule by a "grandfather" clause). The plans
for after that have not yet been formulated, but it is almost universally assumed
that the wastes will eventually be buried in some suitably chosen geological for-
mation, typically about 600 meters underground. Tentative plans are that they
will be in the form of 1 ft. diameter, 10 ft. long glass or ceramic cylinders
(0.2 m3 volume); a typical power plint would produce about 10 of these per year.

The principal danger once this material is buried is that it might be con-
tacted by ground watr- be leached into solution, move through aquifers with the
water, and eventually teach the surface and get into food and drinking water.
Thus environmental impacts depend principally on ingestion hazards. The inges-
tion hazard in the waste generated in one year if all our present electric power
were from light water reactors is plotted in Fig. 1 as a function of time after
removal from the reactor. (It should be noted that 99.5% of the U and Pu is
assumed to have been removed in the fuel reprocessing). The most straightfor-
ward ordinate in Fig. 1 would be curies of each isotope, but by use of Tables
developed by ICRP one can calculate for each radioactive isotope the dose in
rem to each important body organ per curie ingested, and the BEIR report gives
the probability of cancer death per rem dose to each organ, so by combining these
the ordinate is converted into cancer-causing doses of each isotope. The total
nu-iber of cancer-causing doses is then obtained by adding the curves for the
various isotopes. It may be seen from Fig. 1 that f.jr the first few hundred
years the ingestion hazard is dominated by Sr 9 0, for the next few thousand years
the Am and Pu isotopes are dominant, and then after 20,000 years, Ra grows in
and becomes the most important threat.

As an example of what these curves mean consider a point at 500 years which,
as we shall see, is as soon as it is creditably possible for any appreciable
quantity of the waste to reach our environment; the ordinate there is 107. This
means that if all our power were n-iclear and the wastes generated in one year
were stored for 600 years and then converted to edible form and fed to people,

179



a total of 107 people would die of cancer (assuming that the number of people
involved is much more than 107) . Or as a more realistic example, if it were
dissolved in a city water supply, of which one part in 2000 is ingested by
people, there would be 5000 cancer deaths (1CT/2000) .

While this makes the material seem very dangerous, it should be pointed out
that it has a volume of 800 m3 and weighs 2500 tonne (5.5*10b lb.), so the mean
lethal dose is about a half pound. This makes it 50 times less toxic than arse-
nic trioxide (AS2O3, mean lethal dose--3 grams) which is widely used in this
country as a pesticide. This is an especially interesting example because we
incport into our country each year about 10 times as much AS2O3 as we would pro-
duce waste if all our power were nuclear—that is, we import annually enough to
kill 5xl03 (50xl0xl07) people. Moreover, this arsenic is not buried deep under-
ground in a carefully chosen geological formation, but rather it is scattered
around the surface in areas where food is grown. It is frequently said that the
nuclear wastes will be with us for a very long time, but the arsenic will be with
us forever.

As another comparison, the ingestion hazard in these wastes after 60 years
is only one order of magnitude larger than that due to the radioactivity released
when coal is burned to produce the same amount cf energy. Again the radioactive
wastes from coal burning are not buried but are scattered around on the surface
completely without control, and they decay very much more s'owly than the wastes
from nuclear energy.

There has been so much attention to the problem of burying the wastes in a
manner to assure isolation from ground water that it is often assumed that if
ground water does contact the waste we are in for a real tragedy. However, that
is not the case, because there are many time delays jetore the radioactive mate-
rial can reach the surface. If the material is a ceramic or a glass, only 0.01
percent per year would be leached into solution; this alone provides a large
measure of protection during the first few hundred years when the material is
so toxic. Once the material is in solution, it begins to move through aquifers
with the water. Water at a depth of 600 meters moves through aquifers very
slowly, seldom more than 30 cm/day, and it typically must travel 100 Km before
reaching the surface which takes about 1000 years (although under unusual geolo-
gical conditions, it could reach the surface much more rapidly); this gives a
second guarantee against release during the first few hundred years. But by no
means does the waste move with the velocity of the ground water; it is held up
by ion exchange processes (e.g. a Sr90 ion changes places with a calcium ion in
the rock which holds it fixed until a reverse exchange occurs) which reduces its
travel speed relative to that of the ground water by factors of about 102 for
Sr, 10 for Cs, and 10 for Am, Pu, and Ra. This gives an additional guarantee
against release of the Cs and Sr before they decay into insignificance (600
years), and means that the actinides would probably not reach the surface for
millions of years.

We have developed a model which allows one to calculate an upper limit on
the deaths produced by this waste. We assume that the waste is buried at random
locations throughout the U. S. but always at a depth of 600 meters, and we make
a comparison between the effects of the waste and that of the natural uranium
and its decay product daughters in the rock and soil above it. in particular we
assume that the probability for an atom of waste to be ingested by a person is
no more than the probability for this to happen to an atom of the uranium or its
daughters. We can calculate the latter because we know how much uranium there
is in the U. S. down to a depth of 600 meters, and we know how much of it gets
into people. The first quantity works out to be 3*1013 cancer doses—if all of
the uranium and its daughters in the U. S. down to a depth of 600 meters were
dug out, converted to edible form, and fed to people (assuming there were enough
people) we could expect 3X1013 cancer deaths to result. The damage actually done
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by this material is easy to estimate as there is a great deal of information ::•
from autopsies on the amount of each radioactive isotope in each organ of the in-
human body; from these data and use of BEIR Report estimates of cancer induction :
probability per rem of dose to each body organ, we calculate that about 12 deaths
per year in the U. S. are expected from ingested uranium and its daughters. The
average probability per year for an atom of these from within 600 meters of the

surface to be released and ingested by a person is thus 1 2 / ( 3 * 1 0 1 3 ) , or 4x10 I3 ,.v
per year. If we assume an equal probability for an atom of waste, the average ri:
expected effects of the waste are obtained by multiplying the ordinate in Fig. 1 !K;.;
by 4 x10~ 1" 1, which gives the scale on the right side of that figure. We see that :'S
after a few hundred years the death toll falls below 10" per year. If this ;,s
curve is integrated from t=0 to 10' years, the result is about 1.1 total deaths ; f
but if the initial time for the integration is taken to be more than 100-200 I •
yeats in view of the time delays mentioned above, this is reduced to 0.4 total I1..-
eventual deaths from each year of all nuclear power. If the integration is ex- |
tended bryond 1 0 6 years, this number continues to increase slowly, but in such |
long time periods the consumption of uranium by reactors saves far more lives I

than are claimed by the waste. s.

f.
In Table I we use 0.4 deaths from the wa^te generated by one year of all- f

nuclear power, but even this is very much an upper limit. The uranium (plus |
daughters) ingested by people is principally eroded from near the surfL :.e where I
wind, water, freeze-thaw cycles, rivers, insects, vegetation, etc. do their work. |
An atom at 600 feet depth would be much less likely to be released. It might I
also be noted that a cure for cancer in the next hundred thousand years would j
reduce these effects by a large factor. ;...

With constant population (as assumed in the above calculations) turning
over every 70 years or so, the number of people who will live in this country
over the next million years is 2*10a * 106/70 = 3*1012. If less than 0.4 of
these will die from the waste generated by one year of all nuclear power, each
individual's risk is less than one in 8 trillion.

This model was based on random burial, but one might expect that by using i
all the knowledge developed by science we should do better than random burial. ;;
The most widely favored scheme is burial in a salt bed, and a particular area in I
southeastern New Mexico is now under intensive study. Some advantages of this I
over random burial are^8 |

(1) There has been no water in the salt bed for 230 million years, and there is j
no geological reason to expect this situation to change for millions of more j
years. • j

(2) Rock salt flows plastically which would seal the waste in impervious rock, ;
unreachable without removing the salt. ;

(3! .The most likely way for the salt to be removed would be for severe faulting \:
to crack through the 600 meter thick formation setting up water flow between j.
aquifers above and below the salt. This is a tectonically stable region, so I.
such faulting is estimated to have a probability of only 4xlO - 1 1 per year. i'

\ (4) If these aquifers, flowing at their present rate, were so diverted, the time |
: required to dissolve the salt enclosing one year of waste would be 10 s years. g
! This is another important time delay.

- (5) The New Mexico site is arid and has a lower than average population density.
;; It is 30 Km to the closest flowing water; aquifers be]ow the salt formation,

where the radioactivity would probably go in the event of a crack, flow hun-
:. dreds of kilometers before reaching the surface. An important additional ad-
! vantage of salt is that it has good thermal conductivity which is important
jjj for absorbing the rather considerable heat generated by the radioactivity in
I the waste for the first hundred years or so. One disadvantage in salt

.-' I
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formation disposal relative to random burial is that the ion exchange hold-up
is reduced in salt water, but this reduction is not by a larqe factor.

There has also been extensive investigation of release modes other than to
ground water.68,69 Nuclear weapons are no problem, and surface erosion and
diapirism could not give trouble for millions of years. The largest danqers
of this type are meteorite impact and volcanism, both of which have exceedingly
low probabilities.

There has been a great deal of publicity over a previous plan for a waste
repository near Lyons, Kansas, and its withdrawal. This would have made use of
an abandoned salt mine which had been used for extensive experimental studies,
and hence would have saved a great deal of time and money. However two problems
were encountered: there were a number of exploratory oil drill holes in the area,
and there was extensive solution mining (pumping water in to dissolve the salt)
in the area coupled with unexplained loss of water presumably due to seepage
through fractures. Neither of these problems was considered to be insuperable,
and many believe the site should not have been abandoned, but there were also
political and public relations difficulties resulting from the fact that these
problems were first forcefully pointed out by environmental groups rather than
by AEC personnel. The latter say that they were considering these problems,"''0

but the appropriation for a permanent repository was requested before this was
done. In any case, the New Mexico site does not have these problems and has
every other advantage except for hicher cost. It is expected that experimental
work on it may begin by 1977.

There has been a great deal of publicity over the issue of the burden we
place on future generations in watching our wastes. Ir the first place it should
be noted that in our model, there was no watching; no one is watching the natural
uranium to keep it out of the environment. Thus, a very long term surveillance
program would only serve to reduce the toll of less than 0.4 deaths for each year
cf all nuclear power. (During the period when the technology is being developed,
extensive surveillance would, oi course, be in order.) It therefore hardly seems
worthwhile, and is surely not a vital necessity.

In the second place, the job of maintaining surveillance over a sealed re-
pository containing a thousand year's waste would be only a part time job for a
single person. He would have to travel over the area (15 miles square) to check
that no one is drilling for oil or mining salt (although calculations indicate
that there would be no great risk from these) and he would have to collect water
samples from wells and streams in the vicinity every few weeks to check for in-
creases in radioactivity. This one-man job hardly seems like a tremendous bur-
den on future generations, if indeed they consider it to be worth even that
very small expense.

In discussing the question of burdening future generations, it would seem
to be much more pertinent to consider the burden we place on them by consuming
all the World's rich mineral resources at such a rapid rate. This is a truly
tremendous burden, and it can only be compensated by our providing future gene-
rations with a technology that will allow them to live in reasonable comfort
without these resources. The key to such a technology must be cheap and abun-
dant energy; with it, one can find substitutes for almost anything, but without
it there can be no hope. We thus owe our progeny a source of cheap and abundant,
energy, and the only such source we can now guarantee is nuclear power from
fission.

J. Summary and Perspectives

Table I summarizes the results of previous sections of this paper on the
number of radiation deaths/yr. to the U. S. public expected from all nuclear
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power. There would be approximately an equal number of genetic defects. Roughly
speaking, estimates based on acceptance of WASH 1400 are about 10 deaths per year
if all our power were nuclear, whereas the critics would claim that this number
is about 700. We now attempt to give some perspective on these, starting with
the first. Since cancer is delayed by 15 to 45 years after exposure, the average
loss of life expectancy per victim is 20 years. The loss of life expectancy for
the average American from these 10 deaths per year is then (10*20 man-years
lost/2*108 man-years lived) =•

Table I: Cancer (plus acute radiation sickness) deaths due to radia- i •
tion to the U. S. public from various aspects of the nuclear >
energy industry in generating 400 million KW-year of nuclear |
electricity. Not included are effects from very long half (
life radioactivities (Sec. C), sabotage, and terrorist use V
of nuclear bombs. The numbers in parentheses are this |
author's interpretation of the worst claims by the critics. |

Source

Routine emissions
Reactor accidents
Transport
Plutonium (routine release)
Waste disposal

Sections

B
D
E
F
H

Deaths/yr.

8.7
1.4 (700)
10~5

10"2

<0.4

Total 10 (700)

Some of us subject ourselves to many other risks that reduce our life ex-
pectancy. One of these is smoking cigarettes; one pack per day (3.6*105 cigar-
ettes) reduces life expectancy by about 8 years '̂  which, assuming linearity,
corresponds to 12 minutes loss of life expectancy per cigarette smoked, so the
risk of nuclear power is equivalent to that of smoking 3 cigarettes in one's
lifetime, or one evi_ry 20 years or so.

Statistics show that life expectancy in large cities is 5 years less than
in rural areas. Some of this may be explained by differences in racial makG-
up, but a large part of it is believed to be due to the strains of city life.
If linearity is assumed, the risk of nuclear power (36 minutes loss of life ex-
pectancy) is equal to the risk of spending 8 hours of one's life in a city.

Travelling in an automobile subjects us to a death risk of 2*10~s per mile,
or if 35 years of life are lost in an average traffic fatality, loss of life ex-
pectancy is 7><10~ years per mile travelled. The risk of nuclear power is then
equal to that of riding in automobiles an extra 1.5 miles per year.7-'

Riding in a small car rather than a large car doubles one's risk74 of fatal
injury, so the 36 minutes loss of life expectancy from all nuclear power is
equivalent to the risk of riding the same amount as at present, but 1.5 miles
per year of it in a small tdther than a large car.

Another risk some of us take is being overweight. It we assume loss of
life expectancy to be linear with overweight, the 36 minute loss from all-nuclear
power is equivalent to the risk of being 0.01 ounces overweight.7i However,
Pauling76 has shown that the data are better fit by a quadratic dependence, and
if this is accepted the risk of all-nuclear power is equivalent to that of being
0.2 lb. overweight.'7
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All of these estimates are based on the AEC estimate of 10 deaths per year.
If we instead accept the critics' estimate of 70 times as many deaths, the risk
of nuclear power is equivalent to the risks of smoking 3 cigarettes per year, or
of spending 25 days of one's life in a city (one day every three years), or of
riding in automobiles an extra hundred miles per year, or of riding in automo-
biles the sai«f amount as at present but 100 miles of it per year (one percent)
in a small rather than a large car, or of being 0.7 ounces overweight on the
linear hypothesis, or 1.6 lb. overweight on the quadratic hypothesis.

Additional perspective may be gained by making a comparison with deriving
the same electric powev from coal by present technology- The most important
environmental impact of coal-firsd power is air pollution which, it is estimated,
would cause about 10,000 deaths per year,7** at least an order of magnitude more
than even the critics estimate would be caused by nuclear powfir. Tn addition,
this air pollution would cause about 25 million cases per year of chronic
respiratory disease, 200 million person-days of aggravated heart-lung disease
symptoms, and about $5 billion worth of property damage; there are no comparable
problems from nuclear power. Mining of coal to produce this power woulu cause
about 750 deaths79 per year among coal miners, more than 10 times the toll from
uranium mining for nuclear power,79 and the latter would be reduced about 50-fold
with breeder reactors. Transport of this coal would cause about 500 daaths per
vear among the public,^ two orders of magnitude more than would be caused by
nuclear industrv transportation requirements.

It is important to point out that the numbers in Table I (and the perspec-
tive we have put on them) are based on annual averages. As the nuclear critics
are constantly reminding us, if their estimates are correct, there might be an
accident every ten years with several thousand deaths, and every 50 years with
tens of thousands of deaths. It is not difficult to make this prospect seem
extremely dismal. On the other hand we should not envision these accidents as
producing sta<~Vs of dead bodies; the great majority of fatalities predicted are
from cancer and would occur 15 to 45 years later. In nearly all cases, the af-
fected individuals would have only about an 0.1% chance of getting cancer. (If
one accepts WASH 1400, this would be the only effect on even the closest city
of the worst conceivable accident, a once in a million years event if all our
power were nuclear.) The average American's risk of cancer death is now .16.8",
so typically it would be increased to 16.9%; his loss of life expectancy from
these radiation induced cancers would be twice that from normal cancers, so to
take this into account let us call it 17.0%. There are regional variations in
cancer probability from 18.4% in Kew England (19.0% in Rhode Island) to 14.7%
in the Southeast where the age distribution is the same but these order of mag-
nitude larger differences are seldom noticed. If an area were affocted by a
nuclear accident and authorities revealed that as a result the average citizen's
pi-obability of eventually dying of cancer was increased from 16.3% to 17.0%, it
would hardly start a panic. We have had some experience with a similar but much
more serious situation: when reports first reached the public of the risk in
cigarette smoking, tens of millions of Americans were suddenly informed that
they had accrued a 10% increased probability of cancer decith, two orders of mag-
nitude larger than the effects from a nuclear accident. Even that story did not
stay in the headlines for long, arid brought very little c.<untei--action.

Critics often raise the point that the risks of nuclear power are not shared
equally by all who benefit but are disproportionate for people who live very
close to a nuclear power plant. This, of course, is true for all technology,
but let us put it in perspective. In Sec. D we showed that this risk is 10~6

per year if we accept the WASH 1400 accident estimates, or equal to the risk
of riding in an automobile an extra 50 miles per year or 250 yards per day.
Thus, if moving away from a nuclear power plant increases one's commuting dis-
tances by more than 125 yards (half a block), it is safer to live next to the
power plant. If one prefers the estimates we attribute to the critics (20 times
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larger!, it dees not pay to move away if doing so increases commuting distances
by more than 1 1/2 miles per day. Even with the critics' estimates, living next
to a nuclear power plant reduces life expectancy by only 0.03 years, "•*• which
makes it 150 times safer than living in a city.

The proponents of nuclear power generally concentrate their arguments on
the importance to our country of cheap and abundant energy. It is often said
that its availability in the past was the key reason for the great economic suc-
cess of the U. S. It is well known that there are close correlations between
energy usage and gross national product, and many blame the energy shortage and
price escalation for our current economic recession. If this is correct, it is
interesting to point out that this recession is causing 4000 additional suicides
per year in the U. S., * and for every suicide there are surely dozens of pre-
mature heart attacks and hundreds of lives spent in misery.

Hopefully our economic system can adjust to lower energy usage without
causing a deterioration in the quality of life. However, this adjustment will
require many years of pain, and this pain would surely be lessened if the time
available for the adjustment were increased; this requires more cheap and abun-
dant energy for the next few decades. Moreover, even if total energy usage is
held constant or decreases, use of electrical energy must increase to compensate
for reduced availability of gas and oil.
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gives 0.15 rem per year as an average exposure to the tracheo-bronchial tree
which, multiplied by 39 cancer deaths per man-rem from Ref. 1 and the 2*10B

population, gives 1200 deaths per year. As another approach, one "working
level" (WL) is 15O*1O3 pCi/m and BEIR̂ - gives 0.5 rem to lung per WL-"month"
where one working "month" is 170 hours or 0.02 years; these combine to give
5O00/15OX1O3 x .02 = 1.6 mrem/yr per pCi/m3. (This is 2.5 times smaller
than the value used in Ref. 17. but more significant than this discrepancy
is the fact that the BEIR value was used in assessing lung cancer incidence
in miners which was instrumental in determining the value 39x10"" lung can-
cers per man-rem.) Prom Ref. 2, the average Rn 2 2 2 level in U. S. is about
120 pCi/m3 which (when multiplied by the above 1.6) gives an average dose of
190 mrem/year to the lung. Multiplying this by 39xiO~6 cancers/man-rem and
2x10 population gives 1500 deaths per year from natural radon, in agreement
with our abo-'e estimate of 1200. Since radon from tailings piles is 6000
times smaller, these would give 0.20-0.25 deaths per year from the latter.
However, the latter radon originates in low population regions and raust
travel about 1500 miles to reach populous regions; during this travel, more
than half of the Rn 2 2 2 (3.6 day half life) would decay away so the average
toll would be no more than 0.1 death per year from each year of all nuclear
power.

36. Summary Report on Phase I - Study c-.f Inactive Uranium Mill Sites and Tailings
Piles (EPA Office of Radiation Programs, 1974); Phase II, involving remedial
action, is to start in 1975.

37. Letters from W. H. Eliett (EPA) to R. Wilson, dated July 2, 1975.

38. Nuclear energy consumes about 1 gm/MW-day of fissile material so 400,000
MW-years of electricity at 33% efficiency consumes lx4xl05*365x3 = 4.4xl0E

gm. If we ac&ume that all mined uranium and all uranium causing health
effects comes from the top meters where the average concentration is 2.7
ppm, the amount of uranium involved is 1013 m2 (area of U. S.) x goo in *
(2.7x10 6x2.5*l06 gm/m ) = 4xlO16 gm. Thus one year of all-nuclear power
consumes 10 of the uranium.

39. Nuclear News, June 1975, p. 37.
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4o. To q«M. a feel for rat.es of temperature rise wi{h no cuolincf, the e»ss of f'u«I
in «s 3 '300 MW (thermal) reactor is about 8.6*10' <im. After shut-dowi, t
ho.jf!. production is 6i of 1.3*10* watts, or about 5*10' calorics j>er s«cond.
The- heal: capacity iu 0.074 calories per gram, so the average
rise;; at •* rate of 5*J07/0.074*8. 6*107 -- ?.9fiC/se-r or l4'-'F/st
ture ri.se at the hottest poittt would be .somewhat faster.

41. WASH 740: Theoretical Consequences of Major Accidents in l̂ arae Nuclear I'ower
Plant:.;, USAEC (Washington, DC) 1957,

42. P. Ayyaswamy et al., UCLA Report ENG-7423, Estimates of the Risks Associated
with Dam Failure (19745.

43. "•'. H. Schwid-t, private communication, based on letter to him from ?J. S. Navy.
Si. A. Bethe, private communication, based on telephone- call from U. S. Navy.

44. UCS-Siorra Club coiw,«r.tK on WASH 1400.

45. Meteorology and Atomic* Energy, 1968, USAEC Document.

46. Report to APS by Study Croup on Light Water Reactor Safety, Reviews of Mod.
Phys. 47, 51 (1975).

47. I. Wall. (NKC) , private communication.

43. The BEIh Report derived a -lumber equivalent to about 100:*i0~?, but in the
discussion section effectively doubled it for purposes of conservatism to
18G:'1O €. Actually none of these numbers are given clearly in the BEJR
Report and there is room left for interpretation.

49. H. Kendall, Testimony before (Mali Subcommittee on Energy and the EnvirosBser.t,
Apr. 28-May 2, 1975.

50. World Almanac.

51. There was a proposal by M. Ross, a University of Michigan physicist, that a
rather large fraction of the Cs'}' might be released in an accident {Ref. 52,
p. 830). However, recent studies by Parker and Shappert (private CTBWttuiea-
tion, letter to L'SERDA, and testimony before hStB, Docket numbers STK5O-483,
STN50-486) indicate that the Ross estimates were far too large, far smaller
amounts were found to migrate out of the fuel pellets, and the Cs was found
to be in chemical forms which are not volatile. When these factors are in-
cluded, the Cs releases are easily taken into account in the general category
of solid fission '. roduct releases.

52. Proceedings of International Symposium on Packaging and Transportation of
Radioactive Materials, fiami Beach (1974), USAEC Document CONF-740901.

53. Environmental Survey of Transportation of Radioactive Materials to and from
TJuclear Power Plants, USAEC Document WASH 1238, Dec. 1972. See also, h. B.
Shappert et al.. Nuclear Safety 14, 59? (1973).

54. A. Keinking et al., Univ. of Cal. College of Engineering Report NE-72-1 gives
estimates for the State of California. Scaled to all of u. 5. it gives 10
deaths per year if all our power were nuclear. See also G. Yadigaroglu
et al.. Nuclear News, Nov. 1972, p. 71.

55. C. V. Hodge and O. C. Baldonado, Hef. 52, p. 814. The estimates given there
were substantially reduced in their later work (C. V. Hodge, private cewwmi-
cation). Environmental Impact Statement for the Liquid Metal Fast Breeder
Reactor, AEC Document WASH 1535 (1975)* Sec. 4.5.
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A PERSPECTIVE ON TRANSPORTING NUCLEAR MATERIALS

by

<••, G . Wytner

Oi.,< R: . e National Laboratory, O_k Ridge, Tennessee 37830

Introduction

Nearly every industry has a supplier and a consumer, and in general it is
necessary to transport materials from one to the other. The nuclear industry is
no exception. It is, in fact, not a single industry, but a conglomerate of
industries, with many separate parts, each in turn being both a supplier and a
consumer. And each disparate part requires transport of materials to and from
it. The parts are the elements of the nuclear fuel cycle. A full discussion of
transportation requirements for the nuclear industry would consider the flow of
materials directly as well as indirectly related to the nuclear fuel cycle. Thus,
large volumes of chemical reaqents such as acids and alkalis are required at the
mills and reprocessing plants; water treatment chemicals are used at the reactors;
compressed gases arc used in several parts of the fuel cycle, and in different
amounts and kinds depending on reactor type; ion exchange resins are used
throughout the fuel cycle, and so on. Less directly related, but equally impor-
tant, incremental increases in the transport of coal, iron ore, manufactured
items and other products of basic manufacturing and construction industries
are required to build and to maintain the elements of the nuclear industry.

However, this essay has a more, limited view than consideration of all
aspects of transportation of materials directly and indirectly related to the
production of nuclear power. It is limited to shipment of radioactive materials.
(Th<=! term "nuclear materials" is used in the title to convey the idea of totality
of coverage of all the transportation operations, which the alternative term
"radioactive materials" does not seem to imply so fully.)

