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Five Views on Values and Technology 
K A R L E. S C H E I B E 

Abstract 'This paper describes four common postures in writings on 
values and lechnotogy. These are called: the Luddite, the techno ratic 
the apocalyptic, and the "cautionary moral sermon." These positio is are 
considered io be legitimate, but lacking in l.olh instruiiienial signifi ance 
or adequacy of their conceptualizations o | human v;,lues. A disci ssion 
of values in the framework of a rudimeniary decisam ¡heory is then 
presented. This leads to a consideration of several paradoxes involving 
values one based on the dimension of time, another based on the shift 
from individual to collective values, and the third bastd on the exchange 
of one type of value for another as problems are solved. These paradoxes 
a re offered as partial justification for a fifth perspeciive on the relation 
beineen values and technology: that of <be "curious, hopeful, and 
sometimes astonished observer." 

I N T R O D U C T I O N 

1 \ 7 R , n N G S on values and technology seem to me to 
/ V fell into several categories, all of which I want to 

avoid if only because each category is already well visited. 
I have forced four such categories into existence and »ave 
a f i xed to each a label. These a r e : the Luddite, the techno-
cratic, the apocalyptic , and the caut ionary moral se rmon. 
Af ier a brief description of each of these. I would like to 
describe my own perspective on the problem, which I will 
call that of the curious, hopeful , and somet imes astonished 
observer. 

The Luddite 

T h e basic premise of writers in this ca tegory is that 
technological development is inevitably and fundamenta l ly 
dehumanizing and corrupt ing. In a technologically de-
veloped society, man is forced to live in a way that is both 
unnatura l and spiritually depraved. A c o m m o n specter is 
thai of short-sighted little men, usually engineers and 
profiteering businessmen, who have taken over spaceship 
earth and are mindlessly extinguishing all h u m a n values 

t h c r e , s h°PC- Charles Reich foresees a spon taneous 
emergence of a new post-technological mentali ty which 

r e s t o r e h u m a n authentici ty. Theodore R o s / a k sees hope 
in the development of an anti-technological countercul ture . 

The Technocratic 

Skinner | I I ] asserts that technology is ou r s trength and 
thai .f we want to survive we must play f rom strength. 
Technology is on the march, and man must adap t to it 
Science ,s accepted as universal ethic, not just a method 
for finding the truth. But the admixture of ou tmoded 
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t radit ional , quasi-religious ways of thinking and the scien-
tific sophisticated, correct way of thinking about man has 
produced the inefficient and potentially disastrous cus tom 
of "muddl ing t h rough . " We must clean up our thinking, 
design o u r futures, and control that which we can control , 
which, thanks to technology, is jus! abou t everything. 

The Apocalyptic 

This perspective has much in c o m m o n with that of the 
Luddites. Both hold tha t man has created the means of his 
own destruct ion through the exercise of his rat ional powers. 
However , the apocalypt ic vision does not share the belief 
that technological development can be s topped or that man 
will spontaneously reject the insane world he has created 
and return to pastoral innocence. Scientists, who are still 
engaged in the pursuit of saving t ru ths , a re not likely to 
act as prophets of despair -it is incompat ible with the 
requirements of their role. Instead, this view gains clearest 
expression f rom critics, such as Leslie P.edier and Ihab 
Hassan, novelists and filmmakers, such as ,<..n Vonnegut 
and Stanley Kubrick. O the r writers, such as Paul Ehrlich 
and Alan Toffler, present visions of the fu tu re which seem 
almost a s hopeless, though they may cont inue to express 
the belief that there is a way out. T h e or.e s red of hope 
presented in this perspective is that perhaps apocalypse 
will act as a massive cul tural electric-shock t reatment . 
Possibly, when the dust settles, the remainder of mank ind 
will live a long while before creat ing a n o t h e r massive 
disaster. 

The Cautionary Mora/ Sermon 

The most c o m m o n practi t ioners of this a n form are 
scientists themselves, who for one reason or ano ther look 
up f rom their laboratory benches and are a larmed o> what 
they see. The list of practi t ioners reads like an honor roll 
of science—Rene Dubos , Jacques M o n o d , Gcorne Wald. 
Linus Pauling, Garre t Hard in . John Plait . . Bfonowski . 
T h e c o m m o n theme is that scientists have been naive and 
unwittingly irresponsible in the pursuit of their calling. 
They have been on the gl immering pa ;h of truth . n d have 
trusted to politicians to run the world and to t.:e social 
sciei lists to keep score and offer practical advice Now it is 
clea. that scientists have misplaced their trust, . hey must 
rekindle their h u m a n e values and must play a crucial role 
in creation of a new and more benevolent world order . 
With Whitehead [12], scientists must recognize that " M a n -
kind has raised the edifice of science, because they have 
judged ,t wor thwhi le . " Science is value-laden in origin and 
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cl eel, and it is up to scientists to redeem the trust humani ty 
h ; s placed in them by dedicating themselves to thi highest 
hi man values. 

A "Other Perspective: The Curious, Hopeful, and St me times 
A ionisheu Observer 

1 do not mean to treat these perspectives on the ¡uestion 
o: value a n a technology with disrespect. In fact, i think 
ti.cre is considerable merit in each of them. But I have a 
general dissatisfaction with them on two counts. l i r s t , the 
p tctical benefit ¡01 human society of such considerations 
ib not demonstrably great. A second and reiateo difficulty 
is that each perspective contains presuppositions about 
human values which strike me as psychologically naive. 

Academicians are capable of considerable self-doception 
v\ ien it comes to considering the impact of their ideas and 
d^coveries. Noting ihe spate of scholarly works on na-
tionalism, a subject not irrelevant to the topic at h a n d ; 
Kedourie [7, p. 125] notes: 

It is absurd to think that professors of linguistics and 
collectors of folklore can do the work of states: nen and 
soldiers. What does happen is that academic < nquirics 
are used by conflicting interests to bolster up thei • claims, 
and their results prevail. He who exercises power, 
exercises it while he can and as he can, and if i e ceases 
to cxercise power, then he ceases to rule. Academic 
research does not add a jot or a tittle to the capacity f o r 
ruling, and to pretend otherwise is to hide with equivoca-
tion what is a very clear matter. 

At another point, Kcdourie [7, p. 50] observes, " I t is 
n »t philosophers who become kings, but kings who tame 
p lilosophy to their use ." Mutatis mutandis this is ilso t rue 
ft r science. 

My point is that knowledge is not necessarily p< wer, no r 
d >es an enlightened perspective automatically at ract the 
s: mpathelic cooperation of those in positions of social and 
political power. While we are occupied in talk a ¡»out the 
evaluative implications of technology, our efforts are 
mocked by the force of events in the political and social 
realm. Lots of sensible plans exist for saving men f rom the 
negative effects of technological development—pollut ion, 
over-population, dissatisfaction with meaningless, repcti-
t. JUS labor, the a rms race. But having a plan and being 
a »le to implement a plan arc very different things. Skinner 's 
r an fo r survival could just work, though I doubt its tech-
r. cal efficacy. But even if it were a great plan. s »mebody 
vou ld first have to give massive political power t o the 
S%innerians, and this is an unlikely prospect, it is the 
Y .-ginning of wisdom about values to recognise that people 
c o not always d o what is good for them, even i f t h r y see the 
ci>nscqucnccs of their actions very clearly. 

This brings mc to my second reservation about the com-
r on perspectives on the question of values and le» hnolojry. 
t .ey do not evince even this rudimentary insight into the 
* dues that direct human behavior. A positivistic » heme lor 
1 sane world order is all well and good, but such 1 scheme 
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arouses little passion, instead, there is power in more 
mysterious, doctrines. Leninism, it has been said, has the 
twin virtues of "simultaneously blurring the mind while 
guiding the feet ." In certain circumstances, under certain 
conditions, men will heed their prophets. However, scientific 
training has hardly been a s trong suit of the effective proph-
ets of the past. "When a society stares ¿0 feel tsclf hemmed 
in by evil portents, whether they come as social uncase, 
saber rattling, o r erratic Dow-Jones averages, there will 
always ¿>e someone witn a faraway look in his bright eyes, 
sliouiing, 'This way ou t ! ' And many of us tend to follow 
alt>n¿ because at least he seems t o know where he's going. 
The» in ;ics the timeless appeal of psychic prophecy," [13]. 
But by some means, effective prophets have acquired a good 
functional understanding of human values. 

This point has not gone unrecognized. In commenting 
on the work of two recent panels assessing the impact of 
new technology, one run by the Nat ional Academy of 
Sciences, the other by the Institute for the Future, J. 
Bronowski [2, p. 199] observes: 

What the panels guess abou t cliangcs in physical and 
biological habits is as always bold and stimulating; but 
what they say about the effect of sue!» changes on per-
sonal and social psychology is as always meager, old-
womanish, and painfully vague. 

I assume that it is in recognition of this kind of criticism 
that a psychologist interested in values was asked t o 
participate in this workshop. 1 also suspect that what I 
have to say about values and tccnnologv ..11 decrease 
rather than increase your sense of certainty a t . . the topic. 

As a student of human values, I find my os. legitimate 
stance to be that of the "curious, hopeful, and sometimes 
astonished observer ," and it is 'this perspective which I 
assume for the present discussion. Much is to be learned 
about the origins and operation of human values, but the 
learning will come f rom observation, not from prioristic 
theoretical conceptions abou t what values must be. Like all 
scientists, the student of values must be hopeful that his 
observations will be of positive use. But, if I may hark back 
to the earlier point about the differences between knowledge 
and power, it is important t o distinguish between hopes and 
realistic expectations abou t what the future might bring. 
Finally, if the observer is honest and if he observes widely 
enough, he will discover facts about values which are truly 
astonishing, or at the very least deeply puzzling. 

The next section presents a rudimentary conception of 
values in a psychological f ramework. This will be followed 
by a consideration of three sets of observations about 
human values, each of which is both puzzling and highly 
relevant t o the question of evaluating the impact of tech-
nological development. 

A PSYCHOLOGICAL CONCEPTION OF THE GENESIS AND 

OPEHATION OF VALUES 

A few years ago I wrote a little book {10]. which major 
pre 1 tise is both useful and interesting to conceptualize at 
least some human behavior as following f rom individual 



ivliefs and values. The two key terms are related to two 
najor areas of psychological research and t h e o r y - c o g n i -

tion and motivation. Also, the terms beliefs and values are 
related in a generic way to two subdivisions of philosophical 
inquiry, epistemology and ethics. What a man does is 
conceived as depending both upon what he believes (ex-
pects, knows, suspects) and what he values (wants, desires 
prefers). 

Admittedly, such a con. equa l iza t ion is highly schematic 
and crude: indeed, even il developed it turns out that there 
are many important psychological questions which simply 
cannot or should not be approached in this way. Hut if one 
is to undertake a discussion of values, it is important to 
recogmzc the logistic position of values in a full behavior 
theory. 

A clear paradigm is afforded by modern decision theories 
of both descriptive and nor native varieties. AH su. h theories 
contain a variable that is cognate to value and all contain a 
variable that is cognate to belief. It is also common to all 
such theories that choices, decisions, or behaviors arc 
presumed to result f rom some combination of motivational 
and cognitive antecedents. In simple gambling games, for 
instance, choice of play is presumed to depend upon the 
expectancy of success associated with each outcome and 
the positive or negative payofT of each outcome. In norma-
I ve terms, the expected value of each bet can be readily 
calculated for all well-defined games. In descriptive terms, 
a major psychological scaling problem exists in under-
standing how individual expectancies and utilities are 
functionally related to the objective odds and payoffs 

The fundamental operation for defining values in this 
approach relies upon the preference paradigm. Given a 
range of possible objects, events, or states of being, all of 
which are equally available to the subject (in this case 
expectances are equivalent for all options), the relative 
frequency of choice among options is supposed to reflect 

r c , a t ' v
I

c v a , u c s o f t h c o b j e c t for the objects, events, or 
states of being in the array. As we shall ce later, some 
fundamental problems are submerged by «his method of 
operational,zing values. However, it should be clear that 
the preference paradigm is the ma jo r way of closing the 
conceptual gap between values and behavior 

If decision theories offer a way of conceptualizing the 
relationship of values to behavior, they do so by incorporat-
ing certain f a c i l i t a t e assumptions about the nature of 
values. It is generally assumed, for example, that values are 
where you find t h e m - p r e f e r e n c e hierarchies are assumed as 
given a n d t h e problem of the genesis of values is simply 
avoided. The question of how values are translated into 
behav,or ,s only one of the concerns of the motivational 
psychologist. The other question is that of genesis or 
deve opment. How do evaluative dispositions come to be 
wha they are? What are the antecedents for the develop-
ment of human motives? 

w c r J i T J r t h e
K

s , 0 C k a n S W C r s for this sort of question 
J 0 ! ' m S l , n C t P s y c h 0 , ° g i e s - Post-Darwinian 

t i r j I l i T U ? W C r C r e a d * 1 0 consider human 
3 5 m o t , v a l c d b y ^ e same sorts of instinctive dis-
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positions as were thought to control lower animals. How-
ever. the bchaviorist-empiricist revolution in 20th century 
American psychology led to a rejection of this sort of 
explanation. In its place, great emphasis was placed on the 
processes of learning and conditioning. The second law of 
thermodynamics, leading in physiology to the princ.pie of 
homeostasis, led in psychology to the proposition that all 
behavior is drive-reducing. This principle, together with the 
principles of association borrowed f rom the British em-
piricists, led t o apparent theoretical solutions to both the 
performance and the development problems of motivation 
Behavior results f rom a state of disequilibrium and is 
directed to a rccstabl.shmcnt of equilibrium. The sorts of 
stimulus events which can lead to disequilibrium and the 
kinds of motoric performances which are instrumental to 
the ^es tabl ishment of equilibrium were acquired through 
associative learning. 

It would take us far afield to consider the controversies 
to which psychology was led by this general point of view 
Suffice it to say for the present that the old instinct doctrines 
have never again enjoyed the use they once had in answers 
to the question of where values come from. However, the 
empiricist doctrine of a s s o c i a t i o n ^ which replaced in-
stinct theory has come upon evil days as an adequate 
theoretical base for responding to the same question. Some 
of my colleagues will still disagree, but I believe it correct to 
assert that both instinct theory and classical learning 
theories have failed as at tempts to account for the origins 
of human values. 

But the question of the origins of values still a very 
lively one. In contemporary psychology, research and theory 
on this problem comes under the heading of s,,cialization. 
The human infant is born as a social innocent out comes in 
the course of development to manifest an entire range of 
tastes, preferences, passions, desires, and moral principles 
as a product of his continual interaction with societal 
influences. Freud suggested that the major mechanism of 
socialization is identification, whereby the child comes to 
introjcct the moral s tandards and values of his parents. 
More modern theorists and researchers, f rom G. H. Mead 
to Jean Piaget and Lawrence Kohlberg. consider that a 
child develops through a series of stages in the process of 
socialization which correspond in part to the stages of his 
cognitive or intellectual development. The sources of in-
ternalized norms and values arc considered to be not only 
parents, but peers, social reference groups, and idealized 
ethical systems. 

For the present discussion it is sufficient to recognize that 
there is in contemporary psychology a great amount of 
theoretical and research activity on the problem of socializa-
t ion—on the problem of how individuals come to acquire 
the values that regulate their social behavior. 

For example, a number of monographs have appeared 
on the problem of political socialization, where the concern 
is to describe the way in which a child comes to evaluate 
political figures, institutions, doctrines, and opportunit ies 
for political activity [3] , [5] , [ 6 j . This line of research has 
received a great impetus recently from recognition of the 
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evident f.iei that political socialization in the United Slates 
d o s not appea r to be work in;! very well. Dissent and radical 
att. mpts to reform the political order certainly seem to be 
ma lifesiaiion of social values, bin they are not (he sorts of 
vai ies which ihose who manage ¡he current system would 
ret >gnizc as the most admirable ones 

Another example of research on soc ialization is provided 
by Bandura ( I j and his s tudents at S tan fo d University. 
Children are allowed to observe the styli/ei behavior of 
nu JeK in novel si tuations, and a rc observed on subsequent 
occasions to demons t ra te themselves the sorts of behavior 
they have observed. T h e acquisition of social v; lues is 
shown to take place by observat ional or vicarious ex-
perience and can be accomplished in a sin> le trial. The 
evidence for the effects of observed violence on television 
upon exhibited aggression is one of the products of this line 
of research. While Bandura and others who are working on 
the problem cont inue t o explore the condi t ions under 
which this effect occurs, we may take it as established that 
socialization proceeds in pa t through the assimilation of 
vicarious experience and is lot merely a mat te r of higher 
ori er condi t ioning. 

Obviously, in the m o d e m world the range of value 
mi dels which is actually or potentially available to develop-
ing individuals is very large. One of the most impressive 
products of advanced technology is the capacity to exhibit 
r e i . o t c occurrences to the developing person. The visibility 
of tumani ty to humani ty is increasing tremendously. Th is 
int oduces the possibility that the process of socialization 
wiil occur in a far less predictable way in the future than n 
haN in the past, where a much more limited set of value 
m«. dels were available for possible adopt ion . The general 
no ms of f reedom of access to informat ion and individual 
; re -don of choice .'¡. soliciting informat ion produce con-
st.. aences which a re mimical to a consistently and efficiently 
socialized social order . 

A ease is currently pending in the stale of Wisconsin 
co cerning ihe control which an Amish sect may maintain 
ov. r tlie education of their children. The Amish provide 
>• r own schooling for their children through the eighth 

ie. but d o not .end them to school thereafter . T h e state 
• >J Wisconsin has a general s tatute requir ing all children lo 
a!.- • ,d school until age sixteen, and has brought suit against 
t Amish in an effort to send the children to public high 
sci oo':s. The prosecutor for the state argues lhat the 
c , id.-en ire bein£ forcibly oppressed and that the s tate of 
Wisconsin has a responsibility 10 liberate these children by 
ex >osing them lo the range of values which non-Amish 
W.-sicni culture has IO present, Bui the Amish know that 
ct> u ro ! of informat ion is control of socialization. For the 
>a e of their own cultural survival, they cannot a f ford lo 

i : chances with f reedom of information and f reedom of 
v h'.icc [ I 4 j . 

Similar restrict ions of informat ion are practiced by the 
regime. of Sou th Afr ica , where television is prohibi ted, and 
China, where until recently, M a o ' s b a m b o o curta n cfiec-
v iv. ueided ihe people of China f rom the oppor ; unity to 
assimilate by observat ion the cor rupt ing values of the West. 

in our society we have been socialized to the proposit ion 
that knowledge is good, f reedom is good, individual choice 
is good, technological progress is good. O u r decisions as 
individuals and as a society have been strongly influenced 
by these values. Indeed, the message of ihe cautionary 
moral sermon is that these kinds of values should be applied 
to our decision matrices. It is my objective in the remainder 
of this paper to show how the implanta t ion of these per-
fectly admirable values leads to unintended and . f rom my 
perspective, highly undesirable consequences. 

T H E V A L U E P A R A D O X P O S E D n v T I M E , OR W H E N A R E 

T H E C H I P S C A S H E D IN 

Decision theorists consider only those choice situations 
which can be mapped and which are bounded in time. 
Similarly, in cost -benef i t analyses of proposed projects or 
technical developments , a time horizon must be established. 
But the arbi t rary establishment of time boundaries produces 
a disjunction between the decision model and the real 
world. Second, third, and higher order consequences of 
chosen courses of action cont inue to be realized into the 
indefinite future . Because these consequences are not 
evaluatively neutral , the initial solution to the decision 
problem may yield paradoxical and nonmaximal con-
sequences. 

Considerable psychological research has been done on 
the problem of delay of gratification [8 j . Experimenta! 
s i tuat ions are devised such lhat a subject may accept a 
small reward now or a larger reward later. This research 
has established the existence of consistent individual dif-
ferences in the capacity to delay gratification. Some in-
dividuals seem to make decisions in a larger f ramework of 
time than others. 

T h e funct ional relationship between time and utility is, 
of course , included in the analysis of technological feasibility 
studies. Some developments arc explicitly designed to yield 
shori- term benefits, which in the longer run produce nega-
tively valued outcomes. For example, the development of 
efficient mass-product ion techniques for manufac tured 
articles yields relatively immediate benefits. However, ihe 
long-term consequences, such as worker and consumer 
boredom and rapid d iminut ion of raw materials will 
eventually be realized, and in such a way as to make 
quest ionable the wisdom of initially opt ing for ihe tech-
niques of mass product ion. Clearly, different companies 
and different nat ions differ in the extent to which they try 
to include long-term consequences in their decision matrix. 

One of the most ambi t ious technological projects of the 
post-war era is being executed in Brazil [15]. A 3000-mile 
highway is being cut through the Amazon jungle, in an 
a t tempt to open up the heart of ihe South American 
cont inent for development . Obviously, the decision of the 
Brazilian government to build ihis highway is a bold one. 
It entails the assumption of weighty short- term sacrifices— 
diversion of capital and technological expertise f rom other 
possi >le projects. However, Brazilian technocrats a re con-
fident of the long-term benefits of the completed project. 
Access to new land, new raw materials, provision of new 
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op j .»rtunities I».; Iiio siarving people of the a. id Nr.rilio.iM 
ol" i ia / i l . .is well ..s tiie less mngible beneii of b i d d i n g 
nat ional pride ..re :v isonable objectives in the long i u n for 
B r a i l . However, the on sequences o l ' t h i s projeet vv II no t 
S , ° P suddenly with the realization of these objective-. I he 
A m . v o n rain lores, produces a sizable propor t ion of the 
world 's o w g e n . \ \ ii; the development of the Amazon 
region endanger this supply? T h e development of irazil 
as a ma jo r economic power is already being perceived as a 
threat by other na t ions in Latin America. Brazil has 11 the 
past 150 years had ¿inly one war with a neighboring country . 
Will the increased power of Brazil bring about new Latin 
American wars ' ' Will the present precarious balance of 
power in the world be upset by the emergence of a new 
super-power, which the J rans-Amazon highway will facil-
itate? 

Merely suggesting these possible long-term consequences 
is likely to lead foreign observers to wish Brazil to go si >wly 
with its development F rom our perspective, there in; y be 
the addit ional hazard that the technical and ccon >mic 
deve »pment of Brazil may mean the end of one oi the 
most delightful tourist a t t ract ions on ear th . 

T I N : L \ N I V I I N ; A I - G > L I I < I I V I I V V A L U E P A R A D O X 

We may now see a relation between the t ime paradox 
and the problem which Hardin [4 ] has apt ly called. " T h e 
tragedy of the c o m m o n s . " Hardin demonst ra tes that in-
dividual prudence max inexorably produce collective 
disaster. As the limits of scarce resources a rc approached 
:\v mass development and consumpt ion , the benevolent 
invisible hand of Adam Smith may turn into a device of 
mass strangulation. 

ObM'ousIv. it IN m the interests of all of the more than 
:M) n lions on earth to seek technological development , 
i he n odern media act as ou r missionaries, only they d o 

the job much more elliciently. Without quest ion, the under-
developed nat ions of the world want wlijft we have, they 
can sc.- the images of ou r products and our techniques very 
clearly We may a t tempt a cauti »nary moral sermon to the 
ellect hat our own society is in deep trouble that the 
technological problems we h a w solved have left in their 
wake much more difficult problems despair , the mindless 
urge to destroy, pervasive psychoneurot ic difficulties. The 
cautionary moral sermon will have no ellect. It is as if the 
neighboring fa rmer urges you not to add ano ther cow to 
iMa/e on the c o m m o n s because he can attest that a big 
herd 1.1 e the one he has brings nothing but headaches. 

Our t tempts to tell smaller nat ions that they should not 
dove!«»; a nuclear arsenal, in the interests of the collectivity 
•>re ol , similar kind. It is obvious that power matters in 
interna lonal relations. If you d o not have power you a re 
not gett ing as much respect as you might if you did have 
power . Result: It is in the interests of every nation to develop 
irs n u c e a r capability. Of course, the result is collective 
disaster 

T h e point is that it is difficult to get an individual or a 
collective entity socialized to the interests and values of their 
compet i tors , so that when they make decisions, they will 
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take our values into considerat ion. In o rde r to accomplish 
tins, to revert t«> an earlier point, socialization u> collective 
interests must be controlled and directed. But if socializa-
tion to collective interests is truly !«. be controlled and 
directed, we must establish not only a world oxcrnmem 
bu; a world government which does not give ultimate value 
to knowledge, f reedom of inquiry, individual e .o.ce. and 
technological progress. 

N o b o d y wishes to d o this. We have steadnv resisted 
a t t empts at tyrannical collcclivizali«»n in ¡his century, and 
we are likely to cont inue to d o so. But in the > ¡eantimc. the 
inexorable tragedy of the c o m m o n s is working towards its 
iast act. I rlich's populat ion b o m b is ticking Nine million 
new automobi les cont inue to appea r each year as tcsiin.onv 
to our veneration for f reedom of choice Wais of ' l ibera, 
t i on" cont inue, so that newly liberated people^ can aspire-
to the same kind of material all luencc which Americans a r e 
Imding to be so stale and tasteless. These are some observa-
tions about human values which the student may iind 
astonishing or puzzling. 

f i l l O i l Ml R A oi PROBt.i Soi.V'INCj 

Both of the preceding value problems may be considered 
problems of extension. For the lirst. extending the dimension 
of time yields paradoxical t ransformat ions of decision 
payoffs. For the second, extension f rom the individual to 
the collectivity produces unanticipated t r a n w a l u a t i o n v I 
wish to close by ment ioning a third value-paradox one 
that is a problem of intension ra ther thai, extension. I refer 
to the problem of intrapsychic value conflicts. 

While one may not agree with Freud about the instinctual 
origins of the problem, abundan t evidence ex i c s for tnc 
proposi t ion that man is at war with himself, that he does not 
have unequivocal values, that the solution t«> what he 
thinks of as his p roblems only produces o ther problems. 

I wish to resort to a quota t ion f rom Orwell |4>. p. 163 j 
which illustrates very well the sort of paradox I have in 
m i n d : 

If you look into your own mind, which a re you ; Don 
Quixote or Sancho P a n / a ? Almost certainly you are both. 
The re is one part of you that wishes to be a hero or a 
saint , but ano the r part of you is a little fat man who sees 

• very clearly the advantages of staying alive with a whole 
skin. He is your unofficial self the voice of the bells 
protest ing against the soul. His tastes lie towards saietv. 
soft beds. 11«) work , pots of beer and women with V a c -
inous ' figures. He it is who punctures you r :ine a t t . i u j c s 
and urges you to look af ter N u m b e r One. to be nn:a;:hi"al 
to you r wife, to bilk your debts, and so on and so for th . 
Whether you al low yourself to be influenced in iiin. s 
different question. But it is simply a lie to say that he is 
not part of you . just as it is a lie to say that Don Quixote 
IS not part of you either, though most of what is said and 
written consists of one lie or the other , usually the first. 

If this sort of speculation has meri t , and I consider that 
it does, then it yields an interesting conclusion when 
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together with the observat ion that technology can only 
solve problems of the Sancho Panza variety. T h e conclusion 
is that technical solutions do not really solve a person's 
n o M e m * they merely t ransfer the problem to a different 
a>peci of self. When a person's belly is empty his over-
whelming problem is well defined, and it has a technical 
solution. But when his belly is full, he may have leisure to 
pursue a depressing scries of thoughts about the significance 
of his efforts, the meaning of his life." " W h a t arc people 
for . " asks one of Kurt Vonnegut ' s characters jus t before he 
commits suicide. Such a question would not occur to 
someone struggling to live. 

My final observation, then, is that technical problems 
admit of technical solutions, but that these solut ions will 
inevitably produce addit ional psychological problems not 
so much deficit problems as identity problems. W icn in-
dividuals feel an identity problem coming on , th. y may 
retreat f rom it, but only at the cost of creating for themselves 
living problems of a more technical kind. T h u s we sec the 
modern phenomenon of the high level d rop-ou t , the profes-
sional man who opts out , chucks it all and jo ins a rural 
c o m m u n e . I do not see that kind of regressive role t i ansfor -
mat ion as a solution to the society's problems, but rather 
as an indication of the nature of those problems. 

As a final note of observat ion, I must confess that I can 
see no clearly realizable solut ion to such problems as over-
popula t ion , pollution, the nuclear a r m s race, d iminut ion of 

nat ional resources, o r the less tangible problems of loss of 
identity and cultural despair. 1 expect that we will con t inue 
to t rade these problems for each o ther . But I am astonished 
because I remain hopeful abou t that which I d o not see. 
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TW O H U N D R E D years ago A d a m Smith articulated 
an ingenious explanat ion to an uncomfor tab le problem. 

He theorized that individual economic action taken to 
maximize personal utility would , th rough a process of co-
ordinat ion by an "Unseen H a n d , " lead to a maximizat ion 
of the collective good. Impor tan t as this theory has been in 
our economic history, it is not clear whether its wide ac-
ceptance has been due to its empirical accuracy or to its 
intellectual comfor t . W h a t a reassuring thought it is to 
consider tha t the more selfish and na r rowminded we are, 
the more we are fur ther ing the public interest. 

Today , in an era of vast corpora t ions , external dis-
economies, and a high degree of complexity and inter-
dependency, one might well wonder where our faith in this 
mystical Unseen Hand has led us. F o r many of us the peace 
and comfor t of a belief in the universal ha rmony between 
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•he individual and the cosmo have been shattered Iv a new 
awareness of unintended ev I. The unaccounted-* r con-
sequences of economic and t cluneal activity are becoming 
.ne.eas.ngly inescapable. A. . noise, and water p, llutum 

o u r natural resources, an I ou r central cities arc in many 
cas ts rapidlv becoming unliv. ble. 

1 he impact of these consequences has been to cause some 
moial ,questioning and much name-calling and c a s s a t i o n . 

!S b , a m c f o r o u r c u r r c n t s i tuation? Whose f iu l t is 
pol lut ion? Whose responsibility is its alleviation? Who is 
to blame for unsafe automobiles? After all. remember 
careat emptor. Is the government the sole protector of the 
publ.c good, leaving individuals to maximize their self-
interest? What responsibilities d o you have as citizens as 
engineers employed by a corporat ion, as members of a 
profession, and as political and economic leaders? 

a r c n o ' s o P ^ s u m p t u o u s as to pretend to be able to 
answer any of these questions, and we should all be sceptical 
of any attempt we should make. We can together, however 
s e a r c h lor ways to think about such problems in order to 

so that they are more amenable to clear thinking, rather 
than merely losing sleep over them or ascribing blame to 
someone else so that we can go to sleep more easily 

The phenomenon of unintended detrimental consequences 

no n w ^ r r 6 K° a C t i ° n S t a k e " i n t h e s m a " ' * of course 
not new. Cities have had to cope with the problem of 
garbage collection for centuries, and the questions oT re-
s p o n s e , lay have been pondered since such p r o b t m s were 
ecog, .zed: the Socratic dialogues are full of exaTt y the 

vi'h " T ] q U e S l , ° n S W h i c h h a v e raised here 
fee th • n H i 'S d i i T C r e n t a h ° U t ° U r t i m c s ? W h y ^ o u l d we 
leel t h , need to come together here and now to talk about 
our mutual co rce rn? First, a number of changes I ave taken 

increas'» 7 " , h e ^ ^ <>r *> w c h increase our awareness of these problems anc give an 

g r C a n d ° t h ^ f ° r S O , U t i ° n S l h c ' " T h c A " 
f m l h i L ° n s ! q u e n c e s of economic activity (for ex-

alTev . e d t : V ^ ^ C a n M g e r £ 
alleviated by a deeper penetration into the hinter lards 
Moreover, the system is vastly more complex a " 

m , , . . " " " « m a i , is lei much more quicklv anrl 

X ^ Z T J Z f ' S I O r y ' » 

allowing us to be a « „ r m o r e s ° P * ' ^ a t e d , 

A n n . | , . ' 1 0 r c c ° g " i z c their interconnections 
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selv.. ' r i y C C , , n g r c sP°nsibi l i ty for "our -selves ar.d our posterity. 
Lei us ,hen begin t o look a! ,he rela.ion between .eel 

a " d V a l u e o r - precisely, technology ^ e ^ C 
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Wechoose I he .em, c h i c s because i. refers , „ bo,h a s p e c t , r 
j . ' " » « o ™ » » : value, good and bad; and o b l ^ t i o n 

ugh . and wrong (,.e.. roses which smell swee.ly are . o X ' 
valued, hut we ough, no. ,0 use ,hen, ,o make i u p , 

Nonce .ha . Adam Smi.h 's formulano, , of .he relation 
between ,„d,v,dual self-,„teres, and .he collective good 
requires a d.s.inclion between two moral p e r s p e c t i v e -
wo ways of looking a . value and obl iga . io , . The first is 

individual personal goals and motivations designed ,0 
max.mize individual satisfaction. The second is collt-ctivei 
a pe specuve which considers benefits which accrue to the 
people in general, not to anyone in particular. Smith 's 
hcory proposed a correlation between these two caTcü.a 
ions Of good (value) : the more individuals maximize t h e t 
nd vidua, good the more the public good is promoted 

IMS precisely this correlation which has now been called 
n o question and which serves as the fundamental q u e l l 

c c o n n ^ r T W H a l ¡S , h C re,alion " " » « n individual 
w h a t T a n Z ^ T ™ , n d l h e ™ * 
pul,lie good? d ° n e 1 0 a d j U S t l h i S rela,i°" 1 0 'he 

Delving further into this problem, utilizing this distinction 
between in-out (individual, and ou.-in (collective) ethical 
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proposals. The first accepts the Smithian (or, more ac-
curately, Hobbesian) formulation of the self-Leking natu e 
e s s , T n P r O P O S a , S a C C O r d , n s t o , h i s P e r s p e c t i v e a r e 
T b r i n y H m a n ' P U , ' a l , 0 n ° r e c o " o m - institutions in order 
ù n s i , f f ° ? coordination for which the Hand ,s 
unseen (for example, Milton Friedman tax in , pollution) 
The second type of proposal for reform is founded upon the 
hope .ha . the nature of man can be changed bv i n s L t i n g 
new economic relationships, and by a system of propaganda 
which encourages business and technical people , 0 consider 
heir social responsibility. Note that the difference between 

h e ? l Z a P P r 0 a C h C S ÍS n ° ' ° n C ° f U " i m a , e 
they often agree concerning the determination of the 
g nera welfare. Rather, they disagree as ,0 the malleabili y 

a s s u m i i n T " " t h C f 0 r m C r a S S e r l i n « l h a t « be assumed to be constant over lime and self-seeking in 
a n d ' h e ' a t l C r a S S C r t ' " « t h - » » n be changed® f "r 

It follows from this distinction between two tvpes of 
reform , h a t , h e re are. correspondingly, .wo formulat ions 
o r the moral responsibility of the consequences of the 
economic and technical system. The firs, (fixed nature of 

c7„„ i T f S i ' K C m a " i s n a , u r e ^ch-seckina, it 
c o s l T L t u - V • S P O n M b M , t y I O C h a " ^ h l s calculations of 
cos. and b e n e . .0 include public considerations. I, is thus 
he r e s p o n s e l . t y of the government ,0 compel or arrange 

such considerations of the public welfare. Rousseau a r . i t -

h n, I , ,h P r S ' " 0 n , W i t h h i S d a S S i C ' o r m u ' u t i o n of the stag 
hunt . In this formulation he supposes that ten men want to 
organize themselves for the purposes of hun. inc a tag 
1 hey agree that if one of them finds a stag, he will call to 

kd in h i m " ' » ' 0 g e , h e r , h C y W ' " h 3 V C " o f kil ing him. However, during the hunt, one man spots a 
hare. According to hts calculation of individual ga i rTth i s 
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maii would follow ihc hare and thereby gain more than 
what his share of the stag might be. Thus , some system 
of author i ty is necessary to ensure collective gain in the 
face of individual calculat ions of personal benefits. It is the 
responsibility of the men who compose this government to 
"p rov ide for the c o m m o n defense, p romote the general 
welfare." The other type of reform position ascribes moral 
responsibility to the individual actors in the system, assert-
ing thai , in addi t ion to individual calcula tors of personal 
gain, they are citizens of a collectivity. As such, they have 
a responsibility to consider the public welfare in their 
individual decisions. Con i idison. according to this view, 
should (i.e., has the moral responsibility to) consider the 
cost to the locale of their pollution of the Hudson River 
when they propose to build their new hydroelectric 
generator . 

Just as there is divergence of opinion as to the malleability 
of the nature of man and the proper ascription of moral 
responsibility, there is also divergence as to the relat ionship 
between individual motivation and institutional imperatives. 
One point of view claims that the motivat ions of economic 
ac tors are determined by institutional incentives (he who is 
se l f -aggrandi / ing gets ahead) . Marxists, for example, argue 
that the acquisitive, manipulat ive, materialistic na ture of 
modern economic man is due to the nature of labor relations 
and, more broadly, the capitalist system. According to this 
view it is pointless to try to change the nature of man (e.g., 
encourage him to consider his b roader social responsibilities) 
because it is the economic system per se which determines 
the mot ivat ions o! his actions. Rather , the economic in-
st i tut ions and relations themselves must be changed . 
Ano the r view asserts that it is man ' s " r e a l " nature which is 
d rawn upon by the system, in this case, it is pointless to 
a t tempt u> change economic motivat ions and incentives by 
manipula t ing the institutional relationships or by using 
some form of p ropaganda , since those mot ivat ions are 
innate 111 man ' s character and will be operative in a n y sys-
tem. Ralph Nader , for example, does not argue for a 
p ropaganda campaign to encourage corpora t ion policy-
makers to consider their social responsibility for the broader 
consequences of their individual actions. Rather , he acts as 
a watchdog for the general welfare, barking loudly when 
the corpora t ion thief comes trespassing 011 the posted ground 
of consumer welfare. 

Thus we can make two formula t ions of the problem of 
moral responsibility in our post-Smithian world, and two 
corresponding proposals for reform. The first asserts that 
it is man ' s fundamenta l nature to be self-seeking, that his 
decisions will always be made 011 the g rounds of individual 
utility maximization. Accordingly, the only hope for alleviat-
ing the current problems which arise f rom the nonexistent 
Hand (i.e., the divergence between individual and system 
rationality) is to manipula te institutional relat ionships and 
incentives to ensure the protection of the general welfare. 
The second position asserts that man 's nature is more 
malleable, and economic actors can be convinced of the 
wisdom of act ing in accordance with the public interest 
rather than constant ly seeking individual gain. 

8 
Consequent ly, these two views can be distinguished a long 

three d imens ions : I) the malleability of man ' s na ture 
(changeable or not , determined by economic institutions or 
not ) ; 2) the cor responding view of moral responsibility 
(government or citizen); 3) the method of reform (institu-
tional manipula t ion or moralistic p ropaganda) . 

Now that these two ideal-typical views have been con-
ceptually distinguished f rom one ano ther , vvc should like to 
proceed to consider sonic of the terri tory between these two 
polar extremes. We arc sccptical of monocausal an th ropo -
logical explanat ions of social phenomena . F o r example , 
both those who assert that certain innate characterist ics of 
m a n ' s nature "de t e rmine" economic institutions, and those 
who assert that those insti tutions " d e t e r m i n e " man ' s na ture 
and motivat ions oversimplify the symbiot ic correlative 
nature of the relat ionship between personali ty and cul tural 
institutions. An ecological perspective of this interrelat ion-
ship might perhaps be more elucidating. In the case of man . 
the organism responds to changes in its envi ronment by 
adapta t ion but at the same t ime can manipula te certain 
changes in its envi ronment . For example, when man first 
developed agricultural tools, they allowed him to manip-
ulate his environment . However, the new environment 
created ncto pressures for adap ta t ion in terms of social 
organizat ion, which in turn created new possibilities for 
manipula t ion of the environment . Each element in the 
ecological system affects each other element symbiotically. 
Thus one cannot determine causal pr imacy since the 
changes are mutual ly causative. 

Ano the r view of the relat ionship between insti tutional 
s tructures and economic incentive is seen in what we might 
call the "a f t e r you, Al fonsc" problem. In this view the in-
centive for change is seen as a l ready existing within the 
personalities of the members of industry, but the economic 
structure and the legal f ramework within which they opera te 
prevents them from changing their behavior accordingly. 
For example, the automobi le manufac tu re r s claimed thai 
they were qui te willing to design and build safer cars , but 
two factors prevented them: the public was not interested 
in safer cars, and ant i t rust laws prevented their combining 
their research development resources. According to this 
view there existed a situation in which each firm v\as willing 
to change its pat tern of behavior if the o ther firms did so 
at the same time. Yet each fifm was unwilling to go first, 
since by doing so it would be commit t ing economic suicide, 
o r so they felt. Hence—after you, Alfonse. 

The response of government to this si tuation was to 
manda te safety s tandards which allowed the automobi le 
manufac turers to offer safety features simultaneously. This 
is an intriguing view of the problem of values in the context 
of the economic s t ructure since it asserts that the motiva-
t ions for change are present, but the insti tutions thwart 
their realization as changed act ion. This is in juxtaposi t ion 
to the views art iculated earlier which asserted that it is the 
insti tutions which mold the motivat ions of the actors in the 
economic system, and that one must change their basic 
self-aggrandizing mot ivat ions cither by p ropaganda o r 
s t ructural reform. 
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1 he unprecedented power given mankind by a science-
based technology places him in a race between Utopia 
and oblivion. 

Carl Madden, Chief Economist 
U.S. Chamber of Commerce 

[Systems simulations] give indications that suggest cor-
rective action will often be ineffective or even adverse in 
its results . . . choosing an ineffective or detrimental policy 
for coping with a complex system is not a mere matter of 
random choice. The intuitive process will select the wrong 
solution more often than not. 

Jay Forrester 

Massachusetts Institute of Technology. Cambridge. Moss. 

What is needed, but lacking, is a set of procedures to 
enable consideration of social utility and of scientific 
merit to be fused in both the design of institutions and 
the process ol public policy. 

CarI Madden 
Underlying the concern with pollution, ghet to s lums 

unsale automobi les , and robot assembly-line workmen is a 
much more general loss of fa i th . Somehow what was good 
and holy- the work ethic, the efficacy of technology t o 

solve social problems is no longer to be unquest ionably 
revered. It , s a rude awakening to many that the totem of 
technology has no. worked its magic. This is in its deepest 
sense not a crisis of economic values at all it is a religious 
crisis. Beliefs which have been deeply held and cherished 
a re being smashed by our na t ion ' s iconoclastic youth O u r 
condit ion is no t only one of confus ion and malaise, it is 
one ol anguish. 

What is the na ture of this religious quest ioning? What are 
he old values? What are the new ones being recommended 

C i r P , a<*? What changes in belief arc called for, and 
\Vn*v . A r c i n e r c e d i t i o n s which manda te change at this 
deeply personal level? We should perhaps approach this 
confusing and emot ional ly charged area of concern I) with 
a language with which we can name intellectual concepts 

c o m m « n » M l e with one ano ther with less chance of mis-
interpreta t ion: and 2) f rom an historical perspective in 

order to view the present situation in its app ropr i a t e 
chronological context. I««pridu. 

f , W K J h , n k , l h r i ' r r C m • S t C p , i c i s m o f o u r industrial system 
fUt by much of the youth of the count ry and by many of 

he more thoughtful members of the "es tab l i shment" fin* 

o in , T h " " a M C l C n e , S ° f ' h C industr ia l - technological 
cffic CV of ,S S ? n l , S m l h C r d i e , ' O U S b c , i e f «he 
efficacy ol science and technology to solve problems, ad-
vance mankind and bring "progress . " There is of course 
much evidence to support this view, but for most of us it 
has a very large allective or emot ional componen t as well 

c ^ Z ' ^ l : h U t l e e ^ n ° l o g i c a l development is ei.icdcious and beneficial. 

The second fundamenta l tenet of the spirit of Western 

echnolo ' " I , S ; n d ' V , d U a , i s m ' belief that cultural and 
technological advancement takes place most rapidly and 

and rf1 when members of the cul ture work individually 
and independently. This type of activity m a x i m a J 
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chances of innovation, clear thinking, and h u m a n crcati v ' v . 
As Max Weber argues with such insight, the ri.se of the spirit 
of capitalism came about in Calvinist G e r m a n y following 
the Protestant Reformat ion , which restored the direct link 
between individual men and .heir Ciod. Through faith and 
work, individuals could obta in salvation through G o d ' s 
c l h c a a o u s grace. I his ethic was in opposi t ion lo the previous 
ethic of t radi t ional ism the acceptance of .he insti tutional-
' c h u r c h a s , h c between man and G o d . Protestant ism 
was a see lie (self-denying), nonvir tuosic (individuals could 
through their own efforts obtain salvation), and rationalistic 
(the meaning of the universe was unders tandab le : purposive 
action could be taken, as opposed to the previous belief in 

the magical , the mysterious, and the tradit ional institution 
of the collectiviiy). 

Weber asserts that it was precisely this Protestant ethic 
which served as the underlying spirit of capitalism and 
industrial development . In more simple language, it meant 
that individuals did the work that was before t h e m : they 
did their j ob . Such was the highest fo rm of human endeavor 
If men worked a . the tasks before them and lived a self-
denying. conscient ious life, they maximized their chances of 
going to heaven at the same time as they worked for the 
good of their culture. Thus the ethic was essentially this-
worldly—involving a correlat ion between the religious and 
the secular as opposed to a lmost every o ther major religion 
which involves a separat ion between this world and the 
n e x t - between act ions taken for personal material benefit 
and act ions taken for spiri tual benefit. 

Combine this new Protestant ethic with the Smithian 
view of the ult imate collective benefits of individual eco-
nomic action and one can begin to see both the power and 
the comfor t of the new view of economic- technological 
behavior. Life was so simple. All we had to d o was look out 
for ou r own interests and everything which we wanted in 
both this world and the next would result. All we had to d o 
everyday was o u r jobs , and plo.j ahead doing our duties to 
God , self, and country , and we would advance science cul-
ture, and ourself s imultaneously. Such was the definition 
of p r o g r e s s - individualistic and self-aggrandizing, based on 
the efficacy of technological advances. 

N o w 

Of course condi t ions have changed radically since the 
beginnings of .he industrial revolution. But what changes 
affect this underlying faith in individualism and scientism 
the Protes tant-capi ta l is t e thic? W h y is it being quest ioned 
n o w ? Essentially what has happened , and onfv within the 
las. twenty years, is that the collective consequences of 
individual act ion are more easily perceived. The frontier 
is gone ; land and other natural resources can no longer be 
c o n c a v e d as inexhaustible, and the economic system of 
manufac turers , buyers, and sellers is now closed. There fore 
the feedback processes a re apparen t to all part icipants 

1 his new si tuation is much more significant than one 
might first think by merely listening to jeers of disgruntled 
s tudents and the compla in ts of Ralph Nader . Individual 
action must be seen in an entirely different light. It is not 
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enough simply to uiulorsland ihat the Smithian Unseen 
Hand can no longer ho trusted. T h e interdependence of 
each component of the system is extremely difficult to 
isolate and comprehend . It is not at all clear what act ions 
will in lact have beneficial consequences to the collectivity. 

Some ol these iced back processes are , of course, obvious. 
¡1 Con I-'dison pours pol lutants into the Hudson River, the 
citizens a long the r i \ e r sullcr. 1 hey suffer in a way which is 
not considered by ihe industry in the individual calculus of 
profit and loss figures. This is an impor tan t point and one 
which must be considered seriously by all of us interested 
in public policy, guard ing ihe public welfare, and enhancing 
the quality ol life However, ihe s i tuat ion in o u r complex 
and interdependent world is far more subtle,* and ihe 
assumpt ions of scienlism and individualism must be ques-
tioned for different reasons than simply to avoid negative 
externalilies. Consider the following example of purposive 
aciion that is. act ion which appears to be rational ( remem-
ber the rat ionalism of the Protestant ethic), appears to be 
taken to achieve a desired result. A town seeks to have (he 
congestion of <( road relieved. Accordingly, they widen the 
road to al low the freer passage of automobi les . However , 
since ihe road is now more attractive, more drivers choose to 
travel the road , and it becomes more congested than before. 

l h i s example of counter intui t ive negative feedback de-
scribes many aspects of our current technological s i tuat ion. 
As Jay Forrester is struggling to point out to pol icy-makers 
who still believe in their myopic intuition, building low-cost 
hous ing in the cities makes the situation worse, not better, 
since it makes the inner city relatively more a t t ract ive for 
precisely those people who suffer most f rom being in ihe 
city. 

i h e same process of negative feedback can be seen in 
many oilier areas of public policy. The Medicaid and 
Medicare p rograms increased the ability of the poor to pay 
lor health care. The response of the health industries (doc-
tors. d rug manufac tu r ing industries, d rug stores, elc.) was 
to raise ihe price of health care accord ing ,to what the 
market would bear (as any student of the market system 
would tell you they would). O u r foreign aid p rogram sought 
to raise ihe hea l th . s t andards of underdeveloped countr ies 
by providing medicine to lower the infant mortali ty rale. 
Lowering [he infant mortal i ty rate increases the popula t ion 
placing more demands on the health service facilities and 
thus lowers the s t andards of health care. 

What Forres ter says about interaction within a system is 
vitally important and compels us to rethink some of ou r 
most basic (and seemingly most obvious) philosophic as-
sumpt ions about the efficacy of .hought , purposive act ion, 
and ?he appl icat ion of technology to problems. His slate-
mem quoted in the preceding section is revolut ionary in 
the history ol knowledge. 

Let us iry to tie together some of the s t rands of ou r 
argument which may a p p e a r somewhat bedraggled by now 
Our society is m a situation of deep religious and phi losophic 
significance. We are not convinced of this significance by 
listening to hippies or u> Charles Reich or to R. D. Laing, 
although each sees something of the transit ional na ture of 
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our times. Rather , the peculiarity of our predicament can 
be seen in ils historical perspective f rom the unders tanding 
of its religious philosophic significance in o ther words! 
f rom an unders tanding of the relat ionship between the 
economic system and the ethical and epistemologica! tenets 
which serve as its g rounding in the broader-meaning system 
o f - m a n . F rom ( | i c t ime of the Reformat ion through the 
Industrial Revolut ion to our present time there was a fit 
between the personali ty s t ructure and the cultural institu-
tions of economic actors . By this we mean that the personal-
meaning system and mot ivat ions of individuals matched 
the incentives of the economic- technical system. Personal 
needs for meaning (religious as well ¡is secular) were satisfied 
by the interaction of the economic and religious systems. 
Such was the relation of the Protestant ethic and the spirit 
of capital ism in Weber ' s sense. Indiv iduals took efficacious 
action by doing their j ob . by being innovative, and by being 
self-aggrandizing, both in terms of personal meaning and in 
terms of the economic system.*Concepts such as ••achieve-
m e n t " and "p rogres s" had definite and personally salient 
meaning. Problems were intrinsically solvabfc; to solve 
them simply took time, effort , and ingenuity. Life could 
grow better f rom day to day through work. And the ev idence 
through feedback was that these people were right tech-
nological advancement was fantastic in its pace and con-
sequence. The s tandard of living rose more rapidly than at 
any other time in history. Transpor ta t ion systems were 
built, and the system of interchangeable parts was developed, 
providing the technique for mass product ion. Wars were 
fought and won, and a depression was overcome through 
suffering and hard work. 

These values which fit so neatly into the economic 
system are not called into quest ion today simply because 
we have reached a technological plateau. T h e post-industrial 
society is not defined in terms of its relative allluencc and 
the need for finding meaningful nonvvork. Students today-
are not sceptical and iconoclastic simply because they are 
spoiled and mobile and d o not feel the compuls ion to work 
to suppor t themselves. The economic system is not to be 
criticized simply because it results in negative diseconomies. 
Rather , these values a r e called into negative quest ion be-
cause they arc in fact no longer appropr ia te . What has been 
called into quest ion is the fundamen ta l belief that you can 
work at someth ing (in the small) and accomplish what you 
set out to accomplish (in the large). 

This doub t , which can lead to anguish at a very dee -
personal level, comes about because of two phenomena 
which a re taking place simultaneous!) - t h e first in terms 
cultural values, the second in t e rms of knowledge and 
act ion. The first phenomenon is the quest ioning of the 
personal rewards f rom the capitalist system. I h e result of 
achievement a n d material acquisit ion was supposed to be 
happiness and satisfaction. Well, here we are. Arc we really 
happier because we are richer, o r a re meaning and satisfac-
tion to be found in s o m e o ther facet of h u m a n endeavor? 
This is one kind of questioning brought about by our 
technological progress. Ii involves the relation of action to 
value and meaning. 
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"I he second phenomenon involves the relation l»elween 
act ion and knowledge. I he systemic interactions through 
feedback of ou r society are now so inescapable and complex 
that they must be dealt with in an entirely new way. We 
cannot simply apply ourselves to a p rob lem, based upon the 
faith that o u r working at it will somehow alleviate the 
difficulty. O u r foreign policy and our urban policy, to name 
only two of the most obvious areas of public policy, have 
suffered because of precisely this type of myopic naivete. 
Suppor t ing a count ry militarily with the hope of making 
it more likely to become democrat ic is perhaps more often 
than not counterproduct ive , since the count ry becomes 
increasingly dependent upon the suppor t , hence less capable 
of providing for itself, hence less capable of governing itself. 
Or . to use a previous example, building low-cost center-city 
housing can only serve to increase the congestion of the 
center city by making it more at t ract ive to live there. 

What is needed in response to the dual problems of action-
value and act ion-knowledge is a different vision or the role 
ol technology in our society. In the past, technological 
development was seen as an end in itself, a value to be 
pursued per se. It seemed obvious on the face of it that that 
progress meant P r o g r c s s - i . e . , technical advancement in 
the small meant progress in the large in terms of an increase 
tn the quali ty of human life. We have tried to show that both 
v l e w s of that belief the religious personal and the scientific 
- a r e being subjected to the most basic scepticism because 
our condit ion m this complex, interdependent , affluent and 
bafiling society warrants it. Working at it, applying our 
technological know-how, docs not necessarily get us closer 
to where we want to go. 

Technology should be seen as a tool, as a means which 
can be ul ih/ed to achieve the values, independent of tech-
nology, that we decide we wish to realize. T o take an 
act ion-knowledge example : if we wish to relieve the con-
gestion on the town highway, the problem must be con-
ceptualized as exactly that the aba tement of congestion 
on the highway. T h e task is not. as so many engineers 
would intuitively assert, to bu.ld a better highway. The 
answer to the congestion problem might be found in a quite 
difierent component of the interactive system (i.e., a l ternat-
ing work hours , building a rapid transit system, or digging 
pot holes ,n the road). Or. to take an act ion-value perspec-
tive. u must be recognized that the enterprise of technology 
^ only a means to personal happiness and satisfaction which 
»nay or may not come as a result. The endeavor itself should 
not he confused with those human values which it seeks to 
realize, f .xpandmg your division of General Mo to r s is not 
good in itself; ,t is good only ,f i, p r o v i d e s s o n i c good as a 
consequence (w.vcs have more time to spend with their 
husbands because they have a second car , your expanded 
bra;. .„res several current ly-unemployed laborers, etc.). 

I technology is seen simply as a means, not as an end in 
itself, and not good or bad in itself, what is the responsibility 
o: engineers whose j ob it is to develop and apply tech-
n o l o g y / What are your responsibilities as a citizen, as a 
member ol a profession, as a member of a firm, and as a 
human b a n g to see that your technology has beneficial 
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consequences i D o your various roles conflict? These q u e s -

t ions a rc both serious and dillicult. and cannot be answered 
m such a short paper. We would , however, like to consider 
several perspectives on the problem, hopeful ly shcddi.m 
some new light on some of them. 

T h e first view we would like to consider is that p ropounded 
by David Rockefeller and many others both in and out of 
" the es tab l i shment" : the social responsibility of business. 
Rockefeller argues that businessmen arc a part of their 
c o m m u n i t y ; they take act ions which have profound effects 
upon that communi ty , and therefore have a responsibility 
to contr ibute to the solutions of the social problems of that 
communi ty . Al though we app laud its sentiment, we think 
this view involves a fundamenta l confus ion concerning the 
role of business in our society. Businessmen qua businessmen 
have no such social responsibility. Tha t is. there is no th ing 
m the role of business which gives them that responsibility 
lor the alleviation of social problems. It may be that as 
citizens of ou r society the members of business sectors may 
see some of the det r imental consequences of their behavior 
and some of the possibilities for beneficial act ion, and may 
take construct ive act ion as a result of this v i s i o n - b u t they 
arc acting as citizens, not as businessmen. 

More impor tan t , however, we should look at the motiva-
tional basis of this approach . Businessmen should respond, 
argues Rockcfel.cr, because they find the a rgument moral lv 
persuasive. It is possible that they will respond to thi's 
exhor ta t ion and be convinced, but there is no Guarantee 
that they will. Here we return to the twofold distinction 
made at the beginning of this paper . We first distinguished 
between two strategies for r e f o r m : p ropaganda and incen-
tive manipula t ion . Second, we showed that these two 
strategies were based upon differing views of the nature of 
m a n : the first assuming that men are changeable in their 
motivations, that they can be convinced of the wrongness 
of their act ion and will take steps to change their behavior 
for moral reasons; the second assuming that men always 
act to fu r the r their self-interests and , accordingly, it is these 
interests which they must be convinced to change. 

What is the answer? How can you encourage the users of 
technology to unders tand and be responsible for its con-
sequences? The answer we think depends upon vour role in 
the society. As a citizen you should join Rockefeller in his 
exhor ta t ion, seeking to be as eloquent and persuasive as YOU 
can to convince members of the business c o m m u n i s to 
bccome socially responsible. As policy-makers, however, 
your role is entirely different. In this role you are a social 
engineer who must construct and adjust a complex social 
economic system and make certain heuristic assumpt ions 
about h u m a n behavior in order to be effective. Tha t is, the 
policy-maker cannot rely on trust in the goodness of the 
human spirit to realize his objectives in terms of changes of 
behavior. Laws must be passed which make it in the self-
interest of those to whom the law applies to adhere to 
ra ther than violate it. 

The Founding Fathers unders tood this principle. With 
as tounding insight and genius they constructed a svstem 
which would work even if the members did not trust one 
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ano ther and d" they constant ly sought their own advance-
ment and not that ol the count ry . It is a system in many 
ways based on mistrust, jealousy, and self-interest. Such is 
the vision of social engineers. Ami not because man is, in 
fact, unt rus twor thy and self-interested and unpersuaded by 
moral arguments , but because he must be treated as such in 
order to guarantee that the system will work. It must be 
assumed, to return to the example used by Rousseau, that 
each member of the hunt ing par ty will, in fact, chase af te r 
the hare even if he has promised not to d o so. Because if 
there is no punishment , it will, in fact, be in his interest to 
d o st» and this will be recognized by the one or two self-
interested men in the group . Thus, the argument about the 
real moral nature of man is irrelevant since, in order to 
guarantee that the system will work, man must be treated 
in a n y system as if he is self-interested. 

Those of you whose role is social engineering in terms of 
policy formula t ion are advised to look to the manipula t ion 
of incentives ra ther than exhorta t ion in o rde r to encourage 
social responsibility. As members of the profession of 
engineering, however, it seems to me that you r responsibility 
is qui te different. The question here to be considered is: 
what role does engineering play in our transit ional condit ion 
of act ion-value and ac t ion-knowledge? It appea r s that the 
current anxious situation finds its p r imary focus on this 
profession more than on any other . It is precisely because 
of the two aspects of the quest ioning of the Western indus-
trial ethic that engineering must redefine itself. It is no longer 
enough for you to say that you are what you do, that , 
because you d o technology, you arc engineers. But to what 
end'.' if technology is really to be seen as a means to an end, 
should not the inventors of that technology unders tand the 
relation between means and ends? Is that not what engineer-
ing is about the application of technology as a means to 
achieve some desired e n d ? Therefore , the vision of the 
engineer canno t simply be confined to that problem which 
appea r s before him or which is thrust before him. Consider 
the example of the highway congestion. T h e responsibility 
of the engineer, it seems, is to explain to the policy-makers 
that widening the highway will bring a b o u t more conges-
tion, not less. That is his job . since he unders tands the 
relat ionship between means and ends, and unders tands how 
to make the consequences of his action be in the 'd i rec t ion 
of the ends he wishes to realize. 

I hat is to say, engineers cannot simply lie prAblem-solvers 
m the small (i.e. widening the highway). They must be 
problem-solvers in the large (relieving congestion). They 
must set themselves the task of unders tanding the na tu re of 
the interdepcndcncics and feedback loops within the system 
with which they arc deal ing and be able to take intelligent 
responsible action. N o one else can perform this role. All 
the other ac tors in the system -pol i t ic ians , businessmen, 
consumers, etc are interested in solut ions to problems in 
the small. There is no incentive for them to be concerned 
with problems in the large. As Russel Ackoff of the Univer-
sity of Pennsylvania s tates: 

In a real sense, problems do not exist. They arc abstrac-
tions from real problems. The real situations from which 

they are abstracted are messes. A mess is .1 system of 
interacting problems. Planning should IK- concerned with 
messes. Not problems. 

The solution to a mess is not equal to the sum of the 
solutions \o its parts. The solution to its parts should be 
derived from a solution to ihc whole: not vice versa. 
Science has provided powerful methods, techniques, and 
•tools for solving problems, but it has provided little help 
in solving messes. . . . The question of priorities is mis-
leading. All messes should be dealt with simultaneously 
and interactively. 

Engineers, then, are not gadgctcers; they are consequence 
exper ts : they study and practice the control of consequences 
in a complex, interactive system. This task may be vers 
simple in a simple system such as the design of an electric 
circuit, or very complex and subtle such as relieving some 
of the problems of the inner city. But the essential role is 
the same: the unders tanding and manipula t ion of the con-
sequences of a certain set of act ions in order to achieve a 
desired end. An engineer is a designer and a means expert . 

There a rc many o ther issues which are vital in under-
s tanding the na ture of the relat ionship between technology 
and human values. This paper is intended to provide an 
intellectual basis upon which to pursue such a discussion 
and to provide a conceptual f ramework within which the 
issues may be productively considered, it is clear that some-
thing is going on in o u r cu l ture : we are in an impor tant 
period of t ransi t ion. Old values no longer seem appropr ia te . 
T h e efficacy of the capitalist system, the political system, and 
even of thought itself has been called into quest ion. With 
a haranguing irreverent son a r o u n d it is easy to feel guilty 
and without direct ion. We hope that we have been able to 
clear away some of the brambles w hich tear at your skin on 
this ethical journey , and to point out some of the trails 
a long the way. 

S O M L T H O U G H T S I R O M S U B S E Q U E N T R I R I A D I N C . A N D 

D I S C U S S I O N 

1) The use of the term "sc ient i sm" may be confusing, 
since it somet imes refers only to the applicat ion of the 
scientific method rather than to some quasi-religious belief 
in its ul t imate efficacy. T h e two concepts should be kept 
distinct, since it is certainly possible to apply the scientific 
method to problems without having that method determine 
one 's world view. Tha t may very well be a likely tendency, 
however. 

2) Related to the dual difficulties of looking at a problem 
only in the small and adop t ing a technique (means) as .t 
religious world view (end), is the phenomenon of role 
identification. That is. many people in our society identify 
themselves emotional ly and philosophically with their job 
or their role in the cul ture. Of ten , the first quest ion asked of 
you when someone is first in t roduced to you is " W h a t d o 
you d o ? " , as if what you d o were related in some deep and 
determining sense to what you are as a person. No te how 
closely this cul tural phenomenon is related to the ethical 
myopia of " I just d o my j o b " (knowledge-value) and work-
ing a t p roblems only in the small (knowledge-action). 
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3) One example «»f .1 counter intui t ive a p p r o a c h 10 a 
currently prcssur- problem is that of energy produc t ion . 
Most engineers a rc looking to a l ternate sources of energy 
to cope vs i 1 it ¡he problem of increased energy consumpt ion . 
Perhaps we should consider using better insulation or fewer 
cars . Perhaps the real problem is not energy consumpt ion 
and supply at all. but rather energy efficiency. 

It is very impor tan t to realize that both strategies of 
reform (p ropaganda and manipula t ion of insti tutional in-
centives) are being practiced now. Advert is ing, fo r example , 
is \erv definitely a form of p ropaganda in which a g r o u p of 
people is persuaded by one means or ano ther to take act ion 
in accord with the wishes of ano the r group. Tariffs are a 
means of incentive manipula t ion. The point is that we arc 
not 111 a posit ion to choose one or the o ther as a l ternate 
courses of act ion. Rather , we must quest ion in what ways 
we wish the influence of these strategies to opera te . 

5) Pe rhaps a useful way of looking at ou r cul ture today 
is to consider that we arc presently in a position to effect 
self-conscious evolut ion. O u r capabili t ies for s toring and 
relating knowledge a rc great enough that we can now under-
s tand many of the systems of interconnection with which 
we have only been able to struggle myopically before. 
Thus , ou r view of the city should be ecological in the sense 
that it recognizes that the city evolved in the way it did 
because of the logic of its symbiotic relationships. T h e only 
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way we can ellect beneficial changes in such a system is to 
al ter the fundamenta l ecological relat ionships in a beneficial 
way. Tha t is a task for responsible engineers. 

6) T o unders tand the current economic system one must 
look not only at the way it changes and responds, but at 
the way it stays the way it is (its inertia). As Madden points 
out , " M e n t a l telepathy is unlikely to be vigorously re-
searched by corpora t ions with heavy investments in com-
municat ions equ ipmen t . " 1 T o pursue this a rgument , very 
large corpora t ions and monopol ies lack the st imulus of 
compet i t ion, and smail companies lack the finances for 
extensive technical research and development . Perhaps, 
then, in terms of the strategy which looks to inst i tut ional 
incentives, we should alter the ant i t rust laws t o al low for 
and to s t imulate technical research and development . 

7) It would a p p e a r that M a o Tsc T u n g has been able to 
use p ropaganda so effectively that he has been able to alter 
fundamenta l ly the ethical out look of the individuals of his 
country . The Communis t Chinese people seem to act on 
the basis of a commi tment to the value of collective good 
rather than of individual gain. Is such a change g o o d ? 
How will it affect the individual creativity and idiosyn-
crasy? 

1 H. A . Cairns. Ed. , Clash of Cultures. New Y o r k : Praeger. I % 5 
p . 4 1 . 

On the Sociai Psychology of Organizational 
Resistances to Long-Range Social Planning 

D O N A L D N. M I C H A E L 

Abstract Tliis paper is a brief report and reflection on a three-year 
study of the social-psychological problems involved in changing public 
organizations su thai they arc able lo perform social, particularly urban, 
lonji-rannc planning. Il reviews the philosophy of the study, the present 
s ta le of long-range planning, planncd-changc li terature and its implica-
tions, and some issues in organizational t ransformation. 

r US P A P E R is a brief report and reflection on a thrce-
_ year study of the social psychological p roblems in-

volved in changing over public organizat ions so that they 

. . . anu »cri.-w received April 26. I«>72. This pape r was presented at the 
li . . W a r * :;.ip «in Nat ional Goals , Science Policy, and Technology 
AsM-v.iv.ent, W.i r renton. V a „ April 2 6 2H. 1972. Th is work was derived 
1 a sludv being suppor ted by the Cente r fo r Studies ol Met ro-
politan Problems, National Inst i tute of Menta l Heal th, under special 
Research Gran t K I 2 M i l I4<»2«>. 

¡ he au thor is wilh the Cente r fo r Research on the Util ization of 
Scicniiiic Knowledge, Institute fo r Social Research, University of 
Michigan, A n n A r b o r , Mich. 48106. 

are able to perform social long-range planning.1 Posing and 
seeking national goals, indeed construct ive and positive 
social survival, a p p e a r to m a k e long-range planning man-
datory . Yet, ou r study of organiza t ional resistances to 
long-range social p lanning suggests that if present or-
ganizat ional s t ructures and the norms that sustain them are 
not radically changed these resistances cannot be overcome 
using available organizat ional theory or available planneo 
change practice expertise. T h e conceptual and opera t ional 
crisis implied in these findings present a ma jo r intellectual 
and professional challenge. 

The criteria offered by M. Webber present an excellent 
conceptual izat ion of the long-range planning technology. 

1 The t ime period implied in the phrase " long-range social p l ann ing" 
would vary, of course, wilh the activity being evolved but . generally 
speaking, it rcfen. to a len to twenty year perspective. 
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Ihe> have been used in our s tudy as the reference against 
which to assess the na ture and extent of organizat ional 
resistance to ¡ong-range p lanning: 

1) Analysis leading to goals setting in conjunct ion 
with 2). 

2) Forecasts of fu ture setting (differentiating exogenous 
and endogenous factors) fo r which the working out of the 
plan over time is relevant and desirable. 

3) Evaluat ion of al ternat ive plans. 

4) Tracing out the consequences for plan of pert inent 
circumstances outside the plan 's direct operat ing environ-
ment. 

5) Laying out sequenced chains of act ions that define 
the plan. 

6) Evaluation of how the plan is working out on the basis 
of environmental feedback that permits recycling of the 
preceding steps. 

Of central impor tance for the social psychological issues 
involved a re three fac tors : 

1) The requirement that present ac t ions be deeply in-
fluenced by est imates of relevant fu ture societal contexts 

2) The requirement that , at all s tages of moving f rom 
present act ions into the future, the env i ronment be scanned 
and the feedback f rom it be control l ing in the unfolding of 
the luture-orienicd movement of the plan. 

3) The requirement that goals and the implementat ion of 
p rograms to realize them are intertwined conceptually and 
operat ional ly . Goa l s arc process guides rather than rigid 
end points . b 

In other words , the cybernetic concept of the relation of 
the organizat ion to its envi ronment must be reflected in 
the opera t ions of the organizat ion that derive f rom its 
long-range planning activity. 

At this point the reader may feel this study is beating a 
dead horse since the Lindblom school of organizat ional 
interpretat ion has a l ready demonstra ted that organizat ions 
have good logical and opera t ional reasons to respond to 
their envi ronment incrementally. And they ,argue that that 
is tne way things ought to be in a democracy. There is no 
quest ion that this is the way organizat ions d o respond, but 
as numerous observers have pointed out , this is a major 
cason why the plight of the society is increasingly desperate , 
shall not make the case here since it seems obvious enough 

on the face of ,t and I have made it elsewhere [ I ] , that 

T W W i n h . C , 1 V i r — t a I — 1 - d protect ion, 
nol v " I n d C V C , ° P m c m ' " C W b u * « " « . educat ional 
p o U y implementat ion, a r m s control , technological assess-
ment . biotechnology a n d social technology all require "if 
here is to IK effective allocation of intellectual and ma tena l 

resources, something radically different f rom policy for-
nmiat tons based on reflexive mini-twitches in a 'gendes of 

W f C S O U r C C a , , O C a l i ° n ' P ° , i c y fc^ned in past 
^ n e n c e s . We must get ahead of problems and oppor -

" 7 W C s h a H * «nder t h e m : en t ropy increases 
I h a n increments of al locations 

i , .nhern- ,orc , the Lindblomian mode of description docs 
«ot enlighten with regard to the relat ionships of organiza-

M r U C t U r c l<> characteristics of the external ta tk 

envi ronment as these affect and arc affected bv psyc 
logically-based responses to environmental uncertainty t 
organizat ional innovat ion. These relationships beco 
critical when organizat ional response, particularly poli 
formula t ion , must be made to problemat ic futures rath 
than to a stable past . Tha t .s. if we wish to trv to redesi 

-organiza t ions to be long range in their activities we u 
need to know more about organizat ional s tructure and h 
man behavior in relation to the future- infused envi ronme 
>n which they opera te than ,s provided by convent ion 
poli t ical-administrat ion levels of description and a n a h s 

s l u t , > ' f o c u s c s on the level of analysis and desc r iv i 
that is app ropr i a t e for thinking in t e rms of the feasibili 
of changing the people in, and s t ructure of, organizat ioi 
so that they can c o p e with the internal innovat ions necde 
to cope, in turn, with their env i ronment , over the loi 
range, through planning procedures. 

That the ideologically dead, or at least dving, horse mici 
instead be the incremental phi losophv itself is strongl 
suggested by the imagery and rhetoric that i n c r e a s i n g ! ^ 
heard these days avowing the need for. indeed, the fact 'o" 
long-range planning. It is expressed by the federal eovern 
mental publicizing its effor ts to apply plan nine, p rogram 
m.ng, and budget ing ( P I > B ) by congressional eflV-rts to pas 
legislation relevant for long-range technological assessmen 
and m a n p o w e r development , by executive training p rog ram 
aimed at teaching co rpo ra t e chiefs how to i n t r o d u c t i o n " 
range planning into their organizat ions, bv a growin 
normat ive li terature on social planning, b y ' p u b l i c a t i o n 
such as Fortune and the Harvard Business Renew with the. 
emphasis on the new management -p lanning techniques 
and by the growth of futurist studies and publ icat ions 
and by this Workshop . 

However, while the rhetoric and the imputat ion that 
long-range planning is underway or imminent a re increas-
ing, according to our studies little if anything is actually 
going on that meets the Webber criteria. I will return to 
this later. This state of affai rs is compat ib le with the bodv 
of theory and field s t u d y - a n d 1 will return to these too -
that describe organizat ional " d y n a m i c res is tance" to 
innovat ion, to use Schon ' s phrase [2] . 

T I I E P H I L O S O P H Y o r T H E S T U D Y 

Before reviewing more specifically what vse have found 
let me describe the phi losophy of the s tudy. The value 
premise in this s tudy is that long-range planning is both 
necessary and dangerous to the democrat ic e t h o s / A s NUch 
there is need to int roduce and implement it with all the' 
sophistication and humani ty possible. Hence we had better 
try to ant ic ipate and influence what may happen in this are i 
in the light of what we know about men and organizations 
on the one hand , and what we believe abou t "the proper 
conduc t of p lanning on the other. We have tried in thi 
•study to unders tand the reasons for . and implications of 
this dynamic resistance to innovation about lone-range 
planning in public organizat ions, in spite of the grovving lip 
service favoring it. O u r unders tanding derives chiefly f rom 
a compar ison of the normat ive literature on what p lannin-
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should be wiiii the l i terature on organizat ional behavior 
and planned organizat ional change. We have tried to check 
our l i teralure-based conjectures and to enrich them by 
looking at what is happening to long-range planning in the 
real world today. And we have tried to better unders tand 
the implications of these processes for public organiza t ions 
by also looking at the condit ion of long-range planning in 
p r iva t cco r porat ions.2 

Ibis study represents a preliminary effort at systematic 
analysis and conceptual izat ion to uncover areas and 
rat ionales for specific research and to propose, when 
feasible, hypotheses for research on the social-psychological 
problems and oppor tuni t ies involved in changing over to 
long-range planning in organizat ions concerned with the 
public interest. This means, most important ly , government 
agencies, but it also includes private, public-service, social 
welfare organizat ions. Thus the project should be thought 
of as an expedit ion, an explorat ion into an unexamined 
area of organizat ional-environmental- interpersonal pro-
cesses. 

The s tudy is not exhaustive. It conta ins no statistical 
tables, r andom samples, o r tests of significance. We read 
and interviewed both pr imary and secondary sources. In 
this way. we acquired a sense of the current s ta tus of plan-
ning activities and the implicat ions for the fu ture by 
compar ing the normative literature about p lanning and the 
material on the theory and practice of organizat ional be-
havior and change. Illuminated in this way, more specific 
areas of research and knowledge applicat ion can be 
delineated for fur ther systematic work. 

Present State of Long-Range Planning 

I will turn first to what we have found to be the present 
state of long-range planning. We looked some at co rpora -
tions to see if within that potentially more amenable or-
ganizat ional and environmental setting such long-range 
planning as defined herein was occurring. Con t ra ry to 
popu la r imagery, this is not the case in most corpora t ions . 
I O be sure, the aerospace industry projects ha rdware re-

quirements a decade or more ahead and organizes its 
research and development and sales p romot ions accord-
ingly. Sometimes— but only sometimes—technological goals 
change as the anticipated envi ronment changes. T h e utilities 
organizat ions and wood grower industries have simply 
extrapolated demand and planned accordingly. But these 
kinds of corpora t ions respond to p rofoundly different 
characterist ics of the societal environment f rom those which 
characterize most corpora t ions and all of the public scctor. 
Depending on their part icular product , they deal with or 
thought they dealt with stable envi ronments and highly 
specialized clientele, and they had n o problems of dis-
tr ibutive equity to struggle with. 

J HI valuable part-time staff contributions 10 this studv have been 
nuwc by J f row loot, A. ( . ruskin. and R. Olson. A work group has 
i.ehhcraied .nlens.vcly for several two-day meetings. Its members are 
R liauer. 11 l a u d M. Dumont . R. Kahn , P. Ratoosh. D. Schon, 
M. VVeboer, and A. Westin. 

IfcfcE T R A N S A C T I O N S O N SYS 11 MS. M A N , A M ) < Yl iFHNCTK S, N O W Mil! K V) 

/5 
In more conventional corpora t ions , there seem to be n 

p lanning systems in operat ion of the sort represented by 
Webber criteria. Some organizat ions a rc try ing to organj-
to plan products and investments beyond two to four yea 
—which seems to be the usual time period for convent ion; 
long-range planning in co rpora t ions when there is an 
long-range planning at all but the ^o rgan iza t i ona l cos 
so far have been so great in organizat ional and inlcrperson; 
readjus tments that not much has been put in operat ion an 
certainly nothing has been opera t ing long enough to co 
elude that it has been institutionalized even in particula 
settings. Al though there arc very small beginnings within 
very few organizat ions of trying to design and implcmc 
longer range planning, there is essentially no planning th; 
looks to alternative futures for the society in which thes 
groups hope to operate and then alters present corpora l 
goals and styles to at tain or avoid those futures. The usu= 
corpora te procedure is to project a fu ture that is compat ib l 
with present values, opera t ing styles, statuses, and commit 
ments and on that basis make their p lans to grow in tha 
projected direction. Indeed, it has been the experience o 
one of the most conscientious and sophisticated of th 
organizat ions doing futuris t studies that most organizat ion 
are so nar row in their perceptions of their relat ionship t 
the larger society, and so unfamil iar with the processes o 
thinking f rom the fu ture back into the present, that futuris 
studies are useless to them. Even when corpora t ions clain 
they want to benefit f rom such studies for planning purposes 
they actually use the studies only if the project ions a r 
compat ib le with their already-held plans and perspectives 
Taking seriously and act ing on a fu ture that jeopardize 
present successful a l locat ions of s ta tus and rewards is simpl 
too threatening. 

Thus even though corpora t ions seem to be the organiza 
tional setting in which long-range planning has the mos 
likely oppor tun i ty for realization in our society, little if an 
planning is actually in operat ion except in certain areas o 
product planning and capital investment. Here, however 
narrowness of context and purpose are con t ra ry to th 
p lanning perspectives needed in the public sector. 

Remember that ou r a t tent ion to the corpora te sector wa. 
only an alert ing procedure to ascertain factors that might b< 
worth compar ing with our data f rom public sector organiza 
lions and f rom the literature. What abou t the public sec tor ' 
There is even less effort o r success at long-range planning 
here than in the private sector. There are a very few at 
tempts at goal setting, a few a t t empt s at using pl.mr.n. 
technology, and a few solicitations of futurist studies. Bu? 
the goal set t ing is generally too nar row, the interrelation 
ships are ignored, and they are based on simple projection 
of present values and condi t ions . Planning technology ha 
been misused or not used: PPB and da ta banks are usually 
ritual activities. At best, they are used to facilitate mar°inal 
improvements in present-oriented opera t ional activities. 
Futurist studies end up " o n the s h e l f " : and n o organizat ion 
has even thought about the requisite feedback system lor 
moni tor ing and revising planning implementa t ion . Gen-
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erallv .speaking. she present so preoccupies agency personnel 
thai ihc future is left to lake care of itself. Of ten the justifica-
tion for this a t t i tude is why take risks now to deal with an 
unknown fu tu ic . In addi t ion, the exigencies of reelection 
rationalize avoiding serious at tent ion to the longer range. 

\ lew public interest, private organizat ions seem to be 
more genuinely preoccupied with the fu ture but seem 
equally unable to t ranslate this concern into action. (The 
only exception we know of is the Nat ional Y M C A . ) Tha t 
is, they a re unable to make the basic shifts away f rom the 
priorities and personnel thai the present rewards. Mean-
time. Congress calls for technology assessment, holds hear-
ings on the need for longer views in p lanning manpower 
and coping with the urban condit ion, and proposes legisla-
tion to implement the assessment capabil i ty. N o laws have 
been passed, hut even legislation c a n n o t itself deal with most 
of the steps in planning. 

T u t P i A N S I n C"IIANCJI. L I T E R A T U R E A N D ITS I M P L I C A T I O N S 

I turn now to the results of ou r l i terature explorat ion 
which is the crux of ou r study. The present " rea l - l i f e" 
situation of itself proves noth ing; the pressures for long-
range planning and the technology to d o it are only now 
developing and the future will be the more critical setting 
for assessing the possibilities of changing-over organizat ions . 
I he li terature on planning and on organizat ions is a more 
fruitful means for est imating the nature of that fu ture . 
The present would be more impor tant if what is going on 
were contradic ted by what the theory and research, as 
represented in the literature, would predict. But there is no 
contradict ion. When we compared the normat ive require-
ments for long-range planning with what is known and 
theorized abou t organizat ional behavior, the consequences 
for tomor row look like the circumstances today. 

Of the many ways I could summarize the si tuation, I 
choose that of describing s o m e operat ional design problems 
and then some organizat ional t ransformat ion problems. 
These will be categorized to reflect on the tasks Webber 
designated as defining the long-range planning process. 

Uncertainty 

Uncertainty is to be differentiated f rom risk. Risk per-
tains when one thinks one knows the probabili t ies involved 
and makes risky choices based on the probabil i ty-based 
expectation or evaluated hope that things will go one way 
rather than another . Models of exemplary behavior for 
rational men and myths about rat ional behavior assume 
known probabili t ies for making decisions. Uncer ta inty per-
tains when you know, or suspect, that you don ' t know what 
you need to know to make risk-type choices. You may have 
too much or too little in format ion : either way, one knows 
one is working in the da rk . Friend and Jcssop [3 ] have 
distinguished three types of uncertainty that operate in 
planning-typc si tuat ions: 

I) Uncertainties in knowledge regarding the environment 
relevant to the planning task. 
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2) Uncertaint ies regarding the future intent ions of those 

responsible for choices of action in related fields of activity. 
3) Uncertainties regarding the appropr i a t e value judg-

ments upon which to make planning choices. 
These lead to feelings of need fo r : I) more research regard-

ing environmental characterist ics; 2) more coord ina t ion ; 
and 3) more policy guidance. 

None of these needs for uncertainty reduction can he met 
adequately in the long-range planning si tuations. However , 
as Schon and others have shown, rat ional men find uncer-
tain si tuat ions threatening and usually avoid becoming 
involved in them. Lindblom [4] warns in support of the 
political and logical reasonableness of incrementalism, 
"nonincrcmenta l policy proposals are typically unpredict-
able in their consequences ." Uncertainty is avoided by 
ignoring the issues that lead to uncertainty, o r by gra-
tuitously translat ing an uncertain si tuation into a risk 
si tuat ion. Much of the ritualized rat ional i ty that charac-
terizes high strategy in the nuclear age. especially with 
regard to thinking the unthinkable , typifies these responses. 
But either is an inadequate response to the problems of 
long-range planning wherein the very problemat ic na ture 
of the fu tu re means the situation is inherently uncertain. 
Organizat ions ar ranged so that they could deal with un-
certainty would be ones in which the members are trusted 
enough by each other and by their relevant consti tuencies 
to propose goals, and means for reaching them, which arc 
original, tentative, and subject to revision as the organiza-
tion environment moved into that fu ture—a future in part 
invented by their act ions and in part imposed by the act ions 
of others . Wc find little evidence that men who have become 
successful by defining themselves to themselves and to 
others as rat ional and pragmat ic are able to "live openly 
and cont inuously with uncertainty. W e find no evidence 
that we know how to design organizat ions that can work 
effectively in an explicit context of uncertainty. 

A Turbulent Environment 

Emery and Trist [5 ] have conceived of and examined the 
conccpt of the " tu rbu len t env i ronment . " This is the task-
relevant external environment for an organizat ion. The 
characterist ics are such that much that happens within it 
that is significant for the organizat ion is not the result of 
act ions taken by the organizat ion. Essentially, it is an un-
certain environment full of unant ic ipatablc amplifiers and 
a t tenuators . The au tho r s give reasons for arguing that this 
is the present and anticipated environment for organizat ions 
in highly developed, complex, technological societies. If 
they are right; then internal differentiation of 'organiza t ions 
to match their envi ronments will be extremely difficult and 
never more than temporari ly in phase, li also means that 
feedback f rom that environment will face the organization 
with formidable , probably overwhelming, regulatory re-
quirements for adjust ing means and ends at the time, much 
less in an ant ic ipatory manner . Both of these issues will be 
discussed, and clearly turbulence increases uncertainty with 
the consequences mentioned above. 
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("v bernciicists working f rom ilicir theoretical pcrspcclives, 
organizat ional theorists such as Miller, Kite, and T h o m p -
son. ..nd planning ihcorists such as I awrencc and I.orsch 
all stivs>, that organizat ions must he differentiated internally 
lo ie.'ieei their relevant external environment . Moreover , 
in order that she overall organizat ional goals can Ik pursued, 
the organization must integrate ihesedifferent iated activities. 
Hut one thing is clear f rom both literature and the field: 
the existing intra- and intcrorganizat ional differentiat ion 
and integration of 'agencies "se rv ing" the public interest are 
appall ingly mismatched to that public interest. T h e new 
technologies of data banks, social indicators, s imulat ion, 
etc.. could permit greater apposi te differentiat ion and in-
tegration than has ever been possible. Futurist studies could 
help delineate pat terns of differentiation and integrat ion 
that might be more responsive to the developing situation 
than those derived f rom the past. But when these tech-
nologies. which are all a part of long-range planning tech-
nology. arc applied for purposes of establishing new 
different ia t ions and integrations, they arc p rofoundly 
threatening to preferred and stable views o f : I) what is 
impor tant "ou t the re" ; 2) internal empires and s ta tus ; and 
3) definitions of self in terms of skills (see what follows) 
and one 's internal and external utility. For these reasons, 
very few persons will be prepared to give up the rewards 
of present boundary ar rangements in order to try to cope 
belter with a problemat ic future, o r even to become em-
broiled in problematic redefinition of present operat ional 
and funct ional boundaries . 

.Wit Skills 

Use of long-range planning technology depends on 
acquiring hew skills in interpreting da ta , reorganizing per-
sonal perspectives, coping with turbulence and error , living 
with uncertainty, task-oriented interpersonal relationships, 
sentient relationships, and in fu tu re orientations. A crucial 
psychological usefulness of organizat ions is the protect ion 
they afford their members f rom being overwhelmed by the 
environment . But all aspects of long-range planning require 
those involved to enlarge their skills at coping with greater 
personal and societal complexity and turmoil . To the extent 
programs and perspectives will need revision, everybody 
in the organization must have these skills. However, not 
everybody in existing organizat ions can learn, o r cares to 
learn them, f r o m top to bo t tom, the easier situation is to 
avoid I he challenge and disruption by avoiding long-range 
planning. 

leedhuck 

The saw qua nan of long-range planning is the capabil i ty 
to evaluate cont inuously the relevance of the goals sought 
and the means used for seeking them and, on that basis, to 
revise cont inuously both the goals and means as appro-
priate [6] , T h e organizat ion must seek informat ion in the 
environment and must act on it. However, if the environ-
ment is turbulent , its characteristics arc not generated 
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exclusively or primarily h\ lis interaction with the specified 
organizat ion. Thus the feedback is very likely to indicate 
that things arc either going differently than intended or arc 
myslifyingly indeterminate as far as assessing the impact of 
the organizat ion on the environment f rom the perspectives 
of the long-range task with which il is coping. Not only 
must the organizat ion be structurally differentiated and 
integrated to deal with such discomfor t ing turbulence and 
evidences of inadequacy but , to d o so effectively would 
seem to require a profound shift in values. Instead of being 
a threat to those " respons ib le ." open "e r ro r embrac ing" 
must become the necessary way to go about societal learning 
through the revision of on-going plans. Political man and 
rational man avoid error acknowledgment like sin which, 
indeed, it smacks of in our society. In the existing way of 
doing things, a rat ional and skilled man has. by definit ion, 
the good judgmen t to choose his risks correctly. In terms 
of conventional wisdom, he docs his very best to avoid 
getting mixed up with uncertain si tuations. But in the open-
system cybernetic phi losophy treats error as a na tura l 
proper ty of such systems to be detected after the act ra ther 
than to be ant ic ipated. Indeed, the capaci ty to adjust 
depends on effective use of error . But we d o not now have 
an error-embracing e thos , nor d o we know how to design 
organizat ions that have a capabili ty for cont inuing re-
dilfcrcntiation and reintegration as a funct ion of what the 
feedback f rom the environment requires. 

Technological Inadequacy 

Since concepts and data for selecting a m o n g them are 
relatively primitive as regards our unders tanding of the 
societal processes that would be the subject of social long-
range planning, it follows that ou r computer-based simula-
tions, da ta bank content , social indicator selection and 
interpretat ion methods, and methodologies for futures con-
jectur ing arc-also primitive. As a result, potential users feel 
justified in rejecting long-range planning on these g rounds 
alone, whatever else motivates them. But this means that 
the incentives, resources, and oppor tun i t ies needed to im-
prove the technology by evolving it in its natural setting, 
in the library, or in the laboratory are comparat ively few. 
This situation const i tutes a self-fulfilling prophecy for those 
in public organizat ions w h o say long-range planning will 
not work. (As I have said elsewhere. 1 d o not think long-
range planning would work well under the best of opera-
tional circumstances for a long time to come. Hut this way . 
it will not work at all!) 

In sum. organizat ions thai should apply long-range plan-
ning technology and philosophy in public interest areas to 
enable anticipated fu ture states to guide present act ions 
must live with the personal and organizat ional threats 
inherent in : act ing in uncer ta inty; acquir ing new skills; 
living with frequent boundary rcdifferentiations and re-
integrations that would upset present statuses and senses 
of self; and embracing the errors that inevitably wiil be 
produced in part by the p lanning technology itself and in 
part by the feedback f rom a turbulent environment . These 
problems and processes would repeat themselves endlessly. 
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i have outlined the requirements io be met within one or-
ganizat ion. and have noi discussed here the obvious prob-
lems of inter-organizational collusion and compet i t ion and 
the effects of these on the above delineated internal require-
ments. It is no wonder long-range planning is so thoroughly 
resisted! 

Now that I h a \ e speculated about some of the soc i a l -
psychological sources of organizat ional resistance to long-
range planning, let me describe some of the social psycho-
logical issues of organizat ional t ransformat ion . 

I ssuis O R G A N I Z A T I O N A L T R A N S F O R M A T I O N 

It follows f rom the above discussion that a necessary 
prccondiii t >n lor long-tangc planning is organizat ional 
development . The personal and interpersonal skills and 
flexibilities needed to cope with the emot ional and intel-
lectual burdens of the change-over and the opera t ing 
s i tuat ion far exceed those that most people seem to possess, 
and certain!) exceed those that organizat ions, part icularly 
public agencies, reward. But these s trengths and skills 
would a lso need to IK- linked to the appropr ia te s t ructure 
of individual, task group, and funct ional a r rangements . 
F inally, both people and structure would have to be matched 
to long-range planning technology per sc. And all of these 
designs would have to be appropr ia te to the relevant en-
vironment . But not. of course, in a once-and-for-al l sense 
since the environment and the technology, hence the people 
and the s tructure, would be changing. 

Our review of the li terature on organizat ional develop-
ment techniques makes it clear that none of the current 
techniques available I) to shift interpersonal skills and 
personal behavior, 2) to recommend some valuable struc-
tural changes, o r 3) to belter relate some organizat ional 
tasks to through-put technologies, is adequa te to the chal-
lenge posed here. What is more, there is no theory or 
technique that combines technological, interpersonal , and 
s t ructural organizat ional change. 

In the public sector, the situation is still more discourag-
ing. Experience and theory make clear that organizat ional 
development takes years of deliberate effort . This time 
period must be dominated by a champion at the top of the 
organizat ion with sufficient control of resources and or-
ganizat ional boundar ies to make possible the controlled 
sequencing of the organizat ional change procedures. None 
ol these requirements is met in government . Of special 
importance, n o one high in government organizat ion can 
have sufficient control of organizat ional boundar ies for a 
long enough period. There are congressional and client 
constituencies available to those inside the organizat ion 
that make the boundar ies highly permeable and boundary 
control impossible. And these problems and limitations 
are common knowledge, which fur ther reduces the in-
centives to put real effort into organizat ional change. 