The wide variety and levels of radioactivity of the nuclear materials
trnsported lead to a wide range of solutions to the problems presented. Thus,
there is the low-activity-level (but relatively high-biilk) milled ore which
is shipped to the conversion plant on the one hand, and the intensely-radioactive
(but relatively low-bulk) high-level radioactive waste which must be shipped to
a waste repository on the other. Between these extremes are solids, gases
and liquids of various volumes and radioactivity levels: spent reactor fuel;
natural and enriched UF,; fabricated fuel elements; nuclear weapons; fission
product gases, e.g., Kr; and solutions of fission products and assorted machine-
and reactor-produced radioisotopes for use in medical and physical research.
Methods of transportation of these materials depend on volume, weight, and
radioactivity levels, and include shipment by truck, rail, air and water.
Packaging is similarly related to size, weight, physical form, and radiation
level. These matters are discussed in this essay.
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The subject of safeguards, which is intimately related to transporting
nuclear materials, will not be discussed hero. Safeguards has to do with the
protection and accountability of fiss-ile materials, wherever thc-y are. Certainly
one of the most important steps in the fuel cycle Fr«n the point of view oi
safeguards is that of transportation of the fissile materials. However, the
subjoct of safeguards is very complex and has both subjective and objective
components. Many of its problems are not even clearly defined, let alone solved.
There are, in fact, potential solutions to some of the safeguards problems
which might effectively remove much of the subject of radioactive materials
transport from consideration. These are mentioned later in the section on
the relation of transportation to siting, and involve coliecti/iu several fuel
cycle operations on a single site. The implications of the safeguards problems
are important enough that the subject merits special and separate discussion
beyond the brief mention of thi?m in this essay.

All the activities of man are subject to accidents, that is, *o the
unexpected or unanticipated adverse nappe'iinq. Transportation is no exception,
and in fact includes our best known, most widely publicized, examples of acci-
dents. So some mention of accidents is in order. Since by their nature they
are random events, accidents are best discussed statistically and probabilis-
tically, and such a treatmert is beyond the scope of this essay. However, the
subject will be mentioned briefly later.

Important national and international shipping regulations are listed ii«
an Appendix to this essay, and a Bibliography is provided to guide the interes-
ted reader tc sources of information which are both broader and deeper than the-
information presented here.

THE NUCLEAR FUEL CYCLE

The term "nuclear fuel cycle" encompasses major processes and facility
operations which are directly related to and necessary for power production xn
nuclear reactors. Included are mining and willing uraniuiti ore to produce a
uranium concentrate, refining and conversion of concentrate to produce UFc,
(or an oxide), enrichment of uranium in the isotope '~~"U, fuel element fabrica-
tion, reactor operation, spent fuel reprocessing, recycle of plutonium {not yet
a commerical practice), conversion of radioactive wastes to a form suitable
for storage, and finally, storage of wastes. Material transportation connects
these fuel cycle steps. Figure 1 is one of many representations of the way
the nuclear fuel cycle steps are related. It pertains to the fuel cycle for
light water reactors, and includes recycle of plutonium, which is an important
element in the long-term commercialization of nuclear power. As intimated in
the introduction and mentioned briefly later, collecting several of these
steps—especially Juel reprocessing and fabrication—onto a single site would
have a profound effect on the need for and nature of the transportation opera-
tions.

At present the nuclear fuel cycle in the United States is devoted virtually
solely to light water reactors (LWRs). There is a small component of reactor
fuel cycle work devoted to high-temperature gas-cooled reactors (HTGRs) which
may become significant over the next decade. The essential differences between
the LWR and HTGR fuel cycles derive from the use of thorium and highly enriched
uranium (> 90% 235U) in HTGRs (instead of the slightly enriched uranium
(2 to 5% 235U) in LWRs), and the planned recycle of U (produced from the
thorium) to augment the 235U (instead of 239Pu (produced fronj the 23EU5 to

? 3 •*

augment the U vnj.ch is planned for LWRs). These differences manifest them-
selves (in the context of this essay) primarily in two ways: (1) in the
transportation of urarium from the LWR fuel reprocessing plant to the enrichment
plant: HTGR fuel recycle has no comparable step; and (2) in the need for heavy
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shioIiiiiKi on unirradiated HTGR recycl-- fuel. In the case of H'l1'.!';••, ii : . r 1 i:
that fuel reprocessing and refabrieation be carried out jn ,j .•;.'!":•!!«• ;-M;;? -.-. •» -i J
a recycle plant.

Since large operating HT'.iK power stations are in the fut-jre, • h--r<- i .•: ::<••

mining and milling industry for thcriism to •.romj'i.iro wit:: t/ut :or uraru-.im.

Further, stockpiles of thorium con pout ids in the 'J. -i. a::.i el.st-wherc (rr-.<;:~'.

notably in Canada) are adequate for the first ger.orai".io:i of ii'iV.Ks, •:<) J'-.".-So;--

ment of mining and milling for thorium appears to b<j w>-li ii:to •'•-,<• f'j*ur< ,

thouqii f-rari-j-ortation of thorium from tin- stockpile:-: to t r>- f :ibr J M ' i ';.•: .- -.J:,:

is obviously needed.

Finally, if nuclear pv.wer j;; to be j aa tor t.r.-tor in '.'.••• : ̂': i' •:.';• •••.•>::•):?,

o v e r a l a r q - 1 n u m b e r o f y e a r s , thiTi tin;- k r " v d t - r ri-ac-r n r rr.u:-;' r..>- -:••'/••!',:••:;. T:i

e s s e n t i a l n e w c l e m e n t iritroduc'ivi b y th.- br^s-.l.T j.-;. ' :>.-.• u •• ' ; : u' -::!•;:•: r,r:.-

th'in u r a n i u m a s t h e i > r i m a r v fi?;sil-.> m.i*eri.il ( I ^ L ^ I R I M ^ ; ; :UI'. ''':>. br--<-:-: •;••.-. •

OftNL DWS 7S-tS8S

Figure 1
The LWR Nuclear Fuel Cycle Showinq Piutonium Recycle
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• i n - • ! •

t )..•:; dfi )!.'<• uraui um-j'l utoiii iini c y d < - ) . The impact of the «f;tder on the

;»• f"'ji.-l •:'.•'•)</ i.s f«-l» in the greatly reduced dmaus.t of uranium winch must

!.»• h-iiui Ji'-.l in tnit-.ir.u J.'i'l in '-he t;i.ib:jocjuo:it :-jt<.-ps leading to enriched
production :'ur 'uch u.-iir of iiowfr produced. Thus, transportation req
i.': r«'!ate;i :'ue 1 rye!'- :;fep:: would be proportionately ltssened. Conversely,

! icT'1 is 'he i !icrc..i::.'-d requirement ,ur plutoni urn processing and shipment. (It

should be remembered 'rial <i suocf»:sful lonq-ter.-n nuclear power industry will
entail s.lutonium [.ruct's:; ing and r • anuportat ion ever; with the LWH, which produces
ainur a third a:; much plutonium an the ' ' 't; it consumes.)

r'naiiy, i h e i1 arc- two important fact:: to consider in regard to near-term
t r.i;i:;i;ort:<i'. ion iii rhe nucluar fuel cycle: (1) While there are a number of i,WR
fuel :' nhr ii\it ion plants in operation and under construction-, there is no operatin
. •.".i.'n.TSi-r-;-i.i J f ;JL> 1 ri-'S.'rocf-ssini-: plant i:i the \:. ?., nor will there be for cne, arid
; n.-fh.ips not for two or throe year:;. Further, the- reprocessing plant likely to
,•'.]».• r>n Ntr-viirs first (the Al 1 iocj-Ceneral Nuclear Services plant) will be too
sm.-ii i it:, ikindie tin.' j.'roiect-.-u i.'rfk fuel reproce.ssiriq load virtually the day it
'jpo:;s i' :> <3<K.>r-s for business. The implication of this fact with regard to
transport atioi 'H that thoro are likely to be interium spent fuel storage
facilities t'v-qui rui to which the .spent fuel must be shipped from the reactors
wh»-r. their ft-sprv; storaqo areas are full. (2) There is at present no availacle
way t<> dinpose permanentiy of high- and intermediate- level consnercial solid
rjfiio.-jt't. ive wastes. Only interim tank szoraqe of liquid wastes is possible at
the present lime. It appears that the solution to this problem is 5 to 10 years
away. The implication of this fact with reqard to transportation is that high-
level solid waste shipments will likely start with a surge rather than more
•-hn;ly, and more nearly in step with the growth of the nuclear industry. This
.appear:'; likely becuase of the immediate necessity to relieve the constipation
which will have occurred in the disposal of wastes by the tiire permanent disposal
is possible.

In this section the general statements made in the preceding section about
the transportation of materials between steps in the nuclear fuel cycle will be
elaborated upon and put in perspective- However, it mast be borne in rsind that
all attempts at quantitative estimates of material flow are based upon projec-
tions and assumptions about the rate of growth of the nuclear industry, and of
tiie fraction of the market captured by particular reactor types. In light cf
the uncertain state of development and growth of the entire power-producing
industry, it would be inappropriate to suggest that such estimates are more
than indicative of the way things might develop. Nonetheless, some useful pur-
uose is served by collecting such estimates in a single essay where comparisons
may bo more readily made, and inferences perhaps more easily drawn.

Reactors

Since the fuel cycle is in fact a cycle, any convenient step raay be
selected as a starting point for a discussion of sources and amounts of materials
to be shipped. In an important sense, the reactors are the central actors in
the nuclear power play, and they will be discussed first. Figure 2 shows the
amount of fuel projected to be required annually in the U. S. for each of the
three reactor types (LWK, HTGK and L?4FBR) for each year between now and the
year 2000. A different way to present this information is in terms of the
number of fuel assembly shipments. This approach is taken later, in Table 5
in the section on Fuel Fabrication Plants.
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Figure 2
Projected Annual Fuel Requirements for LWRs. HTGRs and LMFBRs

(Taken from WASH-1139(741. Table 211

All the fuel that arrives at a reactor must eventually leave it. However,
for the next five years, or perhaps more, it is to be expected that a steady
state between influx and efflux of LWR fuel may not be attained. This is so
because spent fuel may have to be stored at reactor sites pendinq availability
either of other storage facilities or of reprocessing capability. Further,
presnet lack of high-level radioactive waste storage capability may impose
additional restrictions on fuel reprocessing, and consequently on shippinq fuel
from tLa reactors. The number of tonnes of fuel requiring shipment for re-
processing between 1975 and 2000 are given in Table 1. In addition to fuel
shipments to and from reactors, there is a fairly steady discharge of low-level
radioactive materials from reactor coolant water treatment systems, and other
sources such as waste water evaporators, filters, and laundries. The magnitude
of this shipping requirement is suggested by Table 2.
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9

2000

10,092

10,478

10,871

3.1. I'M

10,837

11,180

11,041

321.1

406.3

492.1

6S3.4

764.0

858.1

954.6

1040

1116

1193

1261

1333

1415

7.1

77.1

175.4

306.4

492.1

709.S

103S

1470

2073

2689

3450

4270

5123

Taken from J. Q. Blomoke, C. W. Kee and J. F. Nichols, Projections of Radioactive

Wastes to be Generated by the V. S. Nuclear Power Industry. OKNL-TM-3965 (Feb. '743

TABLE 2

Typical Amounts of Wastes Shipped Annually from

1000 MWe LWR Power Reactors

Reactor Type

Approx. Volume,

ft

Approx. Radioactivity,

curied

PWR

BWR

1000

3900

600

600
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size determine the nature of this transportation problem. Besides .spent fuel
shipments, other major transportation considerations at the reprocessing plant-
are those associated with the separated fission products and the separated
fissile and fertile materials, i.e., uranium and plutonium (a.id thorium). The
projected annual amounts of plutonium and high-level fission product wastes to
be shipped u£> to the year 2000 are shown in Table 3. More and more, it is
becoming apparent that fuel reprocessing plants will convert the uranium
product to UF6, which will be returned to the enrichment plant (see below). This
will increase the amount of UF6 shipped in the U. S.

Enrichment Plants

As shown in Figure 1, UFg may hf shipped both to and from the uranium
isotope enrichment plants. At the present time, enrichment plants are of the
so-called gaseous diffusion plant type. The physical properties of UFg are such
that at usual ambient temperatures the UF6 may be either gaseous or solid,
depending on the pressure. Under ordinary conditions of shipment, it is solid.
(If it is vented to the atmosphere it reacts with moisture in the air to form
Liranyl fluoride and hydrofluoric acid.) Either normal, slightly depleted, or
very slightly enriched uranium may be received at the gaseous diffusion plant,
depending on whether the uranium has been freshly mined or is being recycled
from a fuel reprocessing plant. The S;>5U content of the entering recycled
uranium will depend on the specific reactor type and recycle mode employed. Low-
enrichment (2-5%) or high-enrichment (>90%) uranium as UF6 may be shipped from

TABLE 3

Projected Plutonium and High-Level Fission Product Waste Shipments

1980 1990 2000

Plutonium

Metric tons Pu per vehicle
(truck)

Shipments per year

Days in t rans i t

Solid High-Level Waste

Ft^ per shipment

Shipments per year

Megacuries per shipment

Cladding Wastes

Ft^ per shipment

Shipments per year

Megacuries per shipment

0.4
32

2

0
0

0

95

31
0.3

0.5
140
2

75

43

10

95

164
0.3

0.5
520
2

75

240
10

102

495
0.5

Taken from 4th Proceedings of the International Symposium on Packaging
and Transportation of Radioactive Materials, "Trends and Projected
Shipments in the Nuclear Fuel Cycle Industry to the Year 2000," by
R. Salmon, J . 0. Blomeke and «J. P. Nichols, CONF-740901-P1, pp. 349-63
(September 1974).
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TABLE 4

Locations and Capacities of Uranium Mills and Conversion Plants
for Ore Concentrates in the U. S. in 1973

Mills
Capacity, tonnes
of ore/day

13,500

9,050

2,000

1,750

1,750

5,000

*Planned

Location

Mew Mexico

Wyoming

Utah

Texas

Colorado

Washington

Conversion Plants
Capacity, tonnes

Location

20,700 Illinois

7,400 Oklahoma

(14,800)* (Oklahoma)*

Taken from The Nuclear Industry-1973, WASH 1174(73).

the enrichment plant. (The enrichment will depend on whether it is entering
the LWR or HTGR fuel cycle.) Since the standard shipping containers hold
either 10 or 14 tonnes of UFe (natural uranium), or 2 1/2 tonnes UF$ CfL 5%
enriched uranium), the number of shipments may be estimated. Beyond the ship-
ments indicated above, th«;re is interplant shipment among the gaseous diffusion
plants at Oak Ridge, Tennessee, Paducah, Kentucky, and Portsmouth, Ohio. This
additional UF6 transportation increases the number of containers, i.e., amount
of material shipped.

Uranium Mills

Uranium mines and mills are generally located on a single site, or near
each other, so transportation between mine and mill is confined to short distances.
However, transport of the uranium concentrate from the mill to the conversion
plant involves large distances. Table 4 lists by state the annual ore process-
ing capacity, and by state the UFg conversion capability available in the U.S.
in 1973. Figure 3 shows the projected annual amounts of uranium concentrate
which must be shipped up to the year 2000. Since the mines and mills are in
the western states, and the refineries and conversion plants are in the JSidwest,
it is clear that long shipping distances are involved. However, since it is
natural uranium that is being shipped, there is little or no problem caused by
radioactivity during shipment. As is apparent from the fact that uranium ore
averages about 0.21% UaOg, while concentrate is 98% (or gre?cer) UaOg, by
far the largest amount of material is transported (on-site) between mine and mill.
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Projected Annual Amounts of Uranium Concentrate (ai U,0o)

Shipped up to Year 2000
(Taken from ORNL-TM-4631)

Uranium Conversion Plants

Uranium conversion plants (refineries; convert the relatively impure concen-
trate from the mill to a very pure uranium compound suitable for use in enrich-
ment plants. In the past, uranium was refined in two basically different ways.
The first, and oldest, was by solvent extraction of the uranium to remove it
from impurities which were not completely removed by the milling operation
which produced concentrate. This type of refinery produced pure UO3 which was
either shipped to a fuel fabrication plant or sent to a gaseous diffusion plant.
The second was by direct fluorination of the concentrate at the refinery, in
which case it was either shipped to the gaseous diffusion plant as UFg to be
enriched or sent to the fuel fabrication plant. Shipment of UFg was discussed
in the section-on Enrichment Plants. Both types of refineries dealt only with
natural uranium.

The recent trend is to combine the fluorination step with the solvent
extraction step at the refinery (or to eliminate solvent extraction altogether).
Thus, the two types of refineries are not so very different today, and the
shipping problems are tending to become virtually the same, namely those
associated with shipping UF6.

As was mentioned above, there is also a move in the direction of putting
UF6"production steps at the fuel reprocessing plants as the last step prior to
shipment of the recovered uranium (which may still be more enriched in 2 3 5U
than the enrichment plant "tails") to the enrichment plant. So it is apparent
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that shipment of UF6, both as natural and as enriched uranium is assuming ever-
increasing prominence in the nuclear fuel cycle.

Figure 4 shows the amounts of UF6 produced from uranium concentrates which
must be shipped from conversion plants to meet the projected energy demands
in the U. S.

Fuel Fabrication Plants

The uranium received at the LWR fuel fabrication plant (usually as UF6) is
converted to pellets of UO2 which are usually 2 to 4% enriched in 2 3 5U. The
pellets are loaded into metals tubes of an alloy of zirconium (which has a low
thermal neutron absorption cross section), which are in turn assembled into
fuel assemblies. These fuel assemblies are shipped to the reactors. The
number of assemblies required for a reactor core depends on the type of reactor.
Typically, a 1000 MWe PWR requires 193 assemblies, while a 1080 jMWe BWR requires
764 assemblies. Table 5 shows projected shipments of fresh fuel for each of
the reactor types up uo the year 2000.

Use of recycled plutoniuir in LWRs would require shipping plutonium (required
by regulation to be as PUO2 after June 17, 1978) from the fuel reprocessing
plant to the fuel fabrication plant. The amount of plutonium shipped from the
reprocessing plant to the fabrication plant would be about one-third the
amount of U shipped from the enrichment plant to the fabrication plant, so
a plutonium shipping requirement would exist. (However, since the uranium
would be, on the average, only about 3% 5U, whereas plutonium is roughly
equivalent to 60-70%-enriched uranium, the relative masses of plutonium to
uranium would be of the order of 1 to 70.)

0RNLDW6 79-1062

- 100,000

u.
o
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O
50,000
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ASSAY OF 0 2% " S

I
1979 I960

CALENDAR YEAR
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Figure 4
Projected Annual Shipping Requirements of UFg

Produced from Ore Concentrates up to the Year 2000
(Adapted from Che Nuclear lndustry-1973, WASH-1174-73. Fig. 3-6.1
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TABLE 5

Fresh Fuel Shipments Up to the Year 2000

1980 1990 2000

LWR

Metric tons per vehicle

Shipments per year

Days in t rans i t

HTfiR

Metric tons per vehicle

Shipments per year

Days in transit

LMFBR

Metric tons per vehicle

Shipments per year

Days in transit

5
760

2.

1

30

4.

•» —

--

.5

.8

0

5.5
2550

2.8

1

520

3.5

2.8

75

3.5

5
4360

2

1

1030

3.

2.

1650

3.

.5

.8

0

8

0

Taken from 4th Proceedings of the International Symposium on Packaging
and Transportation of Radioactive Materials, C0NF-740901-P1, pp. 369-64
(September 1974).

(To avoid shipping pure PuC>2/ with its attendant safeguards problems, it has
been suggested that the uranium and plutonium be mixed at the reprocessing
plant before shipment to the fabrication plant. This would reduce the fissile
material (Pu plus ̂ _ 1% enriched U) content of the material to be shipped to a
level well below that which could be used for making an explosive device,
thouah of course the (toxic) plutonium would still be present. It would,
however, somewhat complicate the fuel fabrication steps, which more and more
are based on receiving UF6, not a mixture of uranium and plutonium oxides,
which may prove to be difficulty soluble, and which would require a difficult
assay of total fissile material content prior to fabrication.)

Weapons

Although it is not much discussed, there is a certain amount of transporta-
tion of nuclear ma '.als for weapons, and of weapons themselves. In general,
weapons-related shipments are by truck or by rail. The sites among which
shipments take place are rather widely separated and include major installations
at Hanford, Washington; Oak Ridge, Tennessee; Los Alamos, New Mexico; Aiken,
South Carolina; and Boulder, Colorado. (Certainly, a discussion of the safe-
guards aspects of transportation in an overall way woulc? have to pay especial
attention to this subject.) Because of the obvious sensitivity of the subject,
and the general unavailability of specific information, no more will be said
about it in this essay.

202



Miscellaneous Radioisotopes

Medical and research uses of a wide variety of radioisotopes have led to <.n
extensive traffic in them around the country and the world. The uses deienr.isie
the nature of the radioisotopes shipped, and include such diverse applications
as 2'*'<Cin and 236Pu for heat sources, as used, for example, to produce electrical
energy for space exploration; 238Pu for heart pacers; j3'l for thyroid treat-
ment; several radioisotopes for tumor treatment, e.g., 60Co; /r?Cf for use as
a neutron source; tritium, 32p and others for biochemical and biological
research; and many others for a very broad range of physical research, industrial
and medical radiography, and so on.

Many, perhaps most, of these radioisotopes are used in small amounts (very
small relative to the amounts of fission products produced in power reactors),
and may be shipped in any of the- physical forms. Shipment by air is often
essential because of the shipping distances and short half-lives of the radio-
isotopes involved. (Recent releases of radioactivity from packages on airplanes
have led airline pilots of passenger planes to refuse to carry radioactive
materials other than those us«»d for medical purposes.)

CONTAINERS, PACKAGES, AND MODES OF TRANSPORTATION

Reactor Wastes

Routine operation of a power reactor produces several different kinds of
solid wastes which are routinely packaged and shipped to burial grounds opera-
ted by one of three commerical firms.* These wastes include spent ion exchange
resins, whi~h are loaded with non-radioactive ions plus activation products
which have corroded away from the materials of construction of the reactors
themselves, and from impurities in the coolant vater. The resins also contain
fission products from the fuel elements. Some ruel elements leak fission
products, and there is some "tramp" uranium on the exterior of the fuel elements
which undergoes fission. In addition to resin wastes, there are sludges from
evaporators and filters in various process lines, mainly those associated with
the water used to produce steam and to cool and moderate the reactor core. These
wastes are generally packaged in 55 gallon drums, often admixed with concrete,
for shipment to the burial ground. Figure 5 shows the nature of handling
operations required for this essentially low-level radiation operation. Each
1000 MWe BWR will ship about 2150 drums annually; the same size PWR will ship
about 600 drums. There are also other solid radioactive wastes such as air
filters, rags, paper, tools, and small equipment items generated at the power
plant. These are often compressed into bales. The major reactor "wastes,"
i.e., the spent fuel, are given separate treatment, in the section which follows.

Spent Fuel

Transportation of spent fuel from the reactor to the fuel reprocessing
plant is a major step in the nuclear fuel cycle. The fuel is laden with radio-
isotopes which necessitate both heavy shicldinq and very high integrity contain-
ment. The nature of the- problem is such as to require a major expenditure of
money to produce a container which is acceptable for shipping a single spent
fuel assembly, and only a fractional cost increase is required to produce a

•These corniericial burial sites are located at: Kichland, Mash., Beauty, Nev.,
Morehead, Ky.# and Sheffield, 111. {operated by Nuclear Engineering Co., Inc.,
Walnut Creek, Calif.); Barnweli, S. C. (operated by chera-Nuclear Services, Inc.,
Bcllevue, Wash.?; and West Valley, N. V. (operated by Nuclear Fuel Services,Inc.,
West Valley, n. Y.5.
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container which will accommodate additional assemblies. ThuF there is a
strong incentive to produce a container, or cask, which holds as many assemblies
as possible. Opposing this incentive for increased size is the fact that each
additional assembly imposes a requirement for additional shielded volume, i.e.,
for additional weight. There comes a point whore the cost of the handling
equipment for the cask, as well as its sheer size and weight, limit the number
of assemblies that it is practical to transport in a single carrier. In general,
this limit is reached at a size beyond the load limits for trucks, necessitating
rail shipment. However, about half the reactors are without rail siding, so
truck-rail (inter-modal) shijjments are required. Figure 6 shows a typical
carrier for LWR fuel. Shipping containers may carry up to 10 PWR fuel
assemblies or up to 24 BWR assemblies, and weigh up to 100 tons or more. The
total amount of fuel material or fission products per cask is about the same
for both PWR and BWR, even though the number of assemblies differs by a factor
of about two. This is so because of the difference of about a factor of two
to three in the sizes of their assemblies. Table 6 summarizes shipping modes
for spent fuel shipping casks.

An additional factor to consider in the shipment of spent fuel is the
heat that is generated by the fission product decay. In general, this is not
a serious problem with LWR fuel, amounting to up to about 10 kw per PWR
assembly, and 5 kw per BWR assembly at the time of shipment. The problem of
heat production may be quite important in the case of LMFBR fuel, where it
is proposed that shipping take place after much shorter decay times than those
used for LWRs (perhaps as low as 90 days or less vs the 150 days to nearly
a year of decay planned for LWRs).