It oks like I) we d o nol know how to design organiza-
tions to d o public sector long-range planning and 2) even 
• t we did know how to design them, we d o not know how to 
deliberately get them transformed f rom what they arc into 
the appropr ia te new forms. What then? One could hope 

/& 
that we will stay ahead of entropy, i believe this is a 
tragically naive hope. One can " c o p - o u t " in all the approved 
ways a rich multiple-option society provides. One can seek 
revolution, but I have yet to see a model of a complex 
society tha t overcomes the theoretical and practical prob-
lems posed here which apparent ly have no ideological 
l imitations. One can look for surrogates for long-range 
planning and for the organizat ional development processes 
that provide its funct ional equivalents. Tha t is what we are 
now looking into. Let me mention some directions of our 
work. 

Crises and disaster appea r to be the occasions affording 
the greatest oppor tuni t ies for basic s tructural and personal 
changes in organizat ions. Social and ecological crises and 
disasters a rc inevitable, probably in increasing numbers . 
What about contingency planning of p rograms that in-
cludes designing organizat ional changes to be instituted in 
fluid, crises s i tuat ions? The problem here, aside f rom our 
pathetic design capabili ty limitations, is that con t ingen t , 
planning of this sort on a sufficient scale to mat ter probably 
depends on acknowledging publically before the fact that 
one has no real capacity for avoiding the crises. Otherwise, 
the planning effort will be too feeble. The needed skills arc 
scarce and hard to recruit. But acknowledging impotenev 
has obvious problems for the agcncies (or founda t ions or 
private social service organizat ions) that would take this 
step. Wha t ' s more, the cont ingency plans, by the very fact 
that they arc too disruptive of convent ional rewards to be 
instituted under every-day circumstances, will be politically 
controversial and , thereby, vociferously rejected in conven-
tional political quarters . 

There is one hopeful (?) social psychological factor that 
may operate here: As the calamities increase, it may be 
easier for leaders to acknowledge er ror and incompetence 
simply because many of them will be perceived as trans-
parently incompetent . In that way, the whole error-em-
bracing learning phi losophy regarding long-range planning 
might be more implementable, because it will be obvious 
we simply do not know what works. But the more typical 
psychological response in crises is to seek leaders who 
comfor t by insisting they have the answer. 

Ano the r approach is to see whether the planning process 
can be "pa r t i a l ed -ou t" to o ther par ts of the society that are 
functionally better able to accomplish them. F o r example, 
corpora t ions or th ink- tanks could d o the radical imagining. 
Advocates and citizen g roups could d o their own scanning 
of the environment and force the feedback on the respon-
sible agencies. Laws could act as regulators, in Vickers" 
sense, sensitizing the system to when it is going in the right 
direction [7] . But the s t ructures that would accomplish 
this in the public interest d o not now exist even in theory. 
much less in a necessary interpersonal reward system within 
the organizat ional and inter-organizational matrix. 

T here is, in principle, ano ther way to view these problems 
and that is to try to discover a theory that makes possibie 
the needed organizat ional design and its implementat ion 
which would encourage and permit long-range planning. 
Throughou t this study, I have been haunted by a piece of 
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engineering history: i here was a time when acrodynamis ts 
could design pretty good airplanes but the theories upon 
which the designs were based also said the honeybee could 
not fly. Today. they design better planes and can also 
demons t ra te how the honeybee flics. Maybe society, and the 
organizat ions th.it comprise it, can be made to fly by 
different or addit ional principles than those we have 
discovered so far. 

l o my mind, the most promising approach here is to 
think about the possibility and feasibility of a complex 
society where organizat ional s t ructures and the norms that 
legitimate them arc designed to reward a different set of 
assumpt ions about the nature of man. It seems clear that 
it would have to be a definition that says it is na tu ra l for 
man to embrace error , live in uncertainty, live in nature, be 
trusting, and be as constructively and openly fcclingful as 
he is now constructively rat ional . " U n n a t u r a l " as that de-
finition of human nature seems to us, it is age o ld—Huxley 
has called it the Perennial Philosophy—and seems to be 
making sense today to a growing number of people (I think). 
Whether the occasional, tentatively successful, experiments 
that have matched " h u m a n na tu re" and organizat ional 
s t ructure in this perspective can become the norm or even 
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become an important strand in the dialectic of societal 
change remains to be seen. Hut if our theory of man and his 
organizat ions cannot be replaced or radically revised, we 
arc in terrible t rouble. For national goals will depend on 
long-range planning for their realization and nat ional goals 
as planning guides will be a necessary input to the planning 
process. The way things are, that process is inaccessible to us. 
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A Framework for Science and Fechnology Policy 
H A R V E Y B R O O K S 

Abtfruci—Science by ilsclf has no impact on society. Its impact is 
mediated through Hie professions, all of which arc concerned with design 
in some sense. Science and technology arc both option-generating 
processes, and iheoptions have a high mortality. It is only the application 
of Wihnolony in a repl icator proccss that is option-choosing and commits 
us to ¿Is social consequences. 

Social systems do nol conform to traditional systems analysis. They do 
not have single objective functions. They exhibit conflicting and internally 
inconsistent goats. S\stems analysis which aims to incorporate society as 
part of the system must incorporate these conflicts and inconsistencies as 
pari of Ihe analysis. 

Pure!¡an environmental analysis and Allison's models of governmental 
dec ision-making are described as illustrating how the concepts of systems 
anahs i s mighl he broadened to lake into account the response of social 
groups and bureaucratic structures to technocratic plans. 

Manuscript received May 22. 1972. This paper was presented at the 
II I I VVorksiiop on National Goals. Science Policy, and Technology 
Assessment. Warrcnton, Va., April 26-28, 1972. / 

J i.e anchor is with ihe Division of Engineering and Applied Physics, -
ha rva rd University, Cambridge, Mass. 

If engineers are to bring systems thinking to bear on social problems, 
they must learn how to incorporate social and political theory into'their 
analytical framework ab initio. 

S C I E N C E , T E C H N O L O G Y , A N D THI: A P P L I C A T I O N O F 

T E C H N O L O G Y 

q P H E R E C E N T populari ty of such terms as "science 
policy" or "science and society" has led :o a good deal 

of confusion in thinking a b o u t the relationships between 
scicncc, technology, and society and the responsibilities of 
scientists and engineers and other technologists in these 
relationships. T h e term " impact of science on society" is 
an extreme shor thand expression for a process which is 
very complex and involves many elements besides science. 
By itself science has no impact except on man ' s thinking 
and the way he views himself in relation t o the universe. 
Science is not action but thought , and thought which aspires 
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Goals for Technology 
J O H N G . T R U X A L , F E L L O W . I I I N E 

A b s f iniKiirn »echno!o«y is (o impact successfully on a s,V-
nilicanl social problem. .he qu.inlita.ivc model must lead 1» a l .nhe £ 
of a l U n u m c s , each dea r ly referenced lo i , s social, economic and 
P^IKUI conscranils. From such a l te rna t ive . priorities mus, be 
hshed by .he pohlical p r u c c s s - i , i s a t t h i s s f c p t f c l | , h c £ £ 

. m ^ m i e n ,o p r o c e s s occurs. The c n ^ r i n « communily carries he 
= h , y of elucidating ,he specific decisions which the | 

n P l l i - SC'IENC'I: advisory system of the Federal G o v e m -
1 men. involves t housands of engineers and scientists 

a I tempi mg to nnpaet «he system in a variety of ways - f r o m 
peer reviewing of p roposa ls to service on s tanding commi t -
tees and ad hoc commiss ions and f r o m personal con tac t s 
W f m c r a b t f " legislative b ranch to over t a t t empts t o 
m uence public opin ion . A pr imary objective of this com-
Plex advisory mechanism is to establish specific na t ional 
oals which represent realizations of the positive con , r ib 

lions technology can make m th~ 
quality of life in [his count ry . of the 

c J l u n 1 ' 0 ^ , ! h c r e h i i v c b c c n * o f a t t e m p t s t o 
evaluate this a d v , s o r y mechanism. Articles in Science 
reports by N a d e r s o r g a n , « „ o n , s tudies by elements of he 

l i e n t l v >- a ' h C 8 r ° W i n i ; b o d ^ o f l '"=rature on 
sc tcnce-government mteract ion have cited a n u m b e r of 
successes „ o r example , in biomedical research o r ^ on 
" » m a l activity) and certain marked failures „ n o * no bly 

> "he cur rent publ ic a t t i tudes toward technology, bu a l so 

; ^ r - ' C - C u r b « * epidemic, and to 
amel iora te the serious urban problems) 

Indeed. ,1 one looks at the variety of nat ional p rog rams 
o. he pas , decade which have been developed f o a u a c k 

•on that the only positive result is the demons t r a t ion that 

fcml"^ W " ' "<" W ° r l i l h < — of educa t io o 
pxamplc . we seen, no nearer to a resolution of de fac to 

& T 7 P m , b l C ' m : television ha tenr 
C d U C a " 0 n M a m e a " s 1 0 o ^ i n improved 

• >tm p c r . o r m a n c e w „ h i „ cos, const ra ints- c o m p u t e r a s 
« e d instruct ion is considered still a decade o T o e off 

.V a c o m p a n y which has led in the investment of d o 
•ivi creat ive m a n p o w e r ; the Head <Jtan a r s 

criticized ,h n program is widely 
. </ul and the Depa r tmen t of Heal th Educat ion and 
* 0 ^ ^ quiet ly d r o p p e d the ES '70's p rog ram a n d less 

Manuscript rcccivcd Mav 2"» I>jT> n , ; 
> ' > .p on . N a l . o L l G « b " ¡ S t a S i ' S l - " 0 * -

A V . ™ . K I , I . Warrenlon. v . . A p n T ^ 572 ^ ^ 

N . V ^ i S l r * W " h New York. S l o n y B r o o k . 

quiet ly procla imed pe r fo rmance cont rac t ing a failure O n e 
has the impression that every three w e e k s ' , h e T ^ .Tt 
W announces in a f ron t -page s tory the fantast ic success 

articJc f a i t h f ' I r 7 ^ w i , h lead 
les esnh y V " ' S a W e e k , a l C r 1 0 a n n o u n c e that 
ICS, results were manipula ted in that par t icular p rogram 

W e seem o be left with only a few new and untested 
P rog rams : day care centers fo r pre-schoolers and open 
universities for pos,-schoolers . With such exeep ions we 

C
t z r o r i d e o b a n k r u p t c y - n o 1 ••» e d u " : ; , : „ 

but a lso with respect to most social problem arc-is The 
p a u c n y of e x c t n i g novel a p p r o a c h e s ' c o i n c i d e s v h 

nat ional recognit ion that these p rob lems are no , a s i v h l 
as t e technological chal lenges o f d e u - l o p i n g a new v ' ^ n 
system or placing a man on the moon 
w t e h l ^ d ' t o T l ° C h r 0 n ' d C " h C m a " y f o r c c s 

Which lead to the current nat ional a t t i tude toward tech-
nology which threa tens to force legislation limiting. d i r L y 

or indirectly, the deve lopment of that new technology whi | 
o essential ,1 we are to amel iora te these prob lems This 

d r o o i n T H n a " ° n a l a " i t U d C W h , d " r e s u l l s i n a one-y a 
M MO f r e ; h ™ " engineering enrol lment f rom 71 « » to 
58 000 a n d whtch marshal ls public oppos i t ion to new 

l u e r n n a t ^ . W , , h 0 U l the 

diffi,!! u- U S , l e , c h n 0 l " s y - h o w c v c r - a r c far too aware of the 
i i : w e i ' i» precisely at such 

t ime tha t we must lorge new. creative, and positive pro-
o f s . ff r ^ f i , C ' <>f w U e " ^ P ' i o n o" the' f a C e 
Of past efforts ,s. in o n e sense, the greatest cause fo r oo-

a b o u l ' " e fu ture . N o . only will any sma I Z Z 
represent a refreshing change, bu, a f t e r severa yc^rs o 
naive op t imism, we now recogni .e the e n o r n S / o , t l t 

w i U s i r ; " TrS'a"d
 " , C n C C C S S i , y P ^ b 

smal steps, a n d we apprec ia te the complex interaction of 
socia, Political, and economic factors wnh techno o " ^ 
have laid the g r o u n d w o r k for m a j o r technological c o n ' 
n b u t i o n s to educa t ion , health, env i ronmen ta l cont ro l 

t r anspor ta t ion , housing, a n d the like. We are en er 
f rom the difficult conversion f r o m the mil t a ^ s p a « 
economy to the civilian economy. ' P 

T H E B A S I S O F A P R O O R A M 

A specific p rog ram designed to app ly technolo^v to 
improve the qual i ty of life by effecting c h a . J f a n 

the n l h U p ° " a " ; , d C q U : , , C quan t i t a t ive model of 
the prob lem area. II we are discussing a specific service 
funct ion , the model must encompass n o , only the c o s " ,f 
he service, but a l so definitive measures of the q u a U ^ - o r 

the ways m which there is a deficiency 



i his quant i ta t ive model . coupled with an unders tanding 
of the modern technology as well as the existing social and 
political constraints , allows logical decisions on the details 
of the pro- ru in . Typically, a long list of possibilities is 
ucnerated as possible avenues of a t tack. Social scientific 
informat ion is then required before priorit ies can be es tab-
lished within this list information not only on the impact 
on all aspects of the social system, but also on h u m a n 
at t i tudes toward change. When priorities a re established, 
the program then entails technological development paral-
leled by educat ional and social p rograms prepar ing for the 
innovat ion. 

in order lo illustrate these general ideas, we turn to a 
par t icular example : health care. An intensive series of 
national reports da t ing well back into the Johnson Ad-
ministrat ion has documented the relatively poor heal th 
s ta tus of Americans compared to people in the o ther ad-
vanced nations of the world. (Admit tedly, such quantif ica-
tion has to be interpreted with care, since there really a re 
no measures of the average quality of hea l th ; instead mor-
tality and serious-disease rates are used.) Fur the rmore , the 
many nat ional studies both within and without the Gove rn -
ment seem to agree on a number of causes - s e v e r a l ways in 
which the U.S. health services system is not meeting desired 
per formance levels in spite of the high and rapidly rising 
cost of health care in this country . 

The interesting fea ture of this list of causes is that in 
many cases technology can make a definite contr ibut ion if 
the means is found to implement a technology-development 
program by providing the necessary federal impetus, aggre-
gating a market enough to make the field at tractive to 
industry, and establishing appropr ia te guidelines and 
s tandards . 

I ven a cursory glance at the causes aff i rms this potential 
rule for technology. 

/ ) Senior Citizens: I lere the sorry state of nursing homes 
has been emphasized by President Nixon dur ing his Nashua , 
N.H. , trip and in " p o p u l a r " terms in the book Where They 
(„> t<> Pie. as well as in a series of television specials and 
articles in the press. T h e lack of technological development 
is apparent to any visitor lo such homes, where there is 
essentially nothing to improve the mobility of the physically 
handicapped, to assist individuals who are unable to care 
for themselves, or to utilize compute r video terminals to 
provide enter ta inment . Merely a typewriter designed es-
pecially for users who are unable to direct their lingers to 
a small area would be a significant aid, as Myron Tr ibus ' 
Dar tmouth College s tudents showed in their work with 
spastic children, and some of these pat ients could be given 
a strong purpose by using technology to allow them to 
prepare materials for blind people. As a final example, 
there seems little justification for a cost of SI000 for a 
device to hoist a human being one flight of stairs in his 
h o m e a few times a day. 

2) Middle-A get I: One of the principal reasons for the 
poo r U.S. life expectancy is the relatively high mortali ty 
rale of citizens of 25-45. While the causes arc not com-
plete y clear, certainly hypertension and alcoholism are 
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significant factors . Even more surprising is the high rate 
of physical disability, with the n u m b e r of handicapped 
growing markedly faster than the ou tput of rehabil i tat ion 
programs. In spite of the publicity associated with the 
"Bos ton a r m " and e laborate reading machines for the 
blind, the percentage of physically hand icapped who benefit 
significantly f rom modern technology is exceedingly small . 

With less than 20 percent of the blind reading braille, the 
need for a nat ional p rogram to capitalize on the low-cost 
a u d i o cassettes is apparen t . Laser canes as mobili ty aids 
have been heralded, but the vast major i ty of the blind 
experience great difficulty in moving a round urban areas. 
Indeed, until very recently our industrial process did not 
even make available a folding c a n e - c e r t a i n l y not par-
ticularly high technology. 

3) Young Adults: The 15-percent d r o p sincc 1900 in the 
rat io of females to males in this country has received 
wide publicity because of the implications for women 's 
liberation and the relat ionship to the o p t i m u m marr iage 
age for males and females. One of the impor tan t causes of 
the d r o p is the death rate a m o n g young male adul t s : dea ths 
resulting f rom automobi le accidents, homicide, suicide, 
and d rug addict ion. 

Technology can play a significant role in mit igat ing this 
s i tuat ion. In the drug-epidemic problem, for example , sys-
tem analysis is desperately needed to determine at which 
points intrusion into the manufac tu re , dis t r ibut ion, and use 
network is likely to have a meaningfu l effect. For instance, 
the adminis t ra t ion has publicized the agreements with 
Turkey to limit the poppy c r o p grown there, and on Long 
Island res taurants a re boycot t ing French wines until France 
takes s t rong action to close the Marseilles manufac tu r ing 
plants. Serious proposals have been made to use satellite 
observat ion to moni to r the location of poppy growth 
th roughout the world. 

Yet none of these measures really seems significant in 
terms of the U.S. problem ta l ihough pe rhaps they can be 
justified on world-wide humani ta r i an grounds) . With drug 
prices in the U.S. markedly higher than elsewhere in the 
world, this coun t ry represents the pr ime market . It appea r s 
that more than 95 percent of the world ' s poppy c r o p would 
have to be eradicated before we could anticipate a major 
change in the supply in this count ry . 

In the problem of au tomobi le safely, technology can plav 
several immediate roles beyond the obvious improvement 
of vehicles and highways. The air bag. now dictated lor 
installation in all ears by 1975, requires ma jo r technological 
development , as emphasized in last m o n t h ' s R E C A I report 
by the Office of Science and Technology. 

As the President 's 1972 *>tate of the Union message ;;.id 
the March lt> special message on science and technology 
both emphasized, a major effort is needed in the develop-
ment of emergency medical care systems and devices to 
reduce the third of the 55 000 annua l a u t o fatalities which 
are at t r ibuted to improper emergency care. The 88-pcrcent 
expansion in Federal funding proposed for fiscal year '73 
for new demons t ra t ion projects arises to "pu l i together the 
technologies into a system which effectively links com-
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¡uu.ncaiioii. t ranspor ta t ion of victims, ambulance equip-
ment and service, trained manpower , and emergency r o o m 
hospital service." 

B K I . A D I I I O F A P R O G R A M 

The three aspects just mentioned represent, of course , 
only a very small part of the model for the present U.S. 
health care system the model which shows as vividly the 
many specific points at which existing technology could 
x -..<•: modify the overall quality of health care. We 

. . ,..>c;issed at all the health problems of children, 
the soaring costs of care for the critically ill, o r the most 

problem of the more than one-third of ou r popula -
. • • eh is effectively separated f rom the health care 

>ystem except in si tuat ions of dire emergency, (in this last 
direction lie perhaps the major challenge and oppor tun i ty 
for ins t rumentat ion technology, and one of many chances 
to demons t ra te that technology can indeed enhance 
individuality.) 

From such a model (developed naturally in very much 
more detail than is possible in these brief notes), we can 
formulate a lengthy list of alternatives -specif ic govern-
mental or nat ional p rograms which effect a positive change 
in the health s ta tus of this count ry within the existing 
social, political, and economic constraints . Such a list 
would certainly include, for example, the fol lowing: 

a) the design of an ar ray of ambulances and emergency 
vehicles similar to that now in existence in the Soviet 
Union and ranging from general purpose to highly 
specialized: 

b) the development of low-cost special-purpose mini-
compute rs for hospital informat ion systems: 

c) tiie realization of a greatly expanded nat ionwide net-
work of artificial-kidney centers to treat the 30 (MX) 
patients annual ly who arc now unable to obta in help; 

d) research directed toward malnutr i t ion tests which can 
he administered early and at low cost to large number s 
of people, particularly expectant mothers , where 
nutri t ional deficiencies seem to adversely affect the 
child. 

Jusi these four possibilities point out the wide range of 
technological difficulties which can be anticipated for the 
complete list of alternatives. The p rograms a) and b) a re 
s traightforward f rom a technical s tandpoint they require 
no new technology. Indeed, a) merely awaits some assurance 
of a suitable market . Program b) requires at least a modest 
study of the true needs of this aspect of the health care 
system, or perhaps even more, an agreement a m o n g hospital 
adminis t ra tors and managers . 

Item c) begins to int roduce technological difficulties, o r 
it least uncertainties, because of on-going research directed 
toward cost reduct ion, simplification, and portabil i ty of 
artificial kidney machines . Finally, the nulrit ionai-tcst pro-
gram d e m a n d s a significant research effort and hence 
¿nvolves more uncertainty as to success. 

IT. each of the hundred or so possible p rograms which 
van be listed for improving health care by technology, the 

- Z . - 2 

description of the program must a lso include the model 
for the social and economic constraints within which the 
new technology must operate, l o r example, the ambulance-
redesign effort (studied recently by both H E W and the 
Nat ional Academy of Engineering) is severely limited by the 
confus ing multiplicity of responsibilities for ambulance 
operat ion in the typical city, the stringent financial con-
straints under which both municipal and entrepreneurial 
systems operate , the inadequate training programs for 
ambulance personnel , and a disarray of Local and State 
s ta tutes governing opera t ion . (The proposed Federal pro-
gram mentioned earlier will a t tempt to find, as pilot projects, 
a small n u m b e r of localities where this confus ion is minimal, 
in the hope of inducing other cities and local governments 
to take positive steps to create the legal and social setting 
amenab le to the introduct ion of modern technology). 

L I M I T A T I O N S O F T E C H N O L O G Y 

T h u s we a rc now at the point where a list of alternatives 
has been generated, each complete with the social, political, 
and economic por t ions of the model and the program plan. 
Indeed, each can be evaluated on a quant i ta t ive basis if we 
with to strengthen the a rgument by demons t ra t ing that a 
proposed program will yield an equivalent dol lar benefit 
greater- than the cost . (Reading various cost/benefit analyses 
prepared to substant ia te proposals , one rapidly gains the 
impression that the nation could easily utilize its entire 
tax revenue in new programs which would reap benefits 
far exceeding costs.) 

T h e actual implementat ion of any subset of these pro-
grams requires a decision on priorities. It is at this point 
that the political process rightfully assumes the decision-
making responsibility. Unfor tunate ly , the political process 
is of ten not assisted very effectively by the scientific com-
munity. Anyone who has sat on biomedical advisory com-
mittees with a variety of physicians is acutely aware of the 
inability of the medical experts to agree on priorities. Qui te 
natural ly, each tends to feel that an addi t ional SI00 million 
of federal fund ing for health should be devoted largely to 
his own Field of specialization. Every admin is t ra to r of an 
existing program is acutely aware of his own fund ing limita-
tions and argues for expansion of his program in preference 
to initiation of a novel effort . T h e politicians have to be 
sensitive to public concerns and have to emphasize p rograms 
which involve the direct How of money to critical com-
munities or which have a high degree of visibility (such as 
the artificial heart p rogram or the cure-for-cancer under-
taking). Finally, hearings before Congressional committees 
tend to encompass extreme viewpoints rather than studied 
evaluat ions by relatively disinterested experts. 

In the midst of all these divergent forces, establishing 
priorities in a quasi-logical fashion requires exceptional 
leadership and an exceedingly s t rong science advisory 
m e c h a n i s m - a mechanism which does not hesitate to enter 
the political a rena in order to win suppor t for desirable 
programs. T h e professional or scientific society which 
insists on maintaining assiduously its de tachment f rom the 
political scene (often under the excuse of retaining its 
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F.iv«.U\l si.ilus MM I lie Internal Revenue Service) abdicates 
completely ¿is responsibility io rcpreseni its members in 
placing before the public an accura te picture of the tech-
nological features of ma jo r issues and to ensure appropr ia te 
scientific input to the establishment of nat ional priorities. 

C O M I ia>i\ t ; C O M M E N T 

Most of today ' s serious social problems can only be 
ameliorated by the intelligent use of technology. Technology 
cannot change the urban or social envi ronment and h u m a n 
behavior: it cannot solve major social problems such as 
unequal educat ion or health care : it cannot solve the 
problems of increasing, productivity in the service sector 
(which now employs the majori ty of our workers) and at 
the same time decreasing unemploymen t : it cannot yieid 
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an appropr ia te internat ional t rade balance regardless of 
d iplomat ic and international economic developments . 

But in each of these aspects, the h u m a n and social use of 
technology can lead to marked improvements in our quali ty 
of life. The technology exists. T h e needs arc widely recog-
nized. We are primarily stymied by our inability to develop 
workable procedures to establish nat ional priorit ies at a 
time when so m a n y competi t ive forces a rc ac t ing on the 
political decis ion-makers that it is increasingly difficult to 
focus effor ts or resources above critical size on any specific 
p rogram. Into this gap, the technology profession must 
move with the individual engineer, the professional society, 
the special advisory and evaluat ive commit tees , and the 
major nat ional resources such as the Nat ional Bureau of 
S tandards and the Nat ional Laborator ies . 

Toward a Framework for National Goals and 
Policy Research: Notes on Social Indicators 

F. K A R L W I L L E N B R O C K , F E L L O W , IEEE 

Abstract—Quantitative information and factual indicators are 
essential for informed decision-making, and scicncc and technology 
policy-making is no exception. However, I here arc no social indicators as 
there .ire economic indicators. Direct measures which relate to tech-
nologic:.! accomplishments are almost impossible to obtain. Analogies and 
anecdotes are Ihc arguments used for programs proposed in problem 
areas railier than specific measures or specific indicators which permit the 
evaluation of the effect iieiicss of ihe program. 

In addition lo the lack of quantitative data , there arc economic and 
institutional practices and regulations on an international, or state and 
local level thai oficn act as powerful nontechnical barriers to technological 
enhancement and change. These include state highway regulations, 
stale building c«»dcs, lax rates and structures, the patent system, re-
strictive application of anli-trusl anil trade regulation, absence of and 
ma.iei.uacv of nonperformance based standards, and subsidies and tariffs. 

I In methods of scientific irn- t.-aiion and the social engineering 
called s\stems analysis whirl. . :..<„ primarily successful in Ihc 
solution of fiiililu.-) and space problems have important roles to play in 
this area. They can provide the framework for the determination of the 
particular tvpes of qualitative information needed lo measure the nation's 
social health. 

I N T R O D U C T I O N 

I AN i II ATI VI. informat ion and factual indicators, in 
general, are obviously essential for informed decision-
making. and science and technology policy-making is 

• h ^ i i T w T ^ 1 1 A , K n i 2 K ' ! ? : - , T h , s was presented at 
the li l , Workshop on National Goals . Scicncc Policy, and Tech-
nology Assessment Warrcnton. Va.. April 26-28 I97"> 
Hot 'n , " " f v , ' r V . " u ! c i n M i l l i l c f o r Applied Technology. National Bureau of Standards , Washington. D.C. 20234. 

no exception. We arc by now so accus tomed to seeing and 
using economic indicators, such as gross national p roduc t , 
price indices, and nat ional income accounts , that economic 
policies would hardly be considered without reference to a 
wide variety of these indicators. Social policies and policies 
related to science and technology, in compar i son , d o not 
have similar indicators. Al though it may a p p e a r as though 
comprehensive economic indicators have always been avail-
able on a routine basis, they actually were developed in the 
' thirties, and then were not developed overnight . There is 
a long history of research and development by economists 
and cconomctr ic ians because progress required theoretical 
developments and was not just a mat te r of collecting da t a . 
It appears , therefore, that there is a long way to go before 
quant i ta t ive suppor t for science and technology policies 
can at tain the sophist icat ion and scope available in the area 
of economics. N o a t tempt will be made here to lay out the 
necessary theories for science and technology indicators. 
What we shall d o first is to discuss the need for quant i ta t ive 
informat ion . 

Quant i ta t ive in format ion for rat ional decis ion-making is 
essential because it enters into nearly all aspects of the 
process of arriv ing at good choices. One type of quant i ta t ive 
informat ion can serve to identify problem areas. The greater 
the detail in the in format ion , the sharper can be the focus 
in terms of providing an unders tand ing o f the problem and 
the na ture of the action that might be needed. F o r example . 
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fa voted si.ilus MM 1110 Internal Revenue Service) abdicates 
completely iis responsibility io represeiu its members in 
placing before the public an accura te picture of the tech-
nological features of ma jo r issues and to ensure appropr ia te 
scientific input to ihe establishment of nat ional priorities. 

C O M I I ; I> I \T ; C O M M L N T 

Most of today ' s serious social problems can only be 
ameliorated by the intelligent use of technology. Technology 
cannol change ¡he urban or social envi ronment and h u m a n 
behavior: n cannot solve major social problems such as 
unequal educat ion or health care : it cannot solve the 
problems of increasing productivity in the service sector 
(which now employs the major i ty of our workers) and at 
the same time decreasing unemployment ; it cannot yieid 
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an appropr ia te internat ional t rade balance regardless of 
d iplomat ic and international economic developments . 

But in each of these aspects, the h u m a n and social use of 
technology can lead to marked improvements in our quali ty 
of life. The technology exists. T h e needs arc widely recog-
nized. We are primarily stymied by our inability to develop 
workable procedures to establish nat ional priorit ies at a 
time when so many compet i t ive forces a rc ac t ing on the 
political decis ion-makers that it is increasingly difficult to 
focus efforts or resources above critical size on any specific 
p rogram. Into this gap, the technology profession must 
move with the individual engineer, the professional society, 
the special advisory and evaluat ive commit tees , and the 
major nat ional resources such as the Nat ional Bureau of 
S tandards and the Nat ional Laborator ies . 

Toward a Framework for National Goals and 
Policy Research: Notes on Social Indicators 

F. K A R L W I L L E N B R O C K , F E L L O W , IFF:E 

Abstract—Quantitative information and faclnal indicators are 
evsential for informed decision-making, and sciencc and technology 
policy-making is no exception. However, there are no social indicators as 
there .ire economic indicators. Direct measures which relate to tech-
nological accomplishments are almost impossible to obtain. Analogies and 
anecdotes are (he arguments used for programs proposed in problem 
areas rather than specific measures or .specific indicators which permit the 
evaluation of the ciTccliteiicss of ihe program. 

In addition to the lack of quantitative data, there arc economic and 
institutional practices and regulations on an international, or state and 
local lei el that often act as powerful nontechnical barriers to technological 
enhancement and change. These include state highway regulations, 
stale building C.MKS, tax rates and structures. Ihe patent system, re-
slricliie application of anli-trusl and trade regulation, absence of and 
maiiei.iiaei ofnonpcrformai.ee based standards, and subsidies and l;;rilTs. 

I In methods of scientific ¡no li-ation and the social engineering 
called s\stems aiiahsis whici. . :..<„ primarily successful in the 
solution of iiiililu.-) and space problems have important roles to play in 
ib.s area. They can provide She framework for the determination of the 
particular l>pes of qualitative ¡«formation needed to measure the nation's 
social health. 

I N T R O D U C T I O N 

I AN i I I ATI VI. informat ion and factual indicators, in 
V ^ i v n e r a l . are obviously essential for informed decision-

making. and science and technology policy-making is 
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no exception. We arc by now so accus tomed to seeing and 
using economic indicators, such as gross national p roduc t , 
price indices, and nat ional income accounts , that economic 
policies would hardly be considered without reference to a 
wide variety of these indicators. Social policies and policies 
related to science and technology, in compar i son , d o not 
have similar indicators. Al though it may a p p e a r as though 
comprehensive economic indicators have always been avail-
able on a routine basis, they actually were developed in the 
' thirties, and then were not developed overnight . There is 
a long history of research and development by economis ts 
and cconomctr ic ians because progress required theoretical 
developments and was not just a mat te r of collecting da t a . 
Ii appears , therefore, that there is a long way to go before 
quant i ta t ive suppor t for science and technology policies 
can at tain the sophist icat ion and scope available in the area 
of economics. N o a t tempt will be made here to lay ou: the 
necessary theories for science and technology indicators. 
What we shall d o first is to discuss the need for quant i ta t ive 
informat ion . 

Quant i ta t ive in format ion for rat ional decis ion-making i.s 
essential because it enters into nearly all aspects of the 
process of arriv ing at good choices. One type of quant i ta t ive 
informat ion can serve to identify problem areas. The greater 
the detail in the in format ion , the sharper can he the focus 
in terms of providing an unders tand ing of the problem and 
the na ture of the action that might be needed. F o r example . 
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Unified Program Planning 
J . n o i CI I . A S I 1 I I . L , MEMBER. I N I A N D J O H N N . W A R I I I L I ) , SENIOR MI MHI R , I M : 

Abstract -Program planning In-gins with problem dclinilion and ends 
wiili planning for a i l ion. '1 lie key products thai result from the problem 
definition, value system design, and system synthesis steps are discussed 
and interrelated through the use of interaction matrices. Particular 
emphasis is given to delming objectives and to defining a set of measures 
on ihc objectives b> which to determine their attainment. Interaction 
matrices relate objectives measures to objectives and link activities and 
measures of their accomplishment to the attainment of objectives. A 
major consequence of program planning is the choice of a program to 
pursue, and identification of the projects that will be carried out as a part 
of a selected program. Selecting the set of projects is discussed in terms 
of consistency with corporate or agency policy, and the economics, risk, 
and potential benefits associated with each project. A criterion function 
that incorporates the latter three factors is described and proposed as a 
practical way of evaluating ihe relative merits of projects. 

I N T R O D U C T I O N 

j T ^ E V L L O P M L N T of a theory of systems engineering 
k J that will be broadly accepted is much to be desired. 

1 he process of developing such a theory is iterative between 
Jurm and coment. If one has a fo rm, i.e., a broad f r amework 
for such a theory, Ihc content can be matched to that form. 
In the process of developing the contcnt , it may be found 
that the form is deficient and requires change. Then the 
content will have to be reorganized, amended , and aug-
mented. This may result in fu r the r modif icat ion of the fo rm. 

Two things can be said abou t the initially chosen form, 
with which the content is to be associated: 

I j The form does not have to be totally correct, but only 
reasonably adequa te to permit the content to be developed 
and structured. 

2) Without such a f o r m , the iterative proccss needed to 
develop the theory cannot proceed. 

An initial form that seems quite adequa te for develop-
ment is that given by Hall [ I ] . This form is a thrcc-dimcn-
sional morphological box. Two dimensions of this box are 
the phases and the .v/<y».v of systems engineering; If one takes 
these phases and steps as given for beginning the iterative 
development of a theory of systems engineering, a significant 
conceptual obstacle to the development is overcome. It then 
becomes possible to proceed to relate existing conten t to 
the phases and the steps, anil to discover where there is a 
need for new ideas to augment that content . 

I ig. I shows Hall 's matrix with seven phases, the seven 
logic steps shown as coord ina te indexes. T h e a entered in 
this matrix -present sets of activities associated with each 
square of the matrix. For example , an represents those 
activities to be carried out in the problem definit ion step 
of the program planning phase. This paper seeks to develop 
content associated with phase I of Hall 's matr ix , the pro-
gram planning phase. 

Manuscript received November 23, 1971. 
Ihe authors arc with «allelic Columbus Laboratories, Columbus. 

Ohio 43201. 

In presenting the f r amework , Hall did not a t tempt to 
spell out the content in any detail, but he did call a t tent ion 
to the use of the f ramework as an "a id to discovering, or 
seeing more clearly, unique activit ies." It is in this sense that 
the program planning phase described in his paper is used. 
It is important to read his paper before proceeding with 
this one. 

It is intended in this paper to discuss steps in the p rog ram 
planning phase as a connected set. It is hoped to show that 
while there is cont inual iteration and réévaluation a m o n g 
steps in this phase, it is possible to unify the process of 
p rogram planning. This is do'nc by linking the pr imary 
p roduc t s of var ious steps in a way that allows documen ta t ion 
and display of an overview of what has t ranspired. Though 
this paper is limited to the p rogram planning phase, much 
of what is presented could be applied to o ther phases as 
well. 

Because of the complexity, and the need to be able to 
perceive a multiplicity of relations, a graphic a p p r o a c h 
seems essential. An example will show appl icat ion to plan-
ning for the development of short-takeolT and landing 
(STOL) aircraft as part of an a i r - t ranspor ta t ion system. 

P R O H L E M D E F I N I T I O N L I N K A G E S 

At the outset of a p rogram-plann ing activity, an organiza-
tion is faced with defining a problem or issue that the 
organizat ion might wish, a f te r suitable s tudy, to address. 
T h e assumed input condi t ions are a broadly defined set of 
organizat ional goals and a set of available resources. Prob-
lem definit ion is usually a g roup activity since it requires an 
outseoping in thinking to encompass a b road scope of 
potent ial ideas and candidate problems. Outseoping is a 
del iberate g r o u p a t tempt to embed the problem or issue in 
the next larger problem or issue iteratively in order to 
expand the scope until the problem or issue is seen in an 
encompass ing context . This requires a language in which 
to develop and por t ray the product of the group. The 
language of graphics appea r s to fulfill this need. Trees and 
matrices can be used to provide a unifying visual picture of 
the program plan as it evolves. 

Problem definition in the p r o g r a m planning phase is 
needed for the value-system design step and the p lanning 
for action step. It is also needed for the problem definit ion 
steps of later phases. Twelve p roduc t s of problem definit ion 
a r c : 

1) a well-conceived title for the problem or issue; 
2) a descriptive scenario, explaining the nature of the 

problem, and how it came to be a problem, present-
ing as much history and da t a as can be prepared with 
available resources; 

3) an unders tand ing of what disciplines or professions 
are relevant to an at tack on the p rob l em; 
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Value System 
Pealan (de-
velop o b j e c -
t i v e s and 
c r i t e r i o n ) 

System 
S y n t h e s i s 
( c o l l e c t and 
Invent a l t e r 
n a t l v e a ) 

Systems 
Ana lys i s 
(deduce con-
sequences of 
a l t e r n a t i v e s ) 

Opt Isil r a t i o n 
of each 
A l t e r n a t i v e 
( i t e r a t i o n o r 
Steps 1-4 
p l u s model ing) 

r r " | r . - t P lanning 
lami p r e l i m i n a r y 
d e s i n i ) 

SyM.m Development 
( iKplrnrrii p r o j e c t 
p lan 

Product ion (or 
c o u t t r u c t i o n ) 

Opérât Ions 
(o r consumption) 

Ret I rement 
(and phase o u t ) 

Fig. I. Hall activity matrix. 

To I n t r o d u c e a S a f e , R e l i a b l e , and Economical .STOt Sys tem I n t o t h e N a t i o n a l 
T r a n s p o r t a t i o n System 

To E s t i m a t e Impact c f STOL T r a n s p o r t a t i o n Sys tem on Urban and R e g i o n a l Development 

To Deve lop S r a t e a ami S . ib .ya tem Tcchnnln , - ! . .« t o F u r t h e r STf)l. Syatem Development 

To S e l e c t P o t e n t i a l STOL System Techno logy Developments and ' ^Al loca te R e s o u r c e s J 

To E s t a b l i s h and D i s s e m i n a t e Sys tem C r i t e r i a t o I n d u s t r y and Covcrn*»nt 

To Conduct E x p e r i m e n t a l F l i g h t T e s t Progrom 

To S y n t h e s i z e STOL Systems C o n f i g u r a t i o n s t o S a t i s f y M i s s i o n P e r f o r m a n c e d a l , " 

To S p e c i f y Des i r ed F l i g h t P a t h s and C o r r e s p o n d i n g S t a t e s 

To D e f i n e C a n d i d a t e STOL Sys tem, S u b s y s t e m , and Components 

To E s t a b l i s h C a n d i d a t e STOL Sys tem O p e r a t i n g P r o c e d u r e « 

To D e f i n e t h e T o t a l Alt" T r a n s p o r t a t i o n O p e r a t i o n a l Knvl ronmtnt 

To F o r e c a s t STOL T r a f f i c Demand by G e o g r a p h i c Areas 

To Compile and Ana lyze A l l Backgrou.Kl M a t e r i a l R e l e v a n t t o STOL T r a n s p o r t a t i o n System 

Tc D e f i n e STOL M i s s i o n P e r f o r s u n e e G o a l * 

To IV-tine STOL Sx • t e n F u n c t i o n s 

[. J S t rong I n t e r a c t i o n 

f \ j Moderate I n t e r a c t i o n 

Fig. 2. Example of self-interaction matrix. 

4) an assessment of scope; 
5) a determinat ion of the societal sectors involved; 
6) an identification of the actors to be involved in the 

problem-solving s i tua t ion; 
1) an identification of need; 
8) an identification of alterables ( those elements in the 

system that arc subjcct to change) ; 
9) an identification of ma jo r const ra in ts ; 

10) some par t i t ioning of the problem into relevant 
e lements; 

11) some isolation of the subjective elements of the 
p rob lem; 

12) description of interactions a m o n g relevant e lements 
of the problem. 

it is particularly impor tant dur ing the problem definit ion 
s tep to congeal the ideas of the-p lanning-group members . 
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Fig. 4. Interactions of importance in problem definition for program planning. 
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A clear picture of the interactions between societal sectors 
and needs, between needs and systems alterables, between 
alterables and constraints , and between constra ints and 
needs is desired. In addi t ion, the self-interactions a m o n g 
societal sectors, needs, system alterables, and constra ints 
should be clear. The tool suggested for presenting these 
interactions is an ar ray of interaction matrices of two types. 

The first type is the self-interaction matrix [ 2 ] illustrated 
in Fig. 2. This example illustrates two levels of dependency 
presented by the interactions of the objectives delinee! for a 
technical development program that could lead to introduc-
tion of an air- t ransport system based upon S f O L aircraf t . 
The name self-interaction derives f rom the fact that the 
same set of coordinates appears a long both axes of the 
matrix. 

The second type is the cross-interaction matrix illustrated 
m Fig. 3. T h e cross-interaction matrix por t rays the inter-
action between different types of e lements; for example, 
needs and constraints . T h e degree of impact of the con-
straints upon the needs can be shown by using dilTerent 
symbols at the intersections. For example, in Fig. 3 we see 
that environmental pollution is considered to be a severe 
constraint in p lanning the a i rpor ts for shor t -haul a i rcraf t , 
but only a modera te constraint on the development of 
commercial short-haul aircraft . 

The overall relat ionships between constraints , al terables, 
needs, and societal sectors as they both self interact and 
cross interact in a problem-definit ion activity may be 
portrayed by linking them together as shown in outl ine 
form in Fig. 4. Such a presentat ion shows live of the twelve 
tangible products expected f rom the problem definit ion 
step of program planning. These products a re : 

1) a determinat ion of the societal sectors involved; 
2) an identification of need; 
3) an identification of al terables; 
4) an identification of major const ra in ts ; 

5) description of interactions a m o n g relevant e lements of 
the problem. 

I he use of such a presentation allows the p lanning g r o u p 
t«> keep track of the various elements that arc considered 
during the problem definition process. More impor tan t , it 
provides a formal s t ructure for problem definit ion, and , as 
will be see;., the rationale for defining objectives. 

V A L U F . S Y S T I M D E S I G N L I N K A G E S 

Value system design activity includes I) defining objec-
tives and order ing them in a hierarchical s t ruc ture ; 2) re-
lating the objectives to needs, constraints , and al terables; 
and 3) defining a set of measures on the objectives by which 
to determine the a t ta inment of objectives. 

To provide some precision to program planning, a 
specific syntax has been developed for the form of an 
objective. An objective is defined as : 

infinitive verb -f object word or phrase + constraints . 
Thus " to teach children the French language" is an example 
of an objective. T o provide a s tructure for graphically 
por t raying the relat ionship a m o n g objectives, one constructs 
an objectives tree. T w o simple rules arc employed to con-
struct this tree: I) Fach objective is written within a rect-
angular box to form a vertex of the tree. 2) Two boxes 
conta ining two objectives are connected, if achievement of 
one of the objectives cont r ibutes directly to achievement of 
the other. 

In construct ing an objectives tree, one should not be 
concerned about where to start . Instead, one will start with 
any objective that is clearly cont r ibutory toward the desired 
changes. As soon as one objective is defined, one then 
considers lower and higher level objectives related to it. 

A lower level objective will have to be contr ibutory to the 
one that was slated first. A higher level objective will have 
to be such that the one stated first is cont r ibutory to it. If 
one thinks of at least one lower level objective and at leasi 
one higher level objective, he is on his wav to constructing 
an objectives tree. When one is through, he will probably 
have a s t ruc ture like that shown in Fig. 5. f rom which the 
name " t r e e " derives. It may turn out that there is more than 
one tree, since it is not always t rue that all the objectives 
one would seek to satisfy could be shown on one tree 
Usually though, if there are separate trees, one can imu a 
higher level objective to which all trees can be lied, thus 
creating a single ( though perhaps rather leafy) tree. 

A different way of por t raying the information contained 
in an objectives tree is by way of a corresponding self-
interaction matrix as shown in Fig. 6. Fig. 6 contains all of 
the informat ion required to d raw the objectives tree shown 
in Fig. 5 so long as we know that low-numbered objectives 
correspond to high-level objectives and vice versa. The self-
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tree shown in I ig. 5. 

interaction matrix method of portrayal is not as clear as the 
objectives tree for viewing the relationships a m o n g objec-
tives, but it incorporates significant advantages in relating 
objectives to constraints, altcrablcs, and needs. The method 
suggested for portraying these relationships is the use of 
cross-interaction matrices as depicted in Fig. 7. This figure 
relates objectives to needs; to alterables, which can be 
modified to bring about a t ta inment of the objectives; and 
to constraints, within which the objectives must be at tained. 
In one concise iigure, a complete outl ine of a rat ionale to 
support the objectives and a great deal of informat ion 
needed to plan a program for at taining them appears . 

A particular advantage of the method shown in Fig. 7 
is the ease with which the interaction of the objectives can 
be traced through the needs back to the societal sectors 
with which the objectives interact. If the interactions arc 
categorized as either significant or insignificant (i.e., binary), 
then a simple Boolean multiplication of the objectives x' 
needs interaction matrix with the needs x societal sectors 
interaction matrix will result in an objectives x societal 
sectors interaction matrix. 