Tne accidental release of fission products during shipment of spent fuel
must be guarded against carefully. Apart from considerations related to
safeguards, there is perhaps no part of the nuclear power fuel cycle with
greater potential to cause a serious threat than that of spent fuel shipment.
For this reason elaborate precautions are taken in cask design and con-struction;

OftNl DWG 71-KHI*

csMsitmfm *;MKI$S

•CHSVMU tmi MMIT

Figure 6
Typical Spent LWR Fuel Cask for up to 10 TOR or up to 25 8WR Fuel Astembfiw
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TABLE 6

Spent Fuel Shipping Cask Transportation Nodes

Capacities and
Dimensions

Mode of Transportation
Legal Height
Truck

Overweight
Truck Rail Hater

Intertftodai (heavy haul
to railhead)

Cask capacity. 1 PWR or 2 BUR 2-3 PUR or 10 PUR or 10 PHR or
assemblies 4-7 8HR 24 BHR 24 8HR

Loaded weight,
tons 25 (max.) 30-40 100

Overall dimensions 4' diam x 19' 5' dies! x 19' 8' diasi x 19'

Vehicle dimensions 8' x 55' 8' x 55* 10.51 x 75' 10* x 105'

Gross vehicle
weight, tons

Shipping package
dimensions

36.5 45 to 55 200 175

10! x 40" x
13' h'gh

10 PUR or 24 BWR

10' x 105'

175

10' x 40' x
13' high

Taken from Proceedings of the Third International Sypposiuaon Packaging and Transportation of Radioactive
Materials, "Spent Fuel Transportation - State of the Ar t , " by R. H. Peterson, O)rSF-7HM0l, Vol.
436 (August 1971).

pp. «15-

10,000
OHM I. • • • 7S-TIS

1979 ISM !t9S i tW It»3 f0@@ 2603

ProjeeitcS Accumulaiid Amounts ©f Various Tyi»* of Solid WMMS
at a Future Federal Repository
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further extensive testing procedures are prescribed and carried out on casks
and their prototypes to ensure structural integrity and virtual infallibility
of sealing devices for the few openings such casks have. These tests include
several kinds of impacts, in addition to stringent fire and water resistance
tests. Also, extensive analyses of the likely consequences and remedial
actions associated with accidents are carried out, and Huclear Regulatory
Coiiiniission approvals are required.

High-level Radioactive Wastes

After fuel reprocessing, the fission product wastes solutions may be stored
in underground tanks for up to five years before solidification preparatory
to shipment to a federal repository. There is at present no federal repository
for waste, and {as mentioned earlier) no commercial fuel reprocessor for spent
fuel. Nonetheless, the broad outlines of how the wcatss '..'ill be handled are
clear, and certainly the amounts of waste to be handled can be predicted
accurately from an assumed size of nuclear power industry and relative number
of power reactor types, i.e., LWR, HTGR and LMFBP. The projected amounts of
accumulated (solid wastes are shown in Figure 7. The size of container used
for storing these wastes will be set by the rate of heat release during the
first few years of storage, as well as by the nature of the storage facility.
It is probable that many wastes will be stored in salt deposits because of the
geological stability and physical properties (such as low humidity and plastic
flow of the salt which will help to "heal" cracks) of such deposits. The
inner containers will have to be shielded for shipment, and shipment may be
by truck or rail. Since they are not to be re-opened, the inner containers may
be welded shut before shipment, and it is extremely unlikely that any accident
could breach the containment and release the fission products during transport.
It is more likely that a container might lose shielding durinq an accident, but
this too is not probable, and even if it occurs, appears to be a manageable problem.
A typical waste storage inner container, or cannister, may be a 12-inch-diameter
cylinder about 10 feet long. About ten such cannisters may be required to hold
the high-level waste from a year's operation of one 1000 MWe reactor. Figure 8
shows a possible arrangement of such cannisters and their shipping cask.

COOLANT CHANNEL

WASTE CAN

•in FINS

4in WATER NEUTRON SHIELD

—CASKETEO
CLOSURE

ORNL 0W6 71-3641

0!AM. i !0 f ! LOWS POTiSftEOD)

CAVITY FILLEO WITH
WATCft ANO t
ASStiMMNS PMS
(BOTH ENOSi

Tm LEAO

t | in. CARSON STEEL
SECTION &•

Figure 8
Schematic Representation of a Possibie High-Level Waste Storage Cannis.er

and Shielding Shipping Cask Arrangement
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Conversion Plant, Reprocessing Plant and Enrichment Plant Products

The uranium product from conversion plants is UFe ; from fuel reprocessing
plants it may be either solid UFs, nitrate solution, or oxides. As was mentioned
earlier, the trend is toward shipping UFg from reprocessing plants as well as
from gaseous diffusion plants for uranium enrichment. Figure 9 shows typical
shipping containers for natural UFg, and Figure 10 shows containers for < 5%
enriched UFg. In general, these containers are shipped by truck.

In the past, uranium and plutonium have been shipped as aqueous solutions
following fuel reprocessing. Plutonium nitrate solution shipments in particular
have been criticized. One criticism is that solutions are more likely to leak
from a container than are solids, and if released from the container, could
spread more readily than a solid, and might prove more difficult to recover.
Another is that radiolysis of the water produces hydrogen and oxygen which
would recombine explosively, spreading plutonium. A final point to consider
when comparing liquid and solid shipments is the ease of loading and unloading
the containers. There is little doubt that liquids have the advantage in this
comparison. The operation with liquids is both cleaner and easier, and
probably safer. Nonethless, as stated above, the federal regulations now
require plutonium to be shipped as solid after June 17, 1978 (probably as PUO2)
when the amount exceeds 20 curies. However, liquid shipments are not prohibited
and may continue to be used for uranium.

Figure 9
Typical UFg Shipping Containers for Natural Uranium

(The nsar contninsr holds 14 tons and the far sorttainer hoids 10 tons.l
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Figure 10
Typical UFg Shipping Container and Protective Carrier for Enriched Uraniurn.

(Capacity: 2' i tons of < 5% Enriched! UFgJ
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Mill Concentrate

The U3Oa(or diuranate) concentrate from the uranium mills is packaged in
standard 55-gallon drums for shipment by truck or rail to the conversion plant

Fabricated Fuel

Fabricated fuel, with the exception of future HTGR recycle fuel, is
relatively non-radioactive, and the transportation problems associated with it
are more those of protecting it from damage than protecting the public from it.
(HTGR recycle fuel is an exception, since it will contain "J'U, whose decay
chain daughters are intensely radioactive, requiring heavy shielding.) There
will be, however, a small amount of neutron emission, especially from future
LWR recycle fuels which contain plutonium. Care will be necessary to protect
workers from the neutron radiation. Because of the value of the fabricated
fuel assemblies, only two are entrusted to a single container, and the con-
tainers are carefuly packaged in shock-absorbent carriers. Figure 1J shows a
typical shipping arrangement for fabricated LWR fuel assemblies. These
fabricated fuel containers are shipped mainly by truck.

Figure 11
Fabricated LWR Fuel Assembly Shipping Containers
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Miscellaneous Radiojsotopes

The amounts of radioi.sotopes used in specific research, medical and indus-
trial applications are usually small. Figure 12 shows a typical disposable
shipping container for solids. The specific type used depends on the amount
and type of radioactivity. Of course, when radioisotojses emitting large
amounts of penetrating radiation, as for example from ' ^Cf, Co or Cs are
shipped, special containers with heavy shielding are required.

RELATIONSHIP OF SHIPPING TO SITING

It has been mentioned several times that the locations of the vrious parts
of the fuel cycle with respect to each other are very important in determining
the nature of the transportation problems. Because the mine and mill are
always near each other, the great bulk of ore need not be shipped far before it
is concentrated over 100-fold. The concentrate is not a radiation hazard, and
is of relatively low value (nominally about $8 per pound) so its transport to
the conversion plant is not a significant shipping problem. Further, shipment
of natural uranium as UF6 does not appear to pose many problems, though as
has been pointed out, there will be quite a significant amount of this material
shipped annually.

Extraordinary attention and precautions are required when uranium enriched
to a level suitable for making weapons is shipped, or when plutonium is
shipped. Special treatment and handling are also required when highly radio-
active materials, such as spent fuel assemblies or high-level wastes, are
shipped. If, for example, reactors, fuel reprocessing plants, and fuel
fabrication plants were all on the same site, both spent fuel shipment and
undiluted plutonium shipment off-site would be obviated. However, while this
arrangement would take care of many of the potential shipping problems, it
would create problems of its own. One of the most important problems is that

Figure 12
Disposable Shipping Container for Miscellaneous Solid Radioisotopes
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TABLE 7

Comparison of Transportation Requirements in the Year 2000
for Dispersed versus Co-Located (Integrated) Fuel

Recycle Facilities.

Fresh Fuel
Number of shipments
Vehicles in transit
Mass heavy metal in transit, tons

Spent Fuel
Number of shipments
Vehicles in transit
Radioactivity in transit, MCi

93% 2 3 5 U F 6
a

Number of shipments
Vehicles in transit
Mass U in transit, tons

Plutonium Oxideb

Number of shipments
Vehicles in transit-
Mass Pu in transit, tons

HTCR-t'ranium Oxidec

Number of shipments
Vehicles in transit
Moss U in transit, tons

Uo% 8 3 5 u Oxided (recycled U from HTGRs)
N«nber of shipments
Vehicles in transit
Mass U in transit

High-Level Solidified Waste*5

Number of shipments
Vehicles in transit
Radioactivity in transit, MCi

Alpha Solid Wastes*"
Number of shipments
Vehicles in transit
Mass actinides in transit, tons

All Other Wastesf

Number of shipments
Vehicles in transit
Radioactivity in transit, MCi

Dispersed
Facilities

9601
26.3
80

15,987
88
659

70
0.1*
0.3

722
2 .0
3 .0

50
O.lU
0.07

23
0.06
0.03

252
5-0
56

Ukk
35.1
0.06

83,770
367
8.3

Integrated
Facility

9601
1*»5
1*1*0

15,987
307
£258

70
1-3
1.0

O
0
0

0
0
0

0
0
0

0
0
O

0
0
0

0
0
0

aIsotopic composition is 1.0* 2 3 V 93-1$ 2 3 5U, 0.2$ 2 3 % , 5.7%
blsotopic composition is 1% 238Pu, 59% 239pu, Zk% 2^Pu, 15
°Isotopic composition is C O M * 232U, 59-6% 233uf 26.3% ̂ u , 6% 235u,
dIsotopic composition is 1.1+% 23"«u, 1*0.7% 235u, 1*3.9% 236y. Xk% 2 3 8U.
eHigh-level waste is shipped ten years after It is generated in reprocessing.
Wastes are shipped one year after their generate .,

[Taken from J. Biomeke, C. W. Kee and R. Salmon, Projected Shipments
ftt_§fie.c_iaLJiuc]e_ar Material and Wastes by the Nuclear Power Industry,
ORHL-TM-4631 (August 1974), Tab'.e l7T
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a five tonne per day fuel reprocessing plant, which is the size plant under
construction by Allied-General Nuclear Services, and being planned by Exxon
Nuclear (and is about the minimum size planned for future plants) will take
care of fuel from about 60 LWRs. Locating this many reactors on a single site
would pose rather enormous problems of energy distribution, as well as of
waste heat dissipation. There would also have to be a high-level waste solidi-
fication plant on-site, but this is no different from the requirement for any
large fuel reprocessing plant. A more reasonable approach appears to be to
locate only the reprocessing and fabrication operations on a single site. This
would necessitate spent fuel and fabricated fuel shipment, but would minimize
Plutonium shipment. Table 7 compares transportation requirements in the year
2000 for dispersed versus co-located fuel recycle facilities. Co-location of
reactors with the recycle facilities is not included. The reactors are
considered to be distributed about the country near the load centers, as they
are today.

TRANSPORTATION ACCIDENTS

The subject of transportation accidents is complex, and deserves a
separate essay devoted solely to it. Nevertheless, some mention of accidents
is in order. Because accidents are by their nature statistical, there is
always an element of uncertainty about them, and despite the odds against
one occurring, a critic can always say "Yes, I know the odds are very large
against one, but what if one happens?" Such questions may lead to subjective
responses and to expensive and even unreasonable precautions.

There is a fair body of statistical information on rail and truck accidents.
This information may be used to calculate the probable frequency and severity
of accidents during the transport of the most important materials in the nuclear
fuel cycle. The usual measures of severity of an accident are in terms of human
injury and life lost, and in dollar value of property damaged or destroyed.
When considering the nuclear fuel cycle, there must be added the somewhat
different factor of spread of radioactive materials which may lead to a persis-
tent and serious long-term pollution of a large area, or to the possibility of
an unacceptable spread of radioactivity over a large region. This factor is in
many ways similar to the spread of toxic chemicals. In both cases there is
a continuing hazard from accidentally released material. In both cases, it
is possible to clean up the area, though it must be admitted that nature is more
forgiving, i.e., better able to assimilate and reduce the hazard to an acceptable
level, in the case of chemical spills than in radioactive materials spill. In
the former case, dispersion, dilution, and assimilation return the area of the
accident to near-normal in months, or at most years. In the case of the most,
toxic radioactive materials, e.g., the actinides, and especially plutonium,
it may be impractical to rely on dispersion and dilution to ameliorate the
problem, as decades or centuries may be required. The material must be
quantitatively recovered. This could be very expensive in some cases.
However, on the other side of the ledger, the radioactive materials would
be much more carefully and securely packaged than many toxic chemicals are
today, and would be much less likely to be released in an accident.

Experience will tell where an acceptable trade-off lies between the risk
of accident and the cost of accident prevention. Certainly at the present
time there is a totally different public attitude toward acceptance of
"familiar" transportation risks and acceptance of those associated with
transporting nuclear materials.
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FUTURE TRANSPORTATIO2.' PROSPECTS AND OTHER SPECULATIONS

The future of nuclear material transportation will be shaped by decisions
being made now and over the next several years. The overriding importance of
siting decisions has already been discussed. The implications of the recent
suggestion of admixing plutonium with uranium prior to shipment from the fuel
reprocessing plant have also been mentioned.

Not ment-oned so far in this essay, but being studied is the possibility
of very complete removal of the actinides plutonium, curium, americium and
neptunium from high-level wastes before sending tem to the planned federal
solid waste storage facility. This proposed modification to waste management
raises the question of how .o handle the separated actinides. One suggestion
is to put them back into ^ reactor, where they woudl eventually undergo
fission to produce fission products. This could be accomplished by incorporatin
them in reactor fuels, or by fabricating them separately into special assemblies
for insertion in a reactor. In either case, their high specific alpha activity
would produce neutrons by (a, n) reactions with oxygen and other low atomic
weight elements, and special carriers would be needed to carry them safely.

The cost and complexity of all parts of the nuclear fuel cycle are
raising questions about the ability of private industry to handle the problems
Consortia of industrial firms a*.4 various kinds of federal government partici-
pation are being suggested to permit development of nuclear power to go forward.
Such arrangements would reflect tnemselves in the transportation area in that
they would influence size and location of all parts of the nuclear fuel cycle.
They might also affect the nature of tne shipping operations insofar as the
amount of acceptable ris?? depends on fr.t- nature of the organization underwriting
the risk.

APPENDIX - REGULATIONS GOVERNING SHIPMENT 0' RADIOACTIVE MATERIALS

U. S. Code of Federal Regulations: 10 CFR Part 71
U. S. Code of Federal Regulations: 10 CFR Parts 173-178
Regulations for the Safe Transport of Radioactive Materials, 1973

Revised Edition, IAEA, Vienna (1973)
Advisory Material for the Application of the IAEA Transport Regulations,

IAEA. Vienna (1973).
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AH ELEMENTARY SURVEY OF NUCLEAR SAFEGUARDS PROBLEM®

Melvin L. Tobias
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

INTRODUCTION

The background for this paper is the author's work in connection with safe-
guards for a commercial high-temperature gas-cooled reactor (HTGR) fuel re-
cycle plant. In the course of this work, it became apparent that the problems
of safeguards are not really those of technology — the customary center of at-
tention of engineers and scientists — but rather those of aberrant human be-
havior. Technology enters only as a means of response, or control, or preven-
tion of undesirable human action.

In current parlance,1 safeguards refer to the protection of special nuciea."
naterials (SNM) such as plutonium or uranium enriched in 2 3 3U or 2 3 5U from theft
or diversion. There is an older usage where safeguards meant what we now call
safety, as in the name of the ACRS, the Advisory Committee for Reactor Safe-
guards .

There are twc basic aspects of safeguards for SNM — accountability and
physical security. The first aims to provide prompt information on inventories
to detect thefts or diversions as well as to assure the equally important fact
that they have not occurred. Much the same sort of information, although gen-
erally not to the same level of precision, is necessary for process control as
well. The second aspect, physical security, is intended to prevent undesirable
malicious acts through the use of guards, alarms, fences, and related measures.

The discussion which follows will be confined mainly to the subject of
safeguards for fixed sites, omitting the very vital matter of transportation
safeguards. We will briefly outline the legal and quasi-legal requirements and
point out some of the cost aspects as well. The main emphasis will be on phys-
ical security.

*Research sponsored by the U.S. Energy Research and Development Administra-
tion under contract with the Union Carbide Corporation.

"By acceptance of this article, the publisher or recipient
acknowledges the U.S. Government's right to retain a non-
exclusive royalty—free license in and to any copyright-
covering the article."
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LIMITATIONS OF ACCOUMTABILITY All!) PHYSICAL JKCUKI7Y

As has been noted, accountability is a necessary part of j. 1-ij.'. •:•
even when theft or diversion are not at issue. Orderly and c;.'o;.or;i.-
management requires knowledge of amounts and locations o:" inventories
as safeguards measures, the techniques of accounting are necessarily
noting events only after they occur. There is therefore aiway.; ;± •!".
tween detection and responsive action. (Considerable work is current ;
way, designated by the acronym RETIMAC — for Real Time Accounting — to
this lag.) Further, assaying devices can never be made tamper-pro:.;:'
accurate. Both false alarms and false assurances are possible. l..-i.::
countability has little relevancy to acts of sabotage a.::-: violence.

The preventive function is supplied by physical security. i'hy^lf-t: ::•:•
rity measures need not be wholly passive but can be auite v.:= •ij.'gre.-f,; •;•> -i.->
situation demands. For example, fences and walls are perfectly ivixs!:•••• DM;
riers, but they could be supplemented by patrols actively looking :'. r ::.*:•.
Obviously, by multiplying guards, surveillance, and searches, -i for' rê .:-; I
atmosphere could be created that would be difficult to accept in a. civlli-i:.
industrial context.

Both methods have a limitation in common. They cannot i:u;u:-e triat :::
thefts or sabotage will ever occur and a finite risk must always be -ijjerte
since only a finite amount of resources are available ^or protection.

ATI IKTUITIVE RAIJKIUG 0?" THREATS

In Table 1, a list of threats is displayed based upon a subjective r-iTikl::-
according to likelihood of occurrence and magnitude o:' consequences. The I-.--.-.:
probable an event was thought to be, the lower it was placed on the 1 Ls*; *:.••
more an event's potential for destruction of life and property, the higher it
was listed. For example, the lowest ranked event, a theft ieteetable by ac-
countability procedures, will probably not occur in the manner given, that Is,
as an attempt to remove a suostantial quantity of SKM through a network of
alarms and guards. Rather, the material would most likely leave the plant with
all records and passes in perfect order with the actual diversion to occur els*—
where. In that form, the threat is at least as probable as any of the others,
but as a transportation safeguards problem, it is outside our present scope.
Threat No. h requires thieves to be sufficiently motivated to ste^l dozens cr
hundreds of times before they have acquired significant amounts, that is, in
the kilogram range. Supposing that the chances of successful theft are 0.9? or:
each try, the chances of making 10 successful thefts are about 0.6 and of I X
only 0.006.

The other threats are physical security matters. There are no reasonable
short-cut methods of dealing with them, moreover. A disciplined band of well-
armed commandos, properly trained along military lines, would make short work
of any civilian guard force. The latter is prevented by law from even possess-
ing the sort of weapons required unless deputized as local law-enforcement
officers. As for No. 3, there is no way to predict when or how a person r.ay be-
come destructive. A company of marines at $10,000—30,000 per man-year may effec-
tively prevent 1 and 2, but does nothing about 3. The view advocated here Is
that the multi-faceted character of the threats may be met by taking steps to
limit the consequences of violence to the point where the payoff is too small
or insufficiently probable to be worth the risk. In other words, a nuclear site
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The soot,ions o:* most significance in safeguards are:

1G0FR5Q Licencing of Product ion and Utilization Kaei I i'. lei:
I0CPE7G Special .Nuclear Materials
IOCFR73 Physical Protection of Plants and Materials

These regulations have the force of law and include penalties for violation;;.
The public is notified of these rules through the Federal Register, a daily
government publication. As these rules have the force of law, plenty of time
is allowed for public scrutiny and comment before final promulgation. An ex-
sinple of one of the most important of such rules is shown in Table 2 reproduced
fsv.Tj 10CFR?0.51(e)( 5) on the subject of limits of error in estimation of ma-
terial unaccounted for (LEMUF and MUF).

Since rigid, legally binding rules cannot always be provided, advice in
the form of regulatory guides is provided. These are short documents which deal
with the regulator's views of various nuclear design problems. They are, as
Table 3 shows, organized into 10 divisions. The main sources of information for
safeguards are divisions 1, 3, and 5 (which are underlined in Table 3). They
cover many subjects — in April 1975, ̂ 9 were listed in division 5 alone — such
as how to organize a guard force, how to prepare a license application, how to
design material balance areas, etc.

Table 3. The Divisions of the
Regulatory Guides

(Safeguards-related guides found mainly
in underlined divisions.)

1. POWER REACTORS
2. Research and Test Reactors
3. FUELS AHD MATERIALS FACILITIES
h. Environmental and Siting
5. MATERIALS AMD PLANT PROTECTION
6. Products
7. Transportation
8. Occupational Health
9. Antitrust Review

10. General

The code and the guides do not, however, provide a "cookbook" for solving
the safeguards problem in any particular case. They mainly inform license ap-
plicants what issues are regarded as important. The safeguards requirements
are tailor-made by negotiation between the regulatory staff and the applicant
to suit the circumstances; the rules form a minimum starting point for such a
negotiation process. The reader is referred to Ref. 7 for a more detailed de-
scription than is possible here.

Licensees are also subject to the provisions of the nuclear Non-Prolifera-
tion Treaty which came into force in 1970. Under this agreement, the Inter-
national Atomic Energy Agency (IAEA) has the responsibility for safeguards regu-
lation. While the treaty is in fact a law of the United States, it is probable
that conformance to U.S. regulations will be sufficient for the purposes of the
IAEA.
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lt? 2. A D'j,viplv Excerpt froir. '.

Federal Regular, ions , lOCi-'RY';. l

"(5) Establish ar.J riaint&ir. <i system of control ana ac?ourst~
ability such that the limits of error for any .Tiaterial ur.-
acoounted for (MUF) ascertained as a re suit of the material
balances made pursuant to paragraph (e)(3) c:' this section ic
not exceed (i) 200 grains of piutoniuni or urar.ima 2J5, ";00 grass
of high enriched uranium or urar;iiin 2i!> contained in high en-
riched urani'om, or 9,000 grans of urani'on'i 235 contained in low
enriched uranium, (ii) those limits specified in the follow-
ing table, or (iii) other limits authorized by the CoEraission
pursuant to paragraph (e)(6) of this section:

Linit of
Error of

MUF on Any
Total Plant
Inprocess
Material
Balance'

Material Type Percent

Plutonium element or uranium 233 in
a chemical reprocessing plant 1.0

Uranium element ana fissile isotope in a re-
processing plant 0.7

Plutonium element, uranium 233, or high enriched
uranium element and fissile isotope—all other 0.5

Low-enriched uranium element and fissile
isotope—all other 0.5

3As a percentage of additions to or removals
from material in process, whichever is greater.

Any licensee subject to this paragraph on December
6, 1973, who requests higher limits pursuant to
paragraph (e)(6) of this section at the time he
submits his program description under the pro-
visions of paragraph (g) of this section is hereby
authorized to operate at the higher limits until
the application for license or amendment has been
finally determined by the Commission."
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tion of a Speoia
Uranium Enriehmei J i , ! , , ! ? , . . ! I;
appl icant i s adv <• t i .
par ing the appl iu .* i f •- t *
liminary review « * r i t i ^ i i ^ i
from public disc, ^ i * ' I i t
ac tua l safeguards inH'ia, ^-t»*
conf iden t i a l ly be^w^e^ * l «f»
r.ical informatior J.° -qu e^
format:

"eceivc

1 1 J

1. Design bases, criteria, arid features of the plant :ir.portu:i*. to S'.'.V.
control and accounting.

2. Material control areas and the reasons for their seiectic:*.
3. Capability, if any, for automated SUM control and accounting.
k. Capability for measuring all receipts, shipments and inventories H.~

well as systems to assure continued validity of previous measurements. This
portion should also describe the accuracy and precision of the ;neasurener.ta
and the effect on total material balance uncertainty.

5. Capability to account for SNM in wastes and scrap.
6. Characteristics of SUM storage and handling used to maintain control.

Physical inventories of fuel reprocessing plants are required every six
calendar months, or in the case of uncontaminated uranium enriched more than
20$, two months. A complete description of the methods to be used, the records
to be kept, and the management systems used to ensure enforcement and compli-
ance must be provided. Also, the licensee must describe his plans of action
should he find that the amounts of material unaccounted for exceed prescribed
limits, when significant receiver-shipper differences are noted, or when items
or containers of SUM are missing. Responsibility and authority for action
under such circumstances are to be specifically pinpointed. The regulations
use the phrasing "...establish, maintain, and follow written material and ac-

"counting procedures. this triple emphasis is plainly intended to convey the
idea that lapses can be cause for penalties. The plans presented for the pur-
pose of obtaining a license are not mere provisions which can be unilaterally
modified or forgotten. Rather, they will provide a documentary basis for com-
pliance in the continual process of governmental inspection and regulation.

PREVENTIVE MEASURES AGAINST THEFT, TERRORISM,
SABOTAGE, OR IRRATIONAL A^TS

Both within the regulatory guides and without, a large number of ideas
have been suggested for providing physical security at nuclear plants.
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tlK^uge, b«ury :»,:;?. ;;loaoiy .->» thin yub.-eet, ctti'i a r."orrespoi<--Jir,g guile for f.*
epr-i;'«-:JKlng pl?*!,'.^ is in preparation. Soose of the important techniques vhicu
i«ht foe- used »ir«? iJe;scrii«fS Oeiow:

:<egu.iatory tjuide 1.17 r^s t s in t-.srn ~n AfK: 3 : 6 . ; 7 , "ir;t.*s:rl'il Securi ty

or p r io r to SIR "afieseortcvi" ftss igrr.erit. *,c iiscioac- -̂*-.'fcrs*- "h%r%
*ru.ii.s cUii ait oxamination by ;% pi3yeh:!*'.riMt or other (juiiHfies j.ert:;>:i ^-.ssll
to i jant ls 'y aberrant behavior.

isow i t is common experience that improver preernj,Joyfser;t £creejjln*j ;.>• the
lack of It i:3 foolish and cars eve:i lead to disastrous r^^-il t s . The .;ircyj!.stst:. ?«
of the recent Purolator robbery8 sugge.it that the crime rr.i^r.t have bee:; pre-
vented by a routine background ahecA. 'Trie cor.victei "atc-m sty" Klaus F^ehs w%s
cleared for secret work despite the :>ict that his Communist sympathies «e~
easily discoverable.9 The need for such screening is c lear , ani proper tech-
nical methodology appears to e s i : ; t . l 0 » ' E However, er.ployera rr.ust exercise var-?
to avoid conflict with the 196U Civil Rights Act as enforced by the Equ&l tnp!•".;,
Kent Opport?inities Cocusission. For instance, cversetilous prcbing ear; becor* in-
vasion of privacy; rejecting a job applicant for a ccniition which may already
be present among employees doing the same work r.ay oe treated as i l legal d i r -
erimination. Uever a simple matter, the employee screening process is being
made more complex by the need to comply with new legal requirements and char.gir.;
social standards.