The Boolean multiplication of cross-interaction matrices 
can be extended to the mathematical generation of some of 
the matrices shown in Fig. 7. For example, if the four cross-
interaction matrices that lie closest to the sclf-interaction 
inairices were I,lied in by hand, the three remaining cross-
mb ract.on matrices shown in Fig. 7 could be generated 
ma hcmaiieally. Such a formal procedure has considerable 
•'nerit. Without it, one tends to end up with a set of cross-
interaction matrices which are not mutually consistent and 
it is not always easy to spot the inconsistencies. Checking 
of logic is especially useful when the matrices form a loop 
as will be discussed later in relation to an example 

7 he need for defining a set of measures on the objectives 
y W h , c h t o d c * r m i n e their at tainment is an important 

concern ,n program planning. T o o often, people define 
objectives without thought as to how they will measure 
their accomplishment. Upon examination of the objectives 
tree one usually finds that some of the objectives are 
axtological (rooted ,n value judgments) , while others are 
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not. I he axiplogical objectives usually lie at the top of the 
objectives tree. An example of such an objective is: " t o 
improve the public schools ." The word " i m p r o v e " makes 
this objective axiological in nature, since whether this 
objective is at tained or not is a matter of subjective op in ion 
or value judgment . A nonaxiological objective is one l ike ' 
" t o loach children to distinguish a M o / a r t composi t ion 
f rom a Beethoven compos i t ion . " The achievement ol this 
objective is determinable, and not a matter of opinion as to 
whether the children can or cannot make the distinction. 
The axiological objectives serve an inspirational purpose, 
but the nonaxiological objectives arc more useful in plan-
ning because they arc more readily converted into planned 
activities. 

One may examine the objectives tree to sec which objec-
tives are measurable, and how they may be measured. For 
the musical objective mentioned above, the measure is the 
agreement between the child's answer and the correct 
answer. The determination as to whether the public schools 
have been improved is vastly more difficult to make, and 
such an objective is virtually immeasurable within any 
reasonable cost. However, the a t ta inment of lower level 
objectives that arc contr ibutory to that one may suggest 
that progress is being made. 

For example, it should be possible to measure the at tain-
ment of an objective such as, " T o improve the method of 
teaching reading to sixth graders to the extent that at least 
70 percent of the s tudents exceed the fiftieth percentile 
performance on a s tandardized sixth-grade reading achieve-
ment test ." The corresponding objective measure could be 
"Percent of sixth-grade students, whose performance ex-
ceeds the fiftieth percentile performance on a standardized 
sixth-grade reading achievement test ." 

The total process of measurement involves more than just 
the selection of the measure or unit by which the a t ta inment 
of objectives will be assessed. Often, as in the above example, 
a threshold for judging acceptable performance can be 
defined and built into the objective and objective measure. 
The balance of the process of measurement includes plan-
ning for how the da ta required for evaluation are to be 
sensed and how they arc to be analyzed to generate an 
indication on the selected measurement scale. In the above 
example, planning for the sensing function would involve 
selection of the achievement test, planning when, to which 
students, and under what condit ions the test would be 
administered and planning for how the resulting tests would 
be interfaced with the test-scoring activity. Planning the 

• indicator function would involve selection of procedures for 
analyzing the test scores and reducing them to s tandard 
achievement scores in a timely and efficient manner . 

Thus the planning of objectives and objectives measures 
is tightly interwoven with the process of determining how 
the measures are to be obtained, i.e., how the da ta are to 
be sensed, and how the indication on the scale of measure-
ment is to be at ta ined. 

The measures of objectives may be conveniently related 
to the objectives through the use of a cross-interaction 
matrix as indicated in Fig. 8. Measures I and 2 relate to the 
a t ta inment of objective 6; measure 3 to the a t ta inment of 
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bjective 5; measures 4, 5 . a m ^ 6 to objective 4 ; measures 
and 8 to objective 3; an t measure 9 to objective 2. In the 

xample. no measure relates t (ob jec t ive I, the assumpt ion 
eimg that the highest level < ' ject ive, in this case, is not 
Irectly measurable, 

I-S Y S T I M S Y N I t s i s L I N K A G E S 

Hall's matrix, I ig. I, sli/ws that following problem 
• l ini t ion and value system iesign comes the system syn-
desis step. System s y n t h t i s activities are directed at 
j swer ing the following que j ions. What are the al ternative 
.Iproachcs for a t ta ining ^ich object ive? How is each 
• e r n a t i v e approach d e s c r i e d ? The answers arc usually in 
l|c iorm of a series >f . f i ivi t ics which fo rm a plan for 

Iilualing a l t e r n a t i \ / a p p / o a c h c s for a t ta ining the program 
jeetives. / ; 

Ihree major lii/.ages lb the preceding steps must be 
on visibility, l / T h e relat ionship between the planned 

tftivitics and t l / program objectives. 2) The interaction 
Ki ween the pi; r'aed activities and the p rogram constraints , 

he measui^nent syst :m required for relating the pro-
ess on the ;;/iivitics to (he a t ta inment o f objectives. 

• Again, wh<:• faced with a linkage problem, the self- and 
»joss-interact >n matrices are used as illustrated in Fig. 9. 

| r c activitu} y objectives cross-interaction matr ix is used 
f> relate t.i: proposed activities to specific objectives, 
jinnlariy, ¿/¡e interactions of the constra ints with the 
iciivuies K illustrated by the activities x constra ints 
ntcraction;matrix, t hus {.ie first two of the ma jo r linkages 

listed in the preceding can be given visibility through 
cross-interaction matrices. 

Next , the measurement of progress on activities is related 
to progress on a t ta inment of the p rogram objectives. De-
velopment of a set of objectives measures was discussed 
previously. An analogous procedure is followed in measur-
ing the accomplishment of activities. One o r more measures 
of accompl ishment are defined for each activity and related 
to it through the activities x activities measures interaction 
matrix shown in Fig. 9. Of ten , the activities measures a re 
of the fo rm "Percent complet ion of - " where the three 
do ts represent one of the products of the activity under 
considerat ion. 

A quest ion which management is likely to ask is " H o w 
can you relate the a t ta inment of objectives to the accom-
plishment of activit ies?" One method is to examine the 
relat ionship between activities measures and objectives 
measures . T h e objectives measures x activities measures 
cross-interaction matrix can be generated mathematical ly 
by Boolean multiplying the objectives measures x objec-
tives, objectives x activities, and activities x activities 
measures interaction matrices. The resulting matrix must 
then be carefully examined to ensure that measures of 
accomplishment of the activities d o relate to the objectives 
measures. If such is not the case, a reexaminat ion of all 
measures and of the activities x objectives interact ion 
matrix must be made. Either the matr ix must be changed 
or the measures redefined so the activities measures relate 
to the a t ta inment of objectives. 
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1 o this point. a series of related l inkages for the problem 
definit ion, value system design, and system synthesis steps 
of program planning has been discussed. An overall view 
of a program as planned at the end of the system synthesis 
step is obta ined by combining I igs. 7 and 9 as in Fig. 10. 
Added to f i g . 10 is an objectives x agencies interact ion 
matrix to portray which government or industrial g roups 
have an interest in the defined objectives and an agents x 
activ ities interaction matrix to identify the agents responsible 
for conduct of each activity. 

One concise figure portrays the ma jo r products of initial 
p rogram planning effor ts and their inter- and intrarelat ion-
ships. anil provides a useful tool for keeping track of subset 
quent progress as act ion is taken to implement the activities 
and at tain the p rogram objectives. Fig. 11 illustrates an 
applicat ion of a chain of binary interaction matrices. This 
chain was used to relate a proposed program directed a t 
identifying technology development areas critical to S T O L 
aircraft to the more comprehensive problem of implement-
ing commercial S T O L aircraft service as an integral part of 
the U.S. national t ranspor ta t ion system. At the right side 
of l ig. II arc sets of needs, altcrables, and constra ints 
associated primari ly with the comprehensive problem within 
which the problem of identifying needed technology de-
velopment is embedded. The activities and all but the two 
objectives at the top of the list shown on the self-interaction 
matrix in the center of the figure relate to the proposed 
p rogram for identifying technology developments needed 
to fur ther STOL system development . The lop two objec-
tives relate to the comprehensive problem. 

In planning this proposed program, the illustrated set of 
interaction matrices was used both to develop a perspective 
of the proposed program in relation to the larger problem, 
and to assure that the program would suppor t the objectives 
of the larger problem taking into account the needs, alter-
ablcs, and const ra in ts associated with implementing a 
commercial S T O L system. 

For example, one of the proposed activities shown in 
Fig. 11 is "Synthesize S T O L vehicle system configurat ion 
using Monte Car lo avionics evaluation program (AFP) to 
satisfy mission pe r fo rmance goals ." This activity is shown 
in a box at abou t the center of the list of activities in Fig. 11. 
As indicated by the activity x activities measures cross 
interaction labeled " / , " the activity measure associated 
with this activity is "percent complet ion of definition of 
vehicle system conf igura t ions ." The activity was designed 
to attain the objective " T o synthesize S T O L systems con-
figurations to satisfy mission per formance goa ls" as in-
dicated by the cross interaction labeled " G " on the activi-
ties x objectives cross-interaction matrix. 

By following a round the loop of interaction matrices a t 
the left side of Fig. 11, one sees that the interaction labeled 
"J" in the objectives measures x activities measures cross-
interaction matrix relates the activity measure t o the objec-
tive measure "percent complet ion of mission per fo rmance 
goals def ini t ion" which, through interaction A', is related 
to the objective mentioned above. In this way, the activity 
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and its measure of accompl ishment is tightly connected to 
the a t ta inment of a cor responding objective or objectives 
and their measures of a t ta inment . 

One can also sec f rom Fig. 11 how the proposed activities 
relate to the more comprehensive problem. For example, 
the a forement ioned activity must take into account the 
constra int "system opera t ing costs" since it is directly 
related to that constraint by the activities x constra int 
interaction labeled " / / . " In turn, through the cross inter-
act ions labeled " t f " and 'VI ," it is seen that one of the 
ma jo r al tcrables to consider in conduct ing the activity is 
"a i rc raf t pe r fo rmance character is t ics" and that the activity 
relates to the need for "commerc ia l short-haul a i rc raf t . " 

The cross interaction labeled " / \ " " £ , " and " / ) " point 
out , as would be expected, that the needs, alterables, and 
constra ints previously discussed also affect the objective 
" T o synthesize S T O L system configurat ion to satisfy 
mission per formance goals ." The agencies responsible for 
a t ta ining objectives and the agents responsible for ac-
complishing activities are also conta ined in Fig. 11. For 
the objective and activity discussed, these responsibilities 
a re indicated by cross interactions "AY" and " L , " respec-
tively. 

The system analysis and opt imizat ion steps shown in 
Fig. 1 are generally concerned with reducing the number of 
p rogram alternatives through the applicat ion of a wide 
variety of analysis procedures that are highly contextual . 
For that reason, they will not be discussed in this paper ; 
but those procedures must be planned to p roduce an ou tput 
which is consistent with the input requirements of the 
subsequent decision-making step. 

D E C I S I O N M A K I N G I N P R O G R A M P L A N N I N G 

During the system synthesis step in p rog ram planning, 
there will have been defined measures for determining the 
a t ta inment of p rogram objectives. Also, a set of activities 
and activities measures for guiding subsequent activities 
toward the development of a comple te p rogram plan will 
have been defined. The quest ions that arise are "What 
criteria will be used to select projects fo r development?" 
and " W h a t informat ion must be obtained in the system 
analysis and opt imizat ion steps in order to compare 
alternative projects?" 

Four ma jo r factors concern the decision maker in evaluat-
ing al ternative projects for possible fur ther development. 
First, he must determine that the scopes of the projects 
under considerat ion are consistent with corpora te or agency 
policy. This determinat ion can be made by evaluat ing how 
well the candidate projects satisfy the p rogram objectives 
which are assumed to be in consonance with corpora te or 
agency policy. (A program whose scope is not consistent 
with corpora te or agency policy would be rejected on the 
basis of this alone.) Those projects that pass this initial 
screening are then rated in terms of the remaining three 
factors discussed below. 

The second ma jo r factor is the compara t ive economics of 
the al ternative projects. T h e analysis should look at the 
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long range project co.-as, not just the development costs or 
the cost required to get a system in to opcral ion. Tota l «re-
cycle C O M S appea r to he an appropr i a t e economic measure 
since they include all system costs and put the cost analysis 
lor each alternative project on an equi table basis for 
comparison. 

The third factor , risk associated with projects has re-
ceived considerable emphas is recently, part icularly by the 
Department of Defense. At least two types of risks should 
be considered in selecting projects. The first is the "risk 
due to na tu re . " By this is meant the probabi l i ty that a 
project will not succeed because the technical requirements 
are incompatible with basic physical laws. T h e second risk 
is the "risk due to technology." This risk is the probabil i ty 
that a project will be unsuccessful because it requires 
technology beyond the current state of the ar t even though 
no laws of na ture a p p e a r to be limiting. Other types of 
risks would be appropr i a t e in assessing p rograms with 
high-social content . 

The four th ma jo r factor to be considered by the decision 
maker is that of benefits which would result f r o m the pursuit 
of each , I ternat ive project . Decision makers a re faced with 
the problem of evaluat ing the worth o r each project under 
consideration. Worth assessment [3 ] is a formal procedure 
or assessing the worth of discrete alternatives. It appears 

to be well suited to providing a "bene f i t " input. 

Criterion Function 

In compar ing al ternat ive projects, it is desirable to com-
bine the major evaluat ion Ac to r s into a single, scalar-valued 
criterion lunction. Such a funct ion must be reasonably 
genera, and easy to interpret if it is to have wide appl icat ion 
I h c f u n « . « , , suggested here is derived by m u l t j y i n g two 

ess 'rrva ,uc- v*r,rst part is ihc ̂ ^ or 
hemg a b k to success,ully carry out a candida te project 
v-alcuiaied by multiplying one minus the risk due to J u r e r i S k d U C 1 0 t e C h n 0 , 0 g y - T h C S e C O n d P - ' o 

he criterion Junction is a Cost-benefit factor composed of 

° f ~ — — cost and 

pro jecVThe e n , C a , C U ' a l C d f ° r e a c h a , t e r n a ^ project. I he cri terion lunction is expressed as 

Qi - (I - /?„,)(! - R i M C o + hVi) 

where 

Qt value of cri ter ion funct ion for /th project ; fo r / = 

. i n l w ' ^ W ! ' C r C q ' S t h G l 0 t a i n u m b c r o f Projects under cons idera t ion ; 
R"< r i s k «f na ture to t he / t h project = I - [1(1 - r *x 

where / • " = / / - - n > • , . i . . - (A - 1,2,-• ••,»,) , s the risk due to 
na ture to the Ath, project characteris t ic o r the /th 
project where is the total n u m b e r or project 

^ s s r f o r which risk <° — * 
K , risk o f technology 10 / th project = I - n . H - r '1 

where r, ' = U — i •> , • . . * *••''' 
1 1 './>) is the risk due to tech-

nology In All! project characlcrisl ic of ihe /111 
projccl . where p is the tolal numbcr of project 
characterist ics for which risks due to lechnoiogv ,s 
es t imated; 

C," normalized inverse life-cycle cost of /th aliernau'Ve 
project = ( l / C , ) min , C„ where C, is ihc est imated 
cost ol / th al ternative projcc l : 

a weighting fac tor for normalized inverse life-cycle 
cosls; 

l> (I - a) = weighting factor for worth scores 
K worth score for / th al lernative project <0 < I < i • 

T h e criterion func i io^ combines ihe risk faclors with a 
weighted average of inverse normalized life-cycle cos, and 
w o n h assessment score. T h e ideal conl igura i ion /program 
al ternat ive combina t ion would have zero risk due to na lure 
zero risk due to lechnnlogy, the leas, hlc-cycle cos, of any 
al lernat ive project , and u worth score of 1.0. In .his ideal 
s aua t ion , the cri terion funcl ion would have a value o M O 

If , the risk due lo na lure or .he risk due to lechnologv for 
any project characierist ic is 1 (that is. the charac.erfsi ic is 
judged to be impossible lo meet, , ihen the p r o b a b , NTf 

uccessfully developing ihe conf iguranon under considera-
ion is zero and lis cri terion funct ion has a zero value Since 

the risk due lo nature and risk due ,o technology will each 
be greater than or equal lo ,he max imum risk of each 
cont r ibut ing risk factor , careful cons idemi ion mus, be 
given to ihe est imation of each risk factor . The c o m p u t a . i o n 

draws a t tent ion ,o those lac iors iha, would poien-
al y prevent projccl success and helps ensure thai a critical 

fac tor is not ignored. c n u c a i 

Weighting factors and "A = „ _ „Fal low changing 

hoi e o f V e ; m P ° / , a n C e ° f , h L ' C ° S ' ; " ' d W O " h ^ < o r s The 
Choice ol values l o r „ and h will be governed bv such factors 
as confidence in ,he cos, analysis (e.g.. low confidence' 
make small , , , „ e magni tude of l i e cosls r e l am ,o 

T u e r d S d ° U r C e r , d S i 8 n , f i C a n C C ° r , h c * * * * * ' " a t cou d 
be used depend ,ng upon the sensitivity to cost. For example, 

c O _ max, C, - C, 
max; C, - min, C, 

provides a linear we,gluing ,o cos. var ia t ion between the 

ton « i l m m m T C O S ' P r ° j c c l s - ^ - n o r m a l 
livi.v i S U 8 ! : e S ' e d C a r l i e r p r O V ' l i " considerable sen-

lowe J V s ' V a m " ° n S " C a r ' h C m i n i m u m c o s l much 
ten he m y " ' , O W C r ™ c h greater 
ha, he min imum cos,. Numerous o iher ways of nonnahz -

xam e d P r n C ° S ' a r c - d should be 
examined ,n ,l,e conicx, of ihe par . icular problem under 

T h e numeric value of ,he cri terion f u n c o n ai the pro-

p l , a s c ,s m , r m a i i> oLZ 
an p , t h c «ncer ta imies associated w,,h projects during 
an early p lannmg phase. In pan .cu la r . lechnkal ly demand 

KnTn'T l o w cmcnon va,u"duc Ihc 
involved. The abso lu te value of the criterion funclion is 



not a> i m p o r t a n t , however , a s the relative value f o r each 

a l ternat ive project . 
Project selections .ire m a d e on the basis ot the p r o g r a m 

scope being consistent with c o r p o r a t e o r agency policy, 
as ment ioned earlier, and the relative va lues of the cr i te r ion 
func t ion for each project . If the cr i te r ion values a rc low, the 
reasons for this shou ld be cons idered and ac t ion t aken in 
the subsequent pro jec t p l ann ing phase to invest igate the 
reasons under ly ing the low values. 

Evaluation of Risks 

In the p r o g r a m p l ann ing phase , the eva lua t ion of r isks 
inherent in pu r su ing va r ious a l t e rna t ive pro jec ts is usual ly 
dependent u p o n expert op in ion and subject ive j u d g m e n t 
ra ther than deta i led analyses . A typical a p p r o a c h to risk 
eva lua t ion is to m a k e a deta i led b r e a k d o w n of the func-
tional p e r f o r m a n c e fac to rs forecas ted fo r each project a n d 
to call in exper ts in each of the func t iona l a reas to assess 
risks d u e to na tu re a n d technology associa ted with a t t a in ing 
the pro jec ted p e r f o r m a n c e . C a r e shou ld be taken in def in ing 
the func t iona l p e r f o r m a n c e fac to rs to assure tha t they a re 
all of a b o u t the s a m e level of i m p o r t a n c e a n d tha t the r isks 
are d u e t o independen t causes. Th i s ca re is suggested since 
the value of the cr i ter ion func t ion is equal ly sensit ive to 
each risk associa ted with each f ac to r and the risk ca lcu la t ion 
assumes independence of risks. 

High-risk p e r f o r m a n c e fac to rs shou ld be flagged so tha t 
subsequent project p l ann ing calls for an early second assess-
ment of the high-risk p e r f o r m a n c e fac to rs f o r each of the 
projects selected fo r f u r t h e r d e v e l o p m e n t . 

Worth Assessment 

W o r t h assessment is a fo rma l p rocedure fo r assessing the 
wor th of discrete a l te rna t ives in the dec i s ion -mak ing en-
v i ronment . T h e fo l lowing is a brief out l ine of a wor th 
assessment p rocedure developed by Miller, [ 3 ] . 

A. Define wor th cr i ter ia . 
List cri teria fo r wor th assessment ensu r ing l is t : 

1) c o n t a i n s all significant c r i te r ia ; 
2) c o n t a i n s only mutua l ly exclusive c r i te r ia ; 
3) c o n t a i n s only cr i ter ia of m a j o r s ignif icance; 
4) c o n t a i n s only wor th independen t cr i ter ia . 

B. Develop hierarchical s t ruc ture of wor th assessment 
cri teria. 
Break d o w n high-level wor th assessment cr i ter ia in to 
o n e or m o r e lower level cr i ter ia which con t r i bu t e to 
the high-level cr i ter ia . 

C'. Develop p e r f o r m a n c e measures . 
Select a single phys ica l -pe r fo rmance measu re fo r each 
lowest level wor th assessment cr i ter ion in the hier-
archical s t ruc ture . 

D . Deve lop wor th re la t ionships between p e r f o r m a n c e 
measu res and lowest level w o r t h assessment cr i ter ia . 
Def ine a scor ing func t i on t o assign a u n i q u e w o r t h 
score in po in t s to every possible v a l u e of. a physical 
p e r f o r m a n c e measure . A scor ing func t i on is de f ined , 
e i ther explicitly or implicitly fo r every lowest level 
wor th assessment cr i ter ion. 
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E. Deve lop a single overal l index of w o r t h . 

Define an addi t ive weight ing f u n c t i o n with c o n s t a n t 
t rade-off weights to c o m b i n e the iowest level cr i ter ia 
wor th scores. 

T h e index of wor th is devoid of a n y risk a n d / o r un-
cer ta in ty . It a s sumes tha t the projec t , act ivi ty, o r p e r f o r -
mance* consequence being eva lua ted will occur for certain 
a n d the process of ass igning a wor th n u m b e r provides no 
m e c h a n i s m for reflecting perceived t rade-o l fs be tween the 
wor th of an o u t c o m e , cond i t i ona l u p o n its ac tua l occur-
rence, a n d the var iable risk or uncer ta in ty s u r r o u n d i n g its 
occur rence . T h e index of wor th a p p e a r s to c o m p l e m e n t the 
Cr i te r ion F u n c t i o n which has s epa ra t e risk f ac to r s built 
in to it. 

Mil ler ' s wor th -assessment t echn ique relates to p r o g r a m 
p l ann ing in a n o t h e r way. T h e object ives measu res p rov ide 
a basel ine u p o n which to deve lop the wor th assessment 
cr i ter ia a n d p e r f o r m a n c e measures of each a l te rna t ive 
project . Also, the object ives in terac t ion matr ix a n d o the r 
in terac t ion mat r ices that relate the objec t ives to cons t ra in t s , 
a l terables , needs, a n d societal sec tors provide cons ide rab le 
visibility t o the relative i m p o r t a n c e of the wor th assessment 
cr i ter ia . T h e task of weight ing the wor th assessment cr i ter ia 
c an then be d o n e in re la t ion to their c o n t r i b u t i o n to the 
related needs, cons t r a in t s , etc. • 

As pa r t of the wor th assessment p rocedure , the re la t ion 
of the p e r f o r m a n c e measu res to the needs s h o u l d be ex-
amined a n d used to deve lop the scor ing f u n c t i o n s tha t 
relate the p e r f o r m a n c e measu re of each lowest level per -
f o r m a n c e c r i t e r ion to a wor th score. T h e re la t ion o f per-
f o r m a n c e measu res to needs shou ld a l so be cons idered 
when deve lop ing the a d j u s t i n g f ac to r s to c o m p e n s a t e t o r 
the fact tha t p e r f o r m a n c e measu res may not adequa te ly 
represent the p e r f o r m a n c e cr i ter ia . W o r t h assessment is 
r e c o m m e n d e d as a f o r m a l a p p r o a c h to eva lua t ing the 
c o m p a r a t i v e w o r t h s of a l te rna t ive projects . T h e resul t ing 
wor th scores sat isfy the r equ i r emen t of the cr i ter ion 
f u n c t i o n fo r a w o r t h score fo r each a l te rna t ive pro jec t . 

S U M M A R Y 

T h e sys tems engineer ing s teps requ i red t o d o p r o g r a m 
p l ann ing a re not related only to their ne ighbor ing s t eps 
no r a re they carr ied ou t in a sequent ia l t empora l o rde r . 
R a t h e r , they f o r m a logical set of o p e r a t i o n s tha t a re 
highly in ter re la ted a n d consequen t ly must be con t inua l ly 
reviewed with respect to each o the r as p r o g r a m p l ann ing 
progresses . In p l ann ing a complex p r o g r a m , the l inkages 
be tween these o p e r a t i o n s tend t o b e c o m e bur ied in the 
complex i ty o f the p rob lem ra the r than being emphas i zed 
and given visibility. T h e set of in te rac t ion matr ices illus-
t ra ted in Figs. 10 and 11 prov ides a visible m e a n s of o rgan iz -
ing a n d m a n a g i n g p r o g r a m p l ann ing activities. 

Decis ion m a k i n g will a lways requ i re the subject ive inpu t 
of exper ienced manage r s . Never the less , f o r m a l eva lua t ion 
t echn iques are he lpfu l in assessing the relat ive mer i t s of 
a l t e rna t ive p ro jec t s tha t c o m p r i s e a p r o g r a m . T h e cr i te r ion 
func t i on descr ibed in this paper c o m b i n e s the f ac to r s o f 
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Fig. 11. Example of chain of binary in 



lili i H ANSAI ll«l\S i «N S\SII MS, MAN, ANI» < Vlil KNUH S. V«l| SM< NO. 5, NOVI Mill K 1972 

risk, wor th , ami cost into a single, scalar-valued func t ion 
for compar ing a l te rna t ive projects in a ra t ional , object ive 
manner . 
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The Modeling Process 
G . A R T H U R M I H R A M , MEMBER, IEEE 

Abstract—Considerable interest currently exists in the application 
of ihe systems approach lo the solution of societal, political, and environ-
mental problems. The essence of ihis systems approach is modeling, the 
capability lo describe large-scale complicated interactive systems by 
symbolic representations so that inferences regarding the effects of 
alternative system conligurations can he easily and rapidly structured. 
The modeling process is itself becoming !>cltcr understood as a direct 
extension of ihe scientific method. Furthermore, the applicability of 
statistical methodology lo ihe design and analysis of experiments with 
computerized symbolic models is leading lo wider acceptance of these 
representations as tools of considerably credible scientific stature. T his 
paper presents a taxonomy of 24 model categories and, in a discussion 
of ihe scientific method and Ihe modeling process, indicates the evaluations 
pertinent to ihe selection of a modeling medium appropriate to particular 
systems studies. The dynamic stochastic simulation model is shown to 
In- ihe most general category of symbolic models which arc amenable to 
facile organized experimentation. The application of such models lo the 
understanding and solul iou of societal, political, psychological, medical, 
judicial, environmental, social, economic, and biological problems is 
indicated and is considered imminently practicable. 

I N T R O D U C T I O N 

AS Y S T T M may be defined as a collection of inter-
dependent e lements which act together in a collective 

effort to achieve some goal . T h e e lements of systems arc 
f requent ly referred to a s entities, the f u n d a m e n t a l c o m -
ponents which interact with one ano the r , positively o r 
negatively, as the system seeks its goal . 

l o r most systems the goal is self-evident or , at least, c a n 
be described precisely. T h e maximizat ion of profit , the 
maximizat ion of product ivi ty , and the op t imiza t ion of 
system p e r f o r m a n c e are typical goals of manager ia l , pro-
ductive, industr ia l , and mili tary systems. However , for 
many systems goals a r c not so evident , such as is the case 
for biological evolu t ion o r ontological deve lopment . 

Manuscript received June 20. 1971. This work was supported by the 
NSI under Grant GK-5289. 
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Nonetheless , whe the r a system is organized and con-
trolled o r is se l f -adapt ive and self-regulating, the system 
scientist (or ope ra t ions research specialist, or system en-
gineer , o r m a n a g e m e n t scientist, or ope ra t ions analys t , a s 
he is variously d e n o m i n a t e d ) takes a s ax iomat ic the as-
s u m p t i o n s that system goals can be defined and tha t systems 
are a tomis t ic , c a p a b l c of being dissociated into their com-
ponen t entit ies in such a way that their interact ive behavior 
mechan i sms can be described. 

A T A X O N O M Y O F M O D E L S 

In o rde r to descr ibe the p h e n o m e n a internal to a system 
the systems scientist prepares a model of the system. T h e 
search fo r mathemat ica l laws has been c o m m o n p l a c e a m o n g 
scientists literally fo r centuries, and the use of replicas by 
archi tec ts and engineers has beet» equal ly well es tabl ished. 
However , only relatively recently has an awareness of their 
c o m m o n pu rpose been m a d e manifest . 

Rosenb lue th and Wiener {27] were apparen t ly a m o n g the 
first to note that bo th the scaled replica and the math-
emat ica l law are examples of models . The i r initial categoriza-
tion of models prescribed two types, each viewed as an aid 
to scientific e n q u i r y : I) material models—transformations 
o f original physical objects , the representa t ion of a complex 
system by a n o t h e r physical system assumed to be s impler 
t h a n , yet similar to, the original sys tem; and 2) formal 
models —symbolic asser t ions in logical te rms of a n idealized, 
relatively s imple s i tuat ion, the asser t ions representing the 
s t ruc tura l proper t ies of the original fac tua l system. T h o u g h 
n o explicit s t a tements of preferabi l i ty regarding these two 
model categories were fo r thcoming , it seems appa ren t tha t , 
at the t ime, greater credibili ty and a more intr icate repre-
senta t ion would be associated with a material model if one 
were feasible in a par t icu la r instance. 

T w o o the r ca tegor iza t ion schemes a r e a lso avai lable in 
classifying models . First, a model is said to be dynamic o r 



A lath' depending upon whether us features or symbols d o 
or do not. respectively. alter perceptibly with time. This 
classification is a cross-categorization scheme with respect 
to the Rosenblucth Wiener t axonomy, so that one may have 
both dynamic and static material models as well as dynamic 
and static formal models. T o wit, a s tatue of Benjamin 
I ranklin is a quite static material model, as is a pho tograph 
and a weather m a p : whereas, a puppet show, a critical 
dosage test, a mobile orrery, and a planetar ium show arc 
all dynamic material models of physical phenomena . 
I xemplary static formal models include Newton ' s inverse 
square law and the expression for the equil ibrium queue 
length in a nonpreempt ivc A//A//I queue.1 Typical dynamic 
formal models a re Lanchcstcr 's laws 2 and the autoregressive 
time series. 

One should note in passing that particular problem 
formulat ions, or classes of formulat ions , do not necessarily 
fall distinctly into the same cross-category; e.g., a linear 
p rogramming model, though definitely of the formal model 
variety, may be either dynamic or static depending upon 
whether or not the opt imizat ion is conducted over time 
explicitly. 

A second cross-classification scheme for models is con-
cerned with the predictability of the model 's final state. A 
model is said to be .stochastic if it conta ins intrinsic prob-
abilistic or r andom elements which affect the ou tcome or 
response of the mode l : otherwise, the model is deterministic. 
The cross-classilication of these model types with the four 
already mentioned implies a total of eight pr imary model 
categories. Lxamples of each include those which have been 
ment ioned: the statue, road maps, or scale model (mate r ia l -
static determinist ic): the weather m a p or biological critical 
dosage test (material s tat ic-stochast ic) ; the model train set 
or planetar ium shows (material dynamic-determinis t ic) ; 
the puppet show or the genetic experiment with Drosophilet 
.material dynamic stochastic); O h m ' s law or Newton ' s 
inverse square law (formal-s ia l ic-determinis t ic) ; the cqui-
i irr ium queue length ( formal s tat ic-s tochast ic) ; Lanchcs-
tcr's laws ( formal -dynamic-de terminis t ic ) ; and the auto-
regressive t ime series ( formal -dynamic-s tochas t ic ) . 

I .VOT.I N O N 0 1 M O D E L T Y P E S 

At approximately the same lime as the appearance of the 
initial categorization of models by Rosenblucth and Wiener, 
two important scientific fields were developing: compute r 
science and a systems (or operat ional research) methodology. 
The compute r was to have p ro found effect on models of 
both the material and formal varieties (as we shall see), and 
'.he development of the systems methodology has required 
an increasing need for greater detail and more realistic 
representations in models. 

; rhc shor thand refers 10 Kendall 's classification of queues (14J. An 
A/ \ / I queue is .1 single-server queue with Markovmn arrival pal icrn 
and exponentially distr ibuted service limes. 

* l anchcs t c r ' s laws describe the dynamics of the battlefield, one of 
the earliest recognized cont r ibut ions t o the systems or opera t ions 
research app roach . (See Newman (23, pp. 2138 2I5VJ.) 
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T h e systems methodology has relied more and more on 

the electronic computer . I or example, the analog electronic 
computer , made practicable by the development of a 
sufficiently accurate electronic opera t ional amplifier, per-
mitted one to provide a physical representat ion for specific 
formalized expressions: thus a set of interrelated time-

"dependent differential equat ions (such as Lanchcstcr 's laws) 
could be " so lved" by tracing appropr i a t e electrical proper-
tics of an ad hoc electrical network as time evolved. (See 
Ragazzini et al. [26] . ) 

Tha t such a n a l o g u e 3 models were possible was realized 
even as early as a century ago soon af te r pairs of formal 
models, each originally derived for a specific physical 
phenomenon , were noted to be of the same f o r m ; e.g., the 
applicability of an inverse square law in both gravi tat ional 
and electrical field theories implied that one might well be 
capable of miming a gravitat ional phenomenon by an 
electrical device. 

In their g round-breaking volume on opera t ions research. 
C h u r c h m a n et al. [6 ] defined models as " representa t ions 
of the system under study, a representat ion which lends 
itself to use in predicting the effect on the system's effective-
ness of possible changes in the sys tem" and categorized 
models into three types: I) iconic—those which pictorially 
or visually represent certain aspects of a system: 2) analogue 
—those which employ one set of proper!ies to represent 
some other set of propert ies which the system being studied 
possesses; and 3) symbolic those which require ma themat -
ical o r logical opera t ions and which can be used to for-
mulate a solution to the problem at hand. F rom the discus-
sion sur rounding this classification, it seems apparen t that 
the iconic models are material models in the Rosenblucth 
Wiener sense and that the class of symbolic models was to 
be the equivalent of the formal class of models (J la 
Rosenblucth Wiener). The analogue model was to have 
been a class " b e t w e e n " the o ther categories, which were 
themselves to be distinguished primarily f rom the view that 
iconic models were intended to be descriptive, yet symbolic 
models explanatory, of the phenomenon or system under 
s tudy. 

Subsequently, Say re and Crosson [2S]. searching for a 
representat ional mode for an artificial!) intelligent device, 
categorized models as I) replications those which display 
a significant degree of physical similarity in all three dimen-
sions between the model and the mode led ; Z) formaliza-
tions symbolic models in which none of the physical 
characterist ics of the modeled are reproduced in the mode 
itself and in which the symbols are manipula ted by .1 we.: 
formed discipline such as mathemat ical logic: and 3> 
simulations the class of symbolic models, all of whose 
symbols are not manipula ted by a well-formed uiscipl.n. 
(such as mathemat ics or mathemat ical logic) in order to 
arrive at a part icular numerical value or at an analyt ic 
solution or expression. 

1 The French o r thography is employed so as to distinguish between 
this type of physical model (unalogiic) a n d the analog type of compute r , 
by which many ana logue models are implemented. 
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flierc arc several significant poin ts regarding the Sayre 
Crosson categorizat ion scheme. l-'irsl. no provision is made 
for the inclusion of the analogue model , though the fact 
that the many analog compute r implementat ions svere essen-
tially "subs t i tu t ions" for other physical phenomena (which 
happen to be described by the same formal model) could 
have led to the dismissal of this model type. Second, the 
class of replications specifically forbade dimensional reduc-
tions. thereby excluding photographs , maps, cinemas, and 
the planetar ium show as replicas of modeled phenomena . 

Finally, and most important ly . Sayre and Crosson dis-
tinguished between two types of symbolic models. Whereas 
Churchman et al. had essentially equated their Symbolic 
category of models with the formal models of R^senblueth 

| and Wiener, Sayre and Crosson recognized that the pro-
grammed electronic digital compute r was making possible 

| the construct ion and implementat ion of algorithmic o r 
I operational models more general than the formal symbolic 
: models which required the use of well-formed mathematical 

disciplines for the manipula t ion of the model ' s symbols. 
These more general models, typified by a logically eon-

l nectcd sequence of machinc-comprchensiblc s ta tements (or 
• algorithmic programs), no longer required the use of math-
• ematical (or mathemat ical logical) operat ions for their 
j manipulat ion, but merely a coherent consistent out l ine of 
j procedures to be followed, either in manipulat ing or in 
\ a s s ten«ng successively values to the symbols const i tut ing 
I the model. These algori thmic models were termed simula-
K Hons by Sayre and Crosson. 

Unfortunately , the term "s imula t ion" had been previously 
I adopted by users of ana log electronic compute rs to describe 
I their use of such devices in miming formalized equivalent 
I expressions for o ther t ime-dependent physical phenomena 
I (See, e.g.. McLcod [ 18].) Moreover , many au tho r s tend to 
I identify the term simulat ion with any computerized dynamic 
I model (cf: Kiviat [15] and G o r d o n [13]). 

The semantic difficulties become fur ther confounded 
I whenever one a t t empts to substi tute for " s imu la t ions" (a 
I 'a Sayre Crosson) either the term "a lgor i thmic models" 
I or as suggested by Sisson [30], the d e n o m i n a t o r " p r o -
I cedural models . " Each of these terms carries a connota t ion 
I -a least so a m o n g compute r scientists, which would permit 
I one to include certain algori thmic procedures , such as 
I numerical integration techniques, as s imulat ions. Some 
I might argue, in those cases where the variable of integrat ion 
I "me , that such numerically analyt ic integration lech-
I niqucs indeed const i tute a dynamic mimicry of the phenom-

• -non described by the formalized differential equat ion 
I Again, the semantic difficulties or the term "s imula t ion" 
I become appa ren t . " S i m u l a t i o n " simply has comc to mean 
I different things to different people! 
I However, the essential distinction made by Sayre and 
K c rosson needs to be emphasized. There does exist a class 
I '>» .symbolic models whose componen t symbols are not 
I entirely manipula ted by the opera t ions of well-formed 
• o 'sciphnes such as mathematics , mathematical logic or 

numerical analysis. A few examples should suffice to illus-

3f 
trate the distinction which the au tho r prefers to make by 
referring to the Sayre Crosson " s imu la t ion" category as 
the class of sitmdar models. 

One or the oldest s imular models is the static deter-
ministic model lor a cake (or o ther culinary delicacy): the 
housewife 's recipe, an algori thmic model for the finished' 
product , a model which certainly requires no mathemat ical 
operat ions. Ano the r such simular model, though of the 
s tochast ic static variety, is a maladapt ive memoryless chess-
playing program, which decides randomly a m o n g al terna-
tive, equally highly considered, moves. More interesting 
a m o n g simular models a rc the dynamic varieties such a t 
the a lgori thm for determining the critical path in an acyclic 
connected graph (deterministic simulation) or the digital 
compute r program describing the passcnger-bv-passenger 
activities o r a bank o r elevators subject to random demands 
(stochastic simulation). 

A P R O P O S E D U N I F I E D C A T E G O R I Z A T I O N O F M O D E L S 

In summary, one is able to. unify the previous efforts to 
classify models as follows. Basic cross-categorization 
schemes arc the dynamic-s ta t ic and the determinis t ic-
stochastic, as defined in the preceding section. In addi t ion, 
the third categorization criterion (that o r Rosenblueth and 
Wiener) will also be retained, a l though their formal models 
will be hencefor th r e a r e d to as symbolic models. 

By reference to Table 1, one sees that the following 
refinement of the material class o r models is p roposed : 
I) replicas spatial t ransformat ions o r original physical 
objects in which the dimensionali ty of the modeled is re-
tained in the replica; 2) quasi-replicas-physical models in 
which one or more o r the dimensions o r the modeled object 
is missing; and 3) analogues— physical models which bear 
no direct resemblance to the modeled phenomena yet 
whose essential properties may be placed in a one- to-one 
correspondence with pertinent properties of the modeled 

At the extreme position o r precision, then, a m o n « the 
material models a rc the replicas, for they incorpora te the 
same materials ( though perhaps dimensionally scaled or 
reduced) as docs the original physical object . For example 
a scale model o r a r iverine-cstuarine system may not be 
scaled in depth commensura tc ly with the scale reduction 
tn the system's width and length, yet the presence of all 
three dimensions ensures that such a model be a replica 
The most precise model, then, is the duplicate. such as 
presumably arises in manurac tur ing processes and in 
biological (identical) twinning. 

Less precise a m o n g the material models a r e the quasi-
rephcas in which one or more d imensions or the modeled 
have been el iminated. Characterist ic quasi-replicas are 
photographs , road maps , planetar ium shows, cinemas, 
( R r displays o r the per formance of an endurance or tlinht 
test, and weather maps. 

Considerably less realistic ( though still qui te useful) 
a m o n g the material models arc those which replace the 
material representat ion or behavior of one physical object 
or system with that o r ano the r : the analogue model . In this 
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regard, the aforementioned bronze s tatue of Benjamin 
Franklin becomes an analogue model (of the deterministic 
sialic variety), since Dr. Franklin was of flesh and bone, 
rather than copper and tin. Other analogue models include: 
the analog electronic computer "so lu t ion" for a time-
dependent differential equation (deterministic dynamic 
analogue type): the use of a hybrid computer with shift-
register random numbers so as to mime a stochastic time-
dependent differential equation (see Korn [17] for details 
regarding this type of stochastic dynamic analogue model); 
and the throw of a single die with a black ace as a substitute 
for the revolver in a game of Russian roulette (a stochastic 
static analogue model). 

f urther removed from the physical objects, phenomena, 
and systems which one seeks to represent arc the symbolic 
{or literal) models Taking the cue of Black 11], the most gen-
eral among symbolic models is the metaphorical or descrip-
tive model. Such models, being expressed in terms of one of 
man 's natural languages, are the most " n a t u r a l " among 
symbolic models, but are subjected to manipulation and 
transformation only by means of the accepted rules of 
grammar. Exemplary descriptive models include: a twen-
tieth-century text on Darwinian evolution (a dynamic 
stochastic descriptive model of life on the planet l iarth); 
the Constitution of the United States of America (a deter-
ministic descriptive model for social and political organiza-
tion, the symbolic model 's being of the dynamic variety 
due to its inclusion of an amending process), the Ten 
Commandment s of Moses (a static deterministic descriptive 
model): and a weather report (a static stochastic descriptive 
model). 

The use of natural language as a means of modeling is 
probably man 's most elaborate (and perhaps most realistic) 
method of conveying a meaningful symbolic (nonmatena l ) 
representation of a system or phenomenon. The descriptive 
model is a verbal (written) explanation of a process and is 
subject only to the rules of g rammar applicable to the 
natural language in which it is expressed. 

Somewhat more precise, though perhaps providing less 
reality in its representation, is the class of symbolic models 
defined, in the Sayre Crosson sense, as simulations. 
Exemplary simular models have been discussed previously 
and are also provided for facile reference in Table 1. These 
simular models may include grammatical structures (indeed, 
consider the typical simulation program written in an ad 
hoc simulation programming language), but may also in-
corpora te mathematical expressions and formulas. In fact, 
one might speculate that the consti tution for a republic 
such as that intended for the United States is quite nearly a 
simular type of model for social s tructure since most of its 
statements are clearly delineated procedures or constraints. 

Finally, there remains the highly considered class of 
formalized models or formalizations: symbolic models that, 
in the Sayre-Crosson sense, consist of symbols which are 
manipulated entirely by the operat ions of a well-formed 
mathematical discipline such as the integral calculus, 
algebra, numerical analysis, or mathematical logic. Exem-
plary formalizat ions are also found cross-categorizcd in 
Table I. 

C H O I C E S A N D I M P L E M E N T A T I O N S O F M O D I L S 

A perusal of Tabic I reveals that, as one moves from left 
to right in the table, an increase in abstract ion and a con-
comitant deviation f rom reality is encountered. The quas!-
repliea is a dimcnsionally reduced material model ami 
therefore less representative of the original phenomenon 
than is a proper replication or duplicate. The analogue 
model provides a greater departure f rom reality in tlia; ¡: 
represents a change of medium f rom the modeled to the 
model. All the symbolic models require a similar change oi 
medium f rom the physical phenomenon of interest to the 
written expression or model : many persons, especially those 
who have had significant training and experience in the us: 
of analog computat ional devices, would feel that, of the 
two types of changes in modeling media, the analogue 
representation constitutes the less drastic alteration. (Sec. 
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e.g.. I >uhem | XK p 7l) j.) On the o ther hand, many competent 
writers and mathemat ic ians might argue that natural 
language is the pr imary mechanism for conveying informa-
tion. unders tanding, and cul ture a m o n g human beings, so 
that symbolic representat ions of systems and physical 
phenomena would in their minds be more realistic than the 
presumption of an arb i t ra ry physical i somorphism (between 
model and modeled) , which necessarily accompanies the 
analogue model . 

As one moves f rom top to bot tom a m o n g the entries in 
Table I. a transit ion to greater generality occurs. Clearly 
the dynamic model, whose a t t r ibutes al ter with time, is a 
generalization of the static variety, and , in each ease, 
deterministic representat ions arc merely special cases of 
stochastic models. 

Consequent ly, in discussing the model ing process, one 
could well restrict his a t tent ion, without an a t tendant loss 
of generality, to the classes of dynamic stochastic models. 
The choice a m o n g the remaining categories becomes then 
an exemplary exercise in cost-effectiveness analysis. In 
general, the analyst faces a cost o r time constraint within 
which inferences f rom the completed and validated model 
must be made . Accuracy requirements become addi t ional 
constraints, often thereby eliminating f rom considerat ion 
many material models (which, though precise, arc of ten 
inaccurate representat ions) . 

If the dynamic stochastic model is to be computer ized, 
careful considera t ion should be given to the choice a m o n g 
the alternatives of analog, hybrid, or digital implementa-
tions. The tempta t ion to employ the ana log compute r as 
an ad hoc ana logue model is f requent ly overcome whenever 
the inevitable considerat ions of scaling and accuracy arise, 
and whenever one projects the t ime and costs of the recon-
struction of physical circuitry dur ing subsequent model 
verification, validation, and exper imentat ion. On the other 
hand, many models capable of implementa t ion on the 
electronic ana log compute r may be satisfactorily repre-
sented by mathemat ical formalizat ions which a re solved 
by techniques of numerical analysis on digital compute r s . 
Indeed, a number of "d ig i t a l -ana log compute r s imulat ion 
languages" (see Brcnnan and Linebarger [4]) now exist to 
facilitate such transi t ions to digital machines. Frequently, 
the a t tendant decrease in concern regarding scaling, ac-
curacy, stability, and model maintenance favors the transi-
tion, a l though the projected costs of developing the soft-
ware program required by the digital implementat ion must 
be borne in mind. 