Employee Relations Procedures

In the United States, union-management relationships are characteristically
fractious. The nuclear industry is no exception, as the recent inspection re-
ports of the Kerr-McGee Corporation's Cimarron Facility suggest." Tne follow-
ing policies, if implemented, may help to prevent the generation of attitudes o:
discontent and suspicion:

1. In enforcing the discipline of work procedures, the benefits to the
worker of on-the-job safety and health protection should be stressed, rather
t\ian security. Too much emphasis on security will soon suggest that management
regards the employee as untrustworthy, an attitude sure to be reciprocated.

2. Employee surveillance methods should be visible and above board. The
reasons for them should be clearly explained, with emphasis on the benefit to
the employee. Any methods that suggest entrapment must be scrupulously avoided.

3. Since the security profession can be attractive to unstable personali-
ties (such as paranoids or thrill-seekers), special care needs to be taken to
select guards and security supervision for positive, down-to-erf.rth attitudes
with strong motivations for service.

k. Personal discontent can occur both on and off the job. The services
of professional mental health practitioners as counselors should certainly be
considered.

5. In this industry, pronounced differences between supervisors and sub-
ordinates in education and background are likely to exist. Often these lead to
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conscious or unconscious attitudes of superiority, personal sJighta, j^ermment
stereotyping in inferior roles, and the like. The possession rf i:iterp<rr:j-ji.ai
supervisory skills should not be assumed to go with a technical e.rjiration. S-S».m-
ageRent should take definite steps to ensure that iJupurviwors receive pr--.pt;:-
training in these mattera.

Su£-yeilj.ar.ee Procedures;

Poiygvaphing (the use of the lie detector) depends ve:-y ;;tro:^ly 0:1 the
c-ompetenee of the operator. Since training of operator;; it; highly viri^M'- and
equipment is often improperly used or out of date, this technique nan little '..-..
reoorrnend it. The use of closed-circuit television for dire,.-?, observation ::•:•"::..:
to have considerably sore nerit, but only if practice.: openly. He::ise;; v:'iufr
a:i obvious deterrent to crime, such devices nave an ir.p-ortant safety value .;:•.-••;
plant supervision cars instantly spot incident:; of accident w injury, ever; re-
cording thess for later reference. The subject of visual ^urveillance ij covered
hy Regulatory Guide 5.1<*. Personal search methodi; rsay be carried oi;t jirectiy
by "frisking" or package searches by plant guarjs. A;; ;;uch procedures 'tvv /o~
viously slow and distasteful, Regulatory Guide 5.7, Control of Personnel A-..-cgj.s
to Protected AreasT Vital Areas, and Material Access Areas, suggest:; several
other approaches aimed at achieving the âine results with i'^wer problems. -lie
use of badges in the form of electronic cards which can be revi \YJ a machine to
record identity and time is one reeorsnenJution. Portal xonitora to detect ra-
dioactive materials and reetai are well established. i-'xp-iosives detectors, -.•:;
the other hand, are not presently considered effective.

Clothing Change

This method has all the virtues of impersonality and simplicity. It i:>
easy to desig:* a change room (as in Regulatory Guide 5.7) ?'JV the purpose which
would vastly reduce the probability of smuggling weapons, explosives, or S'.ilA in
or out. Moreover such a room can also serve the function o:' insuring that ra-
dioactive contaminants do not accidentally pass through, particularly if the op-
portunity for voluntary, self-administered, health physics checks is offerei.

"Black-Hat" Testing

A special problem of groups responsible for safeguards, accountability, and
physical security is that a good part of the time, hopefully all of it, they
cannot be certain that they are acting correctly. They are supposed to prevent
theft and sabotage as well as stop those engaged in it. If nothing untoward
ever happens, they cannot tell whether this desirable condition results fron the
measures which have been taken or because no one has gotten around to testing
them. Questions begin to be raised over whether this or that procedure is ex-
cessive: Are there too many guards? Is it really necessary to spot check pack-
ages at the present rate? If a TV camera fails to cover a particular area is
it necessary to repair or replace it?

Sometimes such considerations lead to genuine economies; in other cases
they may be symptoms of laxness. The latter will sooner or later become evi-
dent, either as a result of a crime or as a citation by a regulatory inspector
for non-compliance (with subsequent fines). It is therefore worthwhile consid-
ering whether limited use ought to be made of "black-hat" operatives to test the
effectiveness of security measures in real plant circumstances. For example, an
agent could approach the perimeter fence to see if there is an adequate response
to a feigned attempt to break in; a counterfeit employee could try to carry out
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' : . •.:.•• p!••••.•;•-.• ..- u . ; ^ ; . : ; ; lor . o f .Ui!;ofit>* •-•'•- '''-'••^'•' k i n d s o f v i o l e n c e , t h ^ r e
«r:.; -s t.-v.-it -i.-.;: •*::;:;? io-i: t h s j t t h e : . e woii l ' i I— t h e ietid;; o f i :v;I v i :2u%2 s and t h s t t h e
:' -i--.-:r iv.- 'j-iirod •... ::;,:•.:.•». thfrn w w t h ' t t w h i ^ h we ; i : : o o c i a t e w i t h o i r i j . p o l i c e ^.n•:

we <.-Ati,-c;;:;•:! tj:(- o-|;i:i:ori ^ r i r - :•:•:* t h a t - i v i . : i - i r i ^^rir.-is c o ' j i d n o t p o t up a w o r t h -
w h i l e te:Vri ; :e !tg?ii:i . ;t •: vro.'. i ' t rn i c i arj-.s t r - i i n e a corjnHr.io gro-j j . , . T h e r e i s cor<-

Kjviph r . 0 . i - . i t a t e . ; r .hn ' " a n • i p t T i ^ a n t . . . i i - * r e q u i r e d t o p r o v i d e f o r d e s i g n
!'e-!*>ire:; .•;• o t h e r ».• -u;u:>' a :',•• . . . p ro tW'- t . ; c • , * i n c t t h e e f f e c t s o f . . . ^ t t t s c ^ ; ;
. . . by MI; v'!;e;:;y or' '.>.-.• United I ' tnte:; , wheth<-. 'x Voreign government or other per-

provide ph;,'?i;--ii prorte^tion ngnins*. indu f.ri?sl sabotage aria against theft of

The possibility of *• oiraaiuio a -ions ?an:iot be ignored. Terrorist and revc-
luti-.tiary groups have spread the" activities far from their original foci in
IreS'irjd or the Middle East. Sr called "urban guerillas" have clown up a bank
branch, a computer center, >xr power lines. On May 3, 1975, a reactor being
constructea at Fessenheirr., .-ance was damaged "by plastic explosives. It is
quite conceivable that gr jps may arise which view nuclear industry as an evil
which ought to be wiped at by violence.

To raeet such thr ats, some have advocated3 formation cf a Federal guard
force while others1' have debated the merits of "hardening" of facilities. The
ramifications of t jse discussions are too broad to be treated here. However,
there are other f eps which can be taken which do not seem to involve any un-
usual new initif ,ives on the part of private industry. One of the most effec-
tive defenses • jainst attacks by armed gangs is their ignorance of the target.
The secrecy w' xch has long surrounded contractor installations, such as those in
Oak Ridge, r y well be a major reason for the lack of incidents since 19^2. llo
group of rf .<1ers is going to consider an attack if they have no idea what de-
fenses ex" -t, where the weak points are, or even what their objective should be.
As has b' ,-n pointed out, actual plans for physical security are known only to
the lie ,isee. This policy could be further extended by- attention to publicly
availa1 ie documents such as environmental impact statements and safety analysis
repor' s to see that they do not contain information which would be necessary to
plan1 m g an attack. Precise information on plant protection systems against
fir>f or other disaster, exact flow layouts which give the location of vital
arc-AS or equipment should not be available. It should be possible to present
sv ;h material in a generic way which would satisfy the legitimate rights of
p-»blic inquiry. This matter is currently under study by government agencies. iJ*

A second important defense against sabotage is that offered by safety mea-
sures which, for the most part, are taken in any case as sensible and required
parts of the plant design and operation. What we suggest here is that those in
private industry planning safety measures have in mind, as an extension of their
customary 'fail-safe' philosophy, the idea of an armed gang having complete
freedom of action for a limited time (say 30 min) to attempt malicious acts.
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(It follows, incidentally, that if a plan is effective ugainst a» intention*]
act, the plan is equally effective gainst an unintentional one. The ;iifferenct-
between carelessness and sabotage is only in the state of mini of those in-
volved. ) Plants should not have within them means which saboteurs enzi use for
destructive purposes conveniently. For example, chemicals such as nitrates arri
organies which can easily be turned into explosives should be kept far apart;
processes which generate dusts should be designed so they cannot be deliberately
mismanaged into producing explosions; the utilization of cher.iica.is such as acet-
ylene, propylene, and hydrogen (frequently used in nuclear fuel reprocessing]
should be so designed that if they cannot be prevented from exploding or catch-
ing fire, the potential damage from such incidents would not be worth the risk
of trying to cause them. Careful attention should be given to the consequences
of deliberate disruption of utilities such as electric power, steam, compressed
air, or water, both by day and night. The natLer of criticaiity accidents —
there is nothing new about this subject's receiving great and detailed scrutiny
by regulatory agencies — should be examined from this standpoint by license ap-
plicants. Finally, if safety analysis reports prominently advertise the fact
that anti-sabotage measures have been actively considered, that in itself would
be s deterrent.

COST OF SAFEGUARDS

Some idea of the costs involved in implementing safeguards procedures in
fixed plants is given in the GESMO report^ and in the LMFBR environmentai
statement.16 These data are presented in Tables k and 5- There is argument
over how these costs are to be borne, but regardless of the technique of fi-
nancing, ultimately the public will find them added to the cost of power.

Table k. GESMO Report Costs

To Protect a Processing Plant Against

Theft: $1 million
Q Clearances: $800 each

Personal Immobilization Systems

$100,000 installed
30,000 annual maintenance

Guards: $20,000 per man-year

Advanced Identification System

$25,000 for central unit
5,000 each access point
5,000 per year operating costs

Portal Detectors: $3000-15,000

RETIMAC: $1.5 million plus $150,000 per year
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Table 5. .Fuel Reprocessing and Fuel Fabrication Plant

Fuel reprocessing Fuel fabrication
plant costs plant costs

(millions of $) (millions of t)

Alarmed Perimeter Fences 1.5 1-5

Internal Intrusion Alarm Systems 1.0 3.0
Internal Communications and
Monitoring System 1.0 2.0
SUM and HE Monitors at Personnel
Access Control Points 0.2 0.5
Off-Site Communications Systems 0.5 0.5
Physical Barriers Surrounding
Process Stream 1.0 2.0

SUM Materials Accounting System 3.0 6.0
Other, Including Special Flint
Design Features 3.0 5.0

Number of Guards at $30,00C Per
Year Each Per Facility 12 2~
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Energy and the Climate

Ralph M. Rotty

Institute for Energy Analysis
Oak Ridge Associated Universities

The global climate has always been changing. Geological evidence leaves
little doubt that the prevailing climate of the Earth during the past billion
years was warmer than present-day climate by as much as 10°C, and almost totally
free of polar ice. Beginning about 50 million years ago, something happened
to cause a slow deterioration of climate, until about 2 million years ago when
a new mode of global climate was established. During these more "recent" years
(the past one or two million years), there have been cyclic variations on sev-
eral different time scales, but documentation of changes by direct measurement
is much more recent.

In the last several decades of quantitative meteorological documentation,
more rapid — and in some respects quite systematic — variations of global
climate have been identified. Since these fluctuations are the ones which will
primarily determine the course of global climate in the years pad decades im-
mediately ahead, it is important to note that they are not decjnstrably periodic
in character and therefore not predictable. The average temperature of the
Earth (or at least that of the Northern Hemisphere) has varied during the past
century from a minimum in the 1880's (perhaps a consequence of strong volcanic
activity then) to a maximum around 1940, and a cooling tendency from 1940 to
the present time as shown in Figure 1.(1) One cannot say with confidence wheth-
er the cooling of the past few decades will continue in the future, and if so
for how long.

Radiative Balance of Earth-Sun-Space

Since any large scale climate change must be associated with the energy
budget of the earth and its atmosphere, an examination of the delicate raecha-
nisms which give the balance between incoming and outgoing radiation is in order.
Figure 2('=3,4,5,6) shows the balance between incoming radiant energy and out-
going radiant energy. Any activity which changes the amount absorbed or re-
flected by the atmosphere or the earth's surface will change the distribution
of energy in this system, and therefore the climate.

There are four major distinct ways in which man's energy-related activities
can change the distribution shown in Figure 2. These are:

a. Change in the total amounts of energy being exchanged — either that
coming from the sun or that leaving the earth.

b. Change in the albedo resulting from increased aerosols and other
pollutants.

c. Change in the albedo resulting from increases in cloud cover.
d. Change in the optical properties of the atmosphere with increases in

carbon dioxide.
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Total Energy 1-xchange

Most investigators now believe that the energy emitted by the sun remains
essentially constant and that reaching the top of the earth's atmosphere is
1353 watts per square meter. Except for that which is reflected and any that
might be stored in the earth-atmosphere system, all of it must be radiated back
to space in accord with Figure 2. In addition to the amounts involved in the
natural radiation budget, all energy removed from long-term storage in the
earth's crust must also be radiated out in order to maintain a stable climate.

Since 1860 the energy used by man to power his industry and to provide his
comforts has increased at a steady rate of 5.4% per year. This is shown in
Figure 3(7,8) aruj pigUre 4, and except for very small (in comparison) amounts
of hydro-power, all the energy values shown consist of energy removed from long-
term storage. Continued growth at this rate for 75 or more years will give a
global energy use of 1 0 ^ BTU per year — a level significant in relation to the
global solar flux of 5 x lO^l BTU per year, only 47"b of which is exchanged at
the earth's surface.

liven first order, rough calculations indicate that significant global
changes must occur to accommodate the disposal of this anthropogenic energy
(in addition to the natural flux] when it reaches l\ of the natural flux. From
the Stefan-Boltzmann Law of Thermal Radiation, the e.iergy radiated is propor-
tional to the fourth power of the absolute temperature, thus a 1% increase in
the energy radiated requires a 1/4% increase in the effective radiating terapera-
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ture. l-'or an ef feet i ve radiative temperature of _>."j0-2f>ii'1l;j9'' the result must
be an increase of <). <)°C( 1. 1 "I-) in the effective global temperature. This is
approximately the same as the temperature change between 3 880 and 19-lU.

Another way of viewing the tot'j! global energy pi cut re is represented in
Figure .r>. Here the total energy is divided according to tilt type of fuel pro-
viding the energy. Through the l'JbO's petroleum fuels passcu the solid fuels
(coal and lignite) as the sector contributing the largest amount to the total
world-wide requirements. Natural gas contributions to the total increased most
rapidly during the decade, S.b'a pvr year, and were approaching the amounts for
the solid fuels by 1970. hlectricity generated from hydro and nuclear sources
is of the order of one-tenth of the energy contribution of the other three main
energy sources, but is increasing at the rate of b.5°a per year. Only the curve
for solid fuels appears to be other than an excellent approximation to an ex-

in iy(>()-(>7. The growth rate of l.o'« is for the ex-
the period 1961-70.
energy consumption is shown in Figure fa. The signi-

be: (1) the contribution from solid fuels is well
is growing at a faster rate than world-wide solid

the rates of growth of both oil and gas are much less

ponential, showing a break
ponential of best fit over

A similar view of U.S
ficant difference seems to
below both oil and gas but
fuel consumption, and (2)
in the U.S. than on a world-wide basis.
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Before attempting to determine where the future may lead, it is informative
to look at the global energy picutre on a per capita basis. Figure 3 shows a
division of the world's energy consumption on the basis of four economic divisions,
botn developed and developing. The developing countries, with 47.8% of the popu-
lation, have a per capita energy consumption rate of 9.01 million BTU per year,®
while the U.S. with only 5,7% of the world population has a per capita consump-
tion rate of 305.8 million BTU per yeavA°> Other developed non-communist
countries with 14.5°O of the population have an average consumption rate of 105.6
million BTU per person per year.

If population projections prove to be as accurate as they have been in the
past, there will be nearly 7 billion people on earth in the year 2000 (a 2%
growth rate). UN dataHO) show approximate population growth rate for 1963-1970
as tabulated in Table 1. [Extrapolating these to 2000 A.D. for the rest of the
world and assuming 290 million for the U.S., the approximately 7 billion people
will be divided as indicated.
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TABU; I

Estimated World Population - 2000 A.D.

Developing Countries

Centrally Controlled l-conomy

U.S.A.

Other Developed Countries

World Total

1963-1970
Avg. Annual
Rate of Growth

2.71%

1.54%

1.15%

.99%

2.0%

Population
Millions

4,060

1,920

290

730

7,000

in 2000
o

57.8

27.4

4.3

10.5

100.0

Weinberg and Hammond(H) point out that population control subordinates
al) other problems. They point out that a major problem with population control
is that of inertia. Age distribution insures a continued increase even if each
couple immediately limits themselves to two children; years are required to edu-
cate all the people of the world in fertility control methods; people must be
confident that they can survive in old age without being dependent on their own
children— a situation requiring a standard of living above that now known to
a large fraction of the people of the world. Thus, barring a major natural ca-
tastrophe or an all-out nuclear war nothing we do now can have much effect on
the global population before 2000 A. D.

If the population is to be controlled, the growth rate in the developing
countries must be drastically reduced and this will require vastly improved
living standards and therefore greater per capita energy consumption. If one
assumes as a goal that by the year 2000 A. D. the developing countries have
advanced to the level of the 1970 world average per capital energy consumption,
the increased population in these countries by then will require 207x10*^ BTU
per year - an average rate of increase of 8.6% compared with 6.7% for the de-
cade of the 1960s.

Figure 8 shows what the per capita energy consumption could look like in
the year 2000 A.D. This figure is based on the following assumptions:

a. The 4060 million people in the developing countries consume energy
at the 1970 global average rate of 51.2 million BTU per person per
year.

b. The centrally controlled economy countries continue to maintain a
5.1% growth rate in energy consumption — resulting in a per capita
amount of 130 million BTU per year which will still be below the world-
wide averages.

c. The energy consumption in the U.S. will grow to a total of 223xlO1%TU
as predicted by the National Academy of Engineering.'* •* This repre-
sents a reduced rate of growth from the 5.0% of the 1960's to 4.26% as
an average for the interval 1970 - 2000 — in spite of the probable
population growth rate of 1% per year.

d. A similar lowering of the growth rate of energy consumption in the
other developed countries to about 5% per year will occur.

Because of the inertia in the population changes, any reasonable modifica-
tions in the assumptions above will have only small impact on the predicted
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total energy consumed on the gJobe. Barring large scale changes on the planet,
the total must be close to this predicted value. This represents a world-wide
annual growth rate of 5.3"o between now and 2000 - essentially the same as that
of the decade of the 1960's.

The cost per unit of energy is surely going to increase as we begin to use
less readily available reserves. This will be partly responsible for the re-
duced rate of growth in the developed countries but unless total life styles and
aspirations are changed, the population growth will assure continued energy con-
sumption growth.

Beyond the year 2000 the picture is much more difficult to predict. Popula-
tion control measures taken now (and continued) can have an impact if "iving
standards, and hence per capita energy consumption, reach a level at wiiich the
factors controlling the population inertia can be minimized. Weinberg and Ham-
mond(H) have hypothesized a world in the mid-twenty-first century in which par-
ents average only two children and population has stabilized at 15xlO9. In or-
der to support this population, significant non-farm energy inputs, i.e., ferti-
lizer, machinery, and water control, will be needed to provide the necessary
food. Nearly sufficient supplies of all other necessities are available if
enough energy is available to extract them. Weinberg and Hammond^^ have pro-
posed a slightly generous budget of 600 million BTU per person or a world total
of 9xlOi8 BTU per year. At these levels of energy use, thermal pollution of the
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atmosphere must be considered. Not only the waste heat from thermal machines
but also all of the "useful energy" when used is discharged to the environment.

All of this additional energy in the terrestrial environment raust be radiated
to space if the earth is not to experience a steadily rising temperature. Accord-
ing to the generally accepted Stefan-Bo]tzmann Law of Thermal Lnergy Radiation,

Ii = eoAT4,

where e is the emi»sivity

a is a constant, 1.69x10" BTU/cm"yr(°Kj .

A is the radiating area

T is the absolute temperature in °K.

The total energy received from the sup at the top of the atmosphere is
5x10^ BTU/yr, and, as seen from l-'igure 2, only 47'!, of this reaches the earth's
surface. All except the 28% which is reflected must be radiated back to space
in order for a state of quasi-equilibirium to exist. This determines the average
temperature of the earth's surface through the Stefan-Boltzmann Law. The energy
which man releases to the terrestrial environment, through its increasing the
outgoing radiation flux, must result in an increase in the equilibrium tempera-
ture of the surface, For a \% increase in the total radiative flux the tempera-
ture must assume a new equilibrium value (1.01)1/"*, or 1.0025, times as large as
with no thermal pollution. For a mean effective radiation temperature of 250-
255°K( 9) this would result in an average temperat ire rise of over 0.6°C, or
about 1.1°F.

It is impossible now to assign a limit on how much thermal pollution the
planet and its atmosphere can stand. As Figure 2 shows many factors affect the
total radiative budget. A small change in world-wide cloudiness can have major
consequences in the radiative equilibrium temperature through the change of the
total planetary albedo.--If an additional l'i of the sun's energy is reflected
rather than absorbed, a corresponding thermal pollution of Is of the sun's energy
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would just compensate and other than -changes in the circulation patterns result-
ing from relocations of the major heat sources, the balances would be maintained.

It is evident that total thermal pollution should be allowed to approach a
value of 10 BTU per year only after much greater understanding than now.exists
of all of the associated phenomena which might be taking place simultaneously.

Figure 9 shows the same exponential growth of global energy consumption on
a contracted horizontal time scale in comparison with the earlier figures.

Before the total anthropogenic energy will be noticeable in global chsnges,
smaller scale changes of both local and regional importance should be expected.
On a local scale, the additions of heat to the atmosphere has already influenced
climate and weather in that large cities are now warmer. Table 2 gives a sum-
mary of climate changes produced by cities, although it should be recognized that
all of the changes are not a consequence of city heating.

TABLE 2
Climatic Changes Produced by Cities

(After Landsberg, 1962)

Element Compared with Rural Environs

Temperature
Annual Mean
Winter Minima

Relative Humidity
Annual Mean
Winter
Summer

Dust Part.rcles

Cloudiness
Clouds
Fog, Winter
Fog, Summer

Radiation
Total on Horizontal Surface
Ultraviolet, Winter
Ultraviolet, Summer

Wind Speed
Annual Mean
Extreme Gusts
Calms

Precipitation
Amounts
Days with > 0.2 inch

1-0 to l.t F° Higher
2.0 to 3.0 F° Higher

6 percent Lower
2 percent Lower
8 percent Lower

10 times More

5 to 10 percent More
100 percent More
30 percent More

15 to 20 percent Less
30 percent Less
5 percent Less

20 to 30 percent Less
10 to 20 percent Less
5 to 20 percent More

5 to 10 percent More
10 percent More

The heat flux density (i.e., energy added to the atmosphere per unit of
earth surface) is a quantity which may be a suitable indicator of the onset of
meteorological or climatic change. In the United States, the per capita energy
consumption in 1970 was 10 kilowatts per person.W If this consumption is
typical of urban dweller, then a city whose population density is equal to that
of Washington, D. C. will have an energy flux density of 44 W/m-. This value
depends on population density rather than the city's size. Other datat^-*) j n_
dicate the effect of the energy release, as measured in temperature increases,
and do depend on city size. Clearly the climatic impact depends both on the
density of the heat flux and the total area covered. If the flux is low the
observed changes are small and less likely to be detected; if the area is too
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small the changes are very localized and probably are not reported. It is the
combination of the heat flux density and the area scale which must be considered
in anticipating the observed effects of energy added to the atmosphere.

Table 3 summarizes the heat flux density for various sources.

TABLE 3
Energy Release Concentrations (Heat Flux Density)

Area Heat Flux uensity Fraction of

7 ., Solar Flux
Km" W/m" At Ground

Solar Constant 1352

Average Solar Energy Trapper in
Earth Atmosphere System „
(24 hour average) 5.1x10 246

Average Solar Energy Flux
at ground

Anthropogenic Heat from Cities:

iManhattan, New York City

Moscow

Washington, D. C.

Los Angeles 3

Boston-Washington Metropolitan
Area - (Projection for
2000 AD) 31

Sheffield, England

Waste Heat from Power Plants:

Dresden and Braidwood (over area
for city of 1 million people)

Dresden LaSalle, Braidwood (area
sufficient to include all three)

Summit, Salem, Hope Creek
(12 mi. x 5 mi.)