Most symbolic models , unless of the descriptive variety, 
are capable of implementat ion on the digital computer , the 
machine designed indeed for symbol manipula t ion . Presum-
ing then, that the system scientist wishes to represent a 
given system by a means other than by writing a treatise 
(or other descriptive model) depicting it, he is current ly in 
a position to choose between the more abstract (and prob-
ably less realistic) formalized formula t ion and the less 
abstract (and perhaps more realistic) s imular variety of 
model. In conjunct ion with the earlier comment s regarding 
the two cross-categorization schemes, it would appea r that 
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the dynamic stochastic model of the simular variety fre-
quently provides just the appropriate balance of realism, ease 
of experimentation, cost of model maintenance, accuracy, 
and stability that one seeks. 

Indeed, the dynamic stochastic s imular model is one of 
the most general modeling forms, since dynamic models 
include static representat ions as special cases, since sto-
chastic models are generalizations of determinist ic mimicries, 
and since simular models may include mathemat ica l ex-
pressions of which the formalizat ion is comprised exclu-
sively. A number of ad hoc s imulat ion p rogramming 
languages have been recently developed (see. e.g.. Tocher 
[32] , Pritsker and Kiviat [25] , Schribcr [29] . Kiviat et al. 
[16] , Braddock and Dow ling [3 ] , and Blunden and 
Krasnow [2]) , and the appearance of several texts on 
simulat ion methodology (see, e.g., Evans et al. [10] , 
Mart in [19], . Mize and Cox [21] , and Naylor et al. [22]) 
at tests to the increasing recognition of the versatility of the 
dynamic stochastic s imular model . In view of the ap-
parent ly increasing unlikelihood of the existence and 
applicabili ty of "scientific l aws" to social, political, psycho-
logical, environmenta l , economic, and biological problems 
and phenomena , the less formal s imular variety of model 
will, in all probabil i ty, increase in both popular i ty and 
s ta ture . 

S T A G E S IN A M O D E L ' S D E V E L O P M E N T 

Of course, the intelligent selection of an appropr ia te 
model category and its method of implementat ion properly 
requires some a priori knowledge regarding the nature of 
the system to be mode led ; and , since the actual construc-
tion of a model implies a prerequisite knowledge of the 
system, the decision regarding model type and implementa-
tion may frequent ly be deferred until adequa te informat ion 
regarding the system is available. 

This deferment is usually qui te practical in view of the 
fact that , regardless of the model type to be employed, the 
model ing process itself has been* studied and dissected into 
its componen t parts. C o n t e m p o r a r y opera t ional philos-
ophers such as Black [ I ] and C h u r c h m a n [7 ] and manage-
ment scientists such as Forrester [12] and Kiviat [15] have 
provided better and better descript ions of the modeling 
process. This orderly procedure for the construct ion of 
models is essentially equivalent, as we shall see, to the 
scientific method and is conduc ted in live pertinent stages, 
which are as follows. 

/ ) Systems Analysis: This is the initial s tage of a model 's 
development , dur ing which the salient components , inter-
actions, relationships, and dynamic behavior mechanisms 
of a system arc isolated. 

2) System Synthesis: This describes that s tage of a model 's 
development dur ing which the model of the sys t ems be-
havior is organized in accorda rice with the findings of the 
preceding Systems Analysis stage. 

3) Verification: The third stage of a model 's development 
is that in which the model 's responses are compared with 
those which would be anticipated if indeed the model 's 
s t ructure was prepared as intended. 
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4) I alidation I his is lhal stage o f a model ' s development 
dur ing which the responses emana t ing f rom the verified 
model are compared with cor responding observat ions of , 
and measurements f rom, the actual system in order to 
establish the verisimilitude of the model and the modeled. 

.5) Inference: T h e final stage o f a model ' s development is 
concerned with the definition of experiments with, and com-
parisons of responses f rom, the verified and validated model . 

Prior to the actual commencement of the modeling ac-
tivity, however, the systems analyst must ascertain the goals 
of his modeling effor t . He must question the need for the 
model bv enquir ing o f himself what analyses he would 
perform if indeed the model were at this time available for 
exper imentat ion. Since the analyst will wish to conduct 
eventually such experimentat ion with a credible model, he 
will need to be concerned at the outset with the types of 
validation tests thai he will be able to perform with the 
finished model ; again, imagining himself in the context of 
actually possessing the completed model, the analyst should 
enquire both of the availability of the actual system for 
experimentat ion and of the likely compar i sons (with the 
system) to which his model should be subjected. 

This preliminary (or zcroth) stage of the model ' s develop-
ment addresses the quest ion, then, of appropr ia te measures 
of system performance. Consequent ly , the system's goal 
should be defined and unders tood quite early in the model-
ing effort . Of pertinence in this regard is the ability of the 
system scientist to project himself accurately as the system's 
"director" since in this capacity he will with greater facility 

understand the system, its goal, and the mechanism by 
which the system's c o m p o n e n t s contr ibute to the achieve-
ment of the goai. 

Of course, such a projection is not without its d rawbacks , 
for the system scientist must of ten protect himself f rom the 
somewhat natural impulse to incorpora te his own moral 
and value judgments in the model, thereby jeopardiz ing the 
objectivity required in providing an adequa te accura te 
model of the system. (See Churchman [7 ] for a more 
complete discussion of the matter .) 

Presuming then, that the system's goal and its perfor-
mance measures are well unders tood by the analyst , the 

¡modeling process may properly commence . The initial 
(Systems Analysis) stage is concerned with the (usually 
abstract) breakdown, or analysis, of the system into its 
component entities. Immediately, the analyst is conf ron ted 
with a decision regarding whether isolated aspects a re 
properly intrinsic, o r extrinsic, to the system's behavior. 
(We shall presume, without fur ther ado, that the system 
under study evolves with t ime and that its model shall 
consequently be of the dynamic variety.) 

Items deemed (o be outside the system's intrinsic mech-
anisms are said to reside in the system's environment. A 
primary element of the System Analysis stage of a model ' s 
development, then, is the sort ing of possible cont r ibu tors 
to the system's behavior. T h e sorting is accomplished by 
exiling to the environment those elements which, though 
they may f rom time to time affect system entit ies signi-
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ficantly, are never affected significantly by an> of the 
elements (entities) intrinsic to the system Alternatively, any 
element which, though affected significantly by elements 
that are definitely intrinsic to the system, yet does not in 
turn afreet internal system elements is also included in the 
system envi ronment . Forrester [12] would apparent ly refer 
to this sorting process as the "search for the feedback 
structures that might produce the observed [systemic] 
behavior ." 

Thus pr imary goals of the Systems Analysis stage include: 
a delineation of those entities which interact with one 
ano ther (often via decision loops or feedback processes) as 
the system strives to at tain its goal : and the demarcat ion 
and definition of the system boundary, that conceptual 
artifice which separates the systemic entities f rom the 
envi ronment . 

As these goals are being accomplished, the systems analyst 
should be simultaneously occupied with the task of deter-
mining the necessary descriptors or attributes of the essential 
elements of the system, in this m a n n e r the state variables 
necessary to the description of the system's s ta tus at any 
point in time arc tabulated. In this endeavor , the analyst 
will need to ascertain the mechanisms by which state vari-
ables change; tltis is accomplished by noting the condi t ions 
under which ins tantaneous events occur in the system, such 
as an increase in the number of waiting customers or the 
depar tu re o f a vehicle f rom a traffic node. 

An event is thus characterized by an ins tantaneous change 
in one or more state variables. In many systems no dis-
cernable ins tantaneous events will be observed, such as is 
of ten the case for certain How phenomena . If at the con-
clusion of the Systems Analysis stage, no such events have 
been isolated, then the a t tempt to construct an event graph 
(see Evans et at. [10] and Mihram [20]) will reveal that the 
model should be of the cont inuous type and , therefore, 
frequently capable of implementat ion on an ana log com-
puter (or, perhaps, as a formalized model implemented on 
a digital compute r ) ; otherwise, a discrete-type formula t ion , 
ideally suited to digital compute r implementat ion, will 
likely be in order . 

Of course, as the systems analyst conscientiously delves 
into the behavioral aspects and elements of a system, he 
finds that elements themselves become subsystems with 
their own behavioral characteristic*. Reiterated application 
of conscientious investigation of the subsystem structures 
will likely lead to a great deal of incerti tude regarding the 
system's e lements and their interactive behavior. This un-
certainty arises for several reasons, pr imary being Un-
necessary constraint of the costs of extensive systems 
analysis ef for ts and the fundamenta l l imitations of the 
human observer. The resulting phenomenon , which the 
au tho r refers to as the Uncertainty Principle of Modeling. 
provides an explanat ion of the frequent need for stochastic 
representat ions in meaningful models : "ref inement in 
model ing eventuates a requirement for s tochast ici ty." Con-
sequently, the more conscientiously developed model will 
more likely be of the stochastic category. 
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• C o n c o m i t a n t with I he isolat ion »>1' r equ i r emen t s f o r the 
s tochast ic e lements o f a system represen ta t ion , the analyst 
w hl need to no te e lements of d a t a tha t will he necessary to 
the s t ruc tur ing of .111 a d e q u a t e mode l . D a t a r equ i r emen t s 
and the costs of d a t a collection become i m p o r t a n t aspec t s 
of the system ana lys t ' s e f for t s to ascer ta in the relative cost-
c iee t ivcncss of a l te rna t ive f o r m a t s for mode l ing the system 
under cons ide ra t ion . Dur ing the Sys tems Analys is s tage 
then, a clear no t ion of the d a t a r equ i rements of the sub-
sequent mode l ing ef for t should be f o r m u l a t e d . 
I The initial s tage of a mode l ' s deve lopment t e rmina tes 
with the de l inea t ion o f the I) system b o u n d a r y , 2) system 
env i ronment . 3) system enti t ies, 4) ent i ty a t t r ibu tes o r system 
state variables, 5) the intr insic feedback mechan i sms o r 
activities of the system, and 6) the events (if a n y ) inherent 
in the sys tem's behaviora l s t ruc ture . In add i t i on , the need 
for s tochast ic events or represen ta t ions in the mode l will 
have been revealed du r ing the Systems Ana lys i s s tage. 
I T h e second stage (System Synthesis) of a mode l ' s deve lop-
ment is conce rned with s t ruc tu r ing a n d implemen t ing the 
model . Consequen t ly , at the incept ion of this deve lopmen ta l 
stage, it is convenient to pe r fo rm the cost-effect iveness 
analysis with respect to the selection of a model type a n d its 
method of imp lemen ta t ion . Since we have a l ready p re sumed 
the need f o r a d y n a m i c model , the ana lys t is faced with a 
decision between determinis t ic and s tochas t ic models , as 
vfell as between a mater ia l or symbol ic represen ta t ion (in-
cluding a choice of o n e of their subcategor ies) . In view of 
the Uncer ta in ty Principle of Model ing , the first decis ion is 

« t e n s t r a igh t fo rward , t hough the i nco rpo ra t i on of s to-
chasticity for s tpchas t ic i ty ' s sake is clearly i n a d e q u a t e ; 
Whenever s tochas t ic represen ta t ions a re indeed requi red , 
they should be en te red into the mode l in a c c o r d a n c e with 
appropr ia t e ly app l icab le p robabi l i ty laws such as those of 
IJusson processes, the cent ra l limit t heo rem, a n d Bernoul l i ' s 
theorem, as discussed by Feller [ I I ] , Parzen [24] , a n d 

» i h r a m [20] M e t h o d s by which s tochas t ic e lements may 
bt generated in compute r i zed models are discussed by 
K.>rn [ I 7 j and C h a m b e r s [5 ] , a m o n g o thers . 
I I he choice a m o n g the varieties of material a n d symbol ic 

B o d e l s is then m a d e via c o m p a r i s o n s of respective ac-
curacies, imp lemen ta t ion costs , da t a requ i rements , main-
tainabilities, and pro jec ted costs of the expe r imen ta t ion 
required in the subsequen t three stages of a mode l ' s deve lop-
ment Educa t iona l costs associa ted with the learn ing of ad 
hoc s imula t ion languages , if a p p r o p r i a t e , m u s t a lso be 
considered. Fo r a more c o m p l e t e discussion, the r eader is 
referred to Te ichrocw ct al. [31 ] , 

Once the model has been synthesized, it is essential tha t 
the soundness of its s t ruc ture , vis-a-vis that in tended in the 
v.stem Synthesis Stage, be ascer ta ined . Th i s Verif icat ion 
j a g e , fo r compute r i zed models , cons is t s of debugg ing a n d 
cal ibrat ion tests which a re designed to locate logical faul t s 
;P the mode l ' s s t ruc ture . 

I he comple ted d y n a m i c model shou ld , a t the end of T 
«me units, y,eld a response R( T) which m a y be represented 
as a (generally u n k n o w n ) func t ion of the inpu t , or env i ron-
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menta l , cond i t ions , which o n e may paramete r ize as a vector 
(.v,,.v2,- • • ,.Vp). T h e response becomes 

R(T) = — ,*„). (1) 

In the ease of s tochas t ic models , the mode l ' s response 
b e c o m e s a r a n d o m variable, 

. R(T) = /? r ( .v , ,x 2 , - • -,xp: S) 

= r 7 ( A „ . V 2 , - , * , ) + c ( S ) ( 2 ) 

where rr(xi,x2,--,xp) is a (generally u n k n o w n ) r e s p o n s e -
f u n c t i o n , represent ing the expected model response at en-
v i ronmen ta l specification (A , , . t , , - • a n d where e(S) is 
a r a n d o m variable of m e a n zero , essentially a t r a n s f o r m a -
tion of the r a n d o m l y selected r a n d o m n u m b e r seed S, as 
requi red explicitly by most s tochas t ic compu te r i zed models . 

In the Verif icat ion of a de te rminis t ic mode l , it is thus 
impera t ive that the sys tems analyst be a w a r e of some 
specific env i ronmen ta l cond i t ion , deno t ed by ( . Y , * , A : 2 * , •'• • , 

xp*), fo r which the model response R(T) could be exactly 
predic ted if indeed the mode l ' s s t ruc ture were as in tended . 
O n e shou ld no te tha t verification tests a re not conduc ted 
via c o m p a r i s o n s of model responses with those of the actual 
mode led sys tem; ra the r , c o m p a r i s o n s between observed 
mode l responses a n d theoret ical ly an t i c ipa ted results are 
m a d e in as m a n y cases as possible fo r which a re la t ionship 
of the f o r m 

is k n o w n . 
For s tochast ic mode ls . Verif icat ion tests requ i re statist ical 

p rocedures . If there exists a specific env i ronmen ta l condi -
tion U , * , x 2 V • - , x * ) fo r which certain statist ical proper t ies 
of the r a n d o m var iable 

R \ T ) = r ( x , *,A'2*, • • • ,xp*) + e (S ) 

a re k n o w n , then the obse rva t ion of the responses f r o m k 
" i n d e p e n d e n t l y a n d r a n d o m l y seeded" i te ra t ions o r en-
counters of the mode l will co r r e spond to the col lect ion of a 
r a n d o m sample of R* va lues ; in the s t a n d a r d statistical 
m a n n e r the one-sample test of the hypothes i s tha t , say, the 
mean s imula r response is 

r < * , * , . v 2 V = /"o 

c o r r e s p o n d s to a Verif icat ion test fo r the model . 
O n e shou ld 

note that a Verif icat ion test fo r a s tochast ic 
compute r i zed model m a y fail , even t hough the model be 
p roper ly s t ruc tu red . This is typical of scientific investiga-
t ions in which both T y p e I and T y p e II statistical e r ro rs 
must be acknowledged . In a sense. Veri f icat ion tests of the 
s tochas t ic model m a y be cons t rued a l so as tests of the 
mode l ' s r a n d o m n u m b e r g e n e r a t o r ; therefore , separa te tests 
of the g e n e r a t o r shou ld be u n d e r t a k e n t o avoid c o n f o u n d i n g 
the Verif icat ion test a ims . 

T h e ca l ibra t ion tests of the Verif icat ion stage of a mode l ' s 
deve lopmen t serve a s a check on the Sys tem Synthes is stage. 
Before a mode l can be general ly deemed credible , s imilar 
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Fig. I. Modeling proecss. 

checks on the original Systems Analysis stage would be 
required. The Validat ion stage of a model is under taken 
with this goal in mind and is accomplished by compar isons 
of responses f rom the (now verified) model with cor respond-
ing responses or measurements recorded f rom the actual 
(modeled) system. 

Experimentat ion is thus conducted both with the model 
and with the modeled system. Whenever the modeled system 
is not available for such experimentat ion, proper validation 
tests will not be feasible, implying that the analyst under-
takes a greater risk in making any subsequent inferences 
regarding the modeled system f rom compar isons of model 
responses. 

Presuming that Validation tests can be under taken , ihe 
systems analyst fixes the operat ing condi t ions for the actual 
system and , af ter T t ime units, records the resulting system 
performance. Then, setting the corresponding environmental 
condi t ions for the model, responses a re recorded af te r the 
appropr ia te comparab le a m o u n t of time and are compared 
on essentially a one-to-one basis with those of the actual 
system. In this context , the established procedures of system 
identification (see Sage and Melsa [34]) are appropr ia te to 
model validation. T h e validity of formalized stochastic 
models is also of considerable concern currently to statis-
ticians. (See the c o m m e n t s and rejoinder ad jo in ing the 
enlightening discussion of Efron [35].) 

Whenever the model is deterministic, this compar i son is 
quite s t ra ightforward. Discrepancies imply an inadequate 
or improperly conducted Systems Analysis stage, f requent ly 
due to a failure to have heeded the Uncer ta inty Principle of 
Modeling. In these cases, a revised Systems Analysis must be 
under taken and a return through the System Synthesis and 
verification stages will likely be in order before Validat ion 
tests can be again under taken . (See Fig. 1.) 

If the model is stochastic, model validation becomes, like 
model verification, a statistical procedure. However , since 
;n this case two r andom samples ' (one of model responses. 
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the other of system observations) will need to be compared , 
typical validation tests become two-sample tests fo r equali ty 
of means or, say, homogenei ty of variance. (See Mihram 
[36].) 

Again, the failure of any statistical validation test implies 
the need to return to the initial stage of a model ' s develop-
ment . Any failures of subsequent Verification tests require 
re turns to the second or system Synthesis Stage for rectifica-
tion of the model s t ructure. Such cycling th rough the 
stages of a model ' s development is qui te typical ( though it 
is preferably held to a min imum), and it is qui te c o m m o n to 
most scientific enquiry . In a sense, the five developmental 
stages a re essentially model ing " th resho lds , " a l though the 
a t ta inment of any higher level threshold does not imply the 
impossibility of a return to a lower level subsequently. 

In the final stage (inference or model analysis) of a model 's 
development , experiments a re conducted with the verified 
validated model solely. There arc three general categories 
into which most analytical model ing goals or a ims can be 
placed: I) the determinat ion of the dynamic behavior of the 
model dur ing a st ipulated period T of t ime; 2) the deter-
minat ion of the relative (or marginal) effects of unit changes 
in each of the environmental condi t ions (A,, i - J,2,- • • ,p) 
on the model 's expected response at the end of a specified 
period T of t ime; and 3) the determinat ion of the particular 
environmental specification U , \ x 2 \ - • -jcp') at which the 
model ' s expected response (R(T) of (1) or r,(.Y,,.v2,- • -,.vp) 
of (2)) is opt imized. 

The methodologies for achieving these modeling goais 
depend upon whether the model is determinist ic or sto-
chast ic; typical methods arc tabulated in Table II. For 
many of the statistical procedures, the reader is referred to 
Cochran and Cox [8 ] or Mih ram [20]. 

S U M M A R Y 

This paper presents a t axonomy of models discussed in 
the context of scientific enquiry. Twenty- lour cross-cate-
gorized model types are defined, and examples of each are 
given. One might note that hybrid combina t ion of the types 
a re possible; e.g., con tempora ry opera t ional gaming con-
sists of a computer ized simular model, a set of playing rules 
(descriptive), and human par t ic ipants (physical replicas). 
The choice a m o n g model types for part icular applies-
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e > a t c q m m q p o w e r s t a t i o n s : 

a n e w s o u r c e o f f e n e r g y ? 

So!ar eel! power, converted to microwave 
power, is beamed to earth and reconverted 

William C. Brown Raytheon Company 

The rapidly increasing demand for electric energy1-2 

coupled with the inability of conventional means of 
electric power generation to keep up with that de-
mand makes urgent the need for new prime energy 
sources for future electric power generation. In addi-
tion to nuclear fuels, there art' many potential sources 
of energy that are not now being used in appreciable 
amounts: wind and tidal energy, -geothermal energy, 
temperature differences in the ocean, and solar ener-
gy. This article will be concerned with solar energy. 

For each possible energy source, including nuclear 
fission and fusion, there is some factor that limits the 
degree of optimism, bather the source is too small to 
qualify as a major energy source, hard-to-assess pollu-
tion and ecological hazards are unavoidable, the tech-
nology has not yet been .reduced to practice, or there 
is an economy harrier. Solar energy falls into the last 
category. 

T h e amount of solar energy intercepted by the 
earth is at least 10 000 times the projected consumption 
of electric energy in the year 2000. Because the sun's 
energy has such a low density at the earth 's surface, 
any earth-bound power generation scheme based on 
the sun as energy source would require relatively large 
areas devoted to devices that either convert the sun's 
energy directly into electricity or function as boilers 
for a system employing turbogenerators. Moreover, 
the day night cycle, atmospheric at tenuation, cloud 
coverage, and other factors reduce the amount of 
solar energy falling on a given location to a small 
traction of that falling on the same area in space. In 
December, for example, the sunniest locations in the 
United States, located in the Southwest and in Flori-
da, receive only 11 percent of the energy that a simi-
lar area in space would receive.3 In New York and 
Seattle, by contrast, the percentages would be 4.5 
and '¿:L res|>eclively. The impractical result of these 
poor duty cycles is an excessive investment in solar 
energy devices'1 to capture a given amount of energy. 
And an equally excessive investment in storage facili-
ties must be made if the captured energy is to be 

used as a reliable base-load source of electric power. 
To overcome the problems resulting from this poor 

duty cycle, Dr. Peter (¡laser of Arthur I). Little, Inc.. 
proposed, in 19(>8, that we,put large arrays of solar 
photovoltaic cells into space in near-equatorial syn-
chronous orbit where the sun would shine upon them 
nearly 100 percent of the t ime.5 The dc power ob-
tained from the photovoltaic arrays would then he 
converted into microwave power, beamed the sur-
face of the earth, and there converted back into dc 
power. Because the rotation of the solar satellite 
would he synchronous with that of the earth, the mi-
crowave link would be fixed and operative at all 
times. This concept has become known as the Satel-
lite Solar Power Station (SSPS). 

Dr. (¡laser's proposal was received with consider-
able interest because of the concept's inherently low 
thermal pollution; because of the absence of any form 
of particulate, chemical, or nuclear pollution; and be-
cause of its association with a dependable, inexhaus-
tible source of energy the-sun. This interest has led 
to a series of studies of the technology and associated 
economies of the system in stages of increasing 
depth . 5 7 The latest study was performed by a four-
company team, with Dr. Glaser as its leader, consisting 
of personnel from A. D. Little, Inc.. the Grumman 
Aerospace Corp., Raytheon Co., and Textron, Inc. 

After a six-month study of all aspects of the SSPS, 
the team reached the conclusion that the satellite 
solar power station concept, as proposed by Dr. ('.las-
er, is technically f e a s i b l e . 7 T h e present cost projection 

based upon solar cell costs derived iron» an auto-
mated version of today's conventional silicon solar-cell 
technology and upon space transportation costs as 
represented by a first-generation space shuttle is too 
high to be cost competitive with established methods of 
power generation. Because of the 15 to 2:» years pro-
jected time frame for the SSPS to become operational, 
it is entirely possible that breakthroughs in cost will 
occur. 

A preferred way to view the SSPS system eoneept is 
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I hilt ii i* •> pollution free. resource-conserving approach 
in I he solut ion ot our energy problem in the t ime f r ame 
1990 2000 and Ihai it is based upon an inexhaust ible 
prime energy source, our sun. Although not currently 
cost competi t ive, it is an option that should be con-
sidered carefully and kept »pen in the event c»st break-
throughs occur ami unexpectedly severe problems arise 
in the development of o ther approaches. 

S y s t e m c o n f i g u r a t i o n a n d c h a r a c t e r i s t i c s 
T h e overall configuration and principal characteris-

tics Ot the S S I ' S to he presented make up a "base-
line" design.7 It is not intended as a final design but 
rather lo serve as a s tar t ing point for fu r the r s tudy 
and I he evolut ion ol improved designs. 

The system is shown on the front cover of this issue. 
The SSI 'S is placed in an equatorial , synchronous geo-
centric orbit :t5 800 km above the ea r th ' s -equa to r so 
that iis position with respect to any other 
position on the ea r th ' s surface is fixed. Two large 
solar photovoltaic ceil arrays, always pointed toward 
the sun. convert the sun ' s radiant energy to dc power, 
which is then transferred to a large, active phased 
array mounted by means of two rotary joints between 
the two solar arrays. T h e active phased arrays ' func-
tions are to convert I he dc power into microwave energy 
at a preferred wavelength that will penetra te the 
ear th ' s a tmosphere and to focus that energy into a 
narrow beam pointed toward the receiving point on 
the ear th ' s surface. 

T h e microwave beam in space is una t t enua t ed and 
arrives at the ear th ' s a tmosphere with the same 
power level as at launch. T h e microwave energy then 
penetrates the ea r th ' s a tmosphere and reaches the 
ear th ' s surface where il is efficiently converted hack 
into dc power by a device known as a " r e c t e n n a , " 
which s imultaneously absorbs and rectifies the in-
coming microwave energy. 

An important characteris t ic of the SSI 'S system is 
its high duty cycle. Because of the 23-degree tilt of 
the ear th ' s axis with respect to the ecliptic plane, and 
the fact that the satell i te is at a d is tance of iff)800 km 
(22 400 miles) from the earth in equatorial orbit , the 
SSI 'S is continuously i l luminated during the winter 
and summer months and well into the spring and fall 
months. For 22 days before anil af ter the vernal and 
au tumna l equinoxes the satelli te is eclipsed for peri-
ods of tune ranging up to a maximum of one hour and 
1» minutes . If the satell i te and ground rectenna are 
located at the same longitude, t he eclipse period will 
center around midnight . The average du ty cycle for 
the entire year is slightly more than 99 percent . 

T h e proposed electrical size ol a single S S P S is in 
the range of :1000 to 15000 MYV. T o place this power 
level in perspective, 10(KM) MYV represents about .'$ 
percent of the electric generating capaci ty in the 
l-nited S ta t e s today but only 0.5 percent of the pro-
jected capabi l i ty in the year 2000. T h e electrical size 
of the system is de te rmined primarily by the power 
level at which the construction cost per kilowatt of out-
put is at a m i n i m u m . Although many paramete r s are 
involved, the most important ones appear to be the area 
of the t ransmi t t ing an tenna aper ture required for 
efficient t ransmission of power, the most efficient 
utilization of this area for radiat ion of waste heat , and 

the bus losses associated with the transmission of dc 
power from the solar cell array to the t ransmi t t ing 
an tenna . 

T h e choice of frequency for the microwave trans-
mission of power, f rom a strictly technological point 
of view, involves several factors: how the a t t enua t ion 
and scat tering of electromagnetic energy in the 
ear th ' s a tmosphere behave as a function of the wave-
length of the energy; the physical size of the t rans-
mit t ing a n t e n n a and receiving rectenna; and I he effi-
ciency of the components that interchange dc and mi-
crowave energy. A s tudy of atmospheric- a t t enua t ion 
versus wavelength shows that a wavelength of 7.5 cm 
(4 GHz) or longer is necessary to avoid excessive at-
tenuat ion (>1 dB) dur ing a heavy rainstorm, the 
form of a tmospher ic d is turbance having greatest im-
pact upon microwave propagation. Atmospheric scat-
ter ing and a t tenuat ion effects become much more 
pronounced at mil l imeter and optical wavelengths 
and prevent serious consideration of this part of the 
spec t rum for efficient power transmission. 

From the viewpoint of keeping aperture sizes small , 
a short wavelength is preferred since the total area of 
the two aper tures is proportional to wavelength for a 
given efficiency. However, substant ia l aper ture areas 
are necessary for disposal of any waste heat resulting 
from any inefficiencies in energy conversion, par t icu-
larly in space. Energy conversion components pres-
ently have bet ter efficiency at the longer wavelengths. 

|1J Dimensions ol essential physical leatures ol the SSPS 
lor a 10 000-MW syslem. 

Solar cell area 
97 km2 total 
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Tile net result of these considerations is that at the 
present t ime, and I nun a strictly technological |xmit 
ol view. the best compromise appears to he in the rela-
tivclv narrow range of 7.5 to 15 cm. In the SSI 'S de-
sign a wavelength (.1 10cm has been assumed. 

V h e proposed phvsical size ol the present base-line 
design .s shown in Fig. I for a 10 000-MW system. The 
solar energy collecting array has an area of 97 km2 ; 
one third of that area is made up of solar cells and 
the remaining area consists of inexpensive solar con-
centrators made from ihin-filin material treated to 
have a reflecting surface. The t ransmit t ing an tenna is 
1 km in diameter , and the rectenna array to capture 
90 percent of the t ransmit ted energy is 7.44 km in di-
ameter . The antenna dimensions are derived from the 
relationship between efficiency and physical parame-
ters given in Kig. 2. 

100 

£ 60| 

/ / ^ Quadratic apertures 

Experimental data: 

(1) 99.63% at r 2.4 & X 4 mm (Degenford) 

J I 1 
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|21 Theoretical t ransmission efficiency for a microwave 
beam radiated from an aper lure with a spherical phase 
front whose radius is equal to the d is tance D. A, and Ar are 
the a r e a s of the transmitting and receiving aper tures , X is 
radiation wavelenglh. and D is the d is tance be tween trans-
mitting and receiving aper tures . Aperture illumination is 
unique for e a c h value of efficiency but approximates a 
slightly t runcated Gaussian distribution for high eff ic iencies . 
One point of experimental data is given. 

The overall efficiency ol the SSI 'S system is the 
product of the efficiency of the solar cell array and 
the microwave power transmission system. The solar 
cell conversion efficiency is limited, primarily because 
of the distribution of the s u n s energy over a very-
broad frequency spectrum. T h e conversion efficiency 
of today's silicon solar cells is in the range ol 12 p e r 
cent It is expected to improve to IS percent» but 
never to exceed 25 percent. T h e use ol concentrators 
reduces the cost and weight of the array but the re-
sulting higher temperature of the cell also reduces_ the 
projected efficiency of the solar cell to 11 .;> percent • 

By contrast, the overall efficiency of the microwave 
power transmission system is projected to be in the 0o 
to 70 percent range. Figure shows the various power 
flows and losses in the SSI 'S system using the dc power 
input to the active phased array as the 100 percent 
reference point. 

T h e specific weight of the satellite portion of the 
S S P S system, important because of space transporta-
tion costs, has been est imated to be 2.5 kg/k\V of 
output . 7 More than half of this weight is associated 
with the solar cell array. 

The satellite solar power station would be placed 
into orbit with the space shutt le7 or perhaps a sec-
ond-generation shutt le that would transport material 
from the ear th ' s surface to near-earth orbit and a 
space tug utilizing high-specific-impulse electric pro-
pulsion to go from near-earth to synchronous orbit. 

So la r p h o t o v o l t a i c cel l a r r a y 
In the SSPS the sun 's energy is converted into elec-

tric power by a large photovoltaic array optimized for 
this purpose. Its design uses construction techniques 
extrapolated from present practices but the scale far 
surpasses anything yet constructed or contemplated. 

The principle of operation of the solar photovoltaic 
cell is shown in Fig. 4. If made from silicon, as most 
solar cells are. there is an abundant and cheap source 
of material for its construction. It has an extremely 
long lifetime, although in a space environment it 
may lose some of its initial efficiency. In a terrestrial 
application, it will need special coatings to prevent 
erosion. It will tolerate a load that is either open-cir-
cuited or short-circuited. It is potentially capable of a 
very high ratio of power output to weight. 

Although the conventional photovoltaic cell will al-
ways be limited in efficiency because of the sun's 

¡31 Projected flow of power in the SSPS system indicating 
various losses. The power flows and los ses are r e fe renced 
to the solar cell output. 

Conductor 
losses 
4% 

Uncollected Rectification 
power metticiency 
8% . 8% 

Solar energy input 
8/0% 

4L 

Solar cell output 
100% 

Orbit lo e.irth 
transmitted power 

S6% 
To power 

6S% 

DC to microwave 
conversion inefficiency 
10% 

Atmospheric 
loss 
2% 
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bro.nl s|i< « i ruin ol «nergy. an efficiency «»I 1H percent 
fi|M>rlc«ll\ achieved with ¿1 «ell based mi gall ium arse-
n.iif1" repr t sen t s UIMUII h;ili I In- efficiency OF conven-
tional <>r m.cb\ . r general ing plants using fossil or nu-
flear lut l>. Sular ««-lis also have tin- advan tages that 
llieir pr ime source «»I energy. I lie sun. is inexhaust ible 
| n d cost-free and tha i there are no residual wastes to 
ciispo>e ol. 
t| The solar eell. in spite ol u s advantages , has not 
Loved inn serious content ion as a source of large 
amounts of electric power because ol its relatively 
hiuh cost and poor d u t y cycle when terrestrially 
based, bi space, however, it has been used widely and 
now represents the major source ol power for satel l i tes 
that are required to operate reliably for long periods. 
[ As the result of the growing concern over fu tu re 
energy sources, there has been a renewed interest in 
mproving the solar photovoltaic cell in t e rms of effi-
iency and reduced manufac tu r ing cost. A recent s tudy 
pon.sored by the Nat ional Academy of Sciences 9 has 
nilicated t h a t an increase in efficiency of the silicon 
•ilar cell from its present nominal value of 12 to 18 or 
in percent is a reasonable objective. Meanwhile , an 
fficiency of 18 percent lor a solar cell based on gal l ium-
rsenide material has been reported by the laboratories 
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One of the most likely areas for cost reduction is in 
•rowing silicon crystal mater ia l for the cells. T h e 

chief projected cost ol a u t o m a t e d silicon solar cell 
>roduction is that brought about by sawing the crys-

tal material as grown into thin wafers whereby a sub-
tantial amount of crystal mater ial is lost in the saw 
erf. Some crystal mater ia ls are now being grown 

'oinmercially in th in sheet or ribbon form. 1 1 If this 
net hod could be adap ted successfully to the cont inu-
ous growth of silicon crystals, it would not only cut 
Irastically the cost of the crystal mater ial bu t would 
Iso make possible an un in te r rup ted process How of 

the silicon material from the molten s t a t e to the fin-
ished silicon solar cell.1 2 A resultant cost of $375 per 
kilowatt has been projected from a s t u d y 1 3 based 
upon an assumed successful adap t a t i on of the r ibbon 
process to silicon solar cells. 

Microwave p o w e r t r a n s m i s s i o n s y s t e m 
The proposed use 5 , 1 4 «if a microwave beam for effi-

cient transfer of large a m o u n t s of power over long dis-
tances is a radical depa r tu re from the t rad i t iona l use 
ol microwaves in radar and communica t ions . A con-
siderable a m o u n t of effort in the exper imenta l devel-
opment ol microwave power t ransmission sys tems has 
been suppor ted by pr ivate and Government agen-
cies15 ,K and this effort , in addi t ion to advances in com-
ponent technology and our unders tand ing of microwave 
beams, makes it possible to eva lua te critically the use 
ol a microwave beam to t r ansmi t power in the S S I ' S 
system. 

The f o r m i n g of the m i c r o w a v e b e a m . A pro|>erly 
launched beam can be an extremely efficient means 
"I t ransport ing energy in microwave form from a 
t ransmi t t ing to a receiving aper tu re . Such beams 
nave l>een invest igated theoretically and ex|»erimen-
tally in considerable d e p t h . 1 9 2 2 T h e t ransmission ef-
ficiency in the vacuum environment of space is inde-
pendent of d is tance , a l though the t r ansmi t t ing and 

ape r tu re areas must increase in proportion to the dis-
tance. T h e relat ionship between efficiency n. t rans-
mil l ing and receiving aper tures A, and / \ r . t ransmis-
sion dis tance I), and tin* Wavelength A of the radia-
tion is shown in Fig. 2 . 1 9 One exper imenta l da t a point 
of 99.« iHircent22 is shown in Fig. 2. 

T h e applicat ion of Fig. 2 to the problem of t rans-
ferring power from a synchronous satel l i te over a dis-
tance of 35 800 km using a radia t ion wavelength of 10 
cm shows t h a t for 90 percent power t ransfer efficiency 
the product of the receiving and t r ansmi t t ing aper-
tures must be 34.1 km4 . If the t r ansmi t t ing aper tu re is 
1 km in d i ame te r , then the receiving aper tu re will be 
7.44 km in d iameter , as shown in Fig. 1. The relation-
ship provided by Fig. 2 requires tha t for each value of 
efficiency there m u s t be a specific dis t r ibut ion of illu-
minat ion a t the t r ansmi t t ing a n t e n n a . For high effi-
ciency values, this i l lumination approaches a slightly 
t runca ted Gauss ian. 

T h e gain of the t r ansmi t t ing an tenna will be very 
high, of the order of 90 d B for the present base-line 
design of the S S P S t ransmi t te r . T h e proposed recten-
na d iamete r of 7.44 km required to intercept 90 per-
cent of the beam represents an arc segment of 0.7 
minu te . To main ta in a given spot size around a given 
point on the ea r th ' s surface, and to main ta in low 
scat ter ing losses from the t ransmi t t ing an t enna , 
phase deviat ions over the phase front of the beam 
m u s t be held at launch to within a small fract ion of a 
wavelength—typical ly within 5 mm for a t r ansmi t t ed 
wavelength of 10 cm. Since it would be impossible to 
main ta in the physical a l ignment of the surface of the 
a n t e n n a to th is tolerance, some beam launching 
method mus t be employed tha t uses one of the last-
act ing, self-phasing concepts . 2 3 These methods main-
tain the proper phase over the ent i re t r ansmi t t ing ap-
er ture by sensing electronically the physical displace-
ment of local areas and compensa t ing for any dis-
p lacement by changing the phase of the microwave 
radia t ion at the point of launch. T o be effective in the 

|4] Salient features ot standard solar cell. Basic material is 
single-crystal, n-type silicon. Thin layer ol p-type material 
is formed on one surlace. Enough energy is transferred 
from the incoming solar rays to the holes and electrons in 
the silicon to overcome the junction barrier voltage and to 
establish current (low in the external circuit. 

Solar energy 
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SSI 'S, «hose self-phasing concepts would require that 
the t ransmit t ing antenna he subdivided into a large 
number ol smaller arrays so that the phase of the ra-
diated output from each subarray could be controlled 
independently. T h e reference phase front, with which 
the output phase of each subarray is compared, would 
be established by an independent t ransmit ter located 
on earth at the center of the receiving location for the 
power beam. 

T h e overall efficiency of a microwave power trans-
mission system depends upon the conversion efficien-
cies at both ends of the system as well as upon the 
launching and beam efficiencies. Conversion devices 
have already exhibited highly efficient operation and 
even greater efficiencies are possible if advantage is 
taken in device design of newly available materials. 

Conversion of dc to mic rowave power . In the 
S S P S system, the space environment imposes unusu-
ally severe requirements upon the conversion of dc 
power to microwave power. Waste heat disposal, the 
need for extremely long life and high reliability, and 
the demand for light weight assume an importance 
far above that encountered in a terrestrial environ-
ment . In the base-line design, one promising device, 
the crossed-field electron tube, was selected for ex-
amination to see how well it would meet the str ingent 

requirements if integrated into the overall system. It 
will not necessarily he the final choice. 

T h e crossed-field device is the most efficient con-
verter of dc power to microwave power in the wave-
length range of interest. In both its oscillator form 
(magnetron) and amplifier form (Amplitron) it has 
exhibited overall conversion efficiencies of between 85 £ 
and 90 percent.2 4 With the aid of the recently devel-
oped permanent magnet material, samar ium cobalt, 
the device can also be made very light in weight. 

In both the magnetron and the Amplitron. as 
shown schematically in Fig. 5 for the Amplitron. 
there is a rotor consisting of spokes of space charge 
that induce high-frequency al ternating currents in a 
stator composed of a microwave circuit. T h e electric 
fields from the energy in the microwave ci cuit , in 
turn, exert a force against the spokes of space charge. 
The torque required to spin the rotor comes not from 
external mechanical torque, as in the 60-Hz alterna-
tor, but from the motion of charged particles in stat ic 
electric and magnetic fields oriented at right angles to 
each other. Unlike the mechanical rotor of the alter-
nator, the space-charge rotor of the crossed-field de-
vice has very little mass and rotates a t extremely high 
speed—perhaps 100 000000 times tha t of a 60-Hz al-
ternator . Since the power generated by any device is 

Microwave output - microwave input 
Efficiency = — — — 

DC power input j 

Stator with 
microwave circuits 

Space-charge 
rotor 

DC 
power 
input 

[5 J Principle of operation of the 
Amplitron. Rotating spokes of 
s p a c e charge induce currents 
into the microwave circuit and 
provide efficient amplification 
of the microwave input signal. 
DC to microwave conversion 
efficiencies of over 85 percent 
have been obtained from the 
cross-field device. 

Microwave 
input 

Magnetic field parallel 
to axis 

Amplified 
microwave 
output 

Solid cathode 
pure metal secondary 
emitting surface 
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4-9 
proportional to the product of torque and angular ve-
locity. the capabil i ty ot the small, lightweight micro-
wave device to generate large amounts of microwave 
jH»wer becomes evident. This inherently lightweight 
mechanism, in normal practice, is highly disguised in 
conventional tubes because of the mass of the magnet 
required for operation and the mass of the glass and 
metal envelope required in the terrestrial environ-
ment. In space, the envelope is not required and the 
new samarium-cobalt magnet material can reduce the 
magnet weight by a factor of at least ten. 

In the SSI 'S system, the power-handling capabili ty 
of the device and its weight are directly related to 
disposal of the waste heat that results from any inef-
ficiency in operation. Weight and reliability consider-
ations require that waste heat he disposed of by di-
rect radiation into space MI the generator must have 
an efficient radiator fin at tached to it. Fortunately, 
the large area ot the t ransmit t ing antenna allows 
these radiators to dispose o! a large amount of waste 
energy if the generators are uniformly distributed 
over the antenna ' s area. At 3U0°(\ for example, a disk 
1 km in diameter has a black-body radiation capabili-
ty ot 4.4G x 10« kW from each of its faces. 

A study has been made of the specific weight of the 
crossed-field generator together with its permanent 
magnet and its pyrolytic graphite radiator as a func-
tion ot Amplilron efficiency and power-handling ca-
pability. The results are given in Fig. 6. The specific-
weight of the combined generator and cooling fin, as 
measured in kg/kW of ou tpu t power, is sensitive to 
both efficiency and power level primarily because the 
weight ot the cooling tin approximates the 2.5 power 
of the quant i ty of waste heal it must radiate. This 
consideration places a practical upper power bound of 
about 10 kW on the microwave generator. Microwave 
tubes with power ratings that are nominal by present 
s tandards would be used in the SSI'S. 

Lse ol microwave power amplifiers with a nominal 
power rating of 5 kW would require a quant i ty of two 
million such tubes to produce a 10 00U-MW micro-
wave beam. The problems associated with the micro-

0 3 
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| 6 | Specific weight of microwave genera tor and assoc ia ted 
magnet and cooling radiator a s a function of genera tor effi-
ciency and power rating of tube. Radiation from both sides. 
Average fin t empera tu re is 300°C, t empera tu re rise in fin is 
50 C, tempera ture of tube edge is 325"C. radiator material 
is pyrolytic graphite, and heat sink is s p a c e 0"K. 

wave excitation of such a large number of tubes, and 
the efficient coupling of them into a phased array, are 
resolved by a cascade arrangement of tubes and slot-
ted waveguides, as suggested by the ar t is t ' s rendering 
in Fig. 7. The output of each Amplitron flows into a 
section of slotted waveguide where most of the power 
is coherently radiated and becomes part of the micro-
wave beam. Knough power is left over to excite the 
next Amplitron. The cycle is then repeated for the 
next section of waveguide and the next Amplitron. 
etc. Not within the scope of this discussion are the 
methods of phase correction and other controls that 
integrate the cascaded arrangement into the antenna 
subarray and insure proper overall behavior of the 
t ransmit t ing antenna . 

The high reliability and long operating life de-
mands of the SSFS system require all components to 
have this capabili ty. They must be used in a redun-
dant manner to minimize the impact of component 
failure upon system performance. In the case of the 
microwave generator, long life is made possible by the 
use of a layer of pure metal, usually p la t inum, on the 
surface of the cathode to supply electrons by secon-
dary emission. The flow of electrons from the cathode 
is initiated by the normal injection ¿if microwave 
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(7) Cutaway sect ion in ear th-
facing section of transmitting 
antenna showing the slotted 
waveguide radiators and two 
Amplitrons coupled into the 
waveguides by m e a n s of 
probes . The Amplitron dis-
poses of its was te heat to 
s p a c e by m e a n s of a circular 
cooling fin m a d e from pyrolytic 
graphite. 
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so 
|81 Artist s ske tch ol the SSPS 
rec tenna . the electronic de-
vice that cap tu res the energy 
from the microwave beam and 
simultaneously conver ts it. 
into dc power lor distribution 
on a conventional power grid. 
The rec tenna need not be a c - ' 
curately pointed toward the 
transmitting an tenna for effi-
cient operation and ils opera-
lion is independent of any dis-
tortion of the microwave b e a m 
as it p a s s e s through the ear th ' s 
a tmosphere . 

energy (see Fig. 5) into the microwave input terminal 
of the tube so that no initiation of .electron flow by 
thermal means is needed. This technique eliminates 
the need for a cathode heater that not only has a lim-
iied life but. in this application, would impose an ad-
ditional complication because of its separate power 
supply requirement. There is no known life limitation 
to the secondary emission process from a pure metal 
cathode other than erosion from sputtering, and this 
is expected to be negligible in the high vacuum of 
space. The use of pure metal cathodes, and s tar t ing 
them with RF injection, is a s tandard procedure in 
many terrestrial applications. 

T h e efficient capture and rectification of the micro-
. wave power over such a large receiving area would 

probably not be practical if it were not possible to 
combine these two functions in the rectenna 2 5 and 
fhereby simultaneously achieve high collection and 
rectification efficiency, insensitivity of I he array to 
ampl i tude and phase perturbations of the incoming 
beam caused by atmospheric phenomena, insensitiv-
ity to the direction of the incoming rad at ion over a 
considerable angle, economical construction, and dis-
posal of waste heat by passive radiation. 