S.lxlO8

59.8

878

173

,500

,200

48

250

634

155

160

650

127

44

21

56

19.2

35.5

19.5

75.8

1.00

5.94

.79

.28

.15

.25

.12

.22

.12

.46

Recent studies of radar echo initiations^1*- reinforce the concept of in-
creased convective activity over and downwind of large cities. In a 17-sturm
sample during the summers of 1972 and 1975, an unusually high number of radar
echo initiations occurred over the industrial complex just south of Wood River,
Illinois (9 times the network average). Other areas of high frequency of echo
initiations were in and east of St. Louis. Particularly in South St. Louis,
the statistics showed unusually high values — 5 times the network average.

While heat flux densities provide an indication of the impact of large
"waste heat" sources as heat islands comparable to cities, the heat released is
frequently so concentrated as to suggest far greater impacts. As suggested by
Hanna and Gifford (1974), large heat releases from very large power generating
stations may, under some conditions, produce convective effects that have the
potential to generate thunderstorms and possibly associated squalls.

Table 4 summarizes the heat-fiux densities from several known large sources
of heat addition to the atmosphere and a brief summary of the meteorological ef-
fect of each where possible. The questions of what value of heat flux density
is sufficient to give vortex formation and under what atmospheric conditions
must remain unanswered at present.



TABLE 4
Effects of Large Heat Additions to the Atmosphere

Phenomenon
Energy Flux

Energy Rate Area Density
(Mw) (Km?) (W/nr)

Meteorological Consequences

a. Large brush fire

b. Forest Fire Whirlwind

100,000 50 200

c. WWII Fire Storm

d. Fire at Hiroshimr

12

e. Surtsey Volcano 100,000 <1 100,000

(Relatively small energy flux rate, very large area)
Cumulus cloud reaching to a height of 6 km formed
over 1/10 area of fire. Convergence of winds into
the fire area.

Typical whirlwind: Central tube visible by whirling
smoke and debris. Diameters few feet to several hun-
dred feet. Heights few feet to 4,000 ft. Debris
picked up - logs up to 30 inches in diameter
30 ft. long.

Turbulent column of heated air 2 1/2 miles in diameter.
Fed at base by inrush of surface air. One and a hoif
miles from fire, wind speeds increased from 11 to 33
mph. Trees 3 feet in diameter were uprooted.

(10-12 hours after A-bomb). "The wind grew stronger,
and suddenly — probably because of the tremendous
convection set up by the blazing city - a whirlwind
ripped through the park. Huge trees crashed down;
small ones were uprooted and flew into the air. Higher,
a wild array of flat things revolved in the twisting
funnel..." The vortex moved out onto the river, where
it sucked up a water spout and eventually spent itself.

Permanent cloud extending to heights of 5 km to 9 km.
Continuous sharp thunder end lightning, visible 115 km
away. (Phenomenon probab- peculiar to volcano cloud
with many small ash partiLJJS). Wscerspouts resulting
from indraft at cloud base, >ius:i by rising buoyant
cloud.



f. Surtsey Volcano 200,000 1 200,000

g. French Meteotron

h. Meteotron

i. Single Large Cooling
Tower

700

350

2250

.0032 219,000

,016 22,400

.0046 484,000

<o j. Array Large Cooling
Towers(48,000 MW(e)NEC; 96,000
area 48,000 acres)

194 495

Whirlwinds (waterspouts and tornadoes) are the
rule rather than the exception. More often than
not there is at least one vortex downwind. Short
inverted cones, or long, sineous horizontal
vortices that curve back up into the cloud, and
intense vortices that extend to the ocean surface.

"artificial thunderstorms, even tornadoes, many
cumulus clouds...substantial downpour. Dust
devils.

15 minutes after starting the burners, observers
saw a whirl 40 meters in diameter...whirlwind
so strong burner flames were inclined to 45°.

Plume of varying lengths and configurations.

Unknown

SOURCES: a. R. J. Taylor, S. T. Evans, N. K. King, E. T. Stevens, D. R. Packham, and R. G. Vines, 1973:
Convective Activity above a Large-scale Brushfire, J. Appi. Meteor, 12, 1144-1150.

b. H. E. Graham, 1955: Fire Whirlwinds, Bull. Am. Meteor, soc, 36, 3, 99-103.
c. H. Landsberg, 1947: Fire Storms Resulting from Bombing Conflagrations, Bull. Am. Meteor, soc., 2s,

2. 72.
d. John Richard Hersey, 1945: Hiroshima, Bantam Books, New York, pp. 50-51.
e. A. G. Bourne, 1964: Birth of an Island, Discovery, 25, 4, 16-19
f. S. Thorarinsson and B. Vonnegut, 1964: Whirlwinds Produced by the Eruption of Surtsey Volcano,

Bull. Am. Meteor. Soc, 45, 8, 440-444.
g. J. Oessens, 1964: Man-made Thunderstorms, Discovery, 25, 3, 40-43.
h. J. Dessens, 1962: Man-made Thornadoes, Nature, 193, 4810, 13-14.



Change in Albedo Because of Aerosols

The problem of aerosol effects on temperature can be looked at this way:
Considering the Earth as a whole, the warming effect of the Sun is a function
of the reflectance (albedo) of the Earth at solar wavelengths. A black earth
would reflect little solar radiation and the climate would be relatively warm;
a white earth would reflect a great deal of solar radiation and the climate
would be relatively cool. Now, if a white aerosol cloud is injected into the
atmosphere above a black earth, it is clear that the effective brightness (al-
bedo) of the Earth-aerosol system would be increased and the overall planetary
temperature would be lowered. .Conversely, if a black aerosol is injected above
a white earth, the effective brightness of the system would be decreased and
the overall temperature raised. In the case of real aerosols injected into the
real atmosphere above the real earth, there is, of course, no black or white
but various shades of grey. When grey aerosols overlie a grey earth, their
thermal effects are obviously smaller and not necessarily discernable except
through very careful measurements.

For any given atmospheric aerosol it is sufficient to determine in some man-
ner two "bulk" optical properties of the aerosol: (1) the incremental fraction
of incident solar radiation that is backscattered to space by the aerosol (over
and above that which would be backscattered by the atmosphere in the absence of
the aerosol, as by Raleigh molecular scattering); and (2) the incremental frac-
tion of incident solar radiation that is absorbed by the aerosol layer (over
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and above the absorption by selective-absorbing gases in the layer which would
occur in the absence of the aerosol). If the incremental backscattering frac-
tion is denoted as b_, and the incremental absorption fraction as a_, the optical
geometry of the situation is such that the net thermal impact of the aerosol is
either warming or cooling, depending on whether the ratio a/b_ is greater than
a critical ratio given by , . ri 4 12

% 2 A

where A is the reflectance (or albedo) of the underlying surface. J This is
plotted in Figure 10.

Tentative values of the ratio a/b_ applicable to real aerosols lie near unity.
The critical ratio (a/b)o is seen from Figure 4 to be greater than unity for all
values of surface albedo less than about 0.27, which is characteristic of most
regions of the Earth except snowfields and deserts. Thus, aerosols will likely
increase the planetary brightness (or planetary albedo) except over snowfields
and deserts, and therefore result in a general cooling of climate. Thus, we
see how it happens that cooling effects of aerosols have become engrained in
our conventional wisdom as to such matters.

Change in Albedo Because of Cloud Cover Changes

As in evident from Figure 2, any change in cloud cover will have a direct
influence on the planetary albedo. Any mechanism which tends to lower the
average atmospheric temperature will reduce evaporation, reduce the cloudiness,
reduce the albedo, and tend to increase the temperature. On the other hand,
any tendency to raise the average temperature will increase evaporation, in-
crease cloudiness, increase the albedo, and cool the planet (lower the tempera-
ture). Through the evaporation process and variation in cloudiness, an/ i inge
in temperature of the lower atmosphere will result in a "negative feedba* loop
which will tend to cause a temperature change in the opposite direction.

Hobbs, et. al.,( ^ have also concluded that the way aerosols influence the
climate most is through their effect on clouds. The importance of certain chemi-
cal species in providing cloud condensation nuclei and ice nuclei is one of the
frequently overlooked, yet potentially most serious, forms of industrial pollu-
tion. Controls must be directed to a chemical's potential effect on cloudiness
as well as to its adverse effects on public health.

In modem tecnnological society, man has the capability of influencing the
amount ?f cloudiness over major areas of the earth's surface by modifying the
evaporation from the surface. The scale of modern irrigation projects and the
size of artificial impoundments for flood control and electrical generation have
caused some localized weather changes.

The extensive use of evaporative cooling for power plant heat rejection is
beginning to cause increased cloudiness in some areas. The presence of fogging
around cooling ponds and lakes as well as the plumes fron cooling towers which
are visible in some instances for miles, are examples of how man has increased
cloudiness through the quest for larger amounts of electricity. The negative
feedback characteristic of cloudiness is not only fortunate on a global scale,
but with the presence of induced cloudiness may counter the sensible heat re-
jected from power plants.

Change in the Absorptivity of Atmospheric Gases

Both water vapor and carbon disoxide absorb radiation in bands of the longer
wave lengths where a greater fraction of the terrestrial radiation from the earth
is encountered. Any net change in total atmospheric water vapor content is un-
doubtedly reflected in a change in the global cloudiness and as discussed pre-
viously cloud cover can give major changes in planetary albedo. The absorption
by carbon dioxide of longer wave length radiation while having high transnissi-
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vity in the spectrum of the incoming solar radiation, leads to the "greenhouse
effect" and resulting predictions that as the atmospheric carbon dioxide content
increases, the planetary temperature will also.

Man adds CO2 to the atmosphere through the combustion of fossil fuels, and
this addition is superimposed on the natural exchanges between the atmosphere,
the biosphere, and the oceans. Since the use of energy has increased exponent-
ially since the beginning of industrialization around 1860 (See.Figure 3), it is
not surprising to see that the best estimates of CO7 production from fossil
fuels and cement as presented in Figure 11 show the same pattern.' ' ^

Beginning in 1958, regular and systematic measurements of the atmospheric
carbon dioxide content have been made at the NOAA Observatory at Mauna Loa,
Hawaii. The record of the CO2 measurements made at Mauna Loa is shown in Figure
12. The seasonal variaton is obvious and regular, showing an October minimum
with increases in the later autumn and winter months and a maximum in May. How-
ever, of greater importance to possible climate changes is the continued year-
to-year rise. Both the seasonal variation and the annual increase have been
confirmed by measurements at other locations around the globe.

Projecting the world-wide needs for energy, even with the present problems,
indicates a long term global growth in the consumption of fossil fuels and tSie
associated production of carbon dioxide. In so far as possible impact on the
climate is concerned, it is the amount of CO2 which remains in the atmosphere
which is most important. In addition to the atmosphere, the oceans and both
land and marine biospheres serve as reservoirs for carbon dioxide. Based on
estimates of preindustrial levels of atmospheric carbon dioxide of 290 ppm and
the 1958-1971 Mauna Loa data, between 58 and 64°o of the CO? produced from burn-
ing fossil fuels remains in the atmosphere.
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Figure 13 shows the cumulative production from fossil fuels and its pro-
jection with an estimate of future atmospheric levels of C0>.(*9) The future
atmospheric C0 2 levels are heavily dependent on the fraction remaining airborne.
The projections to the year 2000 are based on an assumed 58?e fraction resaining
airborne, although it is suspected that values higher than 58% are more likely
than lower values.

243



The atmospheric carbon dioxide is Likely to be close to 400 ppm compared
with the 324 ppm reported at Mauna Loa at the end of 1972. According to the
"greenhouse effect," increased carbon dioxide should give increased planetary
temperatures. By use of a rather complex numerical model, Manabe and Wetheraid^
have studied temperature changes resulting from addition of CO~> to the atmosphere.
The results of their studies are indicated by the scale to the right in Figure
13. These are temperature averages, — in localized areas the changes may be
more or less, with the higher latitudes being affected more than lower latitudes.

Conclusions:

It has been shown that anthropogenic factors and especially energy releases
can affect the world's climate.

1. The release of energy to the atmosphere for eventual radiation to space
causes a global warming. Per capita energy uses must be evaluated in
making any projections as to the future global energy consumption rates,
but' any reasonable projection shows energy use rates, which pivs cli-
matic concerns.

2. Localized energy releases give local and regional changes which will be
(are) apparent before the global changes. Cities have different cli-
mates than the nearby rural areas.

2, ileat flux density is an important consideration in evaluating meteoro-
logical changes resulting from large localized heat sources. Enhance-
ment of convective cloud activity (including showers and thunderstorms)
is possible if the heat flux density is high.
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4. Aerosols released to the atmosphere can cause a wanting or cooling de-
pending on the nature of the aerosol and the albedo of the surface
below.

5. Changes in cloud cover are important in changing the radiation budget
of the planet. Extensive irrigation, artificial reservoirs, and large
cooling towers all add humidity to the atmosphere, but any resulting
increase in cloudiness will tend toward overall cooling which will tend
toward a reduction in cloudiness.

6. Increases in atmospheric carbon dioxide (e.g., from the combustion of
fossil fuels) adds to the absorption of long wave radiation and the re-
sulting "greenhouse effect." The resulting planetary warning depends
on the amount of CO2 uptake by the biota and by the oceans.

Some of the consequences of man's energy use suggest a wanning and a cooling.
Figure 14(^0) shows the trends of global mean temperature. The upper smooth
curve represents the projected warming from increased atmospheric CO2, and the
lower smooth curve the probable maximum cooling from aerosol increases. The
irregular curve is the observed temperature change in the Northern Hemisphere
from 1870 to the present, replotted from Figure 1.

The many uncertainties in cause-effect relationships between energy and
climate make a single summary impossible. Even localized changes from heat
and aerosols from cities and from power plants are difficult to identify with
positive assurance. Whether man is causing a warming or cooling {or which he
will cause in the future) is still speculative.
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ENERGY USE AND ECONOMIC GROWTH

Dr. Ernest G. SiIver

Institute for Energy Analysis
Oak Ridqe A s s o c i a t e d U n i v e r s i t i e s

Introduction

One of the key insights that has surfaced in connection with the world's
newly-formed awareness of the developing shortage in energy and the mal-
congruence between regions of resources and regions of high consumption, is
the intimate connection between energy use and the general development of a
nation's overall economy. Differing here, as they do in most areas, economists,
are by no means in agreement as to the precise nature of the relationship
involved. Some economists believe that the amount of energy used in a given
economy is not necessarily inflexibly tied to the productivity of the economy
since much is wasted which could be conserved, and cite as evidence the fact
that many countries with relatively similar standards of living appear to use
quite different amounts of energy.

Other economists feel that energy is so intimately tied to the production
of nearly all goods, that reducing the amount of energy used will reduce the
productivity nearly in proportion, and they cite the fact that within any
given economy, the ratio of energy used per capita to the productivity per
capita tends to change only quite slowly with time.

This paper, therefore, presents a brief survey of the available data
bearing on this question, and tries to mention some of the studies recently
done to address these problems.

Definitions and General Considerations

In order to analyze the relation between energy use and the behavior of
the economy, it is first necessary to define clearly how each of these terms
is to be quantified and defined. The more difficult problem relates to the
productivity of the economy. Ideally, what each economic system strives for
is to provide as high as possible a "quality of life" for as many of its
Ttembers as possible; but quality of life is difficult to put in quantitative
terms. Sureiy, it includes such things as the quantity of material goods and
services available to each member, as well as their quality, but it also
includes many intangibles such as clean air, beautiful surroundings, available
leisure time, and many similar factors, which often tend to be diminished or
vitiated by the very same activities that produce the material goods and
services. There is the further question of whether a society with more
people in it is taken to be "richer" just because it has more goods in toto
than the same society would have if its territory were more sparsely occupied.
All these questions ma'o a numerical evaluation of the quality of life almost
impossible.
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What economists choose to use to represent this parameter is usually
the Gross National Product (hereafter referred to as GNP) which is the sum of
the value of all the goods and services produced by the given economy.

This is, admittedly,an imperfect measure, but it is a datum which is
collected and available, not only for the United States but for most countries,
so that relative evaluations can be made. Such comparisons, however, have to
be treated with caution because the definitions used and the way they are
applied are not always consistent, and other factors, to be discussed below,
also enter which may make a simple numerical comparison misleading.

The other quantity to be defined is energy use. Basically, this is all
the energy flowing through the economy which is identifiable and quantifiable
as such by being produced, transformed, and used in metered or commercial
applications. This includes all types of fossil fuel energy, water power,
nuclear energy, and some small amounts of geothermal a"d tidal energy, but it
does not usually take account of human or animal energy nor are solar inputs
into agriculture and other photosynthetic processes included. So, economies
with relatively low development, in wfiich these latter energy forms are used
to a proportionally greater exter.t appear to be using relatively less energy
than they do in fact use.

The measure of the efficiency with which energy is used in a given
economy is thus the ratio C = (E/G) where E is the total energy used, and G
stands for the total dollar value of the GNP- Note that C, from its defini-
tion, is independent of whether per capita or gross values are used for the
values of E and G.

Another way of looking at the value of C is to think of it as the energy
content per dollar's worth of the GNP. In other words, if one considers the
whole "mix" of goods and services which mskes up the GNP, then evidently there
is associated with each item or component of this "market basket" an amount
of energy that was required, or at least expended, to produce one dollar's
value of this item (including services), and it is the average of these energy
use quantities, weighted by the amount of dollar value of the given item in
the total mix that defines C. Thus, assuming that there are i different goods
that make up the mix of the GNP, and that the total dollar value of the i'th
item in the mix is Dj, and that Cj units of energy are expended to produce one
dollar's worth of the i'th item then:

C - i S D C
G . i .

Thus, it is clear that to reduce the energy content of the GNP, i.e., to
reduce C without diminishing G, two fundamental methods are available: one
is to change the "mix" that makes up the GNP in the direction of increasing
the amounts and types of goods that have lower values of Cj, at che expense
of more energy-demanding goods and services, and the other is to modify the
Cj so as to produce the given good with a smaller expenditure of energy.

An example of the first type of change would be a shift in urban transport
considered as a service, from private automobiles to mass transit. The same
service would be provided, namely transport from place to place, but it would,
perhaps, be provided with lower energy expenditure. Another example would be
a shift to re-usable containers for beverages, instead of once-used aluminum
cans.
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An example of the second type might be the use, in industry, of furnaces
with better insulation to do a given process, so that less energy would be
expended to perform the same function.

In the past decade, as we shall point out further below, the rates of
growth of the GNP and the demand for energy in the U.S. have tended to be
rather parallel, which is another way of saying that C, the energy content per
unit value of the GNP has changed rather little. So, the question naturally
arises, "what would be the consequences of a long-term divergence in the two
rates?" These can be quite dramatic. Assume, for example, that the GNP is to
rise at an annual rate of 5% for the next 25 years, and the rate of growth of
energy demand over the same time period is to be only 2.5% per annum. In that
case, C would change by the factor (e25xO.O25)/(e25xO.O5) = 0.53, which is to
say that the energy content of each unit of GNP would, in the mean, have to
drop to almost half of what it was at the starting point. This would be a
very majcr change indeed. The other fact implied by this simple consideration
is that, in the long run, the rates cannot diverge permanently unless there
are continuing changes in technology that make ever less energy intensive goods
possible and economically competitive.

A further factor tending to work against such long-term trends, is the
evident truth that as high-concentration natural resources become scarce,
more dilute sources will have to be utilized, which will tend to increase the
energy required for their extraction and refining.

Historical Trends

Based on the dictum "The past is prologue.", it is often considered use-
ful, in projecting what might happen in the future, to look at the trends of
the recent past so as to infer from them what the future might be like. In
the energy area, this is a particularly hazardous undertaking since it is
difficult to separate the purely secular trends, imposed by improving techno-
logy, growing population density, increasing standard of living, and tike
factors, from the effect that has been exerted on energy use by the historic
trend towards decreasing prices of energy (as measured in constant dollars).

Figure I, taken from o study by J.D. Parent at the institute of Gas
Technology, plots the energ/ use against the GNP for the U.S., with points for
the years from 1909 to 1973- It is interesting to observe how nearly '. inear
the relation is from the 19^0's on, except for a somewhat more rapid rise in
the early 197O1s, which had its origin in the decreasing price of energy, the
rapid growth of energy-intensive products such as air conditioning, the
decreasing gas mileages for cars due to the imposition of emission standards
and increasing use of power options, and artificially Jaw prices on natural
gas.
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Looking at the ratio in more detail, we see from Figure 2 (taken from the
same source as Figure I) what t.ie secular trend in the ratio has been. The
trend has been towards increasing efficiency, but at a relatively slow pace
in recent years.
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The close parallelism between E and G is clear from Figure 3, which shows both
parameters (also from Parent's paper).

HISTORIC TRENDS OF GNP AND
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The increasing use of electricity (which has been yrowing at nearly 1%
per annum) for heating and similar uses where direct combust'on was used
before, with its attendant lowering of overall thermal efficiency, plus the
slow-down in the improvement in the heat-rate (See Figure 4) have tended to
counter the improvements in overall technology.
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Thus, it would be very optimistic, given no changes other than those presaged
by experience up to 1973. to expect a major reduction in the energy content
of the GNP. Figure 5 shows the projection extrapolated from the line fitted
to the data in Figure 2, and a projection by Dupree and West taken from the
"United States Energy Through the Year 2000", U.S. Department of the Interior,
1972. Thus, using the Parent projection, if the GNP were to continue to grow
at 3.5% per year between 1974 and 2000, the energy use would grow by 227'" by
the year 2000 (relative to 197^) while the GNP would grow by

West

<?7O

YEAR

Figure 5

To recapitulate, the projection forward of trends from the recent past
for the U.S. does not lead one to expect any major reduction in the energy
content of the GNP, but rather, a growth rate of energy use very closely
coupled to GNP growth, with some factors foreseeable that would tend to make
even such a prediction seem optimistic.

On the other hand, the increase in energy prices, which has no historic
parallel, is not factored into these projections, end it is not yet known
what the long-term price elasticity will be, i.e., what effect market forces
driven by higher prices, will have on the consumption of energy and the
development of the economy.
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Data From Other Economies

If historical trend analysis is unreliable as guide to the future, for
reasons outlined above, then one may turn to other economies, which in this
instance means other countries, to see whether the energy content per unit of
GNP is a more-or-less fixed parameter, given a certain level of technological
sophistication, or whether this coefficient is capable of taking on widely
varying values fn different countries.

Figure 6 (also taken from Parent's report cited above) plots the GUP
per capita against the energy consumption per capita for a number of countries.
The range in both values is very broad, spanning a fa;tor of 400 in energy
consumption per capita and a factor of about 80 in GK.' per capita. The fact
that the points do not lie at random on the graph, i.e., that there is a
correlation between energy use and GNP is hardly surprising, though the wide
range covered in both the parameters is a perhaps instructive commentary on
just how unevenly the world's goods are distributed among the world's popula-
tions .
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It is perhaps more instructive to plot C = E/G against GNP or energy
use (Figure 7). Here, it is seen that there is a correlation according to
which countries that use more energy or produce more GNP (always per capita)
also use more energy per unit amount of GNP. However, the "spread" for a
given amount of GNP, say, is almost as large as the range of the ratio.
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Before we try to draw conclusions from these findings, it may be well to
consider some of the possible sources of error that attend an uncritical
comparison of such inter-culture comparisons. A number of possible problems
come easily to mind. For one thing has been mentioned before, human and
animal energy is probably not included, so that a country which is still at
a developmental level where much energy of this type is used, will appear to
have an anomalously low energy useage, i.e., an anomalously efficient energy
use factor.

Another source of error is the relative energy intensiveness of imports
and exports. These trade flows may, in effect, import or export energy if the
energy content of the imports and exports differs significantly in a way not
included in the calculation. An outstanding example is Luxembourg, which
appears to have an anomalously high energy use because it mostly exports steel,
which is very energy intensive. By contrast, Libya, which imports almost all
its energy-intensive manufactured goods, and exports low energy-intensive
crude oil (the energy used to produce it is low, the energy content represented
by the oil as fuel does not enter here) appears to have an anomalously
efficient energy use coefficient.

Nevertheless, after allowance is made for such factors, it remains true
that certain countries, whose life styles and living standards are quite
comparable with our own, such as Germany, France, Switzerland, Australia,
the Netherlands, and the Scandinavian countries, manage to use quite a bit
less energy, and have lower values of C. To some extent, this is surely
explainable as a result of higher population densities, requiring less trans-
portation energy for much of the transport of people and goods. Climate
differences and similar effects may also play a part, as well as national
habits and characteristics in general. However, there surely remain;, much to
be learned and evaluated from such cross-cultural differences that coL'Jd be
usefully applied to our society in the area of energy conservation and
efficient energy use.

Studies on the Relation of Energy Use and the Economic Condition

I would like to comment briefly on some recent studies based on extensive
computer models, which try to predict the amcunt of energy use reduction that
may be achievable, and what their effect on the economy is likely to be.

E.A. Hudson, working at Data Resources, Inc., has written a report on
the results of a simulation of the growth of the American economy in the
period 1975-2000, under various energy demand and supply conditions. The
reference system, relative to which comparisons are made, is a continuation
of historical growth trends, which would result in a total energy demand in
the year 2000 which is 2.37 times as high as in 1975- In particular, electri-
city use would climb by a factor of ^.03 in this time interval, use of gas by
1.72, coal by 2.6, and petroleum by 1.69- In view of recent data on finding
rates of gas and oil, it already appears that such growth rates cannot be
sustained, but that is what a continuation of recent trends would lead to.

For comparison with this projection, two others are made: "Technological
Fix" and "Zero Growth" (TF and ZG, hereafter). In TF, it is assumed that
"..energy conservation practices and known energy saving technologies are
incorporated into production and consumption patterns to the extent possible
within existing life styles and economic organization." In the ZG scenario,
in addition to the modifications assumed in the TF case, changes in life style
and economic structure are introduced to move toward a situation in which
there is saturation in the energy use per capita.
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To give a quick over-view of the impacts of these two alternative
scenarios, Table I will show the cumulative change factors from 1975 to 2000
(i.e., Quantity in 2000/quantity in 1975) for a few of the key parameters, as
well as the percent change relative to historic growth (HG).