Structurally, the rectenna consists of many inde-
pendent receiving elements, each of which is termi-
nated in a rectifier. The dc outputs ol the rectifiers 
leed into a common load. If the receiving element is a 
half-wave dipole, then the directivity of the array, no 
mat ter how large, approximates that of the relatively 
broad patterned, half-wave dipole. T h e absorption ef-
ficiency ol the rectenna is theoretically 100 percent 
and the microwave efficiencies of the better types of 
Schottky-barrier diodes, which may be used as recti-
bers. are over HO percent. The rectenna is expected to 
have .in overall collection and rectification efficiency 
"( or possibly 90 percent when opt imum diodes are 
designed and the rectifier circuits are refined. 

Although the rectenna is relatively new, it has been 
used successfully in applications2« and has been made 
in a number of physical formats . 2 7 It is currently 
undergoing intensive investigation to maximize its ef-
ficiency. 

An art ist 's concept of the appearance of the recten-
na array in the S S P S system is shown in Fig. 8. The 
detailed format of the array has yet to be developed. 
Some appreciation of the detail may be obtained from 

| 9 | Laboratory model rec tenna m a d e of e lements consis t -
ing of a half-wave dipole and solid-state rectifiers. Ele-
ments are mounted in a plane one quar ter wavelength 
above a reflecting metal surfare . Overall cap ture and recti-
fication efficiency, experimentally achieved, is 63 percen t 
Potential overall efficiency is 85 to 90 percent . 

a laboratory model of the rectenna shown in Fig. 9. 
Printed circuit techniques would undoubtedly be used 
in production designs. 

Microwave power transmission efficiency 
The overall efficiency of a microwave power trans-

mission system is defined as the product of the three 
individual efficiencies associated with do-to-micro-
wave power conversion, microwave transmission, and 
microwave to-dc power conversion. In the SSPS 
tem. an overall efficiency of 65 to 70 percent has been 
projected. How does this compare with various efi'i 
ciency measurements in the laboratory? 

With excellent dc-to-microwave conversion efficien-
cy already well established.2 4 laboratory effort has 
concentrated on output of the microwave generator to 
the dc output of the rectenna. Recent resul ts 1 8 have 
given an efficiency of 60.2 percent for this portion of 
the system. Recent improvements in rectenna design, 
making use of improved Schottky-barrier diodes and 
improved rectifier circuits, will soon raise this figure 
to 70 percent. If this efficiency is multiplied bv a 
credible generator efficiency of 85 percent, already 
obtained in some magnetrons and Ampli t rons 2< an 
overall efficiency of 59 percent is obtained, which is 



approaching the H."> to 70 percent projected for the 
S S I ' S . 

The achieved efficiencies and those expected in the 
future are given in Table I. it shows nn eventual labora-
tory overall d< |<»-.de efficiency of 77 percent. The 
principal reason for this high efficiency is that in the 
laboratory nearly all of the beam can be intercepted 
whereas in practice this may l>e uneconomical. 

Projected costs for the SSPS system 
Table II gives the est imated capital costs of S S P S 

power generation in dollars per k i lowat t* Various 
confidence levels are reflected in the three different 
estimates of total cost and principal-components cost. 

The est imates for the solar array were based on a 
straightforward extrapolation of existing manufactur-
ing techniques into a highly automated format justi-
fied by the huge production volume. They did not 
take into account possible breakthroughs in manufac-
turing techniques, such as those already discussed. 

1 he cost for the microwave transmit t ing antenna 
(designated "microwave" in Table II) and the recten-
na were arrived at by a consideration of the basic ma-
terials involved and a highly automated production 
line, again justified by the huge number of identical 
units to be produced. The cost of the microwave gen-
erators was based on the very low cost of already 
mass-produced electronic-oven magnetrons whose 
material and assembly labor content is similar to the 
proposed generator. T h e cost of the Schottky-barrier 
diodes in the rectenna was projected on the basis of 
the basic material content and the use of experience 
curves typical of the semiconductor device industry.2 8 

The est imate of transportation costs is based upon 
a completely reusable space shuttle to transport ma-
terial from the ground to near-earth orbit and the use 
of space tugs equipped with high-specific-impulse 
electric propulsion to transport material from near-
earth to synchronous orbit . The est imate given in the 
"low" column of the table is associated with a sec-
ond-generation earth to-near-earth-orbit system. 

All component and system costs are assumed to be 
an average cost associated with the tooling for and 
the manufacture of 20 or more nearly identical sys-
tems. The development costs of the first prototype 
cannot now be est imated accurately but it is assumed 
that this cost spread over a production of 20 or more 
systems represents only a small fraction of the costs 
listed in Table II. 

N u m b e r of S S P S s y s t e m s a n d land u s e 

The number of SSPS systems that might be de-
ployed is dependent upon their economic viability. 
Any discussion of the number deployed and land use 
'nust be placed in the context of the year 2000 or 
thereabouts. At that t ime, the projected requirement 

for two million megawatts of electric power genera -
"on." This requirement is staggering but it still does 

take into account such distinct possibilities in 
a t l , m e I * ' " * ' as electric propulsion of automobiles 

'«• torcfil abandonment of fossil fuels for heating pur-
Poses. If the requirement were to be met by conven-
tional generating stations rated at 1000 M W each a 
quantity of 1600 such plants would be required. If 
these were all located offshore so as to minimize im-

llruwn Sau II,t.- power :, new xxjrc« of energy? 

I. Microwave power transmission efficiencies 

SI 

Efficiency Efficiency 
Efficiency Expected Expected 
Presently with with 
Demon- Present Additional 
s t rated* Technology* Development* 

Microwave p o ^ e r gene ra -
tion efficiency (n„) 76 .7 t 85.0 90.0 

Transmission elficiency 
(roni output of generator to 
collector aper ture (i],) 94.0 94.0 95.0 

Collection and rectification 
efliciency ( rectenna) (t,r) 64.0 75.0 90.0 

Transmission, collection, 
and rectification efficiency 
(viilr) 

Overall elficiency (?jKtnq r) 
70.5 
60.0 

85.0 
77.0 

60.2 
26. Si 

* Frequency ol 2450 MHz (12.2-cm wavelength) 
t This efficiency was demonstrated at 3000 MHz and a power level of 300 kW 
v> W • 

t This value could be .mmed.ately increased to 45 percent ,1 an efficient generator 
were available at the same power level at which the n i f } r efficiency of 60 2 per-
cent was obtained. 

II. Estimated capital cos ts 
of SSPS power generation (S/kW) 

Cost Element 

Confidence Factor 

Low Medium High 
P = 0.25 p = 0.50 p = 0.75 

Solar array 610 1100 1870 
Microwave 60 120 190 
Rec tenna 30 50 70 
Transportation 190 450 810 
Land * » * 

Total 890 1720 2940 
Probability es t imate 1400 2100 2600 

'Negligible 

pact uj>on the land environment, there would be an 
average of one generating station approximately every 
0 km along the entire U.S. coastline, exclusive of 
Alaska and Hawaii. This absurd example illustrates 
not only the magnitude of the requirement but the 
necessity of a variety of approaches to the energy 
problem. 

The terrestrially based portion of the S S P S system, 
by virtue of i ts low pollution and no need for a axil-
ant , is well suited to the inland areas of a country. 
There is, then, a desire to find land areas that are ei-
ther wasteland, or at least marginal from an economic 
use point of view. To S Uch land areas may be added 
low-cost land that may be located within a reasonable 
distance of even our most populous areas. Without 
some drastic reversal of the present declining birth 
rate and the present flow of the population from rural 
regions to urban centers, many sparsely populated 
land regions will remain available as sites for recten-
nas in the year 2000. This is particularly t rue of the 
arid regions of the Southwest and the Great Plains. 

To be an important factor in supplying the base-
load requirements in the year 2000, the SSPS system 

1 0 2 0 1 2 0 1 4 5 



sz 
wniilii h a w to supply about f»00(HH> MVV. This figure 
corresponds to a quan l i i v of fifty 10 000-MW systems, 
each requiring about to kin2 lor the recleiina and a 
protective guard ring T h e total land requirement 
would be 2000 km 2 . I'liig is an insignificant portion of 
the marginally useful land that is still expected to be 
available in the year 2000. 

Side e l lec t s ol Ihe SSPS sys tem 
I'he freed. •in ol i li<* SSI 'S I rum ituv pollution in Ihe 

form ol chemical , par i icula te . or nuclear wastes has 
been inenlioned. ll also has a very low thermal pollu-
tion a s the result ol tiie very high efficiency of the 
rectenna. the only terrestrially based pari of I he' sys-
tem. Three possible side effects whose seriousness 
should be evaluated, however, are biological effects, 
RFI, and weather modification. 

From the viewpoint of general biological effects 2 9 - 3 0 

ol microwave energy upon man and other Ibrnis of 
lile. ihe only effect that has been establ ished af ler 
many years of investigation and observation is the 
healing effect, now used beneficially in the home 
electronic oven and in industr ial processing. T h e 
heal ing ellect is relatively benign biologically and 
man has the relatively high cont inuous-exposure tol-
erance ol 10 m W / c n i 2 . T h e cont inuous exposure s tan-
dard in the U.S. issei at that level. 

I'he max imum power density of microwave radia-
tion in the base line SSI 'S system is at the center of 
the recleiina and Us value is a lit lie less than 100 
mVV/cm? less than that of solar radiat ion but ten 
l imes the densi ty of the U.S. cont inuous exposure 
s tandard . I he intensity level falls rapidly near Ihe 
skirls ol the microwave beam and reaches levels of a 
few /AV/cm2 within a few kilometers of the miter edge 
ol the recleiina. A reasonable guard ring and fence 
around ihe rectenna should prevent any damage to 
humans or wild life in the general area. Within the 
confines of the reelenna area, wild life would proba-
blv be t-xcludcd and main tenance personnel would 
take sui table precautions. 

Ihe impact of the beam upon metal skinned air-
craft that fly through it should be minimal because 
almost all of the energy impinging upon the ai rcraf t 
would be reflected. For fabric-covered planes and 
plastic cockpit helicopters or airplanes, Ihe occupan ts 
would be exposed to ihe beam for ihe period of t ime 
required to fly through it. T h e impacl upon birds is a 
special problem that needs to be s tud ied . Location of 
the rectenna in comparat ively desolate a reas and 
awav Irom ihe migration lanes of birds should mini-
mize this aspect . 

In concluding this brief discussion of biological ef-
fects of the SSI 'S , it should he noted that despi te Ihe 
lack ol identification of any effects of microwave ra-
diai ion other than thermal , there is agreement (hat 
the s tudy of biological effects of microwaves should be 
continued, part icular ly with resjject to any long-range 
or delayed effects . This concern has been recognized 
by the I .S. Government and is identified with a pro-
posed (Government -supported comprehensive s tudy of 
Ihe nonionization aspects of microwave radiat ion. 
'I'he results of this and other s tudies thai may be 
made would de termine the extent of the guard ring 
around the rectenna and the range of choice of geo-

graphical area for rectenna installat ion. 
T h e side effects associated with RFI are expected to 

be more important than the biological effects. Since 
the microwave beam portion ol the S S I ' S system is 
not intended lo handle information, no bandwidth is 
required lor that purpose. However, a t r ansmi t t e r ot 
Ibis power level will inherentIv generale a large 
amount ol noise, which would be scat tered physically 

• outside of (he microwave beam T h e intensi ty of ibis 
noise would be greatest near the frequency assigned 
to the SSI 'S system, just where the use of filters is 
ihe least effective, ll would be desirable, therefore, to 
assign a frequency band perhaps 100 MHz wide to 
the system. Initial calculations based upon the mea-
sured noise properties of the type of microwave gener-
ator proposed for Ihe system and the use of a moder-
ate amount of addi t ional filtering indicate tha t the 
( ' ( ' IK flux densi ty l imitat ion requirement tha t protects 
ear th-based microwave receivers can be met if a hand 
of UK) M H z is assigned. However, this aspect of the 
S S P S operation needs a great deal more s tudy . 

In the minds of many, it may seem tha t the pro-
posed use of space for the transmission of power rep-
resents a potential intrusion into an area long re-
served for the transmission of information and should 
be permit ted only if our fu ture energy problem be-
comes so great that power transmission ihrough space 
is an overriding consideration in our system of priori-
lies. But the coexistence of power and information 
transfer in space should be examined in terms of what 
communicat ion pract ices will be in 1990 and L'000 -
reasonable da tes lor the first operational S S P S sys-
tem and for full-scale d e p l o y m e n t T h e low-frequency 
end of the microwave spec t rum, in which the S S P S 
would probably be located, is already becoming too 
restrictive for the large mass of information to be con-
veyed and. by 1990, almost all land-based communica-
tion may be handled in ducted sys tems using millime-
ter waves or light waves and spaced-based systems may 
he using mil l imeter waves. 

Ii is also observed that , in the past , power and 
communicat ion have been able to take advan tage of a 
common transmission medium, notably wire t rans-
mission. and to resolve the mutua l interference prob-
lems that have ar isen. The re may also be a clue to a • 
solution in case interference problems do arise by ob-
serving the palliative action that has been taken to 
override m a n - m a d e interference in the AM broadcast 
band by increasing the power level of the t r ansmi t t e r . 
It is even possible tha t the synchronous S S P S saiel-
l i te may become a t t rac t ive as the physical location 
for the t ransmi t te rs of advanced communicat ion sv>-
t e m s because of the easy availabili ty of power. 

T h e ¡§sue of the microwave beam's impact upon 
a tmospher ic d is turbances and weather has also been 
raised. Upon examinat ion , however, it is found lhat 
the density of power input to the a tmosphere result-
ing Irom absorption ol microwave energy is typically 
20 w a t t s / m 2 . Th i s level is small compared with the 
densi ty of power absorbed from solar radiat ion and 
reradiat ive processes from ihe ear th . It is doub t fu l if 
the beam could produce a significant local dis tur-
bance. On a global scale the total energy input to the 
a tmosphere from 100 S S P S systems would be minis-
cule compared with natural processes. 
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Time scale for Ihe SSPS 
Any proposed l ime scale for ie SSI 'S development 

n usl In- made in the con! ex I o I he possible need For 
i e s\-item, when it may be net led. and the difficulty 
o tin- development and deployment. •.>,„„ strictly 
technological point of view, t .o development of the 
S S P S system may well he less of an under taking than 
w is the A|KIIIO project when t was first initiated in 
I'Kil. Most, but certainly not :.'!, of the basic technol 
o: v and know-how involved r. ,-• at hand, ei ther from 
the Apollo project or (rom other sources. 

Will there be a need for th>: system? This depends 
u;»on whether the approach e: •» be made more cost 
competitive and upon the expr-ienee with other ap-
proaches to satisfying our future electric power needs. 
And here the picture is very clouded. Even nuclear 
fi.-sion has a relatively near-term fuel problem whose 
solution is dependent upon th«' successful develop-
ment of the breeder reactor. In the long term, the 
hulk of all our energy including electric energy — 
must come either from a concentration of thi sun 's 
di .fuse energy or from nuclear fusion. 

if needed, when will it be needed? It is clear that 
th- approaches to achieve our electric power needs for 
th- next two decades have already been set in motion. 
It should become much clearer in the 1980 t ime frame 
whether these approaches will also meet our needs in 
th«- 1999 to 2010 t ime frame and whether nuclear fu-
sion will have progressed to the point where we will 
have confidence in its capabili ty to help supply our 
en.-rgy needs into the future. It appears th;- it will be 
th«- 1980s, when the SSPS option will be picked up, if 
th. re is a need for it. 

With this discussion as a background, the appropri-
ate near-term action is clear. A thorough systems 
study of the SSPS should be made t«» determine the 
critical and weak points in the system and to assess if 
they can be dealt with successfully. If the studv con-
tinues to indicate a viable system. some development 

n n a f e w long lead-time items should be ¡ni-
ton ed. Concurrently with the systems studv. develop. 
m ' ' t . t *" , , r t h h o u l d forward in some of the already 
eM ,1)1,shed critical areas that have a broader range of 
application than just the SSPS. Two specific techno-

Ca* a r o a s a r t ? S o ' a r photovoltaic cells and micro-
wa e power transmission. With such a near-term pro-
« r a n as a background, the 1980 t ime frame should be 
arrived at w.th a well-organized, well-thought-out 
(>r< ram to mobilize «,ur resources efficiently and to 
•<- • and deploy the complete SSPS system if it 

iid be desirable to do so. 
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William C. Brown (F) h a s b e e n with the Ray theon 
Company s i n c e 1940 w h e r e h e h a s contr ibuted many ' 
innovations to mic rowave tube technology He w a s 
e d u c a t e d at Iowa S t a t e University <B.S. d e g r e e ,n 
e lectr ical engineer ing) and M a s s a c h u s e t t s Inst i tute ' 
of Technology (M.S. d e g r e e ) . For a per ,od of two 
yea r s prior to joining Raytheon, he w a s with the 
Had.o Corporat ion of Amer ica . Mr Brown is a r e c o o -
n 'zed authori ty on m a g n e t r o n s and . in 1953 he ap-
phed the c rossed- l i e ld ene rgy -conve r s ion pnnc .p l« to i 
a n eff ic ient b r o a d b a n d amplrf.er dev ice known a s the 
«mpht ron . or the r e e n i r a n i - b e a m . c rossed- f .e id a m - i 
P mer m the r e c e n t t ime period, he h a s «fevoted h.s 
a t tent ion to the improvemen t of the overall e f f ic iency 

h l h T . , C r ? W ? V e P ™ 6 ' , r a n s m i s s i o n and to the e s t a b -
hsnment of .Is credibility within the scientif ic and en-
gmooring communi ty . He h a s a l so b e e n involved ,n , 
developing the de ta i l s of a m i c r o w a v e power trans* 
mission sys t em sui table for u s e in the Satel l i te Solar 
r o w e r Station c o n c e p t . Mr. Brown h a s had 43 u S 
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Special report 

s t k ^ o e 

G r i s a s 

After ti century of feasting, the U.S. now finds itself 
facing a fuel famine, with no immediate end in sight 

Gordon D. Friedlander Senior Staff Writer 

In Chicago, this past winter, Commonwealth Edi-
son was forced to shu t down gas fired boilers tha t de-
livered steam to a 96-MW turbogenerator. In Iowa, a 
natural gas scarcity forced farmers to d u m p their wet 
corn harvest because their crop dryers could not be 
operated. In Denver, the city school syBtem was shut 
down for lack of fuel oil. These are not isolated occur-
rences: most industries in t he western s ta tes includ-
ing electric utility generating plant« have been served 
for rnuny years under an " industr ia l in terrupt ible" 
gas schedule, shifting to fuel oil during severe cold 
spells or shutt ing down. Along the eastern seaboard 
and throughout the central states, the fossil fuels, oil 
and gas. have reached dangerously short supply, bare-
ly enough to meet domestic and commercial require-
ments. Both the s ta tes affected and the fuel suppliers 
were forced to ration reserves. 

And throughout this crisis, ironically, the most pol-
luting of fossil fuels, coal, continued in abundan t sup-

ply. The seemingly inevitable consequence of this 
abundance: the United States, the world's wealthiest 
and most pollution-conscious nation, will undoubted-
ly be forced to increase greatly the production and 
use of coal, a fuel which not only is responsible for the 
pollution of the atmosphere in vast areas of the coun-
try, bu t is obtained primarily through strip-mining, a 
process not noted for its kindness to the landscape in 
the 38 states in which the fuel is readily available by 
this method. 

Background to the dilemma 
As the world's wealthiest nation, with the highest 

s tandard of living, the demand for labor-saving devic-
es, creature comforts, and luxuries in the United 
States is without parallel. And the kilowatt-hour has 
been the servant t ha t has abet ted this demand. The 
U.S., like most other technologically advanced na-
tions, has behaved for decades (despite certain recog-

T h e fue l tha i , a t p r e s e n t , is in cri t ical ly s h o r t 
supp ly is n a t u r a l g a s . T h e r e is an u r g e n t n e e d 
for new supp ly s o u r c e s a n d p ipe l ines . T h e r e a r e 
a l so s p o r a d i c d o m e s t i c s h o r t a g e s in oil ( a n d a 
gaso l ine sca rc i ty m a y s o o n be fe l t ) s o t h a t . . . 

We h a v e suf f ic ien t u r a n i u m o r e s f o r n u c l e a r 
f i ss ion , bu t . . . 

There is a . g r c a t dea l of i n t e r e s t in t h e po ten t i a l 
of g e n i h e r m a l power , bu t t h e t echno log ica l p rob-
e m s a r e stili va s t , a n d h a r n e s s i n g t h i s n a t u r a l 

power w il be cosi ly , bu t . . . 

Ccal L p l e n t i f u l — i f ex tens ive s t r i p m i n i n g is 
pe rmi t t ed t h e r e s h o u l d b e m o r e t h a n a m p l e f o r 

by 1 9 8 5 , m o r e t h a n 5 0 p e r c e n t of ou r p e t r o l e u m 
will h a v e to b e o b t a i n e d f r o m o v e r s e a s s o u r c e s . 

1 9 3 5 , or ea r l i e r , m a y s e e a n u m b e r of g e a & e r m a ! 
power p l a n t s on t h e l ine, c a p a b l e of g e n e r a t i o n 
in t h e m e g a w a t t r a n g e (in add i t ion to t h r e e p l an t s 
p r e s e n t l y in o p e r a t i o n ) . 
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ni/ed good inientiw.s) as if there would he no tomor-
row ami its fuel ami energy sources were inexhausti-
ble. I: has squandered its resources with the gay ab-
andon of the legendary playboy who uses ten-dollar 
notes to light his cigarettes. If you doubt this conten-
tion. drive into any major U.S. city a t night and ob-
serve the myriad of high-rise office buildings illumi-
nated from top to bottom while cleaning crews do 
their chores. Similar, if not always as blatant , exam-
ples of waste are seen t hroughout the world. 

•J. VV. Simpson, president of the Power Systems or-
ganization of the Westinghou.se Electric Corp., be-
lieves tha t the United States is fast becoming a "have 
not" nation because of its enormous consumption of 
cheap energy resources. And although experts on the 
subject are making widely divergent est imates of the 
country's fossil-fuel reserves, demand is presently 
outpacing the production of these fuels; thus, fuel 
costs are rising and will continue to do so. An unfor-
tunate factor in the total picture is that natural gas, 
the fuel with the least adverse environmental effects 
associated with i ts combustion, has become the scar-
cest. 

The blame for the fuel shortages and their certain, 
adverse impact on the economy can be placed at sev-
eral doors: Government, regulatory agencies, sup-
pliers. and the general public—for reasons tha t will 
be developed in the context of this article. 

Energy: feast to f a m i n e in 1.2 cen tu r i e s . For the 
121) years following the dawn of the Industrial Revolu-
tion. the United States enjoyed what promised to be 
a virtually limitless supply of fossil fuels for conver-
sion into thermal, mechanical, and electric energy 
Since the turn of the century, cheap and inexhausti-
ble electric power for industry and the public seemed 
an at tainable goal. 

Hut then, in the 1910s, it was announced that " the 
demand for electric energy in the U.S. is doubling 
every decade." This "exponential growth cliché" has 
oeen repeated ad infinitum since that date. Now the 
implications of ibis geometric progression become 
somewhat ludicrous when one considers t h a t - t h e o -
retically, a t l e a s t - a t some not-too-distant future 

date , every available land site in the country could be 
occupied by a generating stat ion! In practical terms, 
however, the saturat ion point must come (for envi-
ronmental and fuel reasons) by the year 2000. 

T h e complexi t ies of synthe t ic s h o r t a g e s . As indi-
cated at the outset , the fuel-famine phenomenon is 
extremely complex in its ramifications and is inter-
locked—almost in the manner of an ecological chain 
—by many factors, some of which are aggravating the 
situation by approaching it a t cross purposes. The 
contrived aspect of the fuel-shortage problem, in it-
self, is multifaceted and includes 

• The serving of special interests. 
• Real (and/or imaginary) fears of environmental-

ists, ecologists, and conservationists. 
• Advertising (now largely discontinued) to urge the 

use of more electric and gas appliances and /o r heavy 
equipment . 

• Myopic planning for the future, with few or no 
firm energy-control policies or guidelines at the s tate 
and Federal levels. 

• International political and balance-of-trade con-
siderations. 

• The enormous fuel demands of the military dur-
ing the war in Vietnam. 

In descending order of priority, fuels whose availa-
bility relates to the overall famine are: natural gas 
oil and coal. 

Natural gas: 
one third of the energy pie 

Natural gas. as indicated in a recent background 
report prepared by the American Gas Association 
provides 33 percent of the total energy requirements 
of tne U.S. (Fig. 1). There is a critical need for new 
domestic supplies to meet unprecedented demands by 
industrial, commercial, and residential consumers 
1 his need is recognized by all segments of the gas in-

dus t ry -p roduce r s , pipeline owners, and distr ibutors 
- a s well as spokesmen for the U.S. Depar tment of 
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| 1 | "Pie" chart showing sources ol energy in the United 
Stales at the present time. 

the Interior and I he KPC. (The situat ion was also rec-
ognized l»v President Nixon in his special message to 
the U.S. Congress in -June 1971.) 

in fact, an F1V staff briefing, published April 15, 
11*71. s ta les flatly that evidence submit ted to the 
commission "confirms beyond any doubt , if indeed 
there is any remaining doubt, that a serious gas-sup-
ply shortage does in fai t exist throughout the nation's 
gas-supply areas ." 

It is ironic that there is an actual shortage of natu-
ral -.is amidst a domestic potential of plenty. I jet's 
review, in retrospect, some of the reasons t ha t have 
led up to this paradox. 

The present shortage did not happen overnight; 
rather, it is the result of trends over the past two dec-
ades that have burgeoned into today's crisis. From 
the ¡ale 1950s, and through the '60s, the possibility of 
a future gas-supply problem was vigorously debated. 
Hut within tiiis t ime frame, the exploration and drill-
ing activities of the petroleum industry declined 
markedly (natural gas. of course, is usually discovered 
in conjunction with oil deposits). Wildcat drilling, a 
sensitive gage of these efforts, decreased by 40 per-
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[2j Bar graph indicating Ihe decline in the number ol wild-
ca t drilling operat ions in the petroleum industry over a 14-
year period. Natural g a s is generally found in conjunct ion 
with oil deposi ts . 

13) Production of natural g a s be tween 1960 and 1970 re-
f lecls a 6 to 8 percent inc rease annually in the demand lor 
this luel. 
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cent between 1956 and 1970. And. since 1962. more 
than 200 drilling rigs were removed from the U.S. and 
transported to more at tractive - a n d profitable— 
business opportuniiies in other areas of the world. 
Figure 2 reflects the steady decrease in wildcat wells 
from 1956 through 1970. 

T h e demand for natural gas during the decade of 
the 1960s increased sha rp ly - running from <» to 8 per-
cent annually from 1965 to 1970 (Fig. 3). and from 8 

T : . . ea r ly p a r t of t h e 2 1 s t c e n t u r y will p r o b a b l y w i t n e s s o p e r a t i o n a l P/.HD g e n e r a t i o n in t h e m e g a -
wa.» r a n g e , a n d t he rmion i c c o n v e r s i o n — b y m e a n s of w a t c h n u c l e a r e n e r g y will b e conve r t ed direct ly 
into e lec t r ic e n e r g y , t h e r e b y e l imina t ing t h e c o n v e n t i o n a l s t e p s oi g e n e r a t i n g s t e a m to dr ive t u rbo -
¿ ¿ . . o r a t o r s . Th i s e ra will m e a t likely s e a ihe wi d e s p r e a d n a r n c s s i n g of e n e r g y deve loped by t h e 
e a r . a ' a ro ta t ion (wind a n d t ida l power ) . Laser t r a n s m i s s i o n of power over g r e a t d i s t a n c e s may a l so 
be a revolu t ionary d e v e l o p m e n t . . . a n d who k n o w s w h a t u n d r e a m e d of poss ib i l i t i e s may t a k e p lace 
3 0 to 5 0 y e a r s i r o m now? 

'•'»-' • . istrt .uvl diaUcnc)' 21 



| 4 | Routes of potential natural 
gas pipelines from Alaska's 
North Slope and Canada ' ? 
Northwest Territories to vari-
ous consumer regions in the 
"lower 43" stales. 

!<> 10 percent a year u p to the present t ime. Thus , the 
reserves - to-product ion rat io, a m u c h deba ted index of 
gas supply and d e m a n d , has decreased from more 
than 21 years ' supply in 19.% to less than 14 years, in 
1970. 

D e m a n d for e c o n o m i c incen t ives . As far back as 
December 10, 1908. t i e president of the American 
(¡as Association, in a ot ter to (he F I T , warned tha t 
d is t r ibutors were havii.g diff icul t ies in cont rac t ing for 
increases in long-term gas suppl ies . T h e communica-
tion urgently recommended tha t the FPC act to pro-
vide addi t ional "economic incent ives" for explorat ion 
and development .* And, in J u n e 1969, ten d is t r ibutor 
executives, represent ing about 40 percent of the gas 
industry 's customers, met with the FPC to reaff i rm 

¡5) Simplified process-flow diagram indicating the various 
s teps required in coal gasification. 
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that isolated gas shortages could be experienced in 
the winter of 1969 70. and more sererr shortages 
would occur in subsequent winters. 

T o (lie petroleum industry, the Federal govern-
ment . through t h e FPC. is the villain responsible for 
ihe scarcity yf na tu ra l gas through price regulat ion. 
T h e industry spokesm en note that thé maior oil pro-
ducers supply 7Ô percent of the na tura l gas in the 
U.S. Since gas is the only fossil fuel t ha t is still price 
controlled, the producers feel that the economic in-
centive is insufficient to make the explorat ion and 
development of addi t ional gas sources profi table—or 
feasible. 

Bubb le , bubb le , f l a r e s , a n d t roub le . Because t h e 
oil indus t ry believes t h e price of na tura l gas to the 
consumer to be too low to warrant the construct ion of 
costly pipelines from offshore p l a t fo rms- a n d even 
from land-based refineries—it is not uncommon to see 
gas being flared or bubbl ing up through the waters of 
the Gulf of Mexico. T h u s we have tiie spectacle of 
precious ga.s reserves being f lagrant ly wasted he-
caused of economic policy d isagreements . Although 
the oil companies readily jus t i fy th is procedure (and 
freely admit that there are vast u n t a p p e d gas fields 
underwater) , there is .• feeling a m o n g some crit ics 
that the public is being subjec ted to economic 
pressure by the producers . Thus the n u b of the 
ma t t e r may be whether ihe producers will supply the 
consumers ' gas d e m a n d requi rements at a fair a n d 
reasonable profit or whether they a re in tending to "sit 
on" the undeveloped gas suppl ies until an economic 
windfall is assured. In short , why accept a wellhead 
price of 2i> con is /1000 f t 3 if the F P C will relent under 

III the View <* ihe K.ril Kim,boon imv "Ford. Fiiols. ami Your 
Nil..«. tt- h.h .s,,.. ;n,»i. |>|» .-». »*•!. I «17" I. ; . r , F « m , r . . l Gov-
ernment policies i.re o.i.ira«l.r(,.r\ and .*iim.»d«i. For . v im:.:«- (;..v-
wu!i,",'nl " x ,H,I"A exploration i.* n.uurai arid ihe i-PC s price controls discourage it ! 
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¡•r«'-i»!v ami jH-.ini: ¡win* that price as the going 
rale" <li is U4'i «»wr inicnti«>n to comment editorially 
• »;; ::;e -wii.i ci «•. excess profits, but merely to recog-
nize :i..i! ci>nir«>\< rsy surrounds the topic. For exam? 
pie. Alaska".-. Governor \ \ lliam F.gan has charged 
thai she oil industry has ah assed great wealth around 
TTI • u<«rid IH*« HIS«- «»1" " a lie« use to steal other peopli-'s 
re-.. jr«v ." promising ih.it this would not hap|>cn in 
Al.i r..i will. regard I«* the ant ic ipated pipeline. T h e 
(•lAernor's concern is not o much with cost to the 
ullin..lie ini .Minnr . hut ra her that the s l a t e gets a 
substant ia l share«*! the profits from the pipeline.) 

hu i the joker in the deck, insofar as economics is 
concerned, is the indust ry ' s contention that the FPC 
either does not know or underes t imates I he cost of 
providing natural gas. Th i s may he true hut because 
all such figures e m a n a t e from the oil industry, no 
outsider, even Government . has facts which can dis-
pute the industry provided figures. As a result, all 
present indications point toward a subs tant ia l in-
crease. sanctioned by Government , in the price of this 
vit.il luel. 

Relief Irom Alaska? 
(h i s u n d e r t he roof of the wor ld . A recent Govern-

ment report. ' 'Po ten t ia l Suppl ies of Natura l Gas in 
the I nited S ta t e s . " es t imated that there is about .'t2f> 
trillion cubic feet of na tura l gas deposits in Alaska (as 
compared wish an es t imated 850 trillion f t 3 in the en-
tire contiguous i.Sslates). 

Currently, there are three principal s tudy groups 
including major U.S. and Canad ian gas companies 
conducting comprehensive analyses of feasible over-
land pipe.ine routes (Fig. 1) from Prudhoe Bay 
(North Slope) to various regions of the "lower 48." 
Kan . group lend-, to feel lhat the economics of such a 
complex gas pipeline project for t ransmi t t ing the 
Alaskan fuel «an compete favorably with other forms 

The King is dead . . . 
Old. King Coat h.is u dirty old soul. 
in ,i nob - hi the ground lives he 
H>; .meli-, troni hr. smoke. 
And lid )ugh:. trum hr, coke 
''•inJ he p ills lor his iM)llulers three 
(particulates, iiy ash. anil SO;.). 
June Stem.' writing in the February 1973 issue of 

ttir: Smithsonian, puIr» it this way 
After dorati----, of decl ining product ion and in-

c r e a s i n g oir.'uvoi coa l , our mos t a b u n d a n t energy 
'«•••Ource ¡ir,| s taging a c o m e b a c k It is o n e of the 
ironie:, and d i l e m m a s of our environmental ly 
a w a r e a g e that we will u s e moro , not less , of this fil-
tv••••.! of tuoi-. Strip mmmg. a l though twice a s s a f e 
.< . ,p.:; mining, r .as left lunarlike l a n d s c a p e s . pol-
. it' d river . a n d water suppl ies . The blight of coa l 
' -.r t .n i .es into trie burning p r o c e s s , befoul ing the air 
wan 00 p. rr.M.: of the 5 4 million tons of SO? dis-

»rged a year ny J . S . s m o k e s t a c k s . . 
in despe ra t i on over c o m i n g ene rgy s h o r l a g e s 

p . anne r s a r e turning aga in to dirty but e v e r - a b u n d a n t 
-oa.. found in s t a t e s with s o m e 1 5 trillion ton:, of 
t stilt ¡underground} m o r e than 1000 y e a i s ' worth 

•it : o d a / ' s r e c o v e r / a n d consumpt ion leve ls . . . " 

•f-oi>t<-i<'. ' i l J '.n.itnvxudn inM.iul«oo from '.mill.MM>.un M.M,.I 
lcKa.ii, !'»/3 

ol"energy found in the contiguous United Sl ides . 
Further , the leaseholder.-. of the major Prudhoe Bay 

disciiveries have s ta ted that nearly ali gas deposit.-) 
found to da le are associated with the vast nil reserves 
«•f I he region. In olher words, the known gas deposits 
exist either as gas dissolve«! in the oil <»r in the form 
«»f " c a p gas" overlying the oil. Thus , in neither case is 
it feasible to extract t he gas wit bout tapping the oil. 

T h e s a m e geological formation, however, that 
created fhe Prudhoe Bay oil and gas areas extends 
into northern Canada (Fig. 1). Because of this, exten-
sive new pipeline construction is being proposed to 
transmit gas from Canada ' s Northwest Territories to 
ready marke ts in the United Sla tes . Ksi ¡mates indi-
cate lha t this billion-dollar effort could provide U.S. 
consumers with an addi t ional supply «if I."» billion 
f l 3 / d a y . 

At this t ime, the maj«>r s tudy groups are also mak-
ing analyses of overland gas pipelines from the North-
west Territories to the lower 18 states . Mil i ta t ing 
against the «>verall scheme, however, are controversial 
ecological and envi ronmenta l considerations; factors 
such as soil stabil i ty, permafrost regression, and wild-
life hab i ta t s in Alaska must be seriously contempla t -
ed. 

Liquid n a t u r a l gas . Liquefied natural gas (LNC.) 
in small , bu t ever increasing percentages, is being 
suppl ied by importa t ion to the U.S. in special cryo-
genic tanker ships from Libya. Algeria. Venezuela, 
and other overseas gas-producing regions. T h e gas is 
liquefied by cooling it to Il7"lv. In its l iquid s ta te , 
the gas occupies less than 0.2 percent of its gaseous 
volume. Very large investments are presently being 
made in the construction «if storage facilities to m a k e 
LNC. available at least in coastal cities of ihe U.S. 
(However, the LNC. land-based storage facility pro-
gram, especially in densely populated areas, suffered 
a severe se tback last February when -10 workmen, who 
were cleaning an empty tank, were killed in an explo 
sion and subsequent fire of undetermined origin.) 
Several of the unique tanker ships are now in service 
and more are under construction for service by 1975. 
And, in 1985. a fleet of 80 such vessels should be 
available for LNC. t ranspor t . In all probabil i ty. how-
ever, LNG will cont inue to be used lor power ¡>eaking 
only. 

Coal g a s i f i c a t i o n . Figure 5 is a s imple flow di-
agram of the basic coal-gasification process. Although 
the illustration is s t raightforward, the technique en-
compasses a complex chemical t ransi t ion of solid c«»a! 
into a form of na tura l gas. Essentially. boiler-pr.v-
duced s team is reacted with the carbon in coal to 
form a hydrogen-enriched gas s imilar to me thane 
(CH 4 ) . But in the reaction, ammonia (NH.-O, carlk>n 
dioxide (CO-), and hydrogen sulf ide (H 2 S) are also 
produced. In the billowing sequential s teps, the gas-
eous products are t reated, cleansed, and purified to 
remove the Nil.-,. C()2 . and Nil.-,, and leave a " m e t h a -
nsiie" consisting of CI I.,, hy.irogen tH 2 ) , and carbon 
monoxide (CO). T h e mc thana te . however a l though 
combust ible is low in calorific content h\ compari-
son with " n a t u r a l " natural gas. 

T h e ul t imate , ami most diff icult . piiu>e of the pro-
cess is to increa.se the calorific content «»I the basical-
ly C O gas by fu r the r chemical reactions with li_. to 
raise the me thane content . This is accomplished at 

Ko-lutwl.-/ Ki» r,:v « '»... i>ml dulkiiKr 



t empera tu res <»f about I IOO"K, and very high pressure 
I more in.iii t«f» a tmospheres) . 

T h e firsi pilot plant in the U.S., designed lo con-
veri coal directly into pipeline-quali ty " n a t u r a l " gas, 
is presently in operation in Chicago. Th i s p lan t will 
determine the feasibility of coal gasification over the 
nexi several years. 

Development of a viable coal-gasification process 
will release a major lew source of gas supply. It is es-
t imated th.i t . by neans of economic conversion, 
alxmt 11 iKM) trillion f t 3 of such gas could become 
available enough to supply the gas-energy needs of 
the U.S . at present consumption rates, for r>00years! 

Oil: 
43 percent of the pie 

As we have noted, the suppl ies of oil and na tura l 
g;us are closely interrelated since gas is generally 
found in connection with petroleum deposits . By re-
ferring again to Fig. 1, we see tha t oil c o m m a n d s t he 
largest slice M-"5 percent) of the total energy pie. But 
this past winter also witnessed a dear th of light fuel 
dist i l late which includes oil for domest ic heat ing— 
and a similar shor tage occurred in supplies of jet air-
craft (kero>ene base) and diesel-engine fuels. 

Fortunately, for the areas in which acu te shortages 
were felt, s ta te agencies prompt ly j umped into the 
breach to form emergency fuel-distr ibution pools. 
Further , a generally milder- than-expected winter in 
t he affected regions helped to mit igate the crisis. 

. . . But p lenty of gaso l ine . However, if there was a 
scarce supply of these products of fractional petrole-
um disti l lation, it was certainly not noticeable in the 
abundance of gasoline available for motor vehicles. 
The reason lor famine pockets in the overall fuel feast 
is that pelroleum refiners are reaping much higher 

| 6 j Energy usage by electric utilities in the U.S. Left-hand 
portion of graph shows the pe rcen tages of various energy 
sources a s of 1970; right-hand graph md.ca tes the projected 
pe rcen tages of these s ame sources in 1985. 

I'ercenl of lotal energy market 
19/0 1985 

X 

) 

50 

S 

I'woni of total 
'•0 JO it» ¡(1 

1'rnnury sources of energy 

err 0o.il 

0 

r 

10 
— J 

Percent ol total 
20 30 40 50 

c 

.'«70 

j Natural 
Wuler 

J iliyilroelcclric) 

L I 

L_J 1985 

C J CHI 

Nuclear L 

profits from the production of gasoline than the\ are 
from fuel oil (which bar! I>een subject to Phase '- price 
controls). 

For example, during the first week of J a n u a r y i'.iT i. 
U.S. refineries produced 45 million barrels of gasoline 
versus 21 million barrels of oil for domest ic heating— 
a ratio of more than 2 to 1. T h u s it does not require a 
q u a n t u m j u m p in the power of prediction to conclude 
that , under Phase .Ts loosening of the price-control 
reins, more fuel oil will be available - a t a higher cost. 
Nevertheless, industry, the util i ty companies , and 
commercial enterprises fear the cont inuat ion of an 
uncertain fuel-supply si tuat ion in which sporadic 
short- term shutdowns may be inevitable this year. 

T h e impor t q u o t a s . One of the pr imary e lements 
underlying the fuel oil quanda ry is the fact that the 
U.S. Government controls the domest ic oil supply by 
restricting t he a m o u n t of petroleum U.S. companies 
can import from overseas. These import quotas were 
introduced back in 1959 for the dual purpose of 

• Serving as a nat ional defense measure to ensure 
an adequa te domest ic supply and reserve. 

• Providing a protective barrier to keep out the 
cheaper oil from the Mideast and South America. 

Ironically, the impac t of the quota has been to keep 
domestic oil prices high and supplies low. in this way. 
the protectionist safeguard—as well as the nat ional 
defense considerat ion—has backfired. Actually over-
seas oil is so plentiful and inexpensive that much 
more of it would be imported, except for our compli-
cated quota restrictions. (In sections of the Mideast , 
oil is extracted at a cost, of 20c a barrel—contrasted 
with $2.00 per barrel in the U.S.) 

But, in a reversal of a 13-year policy, the U.S. Gov-
ernment—because of the fuel oil c r i s i s - w a s forced to 
relax the quotas over a four-month period last winter 
and increase the overseas ini{>ortation of home-heat-
ing oil by one million barrels a day. One of the para 
doxes of the Government ' s theory that more invest-
ment should be appl ied to the domest ic exploration 
and production of petroleum is tha t many major U.S 
companies have gone overseas to build their refin-
eries notably in t he Car ibbean . Venezuela, and the 
Middle Bast -for two salient reasons: 

1. There is a larger supply of crude oil outside of 
the U.S. 

2. I a x e s on a U . S . oil c o m p a n y ' s o v e r s e a s p r o f i t s 
a r e lon er t h a n t a x e s on i ts d o m e s t i c e n t e r p r i s e s . 

Too l i t t le too l a t e ? In 1970. a Nixon-appointed task 
force es t imated that import quotas forced the price of 
domest ic oil up by $5 billion a year (representing an 
extra fuel bill of $24 annual ly for every U.S. citizen i. 

Unfor tunately , under rapidly changing economic 
conditions notably the devaluat ion of the dollar, 
sharply increased royalty paymen t s demanded , bv 
overseas sources, and much higher t ranspor ta t ion 
costs imported oil is hardly the bargain it used to 
he. hi fact, an article in The Xeu York Times of 
March 5, 197.1, alleged that an unpubl ished U.S. Gov-
ernment s t u l y indicates that U.S. refineries now pay 
more lor some oversea* crude than for S o m a t i c a l l y 
produced oil. Th i s information has apparentIv been 
confirmed by oil industry sources. T h e prunarv reaso i 
for tins surprising cost reversal i.s that demand ion a 
worldwide basis) was more than supply in 1972 \ s a 
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¡ir. -.en; n . I e x a m p l e . L i b y a n c r u d e nil t r a n s p o r t e d t o 
t!a port oi H a i o n K o u g e . l . a . , c o m m a n d e d a p r i c e of 
• 1 pe r b a r r e l a of M a r c h 1. c o m p a r e d w i t h a t o p 
pru i - >;.<»7 .i b a r r e l fo r d o m e s t i c o f f s h o r e o i l . F u r -
ther . i i.e i . i b v a n ; »rice r e p r e s e n t e d a !M)c p e r b a r r e l 
b ike over t h e l eve l . . ! - In ly I!»Tli. 

A n o t h e r ¡ roa ic I... I is t h a i t h e g r o w i n g d e p e n d e n c e 
ol (he ( S . o n in. por i e d oil i s s i m u l t a n e o u s l y w o r s e n -

t h e c r i t i c a i b a l a n c e - o l p a y m e n t s d e f i c i t a n d is 
i o n i r i h i i i i n g (,, t b e d o m e s t i c i n f l a t i o n a r y s p i r a l . A n 
o p i u m o p e n lo M r . N i x o n . h o w e v e r , t o o f f se t t h i s 
« " I .n i e r : r e nil -.YOU Id b e i o i n c r e a s e l a x c o n c e s s i o n s t o 
dona - . I» , j , r i l u c e r - , a n d c o r r e s p o n d i n g l y d e c r e a s e 
com e ^L.ns g r a i n e d o v e r s e a s o p e r a i i ons . 

I h e a n t e ( ¡ . . v e r u m e n l r e p o r t s t i p u l a t e s I h a t o i l 
pi ' . i im turn ;n n o n ' " o m i n u u i s t c o u n t r i e s in 11)72 w a s 

¡ u n a l e i : .it u . s m i l l i o n barrels* a d a y ( a n i n c r e a s e of 
" v , r - I • "But t h e o u l p u t fo r 11)72 in I h e 

t ^ & i . i s i n d i c a t e l i ..i p r e l i m i n a r y D e p a r t m e n i of t h e 
hiSPfi.,r e a i i i i . i i e s ) w a s o n l y l>.a m i l l i o n b a r r e l s p e r 
•1 • • per . en i i .-low t h a t of 11)71. T h e b u l k of t h i s 

Inie in p r o d u c t i o n i K i u r r i - d in t h e s t a t e s ol A r k a n -
' I l l inois. K,ii;s;is, a n d O k l a h o m a . 
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T h è ' Ù . S . a l r e a d y i m p o r t s m o r e t h a n 2f> p e r c e n t of 
i t s oil a n d , a c c o r d i n g t o v i r t u a l l y e v e r y s u r v e y , f u t u r e 
e n e r g y r e q u i r e m e n t s wil l , b y ll)Ka. d o u b l e l h a t per -
c e n t a g e ( F i g <>». C l e a r l y s o m e sort of F e d e r a l a c t i o n 
m u s i b e t a k e n . {Editor's ante At p r e s s t i m e . P r e s i d e n t 
N i x o n h a d a n n o u n c e d t h a t h e h a d a c t e d t o t e r m i n a t e 
t h e o i l im|>or l q u o t a s . | 

T h e t r a n s - A l a s k a n p i p e l i n e . S i n c e t h e d i s c o v e r y 
of l a r g e oil d e p o s i t s in t h e P r u d h o e B a y r e g i o n of 
A l a s k a ' s N o r t h S l o p e s e v e r a l y e a r s a g o . t h e m a j o r oil 
l e a s e h o l d e r s h a v e b e e n t r y i n g i o b u i l d a l.'UH» k m - l o n g 
p i p e l i n e t o t r a n s p o r t t h e c r u d e f r o m i t s s o u r c e t o tin« 
l>ort of V a l d e z o n t h e G u l f of A l a s k a . T h e p r o p o l i 
p i p e l i n e , h o w e v e r , t r i g g e r e d a w i d e s p r e a d s t o r m of 
o p p o s i t i o n f r o m c o n s e r v a t i o n i s t s a n d e n v i r o n m e n t a l 
g r o u p s , a n d t h e s e a f o o d i n t e r e s t s a t V a l d e z .i m a j o r 
s e a p o r t fo r t h e A l a s k a n f i s h i n g fleet a n d c a n n i n g in-
d u s t r y w h o f e a r t h a t oil s p i l l s f r o m s u p e r t a n k e r s 
l o a d i n g at t h e t e r m i n a l e n d of i h e p i p e l i n e w o u l d b e 
d i s a s t r o u s t o t h e e x i s t e n c e of t h e t o w n a n d i t s i n h a b i 
Un i t s T h u s , a l t h o u g h t h e p i p e l i n e s c h e m e h a s b e e n 
a p p r o v i t i b y t h e I n t e r i o r D e p a r t m e m . l i t i g a t i o n is 
s i i l i k e e p i n g t h e c o n s t r u c t i o n p r o j e c t in l i m b o . 

Oi l c o m p a n y e x p e r t s e s t i m a t e t h a t a p e a k a : 2 i». 
m i l l i o n b a r r e l s p e r d a y c o u l d f low t h r o u g h t h e p i p e -
l ine , t h e r e b y e a s i n g t h e | » e t r o l c u m s i t u a t i o n in t h e 
c o n t i g u o u s -18 s t a t e s . Bu t s o m e a u t h o r i t i e s o n f u e l 
p r o b l e m s q u e s t i o n , a s i d e f r o m e n v i r o n m e n t a l c o n s i d -
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Viewpoints 
The American people now face something new in 

thmr experience: an energy shortage . The petrole-
um industry is rallying its skill and resources to meet 
this oncoming emergency Its chances of success 
will he increased it Governmental policies recognize 
the nature and magnitude ot the problem and seek 
to encourage, rather than impede, effective and 
timely solutions 

- A m e r i c a n Pe t ro leum Inst i tute 

The situation is worsening day by day and unless 
the public recognizes the problem and urges Govern-
ment to cooperate with industry tor early solution, it 
could go from crisis to disaster as early as the winter 
ot 1073-74. Industries could be shut down because 
ot lack of energy, resulting in great unemployment; 
homes and commercial establishments could be 
without sufficient energy for their daily needs. 

—Columbia G a s S y s t e m 

For the next three decades, we will be in a race 
for our lives to meet our energy demands 

— J o h n A. Carver . J r . , 
Federa l Power Commiss ion 

From the standpoint ot its effect, energy conserva-
tion is a factor in energy supply in the same category 
as more coal, more gas. more oil. and more nuclear 
power. From the standpoint ot policy areas—national 
security, foreign policy, environmental objectives, 
and economic objectives—energy conservation gets 
a double plus. 

— G e o r g e A. Lincoln. Director 
Off ice of E m e r g e n c y P r e p a r e d n e s s 

Execut ive Off ice of the Pres ident 

We are a country which lives on energy. By devel-
oping our energy resources and harnessing them in 
machines, we have achieved a standard ot living that 
is tar beyond the dreams ot most of mankind for 
mast of history. Overwhelming evidence points to the 
fact that a close correlation exists between living 
standards and energy use. Not surprisingly, nations 
with the highest living standards also rank at the top 
in per capita energy use. 

— E d i s o n Electr ic Inst i tute 

Crude oil reserves in the lower 48 states are now 
at the lowest point in 20 years, while natural gas re-
serves are at the lowest since 1957. 

—Mobil Oil C o m p a n y 

era I ions, whether the trade-off of the large investment 
in building thi- pipeline versus the limited number of 
years of peak production is wort hwhile. 

Coal: 
up from the ashes 

Paradoxically, coal, the most polluting of the fossil 
fuels, is also the most plentiful source of energv and it 
presents (he U.S. with its major ho,>o of meeting the 
fuel/energy crisis. It is still used to lire boilers for the 
generation of 55 percent of all steam-electric power in 
the country although it accounts for only 20 percent 
of the total energy pie in Fig. I. T h e controversial 

Four Corners" plnnl (*ee p. 20). s i tuated where the 
«tales of Utnh. Colorado. Arizona, and New Mexico 

converge, is a bad example of what pollution can do 
to the once clear skies of the "(¡olden West ." And it 
is but the first of a t least five more plants that the 
power industry contemplates building in the South-
west to transmit electric energy as far as the West 
Coast. (Four Corners is a minemoulh plant, but at a 
newly completed generating stat ion. Mojave. a*? the 
southern tip of Nevnda. fuel is pulverized at a dis tant 
mine, converted into an aqueous slurry, and then 
pumped more than <130 km through a special pipeline 
to the huge generating station.) 

The coal for these plants will he derived mainly 
from strip mining—a highly controversial method -
and the necessary water for both boilers and slurry 
will create problems in an already arid region. Need-
less to say, the environmentalists and conservation 
groups are already up in arms and a protracted battle 
over the issue is inevitable. Yet. insofar as str ip min-
ing is concerned, there is no practical alternative to 
removing the needed coal from seams that are usually 
less than 200 feet beneath the surface. 

T h e eost fac tor . Even though coal is readily avail-
able in .18 states of the U.S.. either by pit or strip 
mining, its cost is escalating. For example, a recent 
study of coal prices projected a minemouth cost of al-
most $11 per ton in 1985. compared with $3.92 in 
1908. Nevertheless, geologists es t imate that there is a 
1000-year supply of coal at present consumption 
rates—but. at the predicted cost-rate increase, it may 
be worth its weight in gold long before the supply ex-
piration date! 

y 

Nuclear: 
increasing—but too slowly 

The energy crisis in the U.S. is getting more acute 
because we are not able to mainta in our nuclear gen-
erating plant construction program according to plan 
For example, at the beginning of 1972. nuclear genei& 
ation was behind schedule by 15000 MW; by .lanuar?" 
1. 1973, the deficiency had doubled to about 30000 
MW. Present indications are that the deficit will be-
come increasingly severe with I he passage of vears. 
Thus our already strained fossil-fuel reserves are dealt 
another setback, because each 100(H) MW annual de-
ficiency in nuclear generation requires that 100 mil-
lion more barrels of oil must be consumed as a substi-
tu te . At present, the annual shortage in the U.S. is 
some 300 million barrels—or about 820 000 barrels per 
day. 

But . over the long haul, we may be in even more 
serious nuclear trouble because present s ta te of the 
art generation by nuclear fission is onlv a temporarv 
answer. Although the U.S. now has a surplus of urn 
mum ores, there may be a shortage by 1990 - unless a 
major push is made in developing an operational fa^t-
breeder reactor (FBR). or there is a dramat ic break 
through in power generation bv nuclear fusion Hope-
fully. both the A EC and the Federal government are 
now committed to an all-out effort to achieve these 
objectives. 

Figure 7 consists of bar graphs that indicate and 
project (1) gas supply and demand. (2) oil supply and 

ikrr «port rum mat 1973 



Cdilor't nole: This Is Iho Introductory nrtlclo of a 
series in which qualified authors will present tholr 
diverge viewpoints on Iho fuel and enorgy crises. This 
firsl aMicle presents an overview of Iho genoral sit-
uation. Including somo options rcprosonllng possible 
solutions to Iho problems.- Subsoquont artlclos will 
e laborate upon iho viows of those acllvo In Iho power 
industry, fuel production, govornment. and environ-
mental protection. | | s e e m s Inovitable lhal the sorlos 
will genera te controversy, which, hopefully, may 
encourage dialogue leading to a positive energy 
policy and program. / . 

demand . (3) potential supply of coal, and (4) nuclear 
generating capaci ty in the U.S. between the years 
1970 and 1985. 

Othe r s o u r c e s of e n e r g y 
Among the short- and long-term pract ical source 

development possibilities1 are solar energy, geother-
mal energy, chemical batteries (such as l i th ium-su l -
fur). and fuel cells. Their meri ts have been discussed 
in some detai l in previous IEEE Spectrum articles by 
this writer and other authors . Suff ice it to say, these 
R&D programs generally suffer from ei ther a less than 
all-out commitment or lack of adequa te funding f rom 
both Government and private sources—or both. 

However, according to Charles A. Zraket , of the 
Mitre Corporation, the two opt ions for the long te rm 
(year 2000 and beyond) tha t should be pursued m u c h 
more vigorously include solar energy for large-scale 
power needs, and the possible use of hot, dry rock from 
geothermal sources well below the surface of the e a r t h 
(from 3000 to 5000 meters deep) an a regional supple-
ment for energy. He points out t h a t a solar energy sys-
tem has already been studied tha t will produce hydro-
gen fuel, which can then be used in the "hydrogen econ-
omy"—notably for fuel cells. 

In the nuclear energy area, he contends tha t , in addi -
tion to the liquid metal fast-breeder reactor (LMFBR) , 
much more emphasis—for both envi ronmenta l and 
economic r e a s o n s - s h o u l d be placed on the high-tem-
perature gas-cooled reactor, the heavy-water reactor, 
and the molten-salt breeder reactor. Also, more R&D 
should be given towards fusion reactors, especially 
laser funct ion. 

By the turn of the 21st century. Zraket believes t h a t 
nuclear energy will be used for the base load in the over-
all energy s y s t e m - i n c l u d i n g both electric power needs 
and as a source for powering electrified vehicles and 
mass- transi t systems. Finally, he feels t h a t the inter-
national implicat ions of the nuclear fuel cycle mus t be 
addressed w.th respect to u ran ium enr ichment and the 
processing and t ranspor ta t ion of fuels and waste. 

A g u e s s i n g g a m e in oil a n d c o a l 

An long an decisions are being made under the im-
p r o v e d energy po l ice* tha t were devised before the 
urgent need for a nat ional "mas t e r p l a n " became ap-
parent . the U.S. can neither address nor accurately 

the d imensions nf the fuel /energy crisis. T h u s 
there is an uneasy feeling in some quar te rs tha t pres-
ent policies are contradictory, ou tda ted , and outmod-
ed. • 

In the realm of "guess t imat ion ," we have teen a ' 

plethora of reports (seldom in agreement) from Gov-
ernmenta l agencies and private organizat ions as to 
whether there is really an energy crisis, a shortage of 
fuels, and an inevitnbly upward price surge. (In th is 
context it is interest ing to note t h a t last March the 
Adminis t ra t ion reimposed controls on gasoline, re-
str ict ing this fuel to a 1.5 percent m a x i m u m price in-
crease to .ensure more product ion of oil for domest ic 
hent ing and industr ia l use.) 

Meanwhile , ' Sen . Henry M. Jackson (D-Wash.) , 
cha i rman of the Sena t e fnter ior Commit tee , resumed 
hearings Inst February 22 on the commit tee ' s exami-
nat ion of the present fuel shortages. The hearings 
were held as par t of the U.S. Sena te ' s Nat iona l Fuels 
and Energy Policy S t u d y authorized by the 92nd 
Congress. In Jackson ' s words: " T h e r e ha s been an ap-
parent breakdown in our nat ional energy sys tem. Se-
rious shortages still persist in m a n y pa r t s of t h e coun-
try. T h e commi t t ee needs t o know why it has not 
been possible to an t i c ipa te a n d meet the d e m a n d for 
various fuels. We are par t icular ly interested in what 
role Government policies have played in creat ing the 
present s i tua t ion . " 

On April 10, Sen. Jackson released a staff analysis 
of Federal energy organizat ion, prepared for the Sen-
a te ' s national fuels and energy policy s tudy . At the 
time, Sen. Jackson expressed surprise t h a t unt i l very 
recently a lmost no formal consideration was given to 
the m a n n e r in which the Federal government is or-
ganized to admin is te r energy policy. He alleged t h a t , 
when the Sena te s tudy began, there was not even a 
good description of the existing Federal energy organi-
zfltion'nvnilnble! J 

Continuing on this theme, he said, " i n the course 7 

of i ts s tudy . . . the staff has ident if ied 64 agencies 
which adminis te r programs or implemen t policies t h a t 
probably were not in tended to be energy oriented 
There is l i t t le doub t tha t this mul t i tude of agencies 
can be bet ter organized and directed t h a t it has been 
in the past . It ¡3 increasingly clear tha t , as new, more 
comprehensive na t iona l fuel a n d energy policies are de-
veloped. t h e implementa t ion of these policies will de-
pend upon a more effective organization . . . " 

Based on Sen. Jackson ' s s t a t ements , and other cr i t -
ical analyses, there will inevitably be those who will 
call for a centralized Federal "Fue l and Energy Agen-
cy ." perhaps a t Cabine t level, and s imilar in policy-
making au thor i ty to the E P A . We undoub ted ly will 
hear more of this and o ther proposals in subsequen t 
articles in this series. 

l t I h ^ * O U r ^ information shown in F io 1 and 3 th. 
U.s i)rp«rtment of the Interior. Bureau of Mine,' ^ of F * 
of Fi, fi l d 7 " n , ^ 0 C " , , 0 n . . ? i P f , r o , ' u n » Geolocuu; and Z ^ ' 
2 10H5. prspared by ^ ¿ L W ^ Z Z " * ^ . 
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merging a consensus from a mui^tsida ov confiding 
interests and policies is proving a monumental task 

G o r d o n D. F r l e d l a n d e r Senior Staff Wr i ter 

In the face «1 anxious voices proclaiming the immi-
nence. if not the presence, of a national energy crisis. 
President Nixon has announced a series of actions 
an<i proposals, which, he hopes, will precipitate a con-
certed national commitment to avert what he believes 
threatens to he a "genuine energy crisis." 

¿Oven before the President 's address was delivered 
on Aprii 1«S, some high Government officials—espe-
cially tnosc in Congress - fe l t t h a t whatever he pro-
posed in his message would probably be too late, and 
that to be effective, " i t should have been made by 
President Johnson in 1967." These were not part isan 
comments, however, seeking to shif t the b lame from 
one Administration to another; rather, they were in-
tended to indicate tha t there are really no short-term 
solution* to ensure the United Sla tes protection from 
.v-;;.e unpleasant changes in its life style- and even 
.s;.;r.<:c.rd of living. (For highlights of the President 's 
ij.es-.age, see the box on pp. 40 41.) 

As early as 1952, a Presidential commission realized 
;he need for a Government-inspired and -coordinated 
energy policy, hut today, with our energy demands 
s;.:raling, our internal resources seriously depleted, 
<:.:i (.-.: economy weakened by an adverse ba lance-
of-trade deficit t ha t precludes indefinitely increasing 
:•••c. purchase-, from abroad, what energy policies exist 
an- promulgated by 04 different agencies. 

One <>i the most prominent leaders in the halls of 
ri,-.gri-.-..-.. ci».op.y concerned about the fuel/energy sit-

.-> Senator Henry M..Jackson (I)-Wash.), chair-
man o; the Sena te Commit tee on Interior and Insular 
.'.;. j.n-. Or; April 10, Jackson's committee released a 

analysis enti t led Federal Energy Organization, 
prepared for the Seru.:.- National Fuels and Energy 

ey .->lu<iy. We shall explore the substance of that 
- -ri. *>s well as some inputs from Congressman 

McCor.nack (D-Mass.), Jackson 's opposite 
number m the House, and others expressing t he Fed-
en.. government viewpoint. 

Fi»cis c o m e with blunt w o r d s 
•••- • considered by many—both inside 

and outside oi Government— to be the most in.ormed 

and open-minded man in Washington on the subject 
of energy. Thus, he may be taken seriously and liter-
ally when he recently s tated that the most difficult 
problem facing the U.S. today is the energy crisis. 

For United States citizens who have come to view 
defense, Vietnam, balance of pa>:vieni>, or a host of 
other ills as having top priority, J . . ¿son's s ta tement 
probably registered some incredulous reactions. Nev-
ertheless, a very powerful case car. he made for its 
preeminence, because the solution to the energy crisis 
may be the key to resolving many of our political and 
economic problems. 

In the Federal Energy Organization report's 
"Memorandum of the Cha i rman ," Jackson has this to 
say: 

The well-publicized deficiencies of Federal organi-
zation in the energy field hare beame increasing!) 
apparent in the coarse of the . study authorized by 
the 92nd Congress. Whether the subject is oi! impure 
policy, energy-resource management, or R&I) pro-
grams. the lack of adequate cu:ht -ity and proper 
coordination is all too dear And ¡Chile n • one 
suggests that better organizati>>:: b\ itself .v;.V 
our energy problems, there appear* ;< .v genera! 
agreement that a revamped and strengthened energy 
organization :s a necessary event to more rational 
energy policies. 

The 93rd Congress nuts! give priority to organiza-
tional issues as it deals with a or,><;.;' range of energy 
problems. Recognizing this . . . I have asked thai ih:> 
memorandum be published at te.is time as back-
ground for the use of ih• and other Commit tit* 
which have responsibilities in the field of energy arg,: 
nization. 

T o o m a n y l i n g e r s in t h e oner:;- ; p se? 
The thrust of tiu .lackson comm.:tee report hirers 

on the . ontemion tha t the o4 agemies either adminis-
tering pr.. ;r..ms . : implementing policies with specif-
ic impact c. %..c energy system, make efficient plan-
ning almost impossible. 

T a b u l a t i o n of F e d e r a l energy agencies . Tables 1 
and 11 list the Federal agencies found by Jackson's 

im K »¡«virum J I ' S K I9"j 



Execa.:«*» o.'lice of t».e Pn-iident 
Da.-sost.;. Gota'.cii 
O •• oi -:çv "c/ Pieparedr .ess 
G::- oi Mû- a j em» is and Budget 

. \a: .¡.i! Resources P iog :ams Division 
û î a . e o f Sc :ence and Technology 
red'••••,: CoU ' \ : . i to; Science and Technology 
0 Policy Committee 
C . import Appeais board 
JCI.-: a.-o on Fuel Supply and Transport 

Department o! Agriculture: 
Foiest Service 
flur.i. Electrification Administration 

Department of Commerce 
Bureau ol Domest ic Commerce 
Glu« e ot impoit Programs 

.^Qep.ir t.-nent of .'Je 1 en se 
¡Army Coips of fc r.gmeers civil 
Oïl.«..: of Naval Petroieum and Oil Shaie Reserves 

Department of :he interior. 
Ai„ ,Ka Power Administration 
Bonnev.lie Power Administration 
B-réau oi Land Management 
Bureau ci M.nes 
&». eau cj-' Reclamation 
Defer, se E!ectnc Power Administration 
Geological Survey 
0".< e of Ccai Research 
O'fiCv oi O.: and Gas 
Gil in ;>or: Aominisiralion 
Scutnea -.tern Power Administration 
Sou:.. Austerr. Power Administration 

Department of Just ice 
Lane una Natural Resources Division 
Amarus: Division 

Department of State 
Gt: ,.«• o! F u e . . and Energy 

Dep -nt of . i.insportalion 
Oftic« ol t;.. s .creîary (grants-in-aid tor natural gas pipeline safety) 
f> ral Highway Administration (useo l 

:r . ¡una u. rived Irom energy tax) 
; •> '.: o! She Treasury 

... (.Ovi'.sei 
A:aa . < :rgy Commission 
t V I,. ; :i:al Proteeiion Agency 

•'• Air urograms 
ftauiaaon Pior,ranis 

: Soi.a Was;.. Management Programs 
.ritime Commission 4o.l poliulion financial responsibility) 

ei.erai Powei Commission 
• ««era; I r a o e C o m m : ¿sion 
i*er.e.'.-.! c;. rvice , Aon .msliation 

r ece/ai Supply Service 
' - • i s ii Aeronautics ar.d Spa«.e «a.i.nistration 

Space ar. . Power i :oc,i. ;n 
".ut.on.il ' „ a e n c e , ou idation 
-ecu.. ;.:. and c*<.tianqe Conimission 

car.«». i . . i . a t A d m i n i s t r a t i o n 
leix.«,. 7a.; ; / Ai, . oi.ty 
•Va:e< P. tsources Council 

O;. 
G-:. 

•-•ce:. 

Cla 

1 

. si?Kal;On 

2 3 4 I, 6 / 

A. l a c 
A.I .a b . A.2 a b e X X X X 

X 
A.1 .a.b.c 
A.1.a.; A.2 d X X X 
A.1.a.; A.2.d f X 
A.l .a .b. 
A.2.C 
A.I .a 

A.2.b X X 
A.2.a X X X 

X 
A.1.a.. A.2 d.. 8 2(1 X X 
A.1.a.; A.2.c X 

X X X X 
A.1.a.. A.2.a.b c X 
A.l .a .b. : A.2 b.c.d X 

A.1.a.b.c.; A.2.a.b d X X 
A.1.a b.c.; A.2.a.b.d X X X X * 
A. l .a .b c.; A 2.a.b e X X X X 
A. l .a .b c.; A.2 a.b e X X X X X 
A.l .a .b c.; A.2.a.b.c X X X X 
A.1.a X X X 
A.1.C.; A.2.d X X X X X X 
A.1.a.; A.2.d X X X X 
A.1.a.; A.2.d X X X X X 
A.l .a .b. ; A.2.c X X X X 
A.l .a .b. ; A.2.a b X X X 
A.l .a .b. ; A.2.a b X X X X 

X X 
A.1.C.; A.2.C X 
A.1.a ; B.2.C X 

X X 
A.l .b ; A.2 d X 

X 
A.2.a 
A.l.b.; B.I .a.c. ; 

8 2.a b d. 
X X X 

A.1.a 
A. l .a.b.c. ; A.2.a.b.c.d X X X X 

X X 
A 1 a b.c.; A.l-.c X X X 
A t .a o c. A.2 c d X X 
A ;.a., A.2 a b d X X 
A.5.0.: A.2.c 
A.1 a b.c.. A.2.b.c.d X X X X X A 2 c X X 

X 

X X A.l .b . A 2.a c d 
X X 

A.2.d 
A. l .a . ; A .2d X 
A.l .b. ; A.2 c X X 
A 1 b A 2.a x 
A l . a .b c.. A 2 a b c.o x X X X 
A.l .a . . A.2.d 

f 
Ï » 

jt.i. 

-V / A. 
Ay*.«.. 

..n UK|)>|>CIHlOnl Mil 
'Ol CXI. . I 

. - ni analjiv. 
iin.il.-.. si,ill irom .iv. «•y nvulo by (I...... 

•nfl IihjI'. ..no i?«» i(|y QO..I-. 
'1 o ..,t. • .•¡i.im . m.m analysis mad«- m l&Gd 

*" " • ' • •'» '•-/•» Î M i ..»..a.m I<M enorgy reuiod siudov 
•'••.jioiy ..uttiOoly in :ho energy 

• ••*.,<. . Vli/t^l :vU,!0»y duUioi.ty u. tl.oefu-i 

" " • • r . " * * * - ^ ^ o « ^ o- G , s 
U ! e ° «O. IIH.-.I PUH..O«, ,, uPon .ho U S eiieigy 



»ciei. ;;../. a d m i n i s t e r e n e r g y po l icy or p r o g r a m s ( C a t e g o r y b ) 

Agency 

L A. Ollicu of the President: 
Couneii on Environmental Quality 
Oif.ce ot Management and Budget 
Budget Review Division 

President ' s Panel on Oil Spil.s 
Pres ident ' s Task Fo.cu on Air Pollution 
Depar tment of C o m m e r c e 

Bureau ol Census 
Maritime Aummistra'.ion 

L/cpai trr.ent of Defense 
D e f e n s e Suppiy Agency. Centrai Supply and Maintenance 

Depar tment of Housing and Urban Development: 
Depar tment participalion in Urban Transportation R&D 

D'--.jar:ment o; the Interior: 
tkireau ol ¡nd.an Allairs 

Dfcparlirrfjnt ol Transpcrlation 
Office of She Secre tary Transportation Planning R&D 
Coast Guard (oil pollution) 
uro.ii Mass Transportation Administration 

Dopartn ent of the Treasury 
Internal Revenue Service 

Civ.: Aeronaut ics Board (subsidy of Air service) 
Environmental Protection Agency: 

Orhce of Water Programs 
Interstate C o m m e r c e Commission 
National Aeronaut ics S p a c e Administration 

Office ol Applications 
National Water Commission 

B. I . a .b .c 

B.1.a.b.c 
B.1. 
B. 1 

B.2.d 
B.2.a 

B.2.a.b.d 

B.2.d 

B.2.b 

B.I .a . ; B.2.d 
B. l .b . ; B.2.a.c .d 
B.2.d 

B. l .b .c . ; B.2.C 
B.2.a 

B.1.a.b.c. ; B.2.c.d 
B. l .b . ; B.2.c 

B.2.d 
B . l . a . c 

X X 

X X 
X 

X. 

X X 

X X 

X X 
X 

Notes: 
C i A( ;occ/ was Classified as an oneigy agency in an independent survey made t>y ihe comm.l ioe s ia l i from available sources 
C - Agency responded aff irmatively to questionnaire concerning luols and energy goals. / 
C u J Agency was deemed io have energy related programs in an analysis made in 1068. 
C .! «! A-.ency was reported ;o have prepared or contracted lor energy rotated studies. 
Co. Agency Cia.rned d " e c t statutory authority in trie energy tield. 
Co. o A ¡ency c la imed indirect statutory authority in the eni-rgy tield 
Co. i A ,.;.,c.y was l isted .n a 1971 compilat ion ot agencies concerned with o.i and gas matters prepared by ihe Ofl tce o l Oil and Gas. 
* AgoncM-s that admmist - r p iograms or develop or implement policies lhat were not specifically intended to have unique impacts ¡¡pon ihe energy system but that 
n.we proven in pract.ce :o have influences upon the energ/ system that are significantly different than the influences they have on oiher industrial or social sys-

committee to have specific energy policy roles. Table 
1 includes ..geneies that administer the specific pro-
grams defined in the table 's footnote. Table II in-
e.mles agencies that administer, policies or programs 
ma! are not specifically "energy oriented," bu t have 
unique u n p a d s on t he energy system. 

h;»ch tabic is coded to show the types of energy poU 
icy activities performed. T h e a lphanumeric coding 
listed under "Classification 1" fol lows-

A. Specific energy activities (Table I) 
1. Policy formation 

(a) i ' l anningand forecasting 
<i>) Formation of standards, rules, regulations, 

and rates 
(c> Pr< .ion or review of proj>osed legisla-

tion 
'¿. i'oiicy implementat ion 

¡a; Operations of energy facilities or prodiic-
or marketing of energy or energy re-

sour ces 
Manage., .it ».; energv r e source (including 
purchas.ng in quant i t ies large enough to 
effect regional or nation;. ;-;>!i< 1 

<c) Enforcement o; ruies and rogu«..:. ... 

(d) K&D. da ta collection, and technical assis-
tance 

B. Activities having unique impacts upon the energy-
system (Table II) 

1. Policy formation 
(a) Planning and forecasting 
(b) Formulation of s tandards, rihes, regula-

tions. and rates 
(c) Preparation or review of proposed legisla-

tion 
2. Policy implementat ions 

(a) 0|>eration of facilities or production of re-
source* having unique impacts upon the 
energy system 

(ii) Management of resources 
(e) Enforcement of rules and regulations 
(d) K&D. da ta collection, and technical assis-

tance 

P r o p o s e o Foderi;! r eo rgan iza t ions for ene rgy 
In th:s c. $>ry of constructive recommendations. 

Sen. Jackson 's committee report listed ( l ) high-lecci 
•surveillance of energy systems and provision for pi,Hex 
advice, (2) coordination and augmentation of Federal 
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operating programs. (.5) energy data collection, analy-
ses and dissemination, and (-1) coordination and aug-
mentation of federal regulatory fund ions. (We shall 
discuss items I. 2. and 4 in more detail.) 

High-level surve i l lance . Sen. Jackson introduced 
the National Resources Planning and Policy Act of 
Ht72 for the purpose of improving the organization, 
policy-making, planning, and management of ou.-
naturai resources to meet a new national goal. Th«i 
act would he concerned with the development of new 
technologies, better monitoring and data collection, 
research on new methods to produce more efficient 
and cleaner energy sources, and better decision-mak-
ing and coordination of activities within the Federal 
government. 

The proposed Hoard on Natural Resources Planning 
and Policy would have three members whose duties 
would include 

• The coordination and improvement of all Federal 
programs and activities in the natural resources and 
energy fields. 

• Conductir.g of studies and research. 
• The responsibility, where appropriate, to ensure 

that technical and economic information accompanies 
environmental impact s ta tements . 

• The recommendation of policy changes and new 
programs or actions. 

• The recommendation, jointly with the Council on 
Environmental Quality, of alternatives to Federal ac-
tions enjoined by the courts. 

One of the most important assignments of the 

Hoard would be the preparation and Iran-.¡nit i<J to 
Congress of an annual "natural reso.uve-, report ." 
This rejxirt would meet the need for a cominu.ng as-
sessment of present and projected natural resources 
requirements, R&D efforts, data-collection and moni-
toring activities, etc. With this information base and 
annual assessment of problems. Sen. Jucksnri he.¡eves 
both Congress and the Executive Branch would be 
greatly assisted in the preparation and hripiérneníá1-
tion of needed policies for the management , conserva-
tion, use, and development of fuel resources. 

Council on Energy Policy (House and Scr.r.te .;¿ 
'l'ihs proposal would, in general, create such a Coun-
cil within the Executive Office of the Pre. idem for 
the. purposes of establishing a central point for the 
collection, analysis, and interpretation of energy sta-
tistics and data to assist in securing policies "for wise 
energy management and to anticipate .social, environ-
mental, and economic problems associated with exist-
ing and emerging technologies." The Council would 
also coordinate all energy activities of the Federal 
government and prepare a long-range comprehensive 
plan for energy utilization " to foster improvement of 
the efficiency of energy production and utilization . . . 
and the conservation of energy resources by reducing 
energy demands . . . 

National Energy Advisory Hoard. Another proposal 
is the establishment of a National Energy Resources 
Advisory Board as an independent agency in the Ex-
ecutive Branch. Its functions would be to 

1. Make a full investigation, on a continuing basis, 
of the current and prospective fuel and energy re-

W 

| 1 | Organizational block d iag ram of a p roposed Depar tmen t 
of Energy and Natural R e s o u r c e s (DENR), showing the five 
administrative b r a n c h e s . 

Secretary 
Deputy Secretary 

Under Secretary 
for 

Policy 

Under Secretary 
for 

Management 

General 
Counsel 

Administrator for 
• Lund and 

Recreation Resources 

Administrator for 
Energy and 

Mineral Resources 

Administrator for 
Oceai.ic. Atmospheric 

and Earth Sciences 
Administrator for 
Water Resources 

Manage Federal lands 
including forests 

Lease federally-owned 
minerals 

Proparo nationwide 
recreation plan 

M.UU1V National parks, 
wildlife refußus.and 
fish hatcheries 

Conduct research and 
development 

Develop water resources 
survey; plan, construct 
and operate water 
resource projects 

Market electric power 
Administer grants to 

states and localities 
Coirduct and support 

research and 
development 

Assess resources 
Operate uranium raw 

materials an.l 
enrichment program 

Conduct and si.oport 
research and 
development 

Oversee mine health 
and safety 

Observe, record, and 
analyse atmospheric, 
oceanic,and terrestrial 
data 

Forecast weather and 
other phy.ical 
phenomena 

Conduct surveys and 
mapping ..cavities 

Assist state nd localities 
through g ants and 
cooperate ; programs 

Conduct res- arch 
and dcvol pment 

Assistant Secretary 
for 

Research à Development 

rAUr.un.str.nor for 
t Indian and 

Territorial Arfairs 

Cor.duCi pro,'/.'.r is for 
bett •rr.K.a ana protect 
the fic.i-.ii, of 
-ilK.VIlS 
-A'.i A-.,. nat.v<s 
-territorial people 

Manage jnd dev.-lop 
assets in trust 

Regional Directors 
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highlight-- , or t h e P r e s i d e n t ' s m e s s a g e o n e n e r g y 
01 t h e act ion. , and p r o p o s a l s inc luded in Pres iden t 

Ni*on'o m o s s a g e on ene rgy , sen t to tho C o n g r e s s on 
A J K I I 1 3 . a n d a l so d i r ec t ed to c o n s u m e r s a n d indus-
try. t he principal exocut ivo ac t ion d i sc losed w..s (he 
te rminat ion ol oil import q u o t a s . Mr Nixon an -
n o u n c e d that the 14-yeai-old q u o t a s would be re-
p laced by a l i c ense toe appl ied to all oil and g a s im-
por ts . This act ion, which w a s first r e c o m m e n d e d in 
5 9 / 0 by a Presidential panel : ommiss ioned to con-
sider t h e ene rgy p ic ture in the U.S. 4but w a s s u b s e -
quently ignored by the Pres ident ) will s e rve to e a s e 
temporari ly oil s h o r t a g e s that h a v e resul ted f rom t h e 
rapid deple t ion of U.S. oil r e s e r v e s But to avoio in-
c r e a s i n g our b a l a n c e o f - t r ade def ic i ts and b e c o m -
ing suo jSc t to tne wh ims of the g o v e r n m e n t s of oil-
p roduc ing nat ions Mr Nixon p r o p o s e d seve ra l ad-
ditional p r o g r a m s to C o n g r e s s : 

He urged C o n g r e s s to t e rmina t e Federa l regula-
tion of wellhead p r i ces of natural g a s . our c l e a n e s t 
fuel, a s a n incent ive to exploration. N . w i y d i scov-
e r e d wells and t h o s e newly d e d i c a t e d to i n t e r s t a t e 
m a r k e t s would be f r eed of the Federa l Power C o m m i s -
s ion ' s jurisdiction immediate ly , a n d t hose weils al-
r eady producing would b e c o m e f r e e when their p res -
ent c o n t r a c t s expi red . According to the P res i aen t . 
" i l l -conceived regula i ion" h a s s e rved only to k e e p 
p n e e s low for " A m e r i c a ' s p r e m i u m fuel . ' but a s a 
direct c o n s e q u e n c e , indust r ies and utilities h a v e ne-
g lec ted oil and coa l which is l e s s u s e d than o ther 
fue ls but a b u n d a n t thereby deple t ing na tura l g a s 
wells faster than new o n e s c a n be deve loped . 

1- In this connec t ion , the Pres iden t adv ised C o n g r e s s 
to au thor i ze a n addit ional tax subs idy in the form of 
a tax creoi t io e n c o u r a g e the oil industry to i n c r e a s e 
explorat ion out lays Further , he u rged the Interior 
Depa r tmen t to au tho r i s e the l icensing of d e e p w a t e r 
o f f shore tanl^er t e rmina ls This, h e e x p e c t e d , would 
d e c r e a s e p c lution th rough the utilization of " f ewer 
but larger" t a n k e r s . 

In his m e s s a g e , Mr. Nixon a l s o r e c o m m e n d e d that 
tne s t a t e s e r c o u r a g e the u s e of coal , and s u g g e s t e d 
they might " : a k e their t ime" abou t e l fec t ing s e c o n -
dary air-pol!Jtion s t a n d a r d s Fur ther , he a s s u r e d 
them t h e r e v.oulc b e no p r e s s u r e f rom Washington to 
e n f o r c e the s t a n d a r d s of the C lean Air Ac; 

As e x p e c . e d . the Pres ident a n n o u n c e d the in-
c r e a s e of :ht sa ie of o f f sho re l e a s e s ior explorai ion. 
so that , by 979. the Interior D e p a r t m e n t wiil triple 
l e a sed a c r e a g e In what h a s b e e n d e s c r i b e d a s a 
highly specula t ive s t a t emen t . Mr. Nixon an t ic ipa ted 
that t he a c c e l e r a t e d leas ing r a t e couid . by 1985. in-
c r e a s e annua l ene rgy product ion uy "an e s t i m a t e d 
l 5 oiliion ba r re l s of oil" (or 16 p e r c e n t ol t he United 
States" oil n e e d s ; . and five trillion cub ic feet ol natu-
ral g a s <20 pe rcen t of tne n e e d s ) He fur ther a s -
sured env i ronmenta l i s t s that " n e w t echn iques , n e w 

•regulations and s t a n d a r d s , a n d new survei l lance 
capabi l i t ies t n a b l e u s to r e d u c e and control environ-
menta l d a n g e r s substant ia l ly ." 

To w o r k e r . and c o n s u m e r s . Mr. Nixon u rged t h e 
voluntary c c w/rvation of ene rgy a s part of a " n a -
tional 6 n e r g , conse rva t ion e th i c . " Lights a r e to be 
turned off. a . i tomobi ies tuned u p . - a n d air-condit ion-
ing and neat.rtg u s e d m o r e sparingly Also, he an-

IU»CIneed tin.- e s t ab l i shmen t oi a n Off ice %>i Energy 
Con.'.ef vatfon in the D e p a r t m e n t ol tht; interior " to 
e d u c a t e c o n s u m e r s " by. a m o n g c th<j m e a n s , label-
ing p r o d u c t s for their relative ellieiisncy of energy 
u s e . 

Mr. Nixon reaf f i rmed his c o m m u n i o n ! to nuc l ea r 
power-plant deve lopmen t , s p e a k i n g ol p roduc ing half 
the counwy ' s e lec t r ic energy by this m e a n s ny the 
yea r 2000. and promising to p r o p o s e m e t h o d s to 
sho r t en t h e t ime-consuming l icens ing p r o c e d u r e s 
Inat h a v e de layed s u c h plants . 

Finally, t he Pres ident re i te ra ted nis c o m m i t m e n t to 
ear ly cons t ruc t ion of a n Alaskan ci! pipeline a n d •<• 
viewed Ihe 20 p e i c e n t m c f e u s e In Federa l rune.Kg 0 
H&D p r o g r a m s p r o p o s e d in the J a n u a r y budge t Al-
though h e w a s en thus ias t i c abou t the potential of oil-
sha l e r e s e r v e s a n d ine h a r n e s s i n g of geo the rmai 
ene rgy , he r e s e r v e d j u d g m e n t on t n e s e p r o g r a m s 
pending fur ther informat ion He did. however , direct 
t he D e p a r t m e n t of the Interior to p r e p a r e a leas ing 
p rog ram for the d e v e l o p m e n t of g e o t h e r m a l energy 
o n Federa l l ands . 

In s u m m a r y . Pres iden t Nixon's m e s s a g e to Con-
g r e s s a t t e m p t e d to d e f i n e a nat ional ene rgy poncy. 
As h e saw it. s u c h a policy m u s t have :>ix ob jec t ives : 
I « To r e d u c e e x c e s s i v e regula tory and a d m i n i s t r a - ' 

live imped imen t s that have d e l a y e d oi p reven ted 
cons t ruc t ion ol ene rgy -p roduc ing facilit ies. 

• To i n c r e a s o d o m e s t i c p roduc t ion oi all f o r m s of 
qnergy. 

• To ac t t o c o n s e r v e energy m o r e effect ively . 
• To str ive to m e e t our energy n e e d s a t t n e low-

es t cos t cons i s t en t witn the pro tec t ion of both our 
national securi ty and our natural env i ronmen t . 

• To a c t in c o n c e r t with o ther na t ions to c o n d u c t 
r e s e a r c h in the ene rgy field and to find w a y s - t o pre-
vent s e r ious s h o r t a g e s 

• To apply our vast scient i f ic a n d technoicg .ca l 
c a p a c i t i e s both public a n d private so w e c a n uti-
lize our cu r ren t ene rgy r e s o u r c e s m o r e wisely and 
deve lop new s o u r c e s ar.d new f o r m s of energy . 

To a c c o m p l i s h t h e s e ob jec t ives , the Pres ident 
took 16 ac t ions a n d m a d e 14 proposa ls . These a re 
s u m m a r i z e d below 

Actions. The S e c i e t a r y of the Inleiior w a s d i rec ted 
to triple the annual a c r e a g e l e a sed on the outer con-
tinental shelf by 1 9 / 9 . beginning with e A p a n d e d s a l e s 
in 1 9 / 4 in the Gulf of Mexico a n d including a r e a s 
beyond 200 m e t e r s in d e p t h under condi t ions cons i s -
tent with ihe " o c e a n s policy s i a t e m e n t " ol May 1970. 

• The Sec re t a ry ol tne interior w a s d i rec ted to 
p r o c e e d with leas ing the outer cont inenta l shelf be-
yond the Channe l is land» oi California, provided the 
envi ronmenta l r isks prove a c c e p t a o l e 

• The C h a i r m a n of tne Council on Environmental 
Quality w a s l e q u e s t e d to work with she Envit o r m e n -
tal Protect ion Agency ( t P A ) , in consul ta t ion with 
the National A c a d e m y of S c i e n c e s and appropr ia te 
Federa l a g e n c i e s , to study the env i ronmenta l im-
pact of oil and g a s product ion on the Atlantic outer 
cont inenta l shell and in sne Gull of Alaska 

« The S e c r e t a r y of the Interior w a s r e q u e s t e d to 
deve lop a long- term leas ing p r o g r a m for all energy 
r e s o u r c e s on public l ands , b a s e c on the nat ion 's 

source* and requirements of the U.S., and the present 
and probable .future al ternative .-'<•< edures and meth-
ods for meet i i f a icipat ed requirements 

2. Submit tu ihe President and the Congress re-
port recommending specific legislative action with re-
gard to coordination of effective .in.: reasonable j*o!i-
<..-. u . ensure rel.a'••• ai.d efficient sources of fuel and 

energy adequate for a balanced economy, a clean en-
vironment. and t he national security. 

Coordinat ion and a u g m e n t a t i o n of Fede ra l oper-
a t ing p r o g r a m s . A major proposal in thi» category 
has emanated directly from President Nixon rather 
than from the Senate committee, ,1'nis is the Presi-
dent ' s projxisal for a Department of Energy and Nat-



energy, environmental, and economic objectives 
•> Tne Department of the Interior was directed to 

i n s t a t e a new reporting system on national coal 
production .^nc the FPC is to report regularly on the 
US.' Of coo; by uti'i'iOS. 

* The spending of R&D in coal, with special em-
ph .sis on technology for sulfur removal and the de-
velopment of low-cost, c lea .vbuming forms of coal 
is to be s tepped up. 

- Legislation ¡s to bo resubmitted to Congress 
yv. r . w :»i a number of new provisions to simplify 

•jc. .ing of nuclear plants and requiring that the 
uov- .-nmen: act on ail completed license applica-
tiO .. t.nn 13 months after they a re received. 

» By proclamation, all existing tariffs on imported 
crude o:l and products are to be removed, and hold-
ers of import l icenses will be able to import petrole-
um duly free. 

« Direct control over the quantity of crude oil and 
re.ir.ed products that can be imported has been sus-
pe.-.c d and will oe replaced by a l icense-fee quota 
system. 4 

- An Oil.ce of Energy Conservation is to be es-
tac.-sned ir. the Department of the Interior to coordi-
nate tr.e energy-conservation programs that have 
t e e n scat tered throughout the Federal establish-
ment. to conduct research, and to coopera te with 
consumer and environmental groups in efforts to ed-
ucate consumers in energy efficiency. 

» The Department of Commerce, working with 
.he Council on Environmental Quality and the EPA 
was directed to develop a voluntary system of energy 
efficiency labels for major home appliances to assist 
tne consumer further. 

* 7 " e Department of State. ,n coordination with 
tne ALU otner Government agencies , and the Con-
gress. was instructed to move rapidly In developing a 
program of international cooperat ion—such a s the 
iC.nl research presently being pursued in MHD by 
the U.S. and the Soviet U n i o n - i n R&D of new forms 
of energy and in developing international mecha-
nisms tor dealing with energy crises. 

* A new post has been created, that of Counsel-
lor to the President on Natural Resources, to assis t 
•n tne po-.cy coordination in this a rea . 

° Tne Secretary of the Interior was directed to 
strengthen his departmental organization of energy 
activ , e s m the following ways: the responsibilities of 
m e new Assistant Secretary for Energy and Minerals 

e " P a . n * * to incorporate all departmental 
energy activities; :he Department is to develop a ca-
pacity for gatnering and analyzing energy data; an 
0fi .ee of Energy Conservation is being created to 
seek means for reducing energy demands; and the 
uepa i .ment has aiso strengthened its capab.l.ties for 

energy R&D 3 C o o r d , n a l * n 9 * broader rang., of 

T * fcy E x e c u l i v e 0 ^ e r . the Department of the 
r Z ^ V W 3 & a u t n o r i 2 e d >o direct the Oil Policy 
Committee tnat coordinates the oil import program 

& SCCOnd cxecu!ive oroor. a special energy 
2£L f ':!2C*' C O r n p ° s e d o f l h r e e of the Pres iden t? 

5 d v , s o r s - w a s established to deal with top-
*nerw policy matter and a new division of 

Energy and Science was established within the Of-
fice of Management and Budget. 

Proposals. Gas from new wefls. or gas newly dedi-
cated to interstate markets , and the continuing pro-
duction of natural g a s from expired contracts should 
no longer be subject to price regulation at the well-
head. 

• The Secretary of tho Interior should be autho-
rized to impose a ceiling on the price of new natural 
gar. when c i rcumstances warrant. 

<• Congress should p a s s legislation providing ap-
propriate sett lements for those forced to relinquish 
Santa 8arbara Channel l eases in 1971. 