ITEM HG

TABLE 1

TF

% Change
(TF-HG) x 100

HG ZG

% Change
(ZG-H6)x 100

HG

GNP

Employment

Energy:

Coal
Petroleum
Electricity
Gas
Nuclear £ Other

TOTAL

Energy Consumption:

Industry
Transport
Personal Consumption

Prices (for GNP)

2

1

2
1
4
1
9

2

1
1
2

2

.32

.54

.62

.69

.02
• 72
.23

• 37

-37
.82
.09

.56

2.23

1-54

1-91
1.07
1.98
1.31
4.07

1.47

1.14
1.56
1.18

2.68

- 3.8

0.0

-27.1
-36.6
-50.7
-23.8
-55-9

-38.0

-16.8
-14.3
-43.5

+ 4.7

2.24

1.57

1.67
0.93
1.72
1.11
3.60

1.27

1.28
1.44
0.96

2.72

- 3.4

+ 1-9

-36.3
-45.0
-57.2
-35.4
-61.0

-46.4

- 6.6
-20.9
-54.1

+ 6.3

f

It is apparent that the conclusions of this study are very optimistic,
in the sense that the technical fix scenario would predict that, without major
life-style or institutional changes, it would be possible to reduce energy
consumption 38% below the unmodified trend demand in the year 2000, and that
this would be achieved with no net impact on employment (though certainly not
without localized shifts or impacts) and with only a 4.7% additional increase
in over-all prices over the 25 year span. With zero growth, the employment
would be even larger (due to some substitution of labor for energy) and infla-
tion only slightly worse.

One must, of course, ask how realistic such a model is, i.e., how well
it reflects the actual world, and thus how reliable its predictions may be.
Predicting the future is always a hazardous enterprise, and a study such as
this should perhaps be regarded more as a model of what may be possible, rather
than an actual prediction.
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The reductions in energy use were modelled to result as a consequence of
increased prices for the energy supply commodities resulting from ynfavorabie
supply situations, import restrictions and the like. However, this means that
the use reductions had to be calculated on some assumed elasticity rates, and
these are not well known for periods of increasing energy prices. The reason
that electricity demand is even more severely reduced in the two saving
scenarios, relative to the HG case, than are coal, petroleum and gas, is to
be explained by the fact that electricity is secondary energy, subject to the
inescapable efficiency limitations in converting primary energy to electricity,
and thus is much more disadvantaged by the cost increases in primary energy.
In other words, users will be tempted to substitute direct use of primary
energy in such applications as heating and processing, for electricity, because
of the latter's higher sensitivity to price increases in primary energy
supplies.

A quite different modelling approach to the same question is embodied in
a study by Dr. M. Seidel, done for the Office of Energy Conservation of the
Federal Energy Office in 1973~7̂ *- In this study, an attempt was made to see
whdt energy savings would become economically desirable, and hence introduced
oy market forces, as a result of increased prices for energy, based on the
assumption of various levels of petroleum prices, namely $6, $8, and $10 per
barrel in 1973 dollars. A number of scenarios are worked out which aggregate
and extrapolate the substitution actions that would result from such price
levels.

The lowest of the price-predicated scenarios, dubbed "Business as Usual"
predicts that about 15% of the energy that would be used if there were ro
price increases, will be saved per year by the year 2000 as a result of t.'̂e
installation of more energy-efficient capital equipment as present equipment
comes due for replacement. Nonetheless, despite its minimum dislocation, such
a program is envisioned as having a very favorable effect on both environment
and resource depletion, because it is the most costly (in terms of environment,
etc.) energy which is marginal and will be saved. The savings are relative
to the amount estimated to be used on the assumption of constant real energy
prices between now and the year 2000, using the AUI-Brookhaven Reference Energy
System as data base. It is worth noting, in connection with the study, that
the savings to be realized in various sectors, and the time schedule on which
the savings are assumed to occur, were derived from the conclusions of the
consensus of the participants in the Conservation Panel for the Five-Year
Energy R & D Program.

The "Reasonable Conservation" scenario analyzes the saving of about 30
percent of the energy that would be used in the year 2000 under the "Reference
Case" scenario. The conservation thus obtained is based on an assumed real
energy price of $8 per barrel (in 1973 dollars) to reflect both scarcity and
environmental costs in the price of the energy. Gas rationing and forced life
style changes are not assumed. The study concludes that executing this
scenario would make the nation fully energy self-sufficient or would permit
a high level of environmental restoration. In addition to the efficiency
improvements envisioned in the "Business as Usual" scenario, this scenario
involves specific substitutions made to lessen direct demand for energy.
Included in the scenario are reductions of 20 percent in demand for air
conditioning and space heating and 30 percent for miscellaneous electricity,
all based on improved building insulation and improved appliance design, with-
out change in 'ife style or comfort.
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On the industrial side, a 35% reduction in petrochemical feedstocks and
a 10% reduction in primary aluminum is assumed, based on increased recycling,
as well as a 30% reduction in miscellaneous electricity use. (it must be
remembered that all "reductions" are relative to the reference scenario level.
They are not absolute reductions, but lesser increases.)

In transportation, a k0% reduction in air travel and a 15% reduction in
auto travel are predicted, compensated by a 12% increase in bus, rail, and
mass transit travel. Again, all changes are relative to the reference model.

The third scenario, labeled "Pro>ect Independence," is intended to
achieve a ^0% reduction in overall energy use relative to the reference system.
This scenario does assume interferences with free market choices, forcing re-
ductions in auto travel, industrial electricity, and process heat use, and
forcing some level of discomforts in dwellings.

In the residential/commercial sector, improvements in new building shells
and retrofitting for present buildings would be needed to attain an additional
10% saving in heating and 15% in sir conditioning, over the saving assumed for
the "Reasonable Conservation" scenario, coupled with temperature adjustments
in existing structures until the retrofits are done. Industrially, a doubling
of the decrease in process-heat utilization is projected, as compared with the
"Reasonable Conservation" scenario (which would mean a k0% reduction by 2000
as against the reference projection), and a 50% reduction in miscellaneous
electricity use. It is agreed that such a reduction will require shifts from
energy-intensive to less intensive products, and thus significant dislocations
in the economy, and government action will be required to produce such shifts.
The transportation sector calls for a 30% reduction of auto travel compared
with the reference system, even with some intercity travel shifted to automo-
tive from air travel.

Some extremely interesting trends emerge from the tables projecting use
of various energy sources to the year 2000. The "Reference Case" projection
for coal use, for example, shows that, starting at about 600 million tons of
coal used in 1975, the demand would rise to about 1600 million tons by the
year 2000. Under the "Business as Usual" case, it would rise to about 1250
million tons in 2000; with "Reasonable Conservation," only to 800 million
tons; and under "Project Independence," it would decline to about 500 million
tons in 2000 after having reached a peak at about 620 mi 11 ion tons per year
in 1985-?99O. Crude-oil use (in million barrels per year) would rise from
the present level of about 6000 to 11,600 in 2000 in the base-line case, to
only about 6400 for "Project Independence," 7^00 for "Reasonable," and 9200
for "Business as Usual" — all in the year 2000. The conserved amounts as
projected here are thus truly enormous.

Another category of projections with important consequences deals with
the environmental effects of the scenarios. Strip mining, for example, which
is at a level of 160 square miles per year now, would rise to 390 square miles
per year by 2000 under the base-line projection while rising to 300 square
miles per year at that time with the 15% conservation "Business as Usual"
strategy, and actually declining to 140 square mifes per year in the 40%
conservation "Project Independence" scenario. Similar projections for the
amounts of CO? produced per year range from 2 x 10 1 3 pounds per year for the
base line projection, 1.6 x 10 1 3 pounds per year under "Business as Usual,"
and 1.1 x 10 1 3 pounds per year for the 30% "Reasonable" projection, down to
8.1 x ?0 1 2 pounds per year for the k0% "Project Independence" case, all for
the year 2000, and compared with about 1 x 10 1 3 pounds per year in 1971*-
Sulfur oxide emissions also show similar trends, with even more sensitivity
to the selection among the options.

258



AH the conservation measures projected by this study foaci, by definition,
a capita) cost less than the present value of the energy savings from the
measure, so that, in principle, pricing alone would implement them. However,
the costs include valuations of social, environmental, and developmental costs,
and these are not now passed on to the consumer, so that prices do not neces-
sarily reflect them correctly. Further, since the impacts of higher prices
on different people and activities will differ, inequities would result from
a simple reliance on pricing as an implementation method.

Conclusion

To summarize, there is no doubt that, although the direct value of energy
in the overall economy represents only a small percentage of the GNP, energy
is so intimately woven into the fabric of much of the economic activity that
curtailment of its availability or unusual increases in its price may well
have very serious effects on economic health.

Nonetheless, despite the fact that in recent history the growth rates of
energy and the economy have been rather closely parallel, consideration of
other economies and studies of the details of the interaction between the use
of energy and specific economic activities suggest that the growth of energy
use can be reduced by eliminating waste and substituting more efficient
processes for some of those now in use, and that such actions will not neces-
sarily entail economic stagnation or reductions in standards of living.

However, a number of cautionary points must be considered, and many
uncertainties remain to be resolved. For example, although waste elimination
can reduce energy use, this is to a certain extent a "one-time thing" and the
reduction rates probably cannot be maintained indefinitely. Also, many of
the waste-reduction processes have built-in time lags since the present, less
efficient methods represent capital investments that must be amortized before
the more efficient alternatives will, in the normal run of things, be imple-
mented.

Another area of concern is the availability (and cost) of the capital
required for many of the energy-conservation proposals. Although any one
such modification to a process or product may well be profitable in terms of
the capital invested compared with the savings achieved, the implementation
of large numbers of such changes in a relatively short time may well make
sufficient demands on the capita! resources to drive Interest rates up to
a point where the profitability is reduced or destroyed.

Although the studies cited above imply that the labor market will not be
adversely affected by the modifications envisaged, local labor and business
conditions may well be subject to severe and painful adjustments.

Many questions on the acceptability of life style changes imposed by
such energy use reductions (for example, mass transit vs. private car,
installation of insulation to save heatinq and air conditioning costs, etc.)
are unresolved, and in general, the effective elasticities of energy demand
in a period of increasing prices, for which little historic precedent exists,
are not yet on firm foundations.

Much can be achieved, but much remains 1:0 be learned and done.

259



THE IEA LONG-RANGE ENERGY SIMULATION MODEL

Charles E. Wh i t t l e

i n s t i t u t e fo r Energy Analysis
Oak Ridge Associated Universities

Abstract

A model has been developed for simulating plausible U.S. energy supplies
and demands for the last part of this century and the early part of the 2!st
century. The model falls into the category of simulation technology models,
but because of the long time span of the model, econometrically determined
parameters would be of doubtful value and are not used. By postulating future
energy demands under given technical, resource, and policy assumptions, the
decision maker is provided with useful information for bracketing the probable
outcomes of policy changes. Demand functions have been generated for each of
the energy carriers—electricity, liquids, gases, and solids—by examing the
industrial, the residential and commercial, and the transportation demand
sectors in terms of their component activities. Supply functions have been
generated independently for each of the energy carriers based on the best
available data and estimates for the fossil fuels, uranium, hydro-electricity,
geothermal heat, and solar energy, and on present knowledge and projections
about extraction and conversion technology. For a given set of assumptions,
the carrier demands, the total energy demand, the carrier supplies, and the
total energy supply are calculated and displayed for the years 1985 through
2040. If the domestic carrier supply is within reasonable proximity of the
carrier demand, the match is considered to be operationally feasible, such that
the economic marketplace will operate. A simple computer method for combining
the independently generated supply and demand functions for the various energy
carriers has been developed, and the combined results can be displayed in
tabular and graphic form.

The Problem

A primary task, assigned to the Federal Energy Office at its inception
late in 1973, was the development of detailed strategies for reducing the
dependence of the United States on imported fuels and for achieving a maximum
degree of independence from the policies of other countries in meeting the
Nation's energy needs. In response to this task, the Federal Energy Office and
its successor, the Federal Energy Administration, developed a detailed "blue-
print" for what has come to be called "Project Independence". The major part
of this effort focused on the period between now and 1985.

The Research and Development Task Force for the project, working in
conjunction with the Energy Research and Development Office of the FEA, was
charged with assessing the potential impact of research and development on
future U.S. energy supply and demand and of various long-range (post-1985)
energy strategies. Both of these tasks involved an evaluation of existing
and emerging technologies, of resource and environmental constraints, of the
lead times required to introduce new technologies, and of long-term national
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policy options. The quantitative interrelationships between the various
factors required the use of appropriate modeling techniques for the
evaluations.

An integration model, Project Independence Evaluation System (1),
developed to provide the quantitative analysis for the near-term period
through 1985. The extensive input data required for this model made it too
complex and cumbersome for a long-range analysis beyond 1985- However, in
June, 1974, the Institute for Energy Analysis was asked to develop a syliable
model for assessing various Jong-term research ind development strategies
which were likely to have an impact on the U. S. energy system between I585
and 20^0.

Responses to the Modeling Problem

Several models of the ILS. and world energy system had been developed
elsewhere to analyze the implications of various policy issues (2,3,*0. Each
of these models has attempted to represent the interaction: between supply,
demand, prices, and other energy variables. The modeling representation is
usually made through graphical and pictorial displays and, if possible,
through mathematical relationships derived from historical data using statis-
tical techniques, or by systems analysis. An energy model, in the narrow
sense, is a set of mathematical relations, usually equations, expressing
relationships between energy variables. This definition, however, is much
too narrow for most current energy modeling purposes. Current efforts are
concerned not only with economic theory, but with technological development,
environmental quality, and the evaluation of alternative private and public
policies. The nature of a particular energy model depends on the questions
one wishes to have the model answer.

Prior to the Project Independence efforts, energy modeling had proceeded
in four major directions (5), which can be characterized as follows:

1). Optimization models are linear programming models with en
objective function that usually minimizes the costs of meeting
certain postulated energy demands from known supplies. The World
Energy Model of Queen Mary College (6) and the United States Energy
Model of Brookhaven National Laboratory (7) are examples of this
type. However, thase models cannot trace the path of events
between current and projected values.

2). Simulation models using econometrical!y fitted parameters attempt
to depict the dynamic structure and movement of the marketplace.
These models, unlike the optimization models, show the time path
of development for scenarios of different policy assumptions.
These models assume that one can derive satisfactory econometric
and energy relationships from historical data. MacAvoy and
Pindyck's model (8) of the natural gas industry in the U.S. is an
example of this type.

3). Economic structure models are input-output and interindustry type
models, and are tied to the general microeconomic models of the
total economy. These models attempt to describe the effect of
changes in the energy sectors on the total economy and the effect
of changes in the total economy on the energy sectors. The Uni-
versity of Illinois1 model of Hannon and Herendeen (9), the HIT
model of Polenske (10), and the Texas State model (11) are exam-
ples of this type.
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k). Simulation models using parametrica!ly fitted parameters are models
that, under assumed parametric values, simulate the markets for
bracketing the probable outcomes of policy changes. The Baughman
model at MIT (12) and the State of Wisconsin model (13) of the Uni-
versity of Wisconsin are examples of this type.

Efforts to predict the future with any model are difficult and complex,
and large complex models often seem to predict no better for the long-term
than highly simplified ones, especially if there are uncertainties in the
best available input data. Models incorporating explicit economic variables
are generally considered to be better models, if one has good input data.
At the present time, the values of economic parameters, such as supply-and-
demand elasticities, are so uncertain that some model builders are reluctant
to incorporate these economic variables explicitly into long-term models. For
a model to be useful for 15 to 20 years or longer into the future, an alterna-
tive method is to use broad aggregative relationships in which the economic
parameters are implicit. Such a model is usually called an engineering or
technological model.

The Project Independence Evaluation System (1), designed For the near-
term analysis, is a hierarchy of different models. It incorporates several
of the econometric techniques described above, as well as the techniques of
the engineering models, to estimate future energy demands and fuel supplies.
The multiregion, multifuel linear programming model combines the various inputs
to find the lowest cost solution for 1977, 1980, and 1985. This integration
model reflects regional differences in fuel and transportation costs and pro-
vides fuel costs averaged on a national basis.

The farther one goes into the future, the more difficult it becomes to
precict either the costs of energy or the regional distribution of supply
and demand. Major new fuel transportation links can, and probably will be,
built over the coming decades, further complicating the long-term analysis
problem. Since cost differentials—rather than absolute costs — drive the
model, relatively small errors could, over the long run, cause misleading
results.

Two approaches to the long-term modeling effort were considered. One was
to start with an existing complex multidimensional model and make a series of
simplifying assumptions to conform to the available data base. The other was
to design a simplified model, based on physical data and explicit policy
assumptions. The IEA effort has followed the second approach with the design
of a systems model to answer questions about resources, new technologies, and
related policy questions (14). The resulting energy systems model lacks the
analytical details of the linear programming approach, but the transparency of
the underlying assumptions and the ease of analyzing a wide variety of cases
will make it useful to policy makers and other potential users.

The Model ing System

The overall energy modeling framework consists of four simple systems:
social and economic factors, energy demands, primary energy sources and carrier
supplies, and environmental impacts. Using this framework, one can develop
different models for different purposes. The details of a particular model
can be developed after the questions to be answered are identified. A
particular model can require the specification of a detailed structure for
one or more of the systems or the components may be. combined or linked in a
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particular way. The variables associated with one or more parts may be
considered to be implicit variables in other parts of the total system. This
modeling framework allows maximum flexibility in model building, ;jnd allows
for the evolution, testing, and refinement for a particular effort.

The long-range, energy-balance model described here was designed to answer
technology and policy questions as they relate to the feasibility of an
operational m;*tch between U.S. domestic energy supplies and demands for the
period 1985 through 2O'»O. The model focuses on the energy consumed by the
residential and commercial, industrial, and transportation sectors and on the
domestically produced energy sources that can supply the demand. The consuming
secto s purchase liquid and gaseous fuels, some coal, and electricity. These
four forms, called energy carriers, are distinct from the basic energy
resources needed to produce them.

The model generates the supply and demand for each of these carriers and
then compares them. Since the market forces can be expected to handle the
precise balancing of carrier supply and demand, it is necessary to achieve
only a reasonable match with the model (such as carrier supplies within about
15 percent of the demands). Balancing supply and demand is accomplished by
varying the resource, technology, and policy assumptions. The decision to
match supply and demand outside the model, rather than to include a balancing
algorithm within the model, stemmed from a desire to make the underlying
assumptions most apparent. The resulting simplicity of the calculations
involved permits the policy maker or the analyst to generate several scenarios
in a short time, and to achieve an appropriate energy balance through conscious
policy choices.

Alternative model configurations were considered, ranging from a focus on
total energy to one on actual and derived demands for individual fuels. By
focusing only on total energy, the interrelationship between supply and demand
technologies is lott. On the other hand, projecting the demands for indivi-
dual fuel forms, such as gasoline, heating oil, natural gas, coaJ gas, elec-
tricity, etc., in the long term becomes increasingly difficult, and the
opportunities for interfuel substitution grow. The carrier approach represents
art effort designed to highlight the anticipated limits on the petroleum and
natural gas resources. While liquids and gases are shown separately through-
out the analysis, it is really their sum that is most critical. Except in
transportation, their large uses are interchangeable with present technology,
and coal is potentially convertible into either carrier.

The supply of each carrier is tied to basic energy resources—petroleum,
natural gas, coal, uranium (and thorium), geothermal heat, solar energy, and
fusion. The consumption of each carrier is tied to basic physical processes—
transportation, processing, heating and cooling, feedstocks, appliances, and
lighting. Since the specification of a unique supply or demand curve for a
particular fuel or demand sector is neither warranted nor desired, a set of
curves is generally provided for each. High, medium, and low options, or
optimistic, pessimistic, and expected values of supply and demand, allow the
policy maker to determine the sensitivity of his assumptions. Choices of
introduction or takeoff dates for new technologies provide an opportunity to
vary rese irch and development assumptions.

The specification of each supply and demand projection reflects both
explicit and implicit assumptions about population, gross national product,
prices, manpower, capita) and water availability, as w e M as energy resources
and technology. The model is also designed to provide gross data on environ-
mental impacts by summing water requirements, waste heat release, and
eventually other items of concern, such as land used.
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The resulting model allows one to consider a variety of long-term policy
questions: what happens to the energy system if only traditional sources are
used to meet the demand? if various new and different technologies are intro-
duced at various times? if various policy assumptions are made related to"
environmental impacts?

Calculating the Energy Supplies and Demands

The results of the individual energy supply and demand analyses indicate
either the quantitites of liquids, gases, electricity, or direct coal consumed
or supplied. The matching or balancing process involves choosing an appro-
priate series of supply options, adding up the quantities of liquids, gases,
and electricity available and comparing them with the projected demands in the
corresponding year. Operationally, this means selecting three demand options
(one for each sector) and five or more supply options—petroleum, natural gas,
coal , nuclear power, hydroelectric!ty, and any of the new supply options. The
calculations for 1972, I98O, 1985, 1990, 2000, 2010, 2020, 2030, and 20*»0 may
then be made by hand with the help of a desk calculator.

Long-range energy policy analysis requires the selection of various sets
of energy supply and demand options, representing consistent policy objectives.
For example, one might seiect the consumption patterns reflecting past trends
and then try to supply them with existing sources. New technologies could be
introduced as needed to balance the supplies and demands. Alternative policy
directions such as conservation or modal shifts could be represented and appro-
priate supply options identified.

A simple computer method for combining the independently generated supply-
and-demand functions for the energy carriers has been developed, and the
results are displayed in tabular and graphic form, so that the degree of
matching the supply to a given demand can readily be assessed.

An interactive calculation mode is available on Oak Ridge National
Laboratory's IBM 360/75 computer, using the TSO time-sharing system and a
remote telephone terminal. All optional select'on choices can be made by the
user at the teletype, and requested in user-oriented fashion. As a result,
the user requires no programming knowledge or familiarity with the internal
structure of the program. The output appears on the same teletype unit in tab-
ular and also, at the user's option, in graphic form.

Operating the Model

A composite picture of the various operational energy supply and demand
futures can be obtained by combining several selected scenarios of the indi-
vidual supplies and demands. A combination of scenarios for the energy
carriers derived from coal, natural liquids and gases, shale, nuclear, etc.,
gives a supply case. A combination of scenarios for carrier demands from the
industrial, residential and commercial, and transportation sectors gives a
demand case. If a g'ven set of supply scenarios brings the energy carriers
within a reasonable match of the projected demands on the carriers, the case
is said to be operational. For such a case, the clearing market prices on the
energy supplies should bring the supplies and demands into an exact balance.
The definition of a reasonable balance can be set at a given percentage, such
as 10 or 15, or it can be set at a given energy value in mQ, depending on the
judgment of the policy maker.
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Operating the model invoices selecting three demand options, one for each
sector, and five or more supply options, one for each of the currently used
energy sources. One can then add up the carrier demands required for the
demand options and the carrier supplies furnished by the supply options for
each of the years 1972, 1980, 1985, 1990, 2000, 2010, 2020, 2030, and 20k0.
The supply options can then be modified to bring the supplies of liquids and
gases and of electricity within a reasonable match of the corresponding
carrier demands. The heart of this process is illustrated in Tables 1 and 2
which list 53 independent supply and demand estimates developed for this model.
Thirty-eight are supply cases, and 15 are demand cases. (See the appendix for
detailed titles and assumptions.) Two cases are illustrated here as examples.

Individual Supply Scenario Example
Code Name:
Short Title:
Assumptions:

COHI2
Coal High-Coal Electric Phased Out-High Synthetics
High production of coal -high growth rate for
industry - Q« of 600 billion tor.s-high synthetic
production - phased out coal to traditional electricity-
new mapping, mining, and processing increases recovery
rate with time - plant capacity and transmission factor
and efficiency improve with time.

1
2
3

10
11
12
13

20
21

d.

26

28
29

32
33
3^

List of

C0HI1
COHI 2
COHI 3

A
5
6

TABLE 1

Supply Scenarios

a. Coal

C0H|i»
C0IN1
C0IN2

b. Natural Liquids and

NLHI1
NLIN1
NLL01
NLL02

NUHS1
NUiNI

]k
15
16

c

22
23

NLIMP1
NGHI1
NGIN1

Nuclear

NUIN2
NU1N3

7
8
9

C0IN3
C0L01
C0L02

Natural Gas

17
18
19

24
25

NGL01
NGLO2
NGIMP1

NUIN4
NUL01

Hydroelectricity and Geothermal Energy

HY0RO1

SHHI1
SHHI2

f.

S0LAR1
S0LAR2
S0LAR3

27

30

Solar

35
36

GE0TH1

s. Shale

SHIN1

Types and

S0LAR4
S0LAR5

31 SHL01

Wastes

57
38

SOLAR6
SORGWI
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39
40

45
46

50
5!

List

a.

of

Table

Demand

2

Scenarios

Industrial Sector I

INHI1 41 INHI3
INHI2 42 iNLOl

b. Residential and

43 INL02
44 INL03

Commercial Sector

RCHI1 47 RCtNl 49 RCL02
RCHI2 48 RCL01

c. Transportation Sector

TRH i 1
TRIM

52 TRIN2 53 TRL01

Individual Demand Scenario Example

Code Name: RCHI1
Short Title: Residential and Commercial—High Scenario
Assumptions: Extrapolation of the Base Case of the A.D. Little

report to 2040 - assumes that the 1990 fue! mix will
remain constant to 2040 and that the average energy
intensiveness, El, for the residential and commercial
sector will be unchanged - the residential unit growth
rate is expected to decline from a current annual rate
of 1.9 percent to an annual rate of 0.4 percent by
2040, and the commercial space growth rate is expected
to decline from 4 percent in 1990 to 0.4 percent by
2040.

The calculations required for combining supply and demand scenarios and
checking the energy balance can be done by hand, starting with the projected
data. In fact, three supply and demand cases were originally analyzed by
systematic hand calculations with a desk calculator, Within an hour or two,
one can generate and check the energy balances for a given set of assumptions
about the future supplies and demands. However, it is much quicker to check
a wide variety of assumptions about the future, if one stores the generated
data in a computerfi le and manipulates the combinations of carrier supplies
and demands by prompting the computer to do so. A simple computer method for
combining the independently generated supply and demand functions for the
various energy carriers— liquids, gases, and electricity—has been develop-
ed (16). The combined results can be displayed so that the degree of matching
the supply to a given demand can be assessed.
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Data File

The input data for the individual supply and demand scenarios can be
summarized and brought together physically for ease of retrieval during
calculations. The data files for the supply and demand scenarios have the
same format. Eacii scenario requires 11 lines; the. first two lines are a
label for the scenario and the next nine lines are the data. Line ! :s a
six-character identification label, for example, COM 11, SQLAR5 RCLO2. Line
2 is a short description of the scenario and its a.sumptions. The next nine
lines have eight columns of data for each of the nine years— 1972, 1980, 1985,
1590, 2000, 2010, 2020, 2030 and 20l»0.

Supply Scenarios

The first column is the year. The next three columns contain the
projected annual energy supply by carrier— the order is liquid, gas, and
electric. The units are in m0_ per year. Most supply sources only produce
one of the carriers; the primary exception is coal which can produce all
three carriers. Column 5 is zero except for coal scenarios. For coal scenarios.
column 5 has the net amount of coal in mQ used to provide the carriers in
columns 2, 3, and k. This data does not include the coal required for direct
use in the industrial demand sector. Column 6 is the amount of uranium mined
(in units of 1,000 tons per year) to provide the electricity in column 4, and
therefore is zero except for the nuclear scenarios. Column 7 contains the
amount of water (in units of 1 million acre-feet per year) required for
producing the supply of carrier shown in columns 2, 3, and k. Column 8
contains the waste heat lost (in units of m0_) in producing the carriers shown
in columns 2, 3, and k.

Demand Scenarios

The first column is the year. The next k columns contain the projected
annual energy demand by carrier— the order is liquid, gas, electric, and
soiid. The units are mQ per year (1 mi Hi Q = 1015 BTU). Columns 6 and
column 8 is the total net energy consumed and is equal to the heat discharged
to the environment at the point of consumption.

The Computer Program

For the production of summary tables and figures to display the results
and to minimize numerical errors, a computer program (SCEN) and the data file
(SUDE10.DATA) are presently stored on a permanently mounted disk on the Oak
Ridge National Laboratory IBM 360/75 computer. The data file and computer
program can be upd?ted using the time-sharing option (TSO) of the IBM
operating system. When using SCEN at an interactive terminal, the user
first specifies the terminal line size, allocates the input and output files
to the terminal and allocates the data file to SUDE10.DATA. Next, the user
loads the program (SCEN.OBJ) and execution begins. The user is first prompted
for the number of scenarios (NSCE) to be read from the input file which causes
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the first NSCE scenarios on the "SUDE1O.DATA" file to be read into the computer
memory. The user is then promoted to select a listing of the entire input
file section read into memory, just their identifiers and short descriptions of
one line each, or no listing at ail.

A scenario title is then asked for by the program (up to 72 characters),
and after the title is typed, the user is requested to specify the desired
supply scenarios. Presently, up to II are allowed, and they are specified by
merely typing in their sequential number in the input file as listed with the
scenarios. The numbers do not have to be typed in any particular sequence.
The demand scenarios are requested next, and there are always three of these
to list. The demand scenarios are specified as above, in any order desired.
The user is then requested to indicate if plots of the results are desired.

The program forms the sums and ratios and begins the output listing in
summary format. This consists first of a recapitulation of a list of the
input scenarios selected, followed by a list, for each of the nine years, of
the supply and demand for the carriers (liquids, gases, electricity) and the
sum of liquids plus gases in mQ units. Immediately below each supply/demand
pair, there is listed the difference (the gap between demand and supply) In
mQ_ and the percent gap in percent of the demand- 'n addition to these four
category columns (each entry consisting of a quartet of numbers as described
above, for example, supply, demand, and the difference in mQ and difference
in percent), the fifth column group presents a quartet of numbers which give
the amount of coal mined in mQ, the amount of uranium mined in units of 1,000
tons, the amount of water used in million acre-feet, and the total heat
discharged to the environment.

The program constructs the graphs by forming and then outputting a two-
dimensional matrix whose entries represent character spaces in the output
graph. Since the program is tailored to an 80-character-per-line typewriter
unit, there is a limitation on the number of possible ordinate values. The
program interpolates between the tabulated values by using a four-point
LaGrange interpolation scheme. It searches for the maximum value among both
the supply and demand curves and scales the calculated values to fit the
curves. The ordinate scale is always a multiple of 50 mQ for the total graph
height. The first graph plots both the supply and demand values for the sum
of liquids and gases. The user may then specify whether the second curve,
which plots the electricity supply and demand, is to be scaled to the same
value as the first plot, or whether the scaling is to be separately optimized.

After the second graph is completed, the user is asked to enter input for
a further case or to terminate the running of the program. The plotting pack-
age labels the ordinate and abscissa axes and provides axis lines and interval
tick marks as well as a caption, which includes the title for the case and the
quantities plotted. The sjpply is plotted with "S" characters and the demand
with "D's". Where the demand "overlies" the supply curve such that both have
the same value and the curves coincide, only the "D" symbol appears.

The Interative Matching Process: Eighteen Cases

In general, a step-by-step iterative process is used for seeking feasible
solutions or matches of supplies to demands by carrier. Several supply
scenarios have been projected in an attempt to find the best match or matches
for each of three postulated future energy demands—a high future demand, an
intermediate case, and a low case. The hich case, Bl, was one of the demand
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cases presented in the examples of the last section. This case represents a
continuation of recent energy demand trends with some moderation due to the
downturn in U.S. population projections. The intermediate case, Bk, represents
a combination of ^ome conservations and some shift to electricity. The low
case, Ck, represents a combination of strong conservation with major shifts
to electricity. These demand cases bracket the most likely U.S. energy demand
futures.

Results of the Model

!n presenting the summary of results, it must be made clear that un-
certainties underlie all of the projections used. It is not possible to
predict what the energy demand will be in the next century nor how the demand
will be supplied. The U.S. population and economic growth rates are not
known for that future time. However, projections used here do bracket a
range of plausible energy futures and can serve as a guide in helping policy
makers lead the Nation into the future with some understanding of the
consequences.

The following points are offered as observations from this study of the
U.S. energy system through 20k0i

- The most urgent energy supply problem during the long term wiil be the
shortfall of oil and natural gas. Although there are differing opinions
among the experts on how much oil and natural gas will be available, the
difference between the pessimistic and optimistic estimates makes only
about a ten-year difference in depletion times for these resources.

- Synthetics from coal and oil shale will be required to offset some of
the expected short-falls in natural liquids and gases. These industries
will need to grow rapidly starting by 1980 to have the desired impact on
energy supplies after 1985-

- The oil and gas shortfall will be so large that supply strategies alone
will not be sufficient. Energy demands will need to be shifted to
electricity to help alleviate some of the impending shortage in liquids
and gases.

- In addition to demand shifts to electricity, conservation measures will
need to be implemented to some degree to decrease the growth in overall
demand, unless the Nation is willing to operate its energy system at the
environmental limits.

- Use of conventional nuclear reactors will be required to meet the shifts
in demands to electricity, and uranium resources are also limited and
will be exhausted without the development of the breeder reactors.

- New energy sources not limited by conventional fossil fuels and uranium
resources will be needed in the long ternr,. Technologies, such as the
breeder reactors, fusion reactors, and solar systems will be needed, but
will take several decades to develop and introduce. The breeder techno-
logy has been demonstrated, but fusion reactors and solar-electric systems
are yet to be made operational.

- The other energy sources— hydroelectricity, organic wastes, and geother-
mal heat—are important but will not contribute much to the total energy
supply, unless there is an unexpected breakthrough in technology to
recover geothermal heat from hot rocks.
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There are several technologically plausible energy futures from which
the policy maker can choose. This model needs to be developed further
to estimate the related environmental quantities for each of the feasible
solutions or operational matches between supply and demand.

Limitations of the Model

In the process of using the model, its basic structural limitations as
well as the limitations due to uncertainties in the best available input know-
ledge become apparent. First, the amounts of exhaustible energy resources
which will eventually be recoverable are uncertain, and hence, optimistic,
intermediate, and pessimistic resource estimates based on different expert
opinions are required. Second, the future relationships between energy and
economic variables are unknown for the long-term analysis, although assumed
alternative energy-economic relationships can be evaluated implicitly through
the various supply and demand estimates selected. Third, the future relation-
ship between the U.S. energy system and the worldwide energy system is un-
certain. This mode! treats the U.S. energy system in isolation. It dees
assume, however, that reasonable shortages of liquids and gases could be made
up by imports from other parts of the world system. Uranium resources could
conceivably be imported also, if necessary, as they were for a period in the
past, although imports were not used in this analysis. Fourth, the structure
of the model is inconsistent on several points, but especially in the treat-
ment of the energy resource, conversion, and distribution industries. For
example, the energy losses for conversion to electricity and its subsequent
transmission are treated on the supply side, while the energy used in the
mining and processing of coal and uranium and in the drilling, pumping, and
transportation of oil and gas is counted on the demand side. The effects of
. ie of these uncertainties listed here can be assessed to a degree by
esi...rating the marginal supplies or demands needed to compensate for alterna-
tive resource or policy assumptions.
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APPENDIX

DETAILED LIST OF SUPPLY SCENARIOS FOR TABLE I

a. Coa1

1 COHII Coal High - Coal Electric High - No Synthetics
2 COHI2 Coal High - Coal Electric Phased Out - Synthetics High
3 COHI3 Coal High - Coal Electric Intermediate - Synthetics Intermediate
4 COHI4 Coal High - Coal Electric Intermediate - Synthetics Low
5 CO1N1 Coal Intermediate - Coal Electric Intermediate - No Synthetics
6 C0IN2 Coal Intermediate - Coal Electric Phased Out - Synthetics Interme-

diate
7 COIN3 CoaJ Intermediate - Coal Electric Ph <sed Out - Synthetics Interme-

diate
8 COLO1 Coal Low - Coal Electric Low - No Synthetics
9 C0L02 Coal Low - Coal Electric Phased Out - Synthetics Low

b. Natural Liquids and Natural Gas*

10 NLHI1 Natural Liquids High - Q of 500 Billion Barrels
11 NLIN1 Natural Liquids Intermediate - Q of 300 Billion Barrels
12 NLLOI Natural Liquids Low - Q of 220 Billion Barrels
13 NLL02 Natural Liquids Low - Q of 220 Billion Barrels Accelerated
)*i NLIMP1 Oil Imports Scenario 1 - 8 Million Barrels of Oil Per Day
15 NGHI1 Natural Gas High - Q of 2000 TCF
16 NGIN1 Natural Gas intermediate - Q of 1500 TCF
17 NGL01 Natural Gas Low - Q of 100 TCF
18 NGL02 Natural Gas Low - Q of 1000 TCF - Accelerated
19 NGIMP1 Gas Imports Scenario 1 - 5 Trillion Cubic Feet Per Year

c. Nuclear

20 NUHI1 Nuclear High Nonbreeder
21 NUIN1 Nuclear Intermediate Nonbreeder
22 NUIN2 Nuclear Intermediate Nonbreeder - Breeder 1990
23 NUIN3 Nuclear Intermediate Nonbreeder - Breeder 2000
2k NUIN*» Nuclear Intermediate Nonbreeder - Breeder 2010
25 NUL01 Nuclear Low Nonbreeder

d. Hydroelectricity and Geothermal Energy

26 HYDRO! Hydroelectric Power - Scenario 1
27 GEOTHl Geothermal Power - Scenario 1 - Steam and Hot Water

Shale

28 SHHI1
29 SHHI2
30 SHIN1
31 SHL01

ShaHe High - 19.*» Billion Barrels by 2040 - Unlimited Water
Shale High 2 - 12.7 Billion Barries by 2040 - Ample Mater
Shale Intermediate I - 5.8 Billion Bsrrels by 2O'»O - Ample '.later
Shale Low 1 - 1 . 0 Billion Barrels by 2010 - Limited by Water

* The numbers for oil and gas have since been revised in agreement with the
latest U.S.G.S. estimates for total recoverable resources.

272



f. Solar Types and Wastes

32 S0LAR1
33 S0LAP.2
34 S0LAR3
35 SOLARS
36 SOLAR5
37 SOLAR6
38 S0RGW1

Solar Scenario 1 - One
Solar Scenario 2 - One
Solar Scenario 3 - One
Solar Scenario 4 - One
Solar Scenario 5 - One
Solar Scenario 6 - One

Solar Source - Takeoff 3990
Solar Source - Takeoff 2000
Solar Source - Takeoff 2010
SoJar Source - Takeoff 2020
Solar Source - Takeoff 1990 - Limited Growth
Solar Source - Takeoff 2000 - Limited Growth

Organic Waste Scenario 1 - Burn Waste - Produce Electricity

Detailed List of Demand Scenarios for Table 2

39
4o
41
42
43
44

INHI1
INHI2
INHI3
INL01
INL02

INL03

Industria* -
Industrial -
Industrial -
Industrial -
industrial -
Industrial -

b.

a.

High
High
High
Low
Low
Low

Industrial

Scenario 1
Scenario 2
Scenario 3

Scenario 1 -
Scenario 2 -
Scenario 3 -

Residential and

Sector

- Reference Energy
- Conserve
- High Oil
Reference
Conserve (
High Oil <

Commercial

Oi1 and Gas
and Gas
Energy
)il and Gas
and Gas

Sector

45 RCHI1 Residential and Commercial - High Scenario
46 RCHI2 Residential and Commercial - High Electric
47 RCINI Residential and Commercial - Intermediate Scenario - Conservation
48 RCL01 Residential and Commercial - Low Scenario - Sol3r Heating 6 Cooling
4g RCL02 Residential and Commercial - Low - Solar Electric

c. Transportaiton Sector

50 TRHil Transportation - High Scenario - Maximum Demand Mode Shift
51 TRIN1 Transportation - Intermediate Scenario - Middle of the Road
52 TRIN2 Transportation - Intermediate Scenario - Mcde Shift - Conservation
53 TRL01 Transportation - Low Scenario - Technological Fix
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SUPERCONDUCTIVITY AND MAGNET TECHNOLOGY*

by

M. S. Lubell

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

Introduction

Although superconductivity has been studied for a long time (over 60 years)
and only recently been applied to science and technology, the occurrence of
superconductivity is not really a rare phenomenon. In fact, the contrary is
true since more than 1000 compounds and alloy systems as well as 26 elements are
known to exhibit superconducting properties under normal conditions (at very low
temperatures). A wide variety of crystal structures are represented amongst the
known superconductors. However, the most important ones do seem to have cubic
symmetry such as the body centered cubic (NbZr and NbTi), face centered cubic
(NbN), and the A15 or 6-cungsten structures (Nb3Sn, V3Ga, Nb3Ge, NbjAl, and
V3Si).

Today, we quite rightly regard superconductivity as a phase change with
well-defined critical parameters rather than as a property of the material such
as zero resistance. I shall first discuss a little background then the three
parameters that characterize superconducting materials with values of commercial
materials as examples. I will then discuss our attempts to understand some of
the particular phenomena associated with superconductors as a necessary prelude
to constructing superconducting magnets. The origin of degradation will be men-
tioned and methods to stabilize magnets illustrated. Finally, I will discuss
the results of our design studies of toroidal magnet systems for fusion reactors.

Background Theory

Superconducting behavior is a quantum mechanical effect on a microscopic
scale. At low temperatures, most of the conduction electrons are in their lowest
energy states. Viewed as a band model, some of the electrons near the top of the
sea can form pairs with an attractive interaction. An electron interacts with
the lattice through the phonons, and this slight polarization of the lattice is
transmitted to another electron which is also interacting with the lattice. The
net result of this electron-phonon coupling is a positive interaction betwaen
electrons. The electrons are paired with equal and opposite momentum, and in
their ground state the total electromagnetic momentum of the pair is zero. This
leads to a phenomenon called the Meissner effect which holds for all supercon-
ductors at low enough fields and a particular class (type I superconductors)
entirely. It is very easy to understand the derivation once the assumption of
the total momentum being zero is accepted.

•Research sponsored by the U. S. Energy Research & Development Administration
under contract with the Union Carbide Corporation.
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In Figure 1, the total momentum includes a mechanical momentum plus a vec-
tor potential term due to the presence of a magnetic field. After solvina for
the velocity and substituting for the current density, we find that the current
density is proportional to the vector potential. If we '.ake the curl of both
sides and substitute Maxwell's equation for curl A, we obtain an expression
known as London's first equation. London's equation curl j proportional to
field takes the place in superconductivity that Ohm's law takes in electricity.
The current density is no longer proportional to the electric field (j=o£) but
rather curl j is proportional to the magnetic field. If we now substitute an-
other Maxwell equation in London's equation, we have curl curl H proportional to
H. But curl curl ie equal to gradient divergence minus del squared, and since
the divergence of field is zero (another Maxwell equation), we obtain the
Meissner equation with the solution given on the bottom line of Figure 1.
The next figure (Fig. 2) shows what this looks like.

ORNL-DWG 72-9744

j = ~-£rr- A (AS j = ne"v)

CURL j = -J-s H (AS H=CURL A)

LONDON'S 1st EQ + MAXWELL (CURL H = j )

H(X) = Ho EXP( -x /X )

Meissner Effect.
Figure 1

A semi-infinite piece of superconductor with a magnetic field increasing
in magnitude will have a current induced on the surface which serves to shield
the magnetic field from the interior. The shielding depth X is called the
London penetration depth and it is approximately 1000 8 in order of magnitude.
Values between 500 to a few thousand angstroms have been measured, so the
shielding distance is very small. As expected from our derivation, this pene-
tration is also consistent with Maxwell's equation in that the tangential com-
ponent of a magnetic field is continuous. Superconductors on a macroscopic
scale are consistent with Maxwell's equations. It is only on microscopic
details that one finds Maxwell's equations inappropriate and has to employ
quantum electro-dynamics.
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Figure 2

Critical Parameters

There are two classes of superconductors: type I and type II. For »nany
years only one kind, the type I, was known, and they are generally not of tech-
nological interest except very recently in the area of superconducting trans-
mission lines. The reason can be best understood by looking at the magnetiza-
tion properties. Since superconductors ere diamagnetic, the magnetization is
shown as -4 irM vs H. For type I superconductors, the magnetization (-4 TTM)
increases with increasing field until a field Hc called the thermodynamic
critical field is reached. At this value of external field, the type I super-
conductor reverts back to the normal state. Above this field value it is
entirely in the normal state and below this field it is perfectly superconduct-
ing with the Meissner currents shielding the field from the interior. If we
look at the magnetic induction B=H+4 TTM for this case, we see that it is zero
until the critical field is reached and then it is proportional to field. The
magnetic induction is zero in the bulk of the type I superconductor and hence
the origin of the term that a type I superconductor expels flux from its in-
terior. Unfortunately for superconducting materials, Hc is the order of 1000 G.
In lead (Pb) for instance Hc is about 575 G. This is too small a value for mag-
nets because if you try to make a magnet out of lead wire, it would go normal
and quench itself when it produced a self fielc1 higher than Hc at the surface
of the wire. This is what happened to the early experimenters who first
discovered superconductivity 60 years ago.
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If we ••urn our attention to the type II superconductors (Fig. 3 also) and
they have been widely studied for the last fourteen years, vie see the magneti-
zation properties more typical of alloys and compounds. The magnetization vs
field undergoes a change at a particular field, called the lower critical field,
well below the thermodynamic critical field value. The magnetization persists
all the way up to a particular field called the upper critical field. Only
above the upper critical field is a type II material completely normal. Below
that value it is in the so-called mixed state and below the lower critical field
it is in a pure superconducting state. The meaning is clearer by observing the
magnetic induction vs field curve. At the lower critical field, flux starts to
enter the bulk of the type II superconductor but there is still some difference
between the induction inside the material and the external field. This persists
all the wiy up to the upper critical field when the material is then completely
normal. Tnis curve is for an almost reversible type II superconductor. There
are other features to the magnetization property, and these will be discussed
below.

ORNL-DWG 72-«742

TYPE 1 TYPE II

^t—NORMAL—
Hc2 H

c H — Hc, Hc2 H

Magnetization and Induction.

Figure 3

The second critical parameter which characterizes superconductors is temp-
erature and the critical fields depend on temperature. The next fiqure shows
the variation of magnetic field with temperature for the three magnetic fields
discussed above. The order of magnitude of the critical fields at 4.2 K is
listed. The upper critical field drops off with increasing temperature in al-
most a linear fashion as Tc is approached. The critical temperature Tc of a
superconductor is defined for zero field. At any field value the critical temp-
erature (transition from superconducting to normal state) is less than the zero
field Tc. At constant temperature, the pure superconducting state exists up to
Hcj_, the lower critical field. \Above this, the mixed state region persists
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until finally the normal state transition occurs at the upper critical field
HC2- The thermodynamic critical field Hc is not measured for type IT supercon-
ductors but it can be defined and it has physical meaning which we will discus:;
later, so it is indicated here by a dashed line. This is the only critical
field with a fairly well defined temperature variation. Many superconductors
have critical fields which decrease with a quadratic temperature dependence
above 4.2 K, the normal boiling temperature of liquid helium.

ORNL-DWG 72-

• H c 2

(NORMAL)

Hc =H C(O)[I-(T/T C)
2]

HC1 ~ 100's 6
Hc ~ 1000's G
H c 2 ~ 100's kG

Critical Fields vs Temperature.

Figure 4

Properties of Commercial Materials

In Fig. 5, values of the critical temperature and upper critical field are
listed for three commercial materials used in the construction of magnets. NbTi

ORNL-DWG 72-9740R

DUCTILE ALLOY
NbTi

BRITTLE COMPOUf>

IMb3Sn

3

TC(K)

8-10
ID

18.3
14.5

Commercial

Hc2(kG)
100-120

225-250
210-230

Material.

HC2(PRACTICAL)(kG)
80

150
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Figure 5
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is a ductile alloy and various compositions are used commercially, such as
Nb-50% Ti up to Nb-78% Ti, so this is indicated by a range in critical tempera-
ture. It must be noted that each composition has only one critical temperature.
The values of the upper critical field are those measured at 4.2 K. For NbTi,
it is between 100 and 120 kG (i.e., 10 tesla = 10 Wb/m2 = 10 V-sec/m'*). I have
also listed the practical upper critical field which is limited by the current
density which decreases with increasing field. For NbTi the practical field
limit is 80 kG, for above this value it becomes economically unsound to make
magnets. The current density is too low and it is more sensible to use another
material above the practical limit. The two high field materials are brittlr-
A-15 compounds and are not yet available in wire form. They are available only
as thin films. The practical upper limit for Nb^Sn is 150 kG although some small
magnets have been made with fields close to 160 kG. V3Ga could extend magnets up
to 170 kG but as yet no large high field magnets have been made with this mater-
ial which is available only from Japan within the last three years. There are
stability problems with these high field materials and that is why there have
not been many large high field magnets constructed. Note that although the up-
per critical field of V3Ga is a little lower than Nb3Sn, it could be used to
produce higher field magnets and this is due to the field dependence of the
critical current density.

Let us take a look at the cross section of a modern NbTi magnet wire:

Figure 6

This wire is one-tenth of an inch in diameter overall, has a copper to supercon-
ducting ratio of 2 to 1, and each of the 2133 superconducting filaments is 1.25
mils in diameter. The wire carries 2000 A at 50 kG for an average current dens-
ity of about 42,000 A/cm2. If used in a magnet with a packing factor of 0.6 one
could easily obtain a magnet with an overall current densxcy of 25,000 A/cm".
The filaments in addition to beir.g small are also twisted with a pitch of one
twist per inch. This gives dynamic stability in a rapidly changing magnetic
field. This wire with fine, twisted filaments is the so-called adiabatically
stabilized NbTi conductor and wires like this can then be stranded up and made
into flat braids of transposed strands or cables with twisted strands. In this
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form they can be used for pulsed magnets and today find application in synchro-
tron magnets and superconducting generators and motors.

The NbTi material is prepared by arc melting the powders in an inert at-
mosphere, to for*", ingots weighing between 100 an3 1000 lbs. Tht ingot is then
extruded and swaged into rods. The rods are drawn down and co-drawn inside a
tube of high purity copper (OFHC) with which it forms a cold welJcd bond. The
units are stacked in a billet can of copper and extruded into a 2-inch rod. It
is reduced down to a wire by swaging and drawing and some annealing is used to
assist in the urawing operation. After reaching final size, they are given a
heat treatment of about 350-400°C for about a half hour. This accomplishes two
things: it produces percipitations (probably dissolved gases) at dislocations
which produce optimum critical current density. Simultaneously, the copper is
annealed and its conductivity is increased which is necessary for stability.
A certain amount of copper or high conductivity normal metal is required to be
in good metallurgical bond with the superconductor to remove the heat which al-
ways gets produced when the magnetic field is changed. It is now possible to
fabricate multiple arrays of fine filaments in a conductor with a round, square,
flat, or even tubular matrix. The latter configuration is used for forced flow
of compressed helium much in the same manner as water cooled conventional
copper coils.

The next figure illustrates the cross section of the high field ribbon con-
ductor, NbsSn, manufactured by IGC {formerly GE Superconducting Department).

Nb RIBBON WITH Nb, Sn LAYER

i.27cm

^777777777777777777. .07 mm
.05 mm

.02 mm

STEEL
COPPER

ALL LAYERS SOLDERED

Figure 7

The particular sample is 0.5 in. wide and approximately S mils thick. It is
prepared by passing a Nb-1% Zr ribbon first through a bath of raolten tin which
adheres to its surface inside a furnace with an inert atmosphere. Then the
tape is heated to 950°C for 15 minutes also in an inert atmosphere. The tin
diffuses forming NbjSn. Copper and stainless steel if needed for strengthening
are then soldered to the Nb3Sn with Pb-Sn and finally the surface is coated »-ith
a varnish insulation.

A material such as the one shown in the iigure is capable of transporting
between 300 to 800 A at 100 kG. The value of the current carrying capacity
depends on the length of heat treatment and thus the thickness of the Nb3Sn
thin film layer formed. One pays more pe>r foot for higher current material,
i.e., the longer processing time adds significantly to the cost.
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Critical Parameters of Type II Superconductors

I should like to return now to a closer look at the critical parameters
previously mentioned and see what theory predicts .about them. The thermodyna-
mic critical field, Hc, while small for practical purposes is important to know.
In zero field, the difference between the superconducting state and the normal
state is known as the condensation energy in analogy with phase changes. This
energy is equal to H^/Qv which is determined experimentally by integrating the
area under the magnetization vs H data. This is the amount of energy per unit
volume that must be supplied to raise the superconducting state to the normal
state. Figure 8 is a plot of the Gibbs free energy. The sign of the supercon-
ducting state is minus as it is a more ordered state and h^nce has less entropy
associated with it. As a magnetic field is increased on a superconductor, the
free energy of the superconducting state (solid line in Fig. 8) approaches the
normal state and the difference ceases at the tipper critical field, ftC2-

 W e

can predict the value of the upper critical fieli from normal state parameters
of the material. The GLAG theory which has been successfully applied to snany
aspects of type II superconductors predicts the value as HC2(kG) = 3.1 * 10~

5

PnYTc where p n is the normal state resistivity (uS-cm), y is the coefficient of
the electronic specific heat term in the normal state (ergs/cra3-K2), and T c is
the critical transition temperature in zero field (K). This expression works
fairly well for type II superconductors if the upper critical field is not too
high (below 100 kG). When HC2 gets too high, other effects start to play a
role. For instance the normal state is paramagnetic and as such it is also af-
fected by a magnetic field. When a correction is made for the Pauli spin para-
magnetism, one predicts an upper critical field Hp(kG) = 18.4 Tc dependent only
OK Tc- Refinements to chis theory include spin orbit corrections to the super-
conducting state yielding H*(kG) ^ 13 Tc. Other more sophisticated approaches
allow a little better fit with experimental observation, but the real importance
of these theoretical calculations was the prediction that a high critical field
requires a high critical temperature. Some ^rent experiments violate this
simple proportionality between HC2 and Tc be ause small increments in T c (10%)
have yielded increases of a factor of almos two in HC2- For example,

(AlxGei_x) has a critical transition temperature about 2 K higher than
yet its upper critical field at 4.2 K is 420 kG as opposed to 225 3cG

for

Let me turn your attention to the critical transition temperature. The
theoretical expression shown in Fig. 9 was derived in the BCS paper (the first
successful treatment of superconductivity was given in a classic 1957 paper by
Bardeen, Cooper, and Schreiffer). The .-critical temperature depends on the pro-
duct of the Dabye temperature, GD, and the exponential -term containing N(£j),
the density of states at the Fermi surface, and V the electron-phoron inter-
action parameter. Since 6D and N(Ef) can be determined from phonon spectra and
specific heat data, the critical temperature can be determined once V is known.
Unfortunately, V cannot b? experimentally measured or predicted by theory. We
have one equation with two unknowns. Henco, T c cannot be predicted from basic
material parameters. If we turn the equation around and solve for V, we can
find out its value by measuring Tc [and independently Gfj and N(Ef)J. A plot of
the high Tc superconductors shows that the ones with a Jarge value of N(Ef} have
a small value of V and vice versa. Since there is no theoretical reason why a
superconducting material could not have a large value of both parameters, the
search for higher transition temperature superconductors continues. The opti-
mists predict an upper transition temperature of 40 K. In the next figure 1
have plotted the transition temperature against date of discovery only when it
was an increase over previous known ones. It is interesting to observe that the
data can be fit by a straight line and also that a new increase in the supercon-
ducting transition temperature has been found each decade. If the trend con-
tinues, a 30 K superconductor will be available at the turn of the century.
However, a liquid N2 superconductor will not be available until 2200 A.D.!
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The last of the three parameters which are used to characterize type II
superconductors is the critical current density, j c . In Fig. 11 I have compared
the magnetization curve of a superconducting material almost free of defects,
i.e., almost a reversible curve with little hysteresis with one containing
metallurgical defects which act as pinning sites. Below the magnetization curve
is a schematic showing what the critical current density would look like for the
two cases. In fact, if there were no defects at all (perfectly reversible mag-
rjtization curve) the critical current density would drop to almost zero just
above the lower critical field. In order to raise the critical current density
of a superconductor, one must add defects which can be dislocations, second phase
precipitations, impurities, grain boundaries, etc. Even damage due to radiation
often raises the critical current density. Thus with defects which can act as
flux pinning sites, a superconductor will likely have a high j c . With some
superconductors j c decreases sharply to zero only in the vicinity of HC2# the
upper critical field while with others j c degrades well below the value of HC2-
For each superconductor, the useful range of j c has to be determined by a
complete j c vs H measurement.

In discussing the three parameters HC2, Tc, and j c which characterize a
superconductor, it seems to me that the first two are more fundamental than j c .
Both HC2 and T c are properties of a particular alloy or compound while j c
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depends on the metallurgical art. Two pieces of the same alloy may have essen-
tially similar HC2 and Tc but widely different j c . Much experimental work has
gone into finding the proper heat treatments and co3d working to optimize j c .
Some of the physics reasons for the differences in properties will be discussed
below.

In Fig. 12 the critical current is given as a function of H for constant T
and T for constant H. The j vs H curves vary widely, but the one shown is quite
typical of the commercial supperconductors. On the other hand, the j vs T curve
is similar for many superconductors in that j depends linearly on T with the on-
set of the linear drop off coming between 1/3 and 1/2 T c. Note particularly
that for all superconductors of commercial interest, j c decreases as temperature
increases. This is one of the major reasons for the magnetothermal instabilities
leading to thermal runaway. Some superconductors have been found to have regions
where j c increases as temperature increases for true intrinsic stability, but
unfortunately the magnitude is too low to be of technological importance. In
the next figure, the values of short sample critical current density vs field
are shown for commercial superconductors. The current , ensity is for the super-
conductor only. For example NbsSn has a short sample j c value greater than
105 A/cm2 between 100 and 130 kG but in a magnet values of 2 x 101* is about the
maximum achieved because it is necessary to couple the superconductor in close
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contact with copper or aluminum for protect l<t>»t, st*ii »*!*?«» •«,««! ?or .-it.
and Additional jsstrksswj CseiOTii i.<> previstj s t ab i l i ty . A siiBii»*r •;;»? u.tt
also for the NbTi conductor. In «mali f«cfn«t» later*?*! «»M.-r«iy tv«s th,
overall current densities of .10 fcAA-iB" and 60 kA/cit' h*iv»? bet*» jrtii«,<v«
of 70 kG and JO ktJ, respectj.wly, whkrh i« .« Hi<.|h«r
pls? values at those fields* tiun «ao 5»« ...4ttain<,sd with
better stafeii i sac ion technique and t}re»tijff fJ.it.Ee In
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Figure .14

Su{»@fconducttv$ behavior Is <*Khibit<Ml i s# i4e t:h«? boun4«tt surf«»«.*•» .tsrf s
p r o p e r t i e s outsider. T5s« d e s i r e of sls«t »»«!.»;•»-«? tt)chnol«H|i»t i s to op*>r*i«.« «»•
s t a n t T as c lose t o the 3urf&e# as |*»s»sifc>le in •» control Ial. 1«? fashion.

I should UJMJ to cake 4 closer look at certain »ifs*osco|.sic f>ro|»:;rt*•-?,•
and explore the question of how Kho maQnotie flux penetrates the jsuj'Ksrconductin**
material in the so-called nixed s ta te retfion (above? the j><?n«>tratina field, !S(,|,
and below the iwrmality transition at th» upjicr c r i t i ca l field. He.-2.1 • TSw flux
penetrates in the form of qutt.ntized vortices, i . e . , the fi«ld in a sujjereon.iuctor
exists in units of *he flux quantusa % •» ch/2e « 2 * 10"T n~emr . The core ..»f th«
flux line is essential ly normal with the field {.tenetratinq the pure ssu|>ereonduc-
ting region a distance of the London penetration depth. The radius of thi* flax
line is called the coherence distance C which is closely related to the distance
over which the lotvj range pairing of the electrons exis ts . Note that th«?
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rrc?>* flows to support the- magnetic induction (recall London's first
•:!i::csj«.:ed in i'iq. !, curl i -' - U/X'iH). Inside the core j [v 0 and
,, while outrtide the core j 2. Joanc^ B — 0 - T'ie difference between

"iind <i type I! superconductor is the- relative magnitudes of £ and X.
pe II superconductor -. '• •"' while for <» typo I, f. tf *• and no flux
aro formed. It it; energetically more favorable to expel the flux

in J typo J -.superconductor th«si r.o break up into quiintized flux lines. If
vie loo'f. at »i slab of superconductor in a magnetic field perpendicular to
tho plane of tht> slab but without transport current, we observe the flux
line pattern shown schematically in rig. 16. The fluxoids form a triangular
lattice-, am! the magnetic induction in the material is just the product of
the dertisty of fluxoids with the flux cnjflntum, B = n<p with B in gauss when n
i« flusoid number/cm"^ and C is 2 x 10 ' G-cm'. Such a lattice has been seen and
photographed experimentally*. If we now pass a transport current through
the slab in the direction parallel to the surface, we then find a gradient
of th«j fluseid distribution in accordance with Maxwell's equations,
curl B - j. It is the establishment of the gradient that causes many problems.
The fluxoids have to redistribute themselves and in doing so, heat is created.
The fiusciKls transport entropy and consequently heat. The steady state
distribution can exist without problems but a change in B or j means s change in
the flux distribution and the evolution of heat. As discussed above, the
heat loads to a decrease in j c and hence additional penetration of the magnetic
field which causes more heating, etc. Thermal runaway is always lurking in
the background because of the basic physical facts that all materials have
small heat capacity at low temperatures and supervonductors have poor thermal
conductivity and thus any heat formed cannot be dissipated rapidly.
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In the next figure, I wish to take a closer look at one of the fluxoids.

\ l

Figure 17
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Suppose the field is . i the z-direction and the current flows in the y-direction
(hence the gradient of the flux distribution is along the x-direction), then
by the Lorentz equation a force exists in the x-direction(Fg) - j x B
on the fluxoid. The fluxoid would move creating heat were it not for
metallurgical defects which react against the Lortntz fc ce and pin the fluxoids.
Without pining centers, superconductors would not carry transport current
because A gradient of fluxoids could not be established. Much confusion is
avoided if one keeps in mind that it is the current vortices which move, not
the magnetic flux. Motion of the vortices is possible iu a steady magnetic
field when the Lorentz force exceeds the pinning force. If we assume that
the vortices move in a viscous-like medium with viscosity coefficient 11,
we can obtain an expression for the voltage associated with fluxoid motion
and for a differential resistivity called flux flow resistivity. In Fig. 1.8,
the equations for the most simple approach to flux motion are given. When
the Lorentz force is less than the pinning force, there is no motion of
fluxoids {here assumed to all move uniformly), v = 0 and consequently
E = 0 (note one could also incorrectly view the voltage as arising from a
Faraday induction E = v x B ) . However, when the Lorentz force is greater
than the pinning stfengtn, motion at velocity v is assumed and consequently

power is generated as v
r

If this power is equated to £ • j, the-1 an
expression for E is obtained which to a first approximation is verified by

= J K B
ORNL-DWG 72-9733
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Fp ; R - Fp = T)\I

P = E - j *

Jc

Fiux Flow Voltage

Figure 18
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experiments, i.e., E is proportional, to the differenci.- of j and tin.- critical
value of current density, j at which the fiuxoids initiate motion. One i'an
also use the equations given in Ki-j. 18 to obtain a value uf the tlux flow
resistivity, o. = B$ /»c~, and it is experimental I- given as the slope of
the E vs j linj, p f = dE/dj.

Flux Penetration and Magnets

If you are willing to accept the fact that wo have \ metal in the
superconducting state below some critical temperature and critical field
which can carry loss less transport current, the next question to face it;
how do we buiid a suporconductinq maqnet. If one rakes some superconducting
wire and proceeds in a direct manner to wind a manner dith a load lim.-,
H = const. !j), where the constant it; determined by the goosnet ry, one
discovers that the anticipated critical ] is not attained. The situation
is shown schematically in Fit;. 19. The design point, although shown right
on the short sample value, should obviously include some safety margin to
avoid a quench of the maqnet. However, many magnets constructed from a
wire with such a short sample characteristic are known to suffer degradat ion
3r the quenching at a current value usually one-half or i-von in some ca:;i-:-.
one-third of the value that a short piece will carry when exposed to tne
same maximum field. Rather than considering this situation--deqradation
by two or three—I prefer rather to use the load line and the percent
attained which in many cases has been only 50 or bO\.

The origin of degradation is a phenomenon known as flux jumpinq which
is initiated by a magr.etothermal instability. The necessity to chancje
the magnetic flux in a superconductor is accompanied by a release of heat.
and unfortunately superconductors along with all ether metals have very
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small heat capacity at low temperature. Considering the picture of fluxoids
qiven previously, note that i, reasing a current j in a wire or ribbon in
a magnetic field B causes a Lorentz force j x B on the flux which tends
to drive thu flux through the supervonductot" again'", the pinning action
of the metallurgical defects (areas of different _ ee energy than the
superconducting phase). The process of establishing a transport current
therefore requires a certain amount of energy and this energy is dissipated
as heat. In steady state conditions, the heat and also the resistance
drori to zero. It should be readily appreciated that if, during a change
in current or field, heat is generated anywhere in the superconductor
at a rate faster than it can be conducted away and transferred to the
cooling bath, an unstable condition will develop in which the local
temperature will rise and tie material will revert to the normal state
in a thermal runaway. When this process occurs in a magnet, the dissipation
of the stored energy {E =(1/2)LI") occurs rapidly and spectacularly. A
closer look can now be qiven to the origin of ths fluK jumping phenomena.
The penetration of flux by a changing magnetic field produces the critical
state in type II superconductors. Briefly, this means that everywhere in
the superconductor the current density is either zero or flowing at the
critical (maximum) value determined by the local magnetic induction and
temoerature. Flux enters at the surface and moves usually in bundles rather
than as individual flux lines. The induced current density Jt.(B) shields
out the magnetic- field from the interior. The schematic on this page (Fig. 20)

H
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illustrates this penetration of an increat .nq fit-Id mi a somi-infnu:.' slab

without any transport current. Maxwell*:, equation curl H -1" l(./l"

(in practical units) is valid. Vov type II -.uperconduct crs, i . i-. hiiili .it

low fields and low at h u h field-;, heiict- ' :»• shape of tin- i . vs x .-urv.-.

Conversely, it" one has knowledge of the i,_ vs B behavior of a superconductor,

then the penetration distance can be calculated tor known field VIIIIK-H.

One can then determine if the field has penetrated to the cctr.tar of a

wire or strip. Instead of a wire or strip which is what w use in msn.iiu.-t1 s,

the observation of flux jumping can be illustrated beat by usirtq a cylinder.

In Fiq. 21, a field probe i!lall or maqnetores isl.ant.-f- i;; mist commonly usi-d)

inside the tube is plotted on the ordmat •:• and the chaiiqinu external field

is plotted on the abscissa. The induced current in the walls shit-Ids out

the external field until oenetrarion reaches the inside nf the wall.
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At this point one of two events is possible. Either the fielJ wil? rise in
the interior along with the external field (although still lagging by an
amount determined by the value of jc) or a breakdown of the induced currents
will occur and the internal field will jump to the value of the external
field (hence the origin of the name flux jump). Of course, a jump can
occur before the induced current fills the wall, and this is usually the caae
for solid cylinders (i.e., the flux front doesn't reach the center). Once
the ce.iter is reached without a flux jump, the possibility of a flux jump
decreases because the gradient of flux profile decreases. For a calculation
of the field at which a flux jump will occur, we assume there is a small
local temperature excursion, AT^, which leads to a decrease of the current
density Qjc/3'f is negative) leading to the penetration of more flux
which results in more heating and an increase in the local temperature AT^.
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li' .'.T. ii; situllor than \T , then th« condition ia a stable one but if i t
i;: grcsivf, tin:!, tin/ runner ati.vi: process loads to a rapid temperature .increase
whii.'S •«•!• ri-f<:r tu as a thermal runaway. Psinq an adiabatic model one carr
.it1! !••••• ; 'i • t11•--1 ci !'.'!" ' : i" nnsi ' t of ,i l in- rmal runaway. I t depends; most
strontjly on the; heat capacity of the superconductor and the temperature
ijiEfor«r.cc! between T ,, (transition tt-ir.nc-ratur^ fnr field desired) asid T_

n, • th fcortper.ituri; luaually liu. a t r.r.t -i lmants
'"'

verified all the qualitative features ot the theory but quantitatively the
•J'.vory is pessimistic. Note that the theory implies complete stability for
a mate-rial with a.Tr,/3T positive, i <3 for material with small enough cross
faction, no flux -('K will ocnur. Thc-so predictions have been shown to
bo valid by experiments. A look at r'iq. 2J will clairfy the physical
1 iras t :••,• wp. caused by the poor t hen«a I conductivity and low heat capacity—
the- latter a universal property of all metals at 4.2 K. In a superconductor
Cibii is useci in tin- example but it is typical of all type II superconductors),
till' maqru-t i.- iliffusivity is high because of the high value of the flux
flow rcKistana; while the thermal diffusivity is low owinq to the low value
of thermal conductivit:y. Thus in a pure superconductor the adiabatic
approximation M-- usually cjood (however, many disagreements between theory
.1.'1 L-Kpv-r iSiiL-sit may arisi' from the fact that the dynamic resistivity of
•iUii-rconduk-t'i! *, '.-• a ft-w orders of ra<jqnitudc less thar the flux flow
value assd thut> deei'fasiriq the magnetic diffusivity unt: 1 it is the same order
• if naifiiitvidv ,-ts tho vncraal diffusivitv) . The values of D . and D are well
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known for commercial metals such as copper and aluminum where the situation
is reversed from that in superconductors. The ratic of D to D for Cu
(with resistance ratio of 100) is the order of 1C3, The additiona§f copper
in close bonding with a superconductor serves to both stabilize against
flux jumps by the fast removal of heat and protect on a quench by providing
an alternate path for the current flow. Since magnetic field changes can
occur rapidly in a superconductor and thermal energy can only be removed
slowly, there has been a trend to first break up the superconductor into
mariy filaments and then to decrease the diameter until today where it is
now possible to obtain a 30 mil diam wire with thousands of superconducting
filaments each 0.2 mil in diam.
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Our next figure tabulates some of the most couunon methods employed
in fabricating superconductors which dvoid catastrophic flux jumps. The
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Magnet Stabil i ty (No FJ)
Figure 23

intrinsic method is clearly most desirable but as yet has not been available
for commercial material. Magnetic damping has been applied to high field
ribbon conductors and is achieved by interleaving and very high conductivity
normal metal such as Al or Cu with the superconducting ribbon in the hope
that the average magnetic diffusivity can be reduced below some critical
value. The adiabatic method has been applied to the ductile alloyL and
consists as mentioned above in reducing the diameter of the superconducting
filaments to below about 1 mil and subsidiary effects require the twisting
of the filaments co magnetically decouple them. The major side benefit
of this technique is mainly that the superconductor does not have to be
in intimate contact with liquid helium and the windings of magnets utilizing
adiabatic NbTi are usually completely potted in some sort of epoxy. If
we recall the flux jump formula previously derived for an adiabatic process
wherein the magnetic diffusivity was assumed much larger than the thermal
diffusivity, Ht; <_ const. CTQ, we can interpret this in terms of the super-
conducting dimension perpendicular to the direction of the changing magnetic
field.

const. CT

j"

At low fields, j is highest and this low field value determines the dimension
d necessary for adiabatic stability. If d is small enough, the energy due
to a flux jump cannot drive the superconductor normal and its own heat
capacity can stabilize it. Reducing the diameter d of the superconductor
filament means that many filaments have to be carried in a strand to keep
the current carrying property high. ft subsidiary problem is thereby
introduced, namely the magnetic coupling between the filaments. This
problem is resolved by having the filaments twisted about each other with
the amount of twist pitch necessitated by the desired rate of change of
magnetic field achievable. Finally, to provide stability to changing self-
field, the individual composite strands can be transposed into a braid or
cable. Another technique employed is to introduce a low conductivity sheath
around the NbTi and Cu which serves to decouple the filaments. Copper
nickel alloys are used, and the conductors are referred to as mixed
matrix conductors.
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Figure 24

Figure 24 illustrates the principal technique which allows flux jumps
to occur but renders their consequence harmless. The principle is to
surround the superconductor with enough copper or aluminum so that even
in the event that all the current flows in the normal metal, the heat
generated can be conducted to the surfaces in contact, with helium and
transferred to the liquid bath without exceeding some critical heat
flux (usually considered at most to be about 0.4W/cm2). When conditions
are optimized, the requirement of current density depends differently on
current level for stability and protection. An optimization of these
parameters is shown only approximately in Fig. 25 for a very large system

1 0{Ec-tored ^
l

values below both the protection and stability
tored

are low overall j, hiqh copper to superconductor ratio, and intimate
contact with helium. For really large magnets, low j is now much of a
disadvantage since the length of the superconductor and hence cost does
not depend strongly on j. However, low j implies a large volume (of
copper) and hence a large weight which increases the cryogenic problem.
The large copper to superconductor ratio also means the strength of the
composite material is similar to copper or poor. This means that a
large amount of stainless steul must be employed to withstand the
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magnetic forces. For reactor size magnets, detailed studies indicate an
overall average current density of about 1000 A/cm2 or possibly 2000 A/cm2

as the highest practical value with today's materials.

To obtain seme idea o° the degree of sophistication and complexity
possible in the manufacture of superconductors and construction of large
magnets, the following two figures show the composite conductor and one-
half of the large bubble chamber magnet at CERN (Switzerland). In this
figure, No. 1 is the NbTi conductor 6.1 cm x 0.03 cm with 200 superconducting
filaments; Nos. 2, 3, 5, 6, 8, 9, 10 are thin insulators (polyester sheets
and polyamide film); No. 4 is on Al heating strip 0.01 cm; No. 7 is a
316L stainless steel reinforcing strip 6 cm x 0.2 cm; No. 11 is a Cu
cooling strip 6 cm x 0.19 cm. This conductor was made before twisting
of the filaments became available and thus today there would be no need
for the Al-heating strip to remove the residual magnetization, Figure 27
is a picture of one completed section of the magnet. This is the largest
magnet built to date and has a stored energy of 800 MJ or almost an order

Figure 27

of magnitude larger than the Argonne bubble chamber. The design field is
35 KG in the 4.72 m bore and this means a 51 kG field at the windings.
The construction and successful operation of such a magnet system is a
great engineering fea* necessitating simultaneous solutions to superconducting,
cryogenic, thermal, structural, and vacuum problems.

Large Magnets for Fusion

I should now like to compare the size at. 1 field of the large superconducting
magnets with the values anticipated by the reactor design studies performed
at laboratories in this country as well as around the world. The operating
regime of magnets as of the beginning of 1975 (same as June 1971) is shown
in Fig. ?.8 as are the proposals of the various fusion laboratories. Our
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Figure 23

ovm study represents the least extrapolation in field (only 80 kG, well
within the overall achievable field and also within the range of NbTi),
and the extrapolation in bore size is about one order of magnitude which
we believe to be quits feasible on the present time scale for reactors
(ru20 years) . Before viewing the needed size, take a good look at the
4.8 m Argonne bubble chamber magnet shown in F^T. 29. Now compare
this magnet with our requirements for a reactor in the next figure (Fig. 30)
With a proper deve1->oir.ent program, we believe that this magnet system is
within the present _ <te of the art and should certainly present no problem
20 years from now. What we don't know for a certainty is whether this
field value, 37 kG, will be sufficient for an economically viable reactor.
Assuming it is, we have looked in more detail at the toroidal magnet
system to convince ourselves that it is indeed technically and economically
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feasible. The superconducting desiqn utilizes the crryostatic stability
criterion. With the development program we are pursuing at the present
time, we believe substantial improvement can be made over these conservative
design parameters. The structure presented considerable problems because
of the enomous forces on each coil to the torus central axis and the
subsequent bending moments on each bobbin once compensation of the central
forces is achieved. In Fig. 31 tne central force per coil for a 40 coil
toroidal system is shown plotted against the major radius. For reactor
size systems the force per coil is ihe order of 10' tons.

ORNL-DWG 72-IO59IR3

12 14

Figure 31

\.
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Figure 32 shows a schematic cross section of a toroidal magnet system designed
for a 5000 MW(th) reactor operating on the tokamak principle. The
summarization of the design parameters is given in Fig. 33. The cost is

9.

I

0RNL-DW6 72-9725

B o = 37 kG

BMAX = 80 kG
R = 10.5 m

r = 5.6 m

Es=4x101 0J
1 =4 .75x10 6 ft (COND)

TOTAL WEIGHT=9025 TONS
TOTAL COST = 70.5 x 106 $

=! $30 kW(e)

Toroidal Magnet System
[5000 MW(th)]

(Costs in 1971 Dollars)

Figure 33
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in 1971 dollars. At the present tine, it would be prudent to double the
cost of the magnet system. In addition to this design study, I have
generalized the work to yield the cjst of any large toroidal system in
terms of the stored energy. The stored energy of any toroidal superconducting
magnet is really only a function of R since the maximum field is fixed
for each superconductor and 1 he variation with the aspect ratio is not
strong. Thus in Fig. 34 the stored energy is given vs R, the major
radius for magnets made from both NbTi and Nb3Sn for the range of
aspect ratios likely to be employed. The cost in terms of the stored
energy is then given in Fig. 35.

ORNl-OWG TS-8681R3

Figure 34

The range covered in stored energy, 10 to 10 J, takes into
account most of the serious proposals for fusion reactors and the cost
(1971 dollars), $22 to $131 x 106, is well within the tolerable limits
for this majov component.

In summary then, I would say that we have viable solutions to all
aspects of constructing large, high field superconducting magnets. In
order to prepare for future demands, we must perform the necessary
development taks to extrapolate and refine our techniques. A development
program has been proposed to ERDA-DCTR and accepted by them. The scale
of magnet size to be developed and tested up to the experimental power
reactor (EPR) size is shown schematically as a function of time in
Fig. 36-
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