• Congress should act swiftly so that we can ex-
pedite the construction of the Alaska pipeline. 

« The highest national priority should be given to 
expand development and utilization of our coal re-
sources. 

o Strong legislation should be enacted a s soon a s 
possiole to protect the environment from abuse 
caused by strip mining. 

« Ai: s ta te Utility commissions should ensure that 
utilities receive a rapid and fair return on poliution-
control equipment, including stack-gas-cleaning de-
vices and coal-gasification processes . 

• Siting legislation should be enacted by Con-
gress for electric generating facilities and for deep-
water ports to accommoda te "super tankers " 

• Congress should extend the investment credit 
P'ov.s.ons of our present tax law to encourage ex-
ploratory drilling for new oil and g a s fields 

« Legislation should be enacted to permit the De-

waterports ' ' n t e r i ° r ^ ^ ' i C e n S e S ^ d e e p " 
e Local officials should be permitted to use 

money from Highway Trust Funds for mass-transit 
purposes. 

• The following provisions in the Presidential bud-
get for fiscal 1974 should be approved: a 20 percent 
increase ,n energy R&D funding; the creation oi a 
new central energy fund in the interior Department 
to prov.de additional money for nonr.uclear R&D 
(most particularly coal research) ; a 27 percent in-
c r e a s e in coal R&D; increased funding of R&D for 
the liquid metal fast-breeder reactor, reactor safety 
and radioactive waste disposal, and the production 
of nuclear fuel; a 35 percent increase in funding for 
our total fusion R&D effort and the initiation of reac-

. d ® s , £ n s , u d i e s - ' additional funds to assure reactor 
safety: the tripling of our solar energy R&D- and a 24 
percent increase of R&D funds relating to environ-
mental control technologies. 

* Aii s ta te utility commissions should review their 
regulations regarding R&D expenditures to assist the 
electric utility industry in its'R&D efforts 

• Leg slation should be enacted to consolidate 
Federal energy-related activities within a new De-
partment of Energy and Natural Resources (DENR! 
which would build on the already proposed legisla-
tion. with heightened emphasis on energy programs 
and "would provide leadership across the entire 
range of national energy. It would, in snort be re-
sponsible for administering the national energy policy 
detailed in this message . " 

unu Resources (DENR)— previously referred to as t h e 
would m t n l , . X l t u r a l Resources (DNR)—which 
^T^VPZr™*1* a n d o n i o n s ^ 

r h e comprise five ma jo r 
ant' nr* \K > r 'S ' w w , j i w n i c h w o u i d he for energy 

mmc-ra, resources. Concerning D E N R . Mr . Nixon 

. . . A new Depar tmen t of |!vaergy and ] Na tu ra l 
Resources should he created t h a t would br ing togeth-
er the m a n y na tura l resource responsibil i t ies now 
sca i te rec . t h o u g h , t t h ,V,ior. . . g o v e r n m e n t . T h i s 
d e p a r t m e n t would work to conserve, m a n a g e and uti-
lize our resources in a way tha t would protect the 
qual i ty of tne envi ronment ... u achieve a t rue ha rm-
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R e a c t i o n s t c I h c Nixon m e s s a g e 

As might be e x p e c t e d , d e p e n d i n g on the s o u r c e , 
re . .choi rs on the P res iden t ' s m e s s a g e on ene rgy var-
ied. Many Congress iona l e x p e r t s on our e n e r g y out -
look bel ieve that Mr. Nixon's m e a s u r e s c o m e at l eas t 
six y e a r s too late. Laying at t he d o o r s t e p of the 
J o h n s o n Administrat ion the responsibil i ty for the 
original failure to es tab l i sh a nat ional e n e r g y policy 
be fo re what they bel ieve to b e cris is condi t ions ha t 
obl igated Pres iden t Nixon to a c t . this pritical g r o u p 
further ma in ta ins that it will t a k e seve ra l year. , to 
e f f e c t the Nixon p roposa l s , e v e n p r e s u m i n g he c a n 
obta in Congress iona l a p p r o v a l — a doubtful p r o s p e c t 
cons ider ing the stiff opposi t ion h e f a c e s f rom a 
Democra t -con t ro l l ed C o n g r e s s . 

On tr.e other hand , t he Nixon m e s s a g e m e t with a 
conorally favorable , though g u a r d e d , r eac t ion f r o m 
the energy industry, a n d Spectrum found oil industry 
s p o k e s m e n felt similarly. The latter view t h e p re sen t 
s i tuat ion a s a " c r u n c h " of shor t - t e rm dura t ion r a the r 
tnan a s a full-blown crisis , and they go a long with 
s u c h p roposa l s a s : 

» Removing natural g a s p r i c e s f r o m regulat ion. 
• Removing oil-import q u o t a s . 
e Expanding the leas ing of o f f s h o r e oil and g a s 

1 s i tes . 
• Pos tponing national air-quality s t a n d a r d s . 
Said J o h n G. McLean, c h a i r m a n of the Cont inental 

O.I C o m p a n y and h e a d of the National Pe t ro leum 
Council , to Spectrum: " W e m u s t t a k e all n e c e s s a r y 
s t e p s to s t imula te the d e v e l o p m e n t of our ind igenous 
energy r e s o u r c e s . " 

Among s u c h s t ep s , Mr. McLean told Spectrum he 
favors s t r eng thened tax incen t ives for the deve lop-

m e n t of ene rgy r e s o u r c e s ar.d " r e a s o n a b l e modi f ica -
t ions in the eco logica l cons t r a in t s t na . e r e . at p res -
ent , inhibiting the d e v e l o p m e n t and c o n s u m p t i o n of 
our ind igenous fue l s . " 

But Arnold R. Miiler. p res iden t of the United Mine 
W o r k e r s UMW. r e a c t e d with cons ide rab ly l e s s 
e n t h u s i a s m io Mr. Nixon's m e s s a g e , exp re s s ing to 

Spectrum the UMW's feel ing tha i " w e f a c e a n 
e m e r g e n c y si tuat ion today b e c a u s e Gove rnmen t h a s 
failed to deve lop a national a p p r o a c h to our e n e r g y 
n e e d s , but. ins tead , h a s - p e r m i t t e e c o r p o r a t e inter-
e s t s to deve lop and supply the na t ion ' s e n e r g y in a c -
c o r d a n c e with their profit ins t .ncts a lono . " 

Fu r the rmore , no o n e in the Adrr.in.stration consu l t -
ed with the l e a d e r s of the 200 OCO-rnan UMW o n 
ene rgy policy dec i s ions . Mr. Miller po.r.ied out . a n d 
h e went on to say that " t h e r e h a s b«.en no indication 
f rom the Administrat ion of any c o n c e r n that thou-
s a n d s of mine r s m a y lose their j obs . " By t r i s . Mr. 
Miller is express ing the UMW c o n c e r n that the shift 
f rom deep-min ing of h igh-su l fur -conten t coal in the 
Appa lach ian s t a t e s to str ip-mining of low-sulfur coa l 
in the West m a y lead to the a b a n d o n m e n t of impor-
tant coa l mining e a s t of t he Mississippi River. 

Finally. Mr. Miller b l a m e d industry and Govern-
men t "myop ia " for the slow d e v e l o p m e n t of sul fur-
removal p r o c e s s e s that would p r e s e r v e t h e Appala-
ch ian coal e c o n o m y . 

And a s for the env i ronmenta l i s t s a n d t h o s e c o n -
c e r n e d with conse rva t ion , they, too, found the Pres i -
d e n t ' s m e s s a g e in conflict with their in teres ts , c h a r g -
ing tha t t he p roposa l s f avored e c o n o m i c over ec.o-
logical c o n c e r n s . 

ony between man and nature . . . . 
The new Depar tment of [Energy and] Natura l Re-

sources would absorb the present Depar tment of the 
Interior 

T h e bill to accomplish the creation of the DENR 
was introduced into the House of Representatives by 
Congressman Chet Holifield (D-Calif.). Proposed 
within the DENR is an Energy and Mineral Re-
sources Adir.inLration, headed by an administrator 
who would report to the Secretary. Figure 1 repre-
sents an organizational block diagram and shows the 
five adminis trat ions within the DENR. 

Coordina t ion and a u g m e n t a t i o n of Federa l regu-
la tory func t ions . Two major proposals tha t address 
this topic are the Ash Council recommendations and 
a study by the Bar of the City of New York: 

Ask Council report on independent regulatory 
agencies. T h e President 's Advisory Council on Execu-
tive Organization (Ash Council) submit ted its report 
on the independent regulatory agtncies to Mr . Nixon 
or. J anua ry 30, 1971. The recommendations, however, 
wire not submit ted to Congress. The report made 
several far-reaching suggestions for restructuring the 
various commissions—including J i e FPC—that in-
cluded the abolition of these agencies per se. T h e 
functions of these agencies would be headed by a sin-
gle administrator of a supra-agency appointed by and 
serving a t r e p.easure ot . i President (following 
confirmation by the Ci. . : Executive). Included in 
this supra-agency w«...id ue a newly «stablished Fed-
er.\! J 'ower Agency. 

i . • report also recommended the streamlining of 

the adjudicat ive processes of the regulatory functions 
by restricting review of hearing examiner decisions so 
tha t "hearing examiners would enjoy the s ta tus of ad-
ministrative judicial officers." Appeals from the Fed-
eral Power Agency's final judgment , for example, 
would be taken to a new Administrat ive Court, with 
appeal only to the U.S. Supreme Court. 

Report of Special Committee on Electric Power and 
the Environment, New York City Bar. This special 
committee was the outgrowth of four regular com-
mittees dealing with power plant siting in New York 
State. The committee t ransmit ted ¡Ls final report in 
August 1972 and, although its focus was not on Feder-
al "reorganization, it made recommendations tor re-
form of the Fed rai regulatory framework. 

For example, the report recommends the creation 
of an "Energy Commission" tha t would be a regulato-
ry body "consolidating the regulatory duties of the 
FPC, A EC and, preferably, those pa r t s of the Federal 
government dealing with energy forms other thus 
electricity," and an "Energy Agency" thai would be 
"a developmental bodv consolidating the research ac-
tivities of the AEC, Office of Coal Research, and alt 
other administrat ive and executive offices concerned 
with energy R&D." 

Further, the Energy Commission would have the 
responsibility for s tudying the extent to which the de-
mand for energy should be encouraged or discouraged, 
and then presenting its recommendations to Con-
gress. The commission would also be charged with re-
viewing the intermedia.e-range plans of utilities and 
determining how much new generating capacity is« 
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R e a c t i o n s t c t h e N i x o n m e s s a g e 

As might b e e x p e c t e d , d e p e n d i n g on the s o u r c e , 
r .v .c t idhs on t h e P re s iden t ' s m e s s a g e on e n e r g y var-
• o Many Congress iona l expor t s on our e n e r g y out-
look bel ieve that Mr. Nixon's m e a s u r e s c o m e at l eas t 
six y e a r s too late. Laying at t he d o o r s t e p of the 
J o h n s o n Administrat ion the responsibil i ty ior t h e 
Original fai lure to es tab l i sh a nat ional ene rgy policy 
b e f o r e what they bel ieve to be cr is is condi t ions ha t 
obl igated Pres ident Nixon to a c t . this crit ical g roup 
further ma in ta ins that it will t a k e seve ra l year: to 
>"!<•'Ci the Nixon p roposa l s , e v e n p re suming he c a n 
obtain Congress iona l a p p r o v a l — a doubtful p r o s p e c t 
cons ider ing the stiff opposi t ion h e f a c e s f rom a 
Democra t -con t ro l l ed C o n g r e s s . 

On Jne o ther hand , t he Nixon m e s s a g e m e t with a 
general ly favorable , though g u a r d e d , r eac t i on f rom 
ti;e energy industry, and Spectrum found oil industry 
s p o k e s m e n felt similarly. The latter view the p r e s e n t 
s i tuat ion a s a " c r u n c h " of shor t - t e rm durat ion r a the r 
tnan a s a full-blown crisis , and they g o a long with 
s u c h p roposa l s a s : 

e Removing natural g a s p r i ces f rom regulat ion. 
» Removing oil-import quo tas , 
o Expanding the leas ing of o f f s h o r e oil a n d g a s 

• s i tes . 
® Pos tponing national air-quality s t a n d a r d s . 
Said J o h n G. McLean, c h a i r m a n of the Cont inental 

0;l C o m p a n y and h e a d of the National Pe t ro leum 
Co jnc i l . to Spectrum: " W e m u s t t a k e all n e c e s s a r y 
s t e p s to s t imula te the d e v e l o p m e n t of our ind igenous 
energy r e s o u r c e s . " 

Among s u c h s t ep s , Mr. McLean told Spectrum h e 
f avors s t r e n g t h e n e d tax incent ives for the deve lop-

men t of e n e r g y r e s o u r c e s ar.d " r e a s o r ^ o l i mod i f i ca -
t ions in the eco logica l cons t r a in t s tha i a r c , a t p res -
ent . inhibiting the d e v e l o p m e n t and c o n s u m p t i o n of 
our ind igenous fue ls . " 

But Arnold R. Miller, p res iden t of the United Mine 
Worke r s UMW, r e a c t e d with cons ide rab ly l e s s 
e n t h u s i a s m to Mr. Nixon's m e s s a g e , exp re s s ing to 
spectrum the UMW's feeling that " w e f a c e a n 
e m e r g e n c y si tuat ion today b c c a u s e Gove rnmen t h a s 
failed to deve lop a national a p p r o a c h to our ene rgy 
n e e d s , but. ins tead , h a s permi t ted c o r p o r a t e inter-
e s t s to deve lop and supply the na t ion ' s ene rgy in a c -
c o r d a n c e with their profit ins t .ncts a l o n e . " 

F u r t h e r m o r e , no o n e in the Adminis t ra t ion consu l t -
ed with t h e l e a d e r s of the 200 0C3-rnan UMW o n 
energy policy dec i s ions . Mr. Miller pointed out , and 
he went on to say that " t h e r e h a s b<;en no .ndication 
f rom the Administrat ion of any c o n c e r n that thou-
s a n d s of m i n e r s m a y lose their j obs . " By this. Mr. 
Miller is express ing the UMW c o n c e r n that the sh.ft 
f rom deep-min ing of h igh- su l fu r -con tem coal in the 
Appa lach ian s t a t e s to str ip-mining of low-sulfur coal 
in the Wes t may lead to the a b a n d o n m e n t of impor-
tant coal mining e a s t of t he Mississippi River. 

Finally. Mr. Miller b l a m e d Industry and Govern-
men t "myop ia " for the slow d e v e l o p m e n t of sul fur-
removal p r o c e s s e s that would p r e s e r v e the Appala-
chian coa l e c o n o m y . 

And a s for the env i ronmenta l i s t s and t h o s e c o n -
c e r n e d with conse rva t ion , they, too, found the Pres i -
den t ' s m e s s a g e in conflict with their in teres ts , c h a r g -
ing that t he p roposa l s favored e c o n o m i c over e c o -
logical c o n c e r n s . 

ony between man and nature . . . . 
T h e new Depar tment of (Energy and] Natura l lie-

sources would absorb the present Depar tment of the 
Interior 

The hill to accomplish the creation of the DENR 
was introduced into the House of Represent ¡lives by 
Congressman Chet Holifieid (D-Calif.). Proposed 
within the D E N R is an Energy and Mineral Re-
sources Ad m intra lion, headed by an adminis t ra tor 
who would report to the Secretary. Figure 1 repre-
sents an organizational block diagram and shows the 
five administrat ions within the DENR. 

Coordinat ion and a u g m e n t a t i o n of Fede ra l regu-
la tory func t ions . Two major proposals t h a i address 
this topic are the Ash Council recommendat ions and 
a study by the Bar of the City of New York: 

Ash Council report on independent regulatory 
agencies. T h e President 's Advisory Council on Execu-
tive Organization (Ash Council) submit ted its report 
on the independent regulatory agencies to Mr. Nixon 
or. January 30, 1971. T h e recommendations, however, 
wire not submit ted to Congress. The report made 
several far-reaching suggestions for restructuring the 
various commissions—including the FPC—tha t in-
cluded the abolition of these agencies per se. The 
functions of these agencies would be headed by a sin-
gle administrator of a supra-agency appointed by and 
serving a t J-c pleasure of 13 President (following 
confirmation by the Ch . :" . i.:ecutive). Included in 
this supra-agency u>....d ue a nc.viy established Fed-
eral .'ovver Agency. 

1 • • report also recommended the streamlining of 

the adjudicat ive processes of the regulatory functions 
by restricting review of hearing examiner decisions >0 
tha t "hearing examiners would enjoy the s ta tus of ad-
ministrative judicial officers." Appeals from the Fed-
eral Power Agency's final judgment , for example, 
would be taken to a new Administrative Court, with 
appeal only to the U.S. Supreme Court. 

Report of Special Committee on Electric Power and 
the Environment, New York City Bar. This special 
committee was the outgrowth of four regular com-
mittees dealing with power plant siting in New York 
Sta te . T h e committee t ransmit ted its final report in 
August 1972 and, although its focus was not on Feder-
al reorganization, it made recommendations tor re-
form of the Federal regulatory framework. 

For example, the report recommends the creation 
of an "Energy Commission" tha t would be a regulato-
ry body "consolidating the regulatory duties of the 
FPC, A EC and, preferably, those par ts of the Federal 
government dealing with energy forms other than 
electricity," and an "Energy Agency" that would lie 
" a developmental bodv consolidating the research ac-
tivities of the A EC, Office of Coal Research, and all 
other administrat ive and executive offices concerned 
wi.n energy K&D." 

Further , the Energy Commission would have the 
responsibility for s tudying the extent to which the de-
mand f«»r ¿!..ergy should be encouraged or discouraged, 
and then ^resenting its recommendations to Con-
gress. T h e commission wouid also be charged with re-
viewing the intermediate-range plans of utilities and 
determining how much new generating capacity it« 
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aii •¡ally ne led, as well as the general locations in 
wi such new capacity should he sited. 

Finally, the proposed Energy Agency is designed t o 
he "one-s top" regulatory framework for power 
plan;-; and their licensing. 

inputs irora '.no "•House" side 
Congressman McCannack , chairman of the Sub-

committee on Energy of ihe House Committee on 
Science and Astronautics, made some cogent remarks 
before the National Conference of the Jo in t Engineer-
ing Legislative Forum last February 27. Commenting 
on ihe future of nuclear, solar, and geotherrnal ener-
gy. Mr. McCormack had this to say: 

" T h e U.S. mus t depend heaviiy upon nuclear fis-
sion to . . . meet i ts energy needs for the rest of this 
century. 1 hope t he t ime will come, after 2000, when 
we can - as a m a t t e r of world policy—totally abandon 
the combustion of fossil fuels and the use of nuclear 
fission as source.-, of energy, and turn instead to the 
nearly inexhaustible . . . and nonpolluting sources 
available to us in the future . Until t ha t t ime, how-
ever, our only rational course is to proceed vigorously 
with our present programs—including the develop-
ment of the LMFBR, and alternative breeder con-
cepts . . . . 

"One of ihe . . . inexhaustible and potentially non-
poll a ting sources is solar energy. . . .With adequate 
R&D support over the next 30 years, soiar energy 
could provide' a t least 35 percent of the heat ing and 
cooling of fu ture buildings, more than 30 pereent of 
the me thane and hydrogen needed in the U.S. for 
gaseous fuels, and more than 20 percent of the coun-
try's needs for electric power . . . . 

"Several encouraging studies are underway* bu t a 
well-managed, progressive, imaginative program for 
solar energy should be established at once. It should 
set, a- its immediate goal, a series of inexpensive and 
simple experiments 10 determine whether . . . solar 
energy would provide the potential for . . . central 
power stat ions thai it-, advocates claim . . . . Solar ener-
gy, if it is economically feasible, would have a mini-
r.••urn impact upon the environment . . . . It it my hope 
mat ihe Subcommit tee on Energy . . can work closely 
with me NSF. other Federal agencies, and private 
au -neies to fe; -ablish a program for solar eridrgv 

s- ii-.-a. . . . Siv h a program should ant ic ipate the ex-
ten ive use of -iolar energy by the mid-1980s . . . . 

"Geoi herma! may be another essentially inexhaus-
; 'We energy source. Research . . . indicates t h a t the 
«•«inversion of such energy would also be nonpolluting, 
v/il h closed systems pumping exhausted steam or hot 
v/uter back into the ground. T h s concept also consid-
er. :.he pi -ihllay of pumping seawater into the 

u- ! to pr- • :ce dry steam to drive turbogenerators 
. ii!;'., as witn soiar energy, an organized program is 

n-i. ¡irtd. 
"T-vo 'far-out* sources of . h.-.itstible energy may 

be available to us: fusion, and 'sa te l l i te solar energy. I 
arc .-ucouraged with the pro?./ams on fusion research 
(although i usj.ijct they are 'underfunded ' by $5 to $7 
million in the President 's j[,ra{ftked budget for fiscal 

Kusior energy will not be pollution free. We 
can be sure that in tne early geni a. l ions of [such] 
power stations, we will have large amounts of waste 

release', to the atmosphere [plus] rad-oactive 

materials— including small amounts of t r i t ium 
• • " energy can be considered to be pol-

lution 'ree, e:.. for heat loss in converting micro-
waves to electric energy, and in use of the energy it-
self. U does involve many flights of the space shutt le 
and the use of a nuclear-powered t ransportat ion sys-
tem from low to synchronous stat ionary o r b i t . . . . 

"Wi th regard to these "exotic' sources, i hope t h a t 
we may have a pilot nuclear fusion p lant by the year 
2000, and tha t it will prove to be economically com-
petitive " 

Other spokesmen, other views 
Interior Secretary Rogers Morton has, for some 

time, been advocating the construction of the trans-
Alaska pipeline. His position is now substantial ly re-
inforced by President Nixon's latest energy message. 
Nevertheless, the construction of this line wii' proba-
bly be delayed for a considerable t ime by the com-
plexities of current court litigation initiated by con-
servationist groups to block the project. Morton 's ad-
vocacy of the trans-Alaskan s tems primarily from his 
reluctance to "f ind ourselves really in a position of 
totai dependence on other par ts of the world for our 
enerjiy base." He feels this would piace t he U.S. in a 
"very insecure position." 

Stewart Udall, Secretary of the Interior in the Ken-
nedy and Johnson Administrations, feels tha t the best 
al ternative to the crises is a conservation of both fuels 
and energy. He advocates smaller cars, commuter car 
pools, more dependence upon mass rapid transit , and 
barring. private motor vehicles from the downtown 
areas of major cities. Udall tends to view the insatia-
ble energy demand as a force tha t must be curbed 
and controlled if We are to conserve our natural re-
sources and preserve the environment. 

A concluding observation 
Unfortunately, br.e "energy message" from the 

President will not "clea* the air"—either environ-
mentally or politically. The a b r u p t lifting of the oil 
import quotas may raise more questions and prob-
lems than it will solve, especially in the sensitive area 
of balance of payment deficits. Further , the political-
ly uns table Middle % s i wii! be an impor tant factor 
in the future unstable fuel equation. 
. As we go to press, Senator Jackson announced t h a t 
his committee will hold hearings on coal policy issues, 
beginning June 6. Said Jackson: "Coai is a critical und 
vital element in the [U.S.] energy supply picture. Prog-
ress toward the goal of national energy self-sufficiency 
will depend . . . on our ability to use our vast coal re-
sources more effectively and in environmentally accept-
able ways . . . . We cannot ignore the fact t ha t the pro-
duction and use of coal has been seriously affected by 
government action Only a concerted effort by both 
Congress and the Executive branch will enable coal to 
achieve a greater role in meeting our fu ture energy 
needs." 

Jackson also released a background paper on "Fac-
tors Affecting the Use of Coal in Present and Future 
Energy Markets ." T h e report identifies public policy 
issues affecting coal's fu ture , describes the impact of 
present and proposed public policies on tha t luei's 
economic posit ion as an energy source, and suggests ihe 
potential of coal in meeting energy needs. 
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Fuel/ energy crises 

Between now and 1S85, an adequate petroleum supply 
wall be the 'hinge of fate' for the U.S. economy 

Gordon D. Friediander Senior Staff Writer 

As early as 1970, Libyan President M u a m m a r el-
Qaddafi threatened to withhold oil from the U.S. in 
order to punish the U.S. Government for its Middle 
East policy. For some time, it has been apparent 
to Qaddafi tha t the future of the Middle East might 
be drastically altered in favor of the Arab s ta tes if 
only the oil-producing nations would unite behind a 
concerted policy t an tamount to economic blackmail of 
the United States. 

Until recently, however, there was no indication 
that Saudi Arabia, long the most conservative of the 
Arab governments and, significantly, the oil-richest of 
the Arab states, would part icipate in such a policy. 
Then, in an interview given in April in the U.S., the 
Saudi Arabian Minister of Petroleum Affairs, Sheik 
Ahmed Zaki al-Yamani said in no uncertain terms, 
"We are in the 'driver's ' seat and can dicta te prices; 
further, we shall become richer «than ever before." 
Since his government is already accumulat ing revenues 
at the rate of $2.3 billion a year from its oil exports, it 
was no empty threat when he fur ther warned tha t 
Saudi Arabia might not increase oil production "unless 
there was a change in the political c l imate ." 

Whether oil will be used as a "weapon" or "c lub" 
to force a reappraisal by the U.S. of its a t t i tudes and 
political relationships toward other nations, t ime 
alone will tell. But in Western Europe, and especially 
in France and Italy where there is a heavy depen-
dence on oil imports from Libya and the Middle East, 
the situation has already influenced the political cli-
mate and has been reflected by increased shipments 
of military arms to Arab nations. As one European oil 
company official commented bitterly, "when a hand-
ful of Bedouins in Libya can, by withholding their oil, 
paralyze the economy of an industrialized European 
country such as Italy, tha t is an absurd situation— 
but ! ; -s also a real i ty ." 

And since tha t s ta tement , what amounts to the 
first test case i pot '. J Arab ¡n....... wa., . 
fected. In Beirut, Ls-o »»;. May 15, So ..• A;\.u 
countries (Liby. Iraq, . . . .watt , and Algeria) go. to-
gether to announce a temporary hai l of their west-

ward oil flow as a symbolic protest against the contin-
ued Western approbation (as they see it) of Israel's 
existence. Although the stoppage was to last only one 
hour (Libya shut her pumps for 24 hours), the possi-
ble future significance of the tactic is clear. 

Since 1960, the domination of the world's oil supply 
has been shift ing from the affluent oil-consuming in-
dustrial nations to the "underdeveloped" oil-produc-
ing countries. Since 1970, this dramat ic shift was 
accelerated as increasing nationalism and threats of 
expropriation of foreign oil interests in the Middle 
East have forced a 60-70 percent increase of oil prices 
to the consumer nations over the past three years. 

In the U.S., since oil will be the predominant ener-
gy fuel during the-next 12 years (in fact, the only fuel 
capable of meeting our escalating energy require-
ments), the potentially adverse effects of Middle East 
manipulat ion of the oil flow on the balance-of-pay-
ments deficit, alone, are staggering. 

The wealth of the Middle East 
Figure 1 is a map of the seven major oil-producing 

nations of the Middle East . The callouts contain the 
populations of these countries (all relatively small 
compared with the huge populations of the industrial 
oil -consuming nations), and their oil revenues re-
ported as of 1972. The expected revenues for 1973 will 
show marked increases in these figures. The table 
contained in the illustration indicates the proven re-
serves of each country and the present production in 
millions of barrels per day. Saudi Arabia has, by far, 
the largest un<" .-ground reserves—some 145 billion 
barrels—which represents more petroleum than is 
contained in the United States and Latin America 
combined. And the "desert Kingdom" probably has 
much more oii still tobedi . - ; . . . red. 

Although the present Saudi product ion is set ¿t 
about 6 million barrels per day, this quantity could 
be pushed upward to 20 to 30 million barrels per day 
by 1950. And, oddly enough, the latter figures r e -
sent the projected import requirements of th-
and J a p a n (combined) as of tha t date. 
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The new order 
The advantageous position of the Middle East 's oil 

producers did not evolve overnight; slowly, but s tead-
ily, they are recovering control over their resources 
from Western nations. Historically, over the past 40 
years, control was wielded by the major European 
and U.S. companies under long-term leasing conces-
sions. Under the terms of these tradional concessions, 
the companies decided how much oil to produce, 
where it was to be sold, and for how much. Generally, 
the "hos t " government received a fixed royalty of 
about 12?2 percent of the sale price, plus a tax t ha t 
was set at about 50 percent of the net sales price 
(after the deduction oi royalty and production costs). 

It was almost predictable that such an arrangement 
would eventually lead to trouble—and it did, in 1%0. 
Because oil supplies to the consuming nations were 
relatively plentiful at that t ime, small independent 
companies in the U.S. and elsewhere began a "price 
war" and sold petroleum products below the prices 
established by the major firms. T h e big companies 
reacted by also declaring a price reduction. Because 
the taxes of the Middle East nat ions were based on 
the posted prices, the price war resulted in a reduc-
tion of government revenues for the host countries. 
Although the producing nations protested the action, 
the foreign oil concessionaires insisted on their pre-
rogative and right to set prices. The reaction to this 
was tha t Saudi Arabia, Iraq, Iran, Kuwait , and Vene-
zuela established the Organization of Petroleum-Ex-
porting Countries in 1960. At first, they tried to rein-
state the 1960 posted prices, but their organization 
proved ineffective. It was not until the Arab-Israeli 
war of 1967, which resulted in the closing of the Suez 
Canal, tha t the bargaining position of the host na-
tions improved.* 

Thus, by 1969, the five-nation organization began a 
concerted a t tack on the concession system and estab-
lished the right of the producing countries to fix 
prices and regain partial or full ownership of petrole-
um resources by means of participation agreements or 
expropriation. 

Deep water or deep trouble? 
The immediate problem confronting the U.S. is in 

part a mat ter of logistics; it must develop new oil 
sources, construct refineries within its continental 
borders, and establish conservation policies tha t will 
mitigate the coming crunch. But, at the present time, 
it does not seem likely that such a large order can be 
filled. 

As of now, (for reasons indicated in our introductory 
• article—see the May issue of IEEE Spectrum), not a 

single new oil refinery is being built in the U.S. But in 
addition to the lack of sufficient oil-refining capacity in 
the U.S., there is a major impediment iha t is blocking 
bulk imports of petroleum: iack of deep-water facilities. 
Since the closing of the Suez Canal in 1967, oil tankers 
have grown in size from about 50 000 deadweight tonnes 

•The dosing of the Suez Canal led U> the cons: ru i ion of the "sui»er-
tar.iters"—vessel • I 2tX) 000-500 (XX) deadweight tonnes—that bypass 
the carud and dehvvr many times the amounts U oil that could he 
carried in conventional smaller tankers. Thus, the value of tne Suez 
Canal a* a strategic waterway hits sweft gf.--.iy diminished and. 
tod ¡v. is largely obsolete: the supertankers are too iarge and too deep 
of draft to negotiate that waterway. Also, the war spurred the 
cor .¡deration of more pipelines directly to Mediterranean and Red 
St ;, ,,, ,-ts for trans-shipment by sea. 

to 250000 tonnes (and Japanese builders are construct-
i n g vessels of up to 500000 deadweight tonnes). Un-
fortunately, however, there is not one port in the U.S. 
that can accommodate a loaded tanker of more than 
120 000 tonnes. (A proposed offshore loading facility off 
the coast of Maine has run into heavy flak from con-
servationists.) 

The cascading shor tages 
In the i r t roductory article in the series (May), we 

discussed the dwindling supplies of petroleum distil-
late and na tura l gas tha t beset much of the U.S. 
heart land this past winter. Since tha t writing, we 
have been warned of an impending dear th of gasoline 
this summer, tha t those vacationing by automobile 
may be in for some unpleasant surprises a t filling sta-
tions whose supplies are exhausted, and tha t gasoline 
rationing in some form may be the next unpala table 
measure. -Already many independent s ta t ions have 
been literally forced out of business. Meanwhile, au-
tomobile production and sales are a t a record high, 
and the i rdus t ry reports indicate tha t more than 9 
million motor vehicles came off the assembly lines in 
the past year. 

Furthermore, U.S. autos are getting less economical 
to operate, with more power options, higher horsepow-
er, lower compression ratios (and hence decreased ef-
ficiency), vhile gas consumption in these outsized 
jalopies h a ; increased markedly. So the day may not 
be far off when John Q. Public buys his gleaming 
Jazzmobile Super-8, with a $6000 price tag, and then 
f inds he cannot fill his 30-gallon tank with t ha t stuff 

[1] Oil in the Middle Eas t . In an a r e a of relatively small 
populat ions , huge oil r e s e r v e s a re found. The oil p roduc t ion 
f igures (in q tant i t ies and r e v e n u e s ) a r e b a s e d on 1972 . 

Pop. 30.2 mil l ion 
(Iran) 

$2.1 bil l ion 

Pep. 10 4 mil l ion 
( i 'aq) 

Sî»54 mill ion 

Pop. 2 mill ion 
(Libya) 

$1.6 billion 
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$49? mil l ion 

Pop. 8.2 mill ion 
(Saudi Arabia) 

$2.3 billion 
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Tim s u p p l y o ' h y d r o c a i bons - o i l . g a s . c o a l — i s 

.¡nut-id . . . an J the h y d r o c a r b o n age . . . ir. f i n i t e i n 

- f b u t j h-d a r e ¿wj/nd fo b y d r o c u r b o t . . lor t h e next 

30 b ' 40 y e a r s . 

Ti-s m a j o r deposits of h y d r o c a r b o n s a r e c o n c e n -

t r a t e d i n a t e w . r e l a t i v e l y underdeveh n j n o t i o n s . 

T: e l a r g e i n d u s t r i a l i z e d n a t i o n s , w i i o s e l i f e depends 

upon a How of h y d r o s i r b o n s . . do not have ade-

quate s o u r c e s o t s u p p l y w i t / t i n their o w n b o t d e r s . 

J b e one e x c e p t i o n to '.his i m b a l a n c e | f s i t u a t i o n mi s 

.' v r , t h e United States. For many y e a r s , t h e U.S. 

w ¡ s a s u r p l u s n a t i o n . Not only did it have oii to f u e l 

the a p p e t i t e ot Usa i n d u s t r i a l s o c i e t y - a n d ihg appe-

!•'•- has t - . - . n v o r a c i o u s — b u t i n t i m e s of c r i s i s it ivas 
i t ' j t e to c o m e to the s u p p o r t o l other n a t i o n s . The 

p r e s e n c e o l s u r p l u s oil in t h e U.S. p r o v i d e d a b a l -

ance ot cower v. mob s e r v e d t o m f . i t ¡ l a i n an " e n e r g y 

p e a c e , i b i s is no longer so. The U.S. is now a 

"Have net" n a t i o n i n e n e r g y . Si c a n no l o n g e r k e e p 

t h e energy p e a c e , I & n u s t now queue- up for e n e r g y 

s u p p l i e s along w i t h o t i j e t i n d u s t r i a l i z e d n a t i o n s . . 

i n . M o , the U.S. c o n s u m e d n e a r l y 12 m i l l i o n b a r -

t e f s o l o i l a d a y ; p r o d u c e d 9 m i l l i o n b a n e l s ; i m p o r t e d 

<• ' . m i l l i o n b a n d s - and h a d 3 m i l l i o n b a r r e l s a day 

s p a r e p r o d u c i n g c a p a c i t y . 

In 1972. the U.S. consumed m o r e t h a n 16 m i l l i o n 

b<if-e:s a d a y ; p r o d u c e d over 11 m i l l i o n b a r r e l s , and 

i m p o r t e d about m i l l i o n b a r r e l s a day. There was 

no s p a r ; ; c a p a c i t y . 

By 1 0 3 5 . v j o a n t i c i p a t e f l ho j ' J . S . d e m a n d will be 

m a r e than 2 5 m i l h o n b a r r e l s a day: p r o d u c t i v e c a -

p a c i t y ,vi!l be less t h : n 12. m i l l i o n b a r r e l s , a r i d w e 

p r o b a b l y will be i m p o r t i n g . . . 13 to 14 m i l l i o n b a r r e l s 

a day. 

VJhst happened? Have v / e r u n out oi h y d r o c a r b o n 

r e s o u r c e s ? The answer, is no. but we nave r u n out of 

t h e • H i , to p r o d u c e thc-se r e s o u r c e s now a n d lor a 

s i r , i f i c s n l i p a n of t i m e i n t h e f u t u r e . . . 

Dees this sound l i k e a n a t i o n w h i c h has r u n out ot 

e n e r g y r e s o u r c e s ? Not at a l l . It is a n a t i o n , n o v / e v e r . 

w h i c h made a seines of a d h o c p o l i c y d e c i s i o n s 

i '•*'••• c:<atej an dht- Oati'.e sift: .* . r 
r i f , h : ' s P n {. v g r u i . r . d , p w r t y above ,/..> 

g r o u n d . . . 

Envnonin-'iPal conia ia ham dc • p er; the bUiUfir,^ 
ol r e f i t i " t , o r . ¡•'ttUnmd'.-t s / c r.o.y ; 7 f . r , C l t . 

poany. ond . . f 0 ,,r<i / : • ne hpinp h " A: - i n . , - ' ,-/ 

1 .• •:/• m a d e u . b u f i a 1 otmet ,->5 ot- th& ' ¡?f Goa t >! 

Hie U.S.; ..if ..uyo ¿con kiti*'-! tjy ec . V '¿r.'.b-.Z 
m Malty - v . ,.tod groans •»•/ by inc.J . ' I * 

p r i c e s . Vi • f i e n 0 0 :))cit \f . e h he-'/ !>.: .• •.•.. 

nceCrU on ¡no L t e f Const 1975. ¡ h e ; , > r e 

• th<. r e . 

T h e i e i s a s o l u t i o n t o a l l . t h i s . and 1 &m hot ^ u ; 

that ¡1! j w i l l he t d f i h e p t n i p p S h o r t l y I am iiopMul '¡.a 

i i . e e v e n t s - o f . this p a t w i p t e r - t h e off s h o r t a g r . s i n 

t h e U.S.; t h e a c t i o n s o f t h e M i d d l e i a s t e r n n .-.vv.s. 
w h i c h . . . w i l l pass cc n t r o l ;,t most o t t h e w o r l d ' s oii 

t o those nations d u r i n g t h i s d s c a d e , t h e r e a l i i a U i n of 

the . . . c h a n ;-,d p o s i t i o n of :ne L i " . , t h a t at! U •• :,e 

things v j / H spur out g o v e r n m e n t to & o * i e an et.'ec-

t i / o n a t i o n a l en r g y p o i h . y . . 

I r e c o g n i z e that the President hes to c a l l upon ex-

p e r t s f r o m . a!l p a r t s o l t h e g o v e r n m e n t to p r o v i c e r.im 

w i t h the m a t e r i a ! f o r an n f t e o t h e n a t i o n a l r . n e r g / p o l -

i t y . / h a v e been o e t r y i n g a r o u n d the e l e m e a ; - , of 

s u c h a p o l i c y i n my head f o t a l o n g t i m e . / ' he 

wished to save t i m e and e x p e n s e h e ' c o u l d c a i : on 

m e This IV ,-u;a bo m y energy p o l i c y ; 

/ . I t m o v e c o n s t r a i n t s f r o m gas p r i c i n g . This 

would p e r m i t d i e pritse of j r . a t w a l j gas to h n o c i 

h i g h value ac a c l e a n , a t t r a c t i v e f u e l Such s p r i c e 

would diSGQOrego, u n e c o n o m i c use . . . ¡and} v, nid 

also b r i n g f o r t h t h e risk c a p i t a l . . . t o s e a r c h o u t end 

b r i n g to t h e s u r f a c e the 700 t r i l l i o n c u b i c f e e t , -ohich 

g e o l o g i s t s say a r e w a i t i n g to n o 0 s e w e r e d , 

2. P e r m i t 1:10 p r i c e ot o i l and p r o d u c t s to 

r i s e to the p a n t that c a p u t / A O u t d . . . p r o v i d e the 

means of f i n d i n g and t a p p i n g t h e 100 b i l l i o n b a r r e t s 

w h i c h s t i l l aw ¡1 us. 

3. For many r e a s o n s of s e c u r i t y and n a t i o n a l e c o -

n o m i c I n t e r e s t , a n e n e r g y p o l i c y should i n c l u d e i n -

centives to p., w e n t e x p o r t i n g r e f i n e r i e s to ot ¡shore 

sites . . 

4 T h e r e should be a m a c t ¿nism cz-vsfooed f o r r e -

s o l v i n g e n v i r o n m e n t ! cerdHais. ¿ h v i r o o / n o n ^ l 

p o i n t s o l vtew should be b r o u g h t t o beat on e a c h 

m a j o r p r o p : a . . . lor a Unite p e r i o d of t i m e . Once this 

p r o c e s s has r u n its c o u r s e , t h e r e m a s t be a m e c h a -

n i s m lor m a k i n g a d e c i s i o n in t h e p u b l i c i n t e x - s ; . ' < 

0. An e n e r g y p o l i c y m u s t also n r o v i d s for i n -

creased l o n g - r a n g e f t & O d i r e c t e d at c o i n t h e u : o t 

h y d r o c a r b o n s and t h e [a i ie rna t ive j f o r m s o l e n c . c / 

t o c o m e . . . 

6 . Get t h e h ' o r i h Stops e t u d e o i l Ho wing to the 

n a r k e t . . . . 

the British, quite logically, call "pet rol ." 
The United States evolved into a supers ta te on a 

diet of inexpensive and bountiful indigenous energy 
resources, and nobody in the country (until recently) 
has winced at the fact that , with 6 percent of the 
world's population, his nation accounts for one third 
of the world's energy consumption. Unhappily, af-
fluence, and the expectation of abundance in every-
thing breed complacency and a taken-for-granted self 
assurance. Thus, a t raumat ic and near-term future 
shock will probably occur when the long-term Cadil-
lac customer is suddenly informed tha t there will be 
hardly enough gas available for him to drive a VW, and 
that he really should rely n.ore on mass transi t . 

Of suppiy, demand, and reserves 
John 0 . McLean, chairman of Continental OA 

Company and head of the National Petroleum Com 
cil contends that , in terms of suppiy, " the U.S. has 
basic energy materials to meet its n e e d ^ - a t present 
rates of consumption—for a min imum of 200 years ." 
However, there is a quan tum j u m p between exploit 
ing potential reserves and what is currently available 
m fuels. Bridging tha t gap requires t ime, lots of 
money, and the development of new technologies. 
And tha t is the primary reason why the short- term 
project; ,s (up to 1935) may not be quite as rosy as the 
administrat ion has indicated. 

In the presentat ion made to the National Pet role-



U.S. • n= , •> c»i'. . 

. . vi. .M..L( an . oh . i t i . . :I mil clitof excc.- t ivo 
. r of Oon;«i:.;-Hal Oil C o m p a n y , q.YC hi:i v o w s 

.• • ¡.-<3 ooroy c n s : s at t he Wo. id Atlnirs Council in 
r-its -.Uir«;!if, P.: on Soptombyf i">. 1072 Sonic I kjh-
li ::iils M.U- s p e e c h , entit led ' T h e J . S . 
ejnorqy C'.itiook." follow- -

Let me bee i with tl a fuels. The UTs. ' or, y.gy 
nrof op::- He pan drily in the medium-Hum futurt 
through ..'';? mi.;- :080s. From .< long-term siundp-
car basic energy position is reasonably, sound, < .u 
. i'unUy is titer ally endowed wish energy materials. 

nrike-' our long-torm energy requirements, wo 
ft...I'FT ¡,;A;I? pc,!.:n:i~l resource.- ol crude oil. natural 
gas. co.:i. niK.tuum and shale oil. Based on recent 
estimates of the National Petroleum Council, we 
Have: 

-a ry.ecitjaiiy recoverable oil reserves sulhcient to 
m&st present demands for more than <;5 yt.-ars. 

s Potential!, icco'. arable p a s reserves sufficient 
ti meet present demands ¡or more than 50 yours. 

* Measure-; ana indicated coal reserves .. . 
equivalent to nes y 300 years' supply. 

a Poienti6i ;;/ unuhi resources Sufficient to meet 
cur present total electric power needs tor 25 years. 

" F.eco/erable shale oil reserves sufficient to 
¡nee: our oil needs . . . lor about 35 years after our 
n.c.-'io.l resanos are exhausted. 

7 . .en m agctega'e, our basic potential energy re-
se.e • s rave, a [ ¡normal] content sufficient to meet 
oa r r. • for at least 200 years, at present con-
sume. Hon rates Long before the end oi that period, 
ddiee.ces in technology should bring us neiv energy 
sc. ees. such a s nuclear fusion and solar pi Wet 
jib.t?} u'il greatly diminish the drain upon Out ... 

./ materials. As time goes along, additional 
s . es of energy will be forthcoming only at sigri.'i-
c e-Uy • 'jher casts, but nonetheless we have the 
basic materials and technology to meet our long-

um Council by McLean and Warren B. Davis, direc-
tor of economics. Gulf Oil Corporat ion, ent i t led 
"Guide to Nat ional Petroleum Council Report on 
United S ta tes Energy Out look" (released on Decem-
ber 11. 1972). t h e first pa ragraph is intriguing: 

" T h e Nat ional Pe t ro leum Council 's s tudies reveal 
tha t U.S. requ i rements for energy will approx imate ly 
double between now and 1985. During this period, we 
shall have to rely upon oil, gas, coal, and nuclear 
power to mee t over 95 percent of our requi rements . 
New domest ic suppl ies of these four basic energy 
sources are not being developed fast enough to meet 
our needs ." 

In its summary , the report lists three opt ions: 
• The U.S. could depend upon increased overseas 
imports of oil and gas to meet nat ional requi rements ; 
but this would impair nat ional securi ty and trigger 
an awesome deficit in our balance of t r ade in fuels. 
® Through imposed restrictions, the U.S. could re-
duce the growth in energy consumpt ion and d e m a n d 
the more efficient use of energy, o u t such imposi t ions 
could impair the nat ion 's life . . v i e and trigger an 
even more onerous deficit in its ba lance of t r a d e in 
fuels. 
• The U.S. can accelerate the development of its do-
mestic energy resources. (This option is strongly rec-
ommended by the council.) 

The thrus t of the N F C ' s summary , however, may 

term energy e ¡ala. 
In the medium -tre. thioagli ahc-.-t 19$?, -car 

situation is quite (f-ifer- r.t tK canst: i! . r/Q do not 
act V/ .eej and promptly, p may /•.] dorr. ..¡c 
energy hort'jge.-s of major proportion e... 

The critical "baianec :.,hocl" in this v/!ioh '.¡toa-
Hon will bo ti,e vplittne ot foreign oil import., be-
cause this will be the element which will adjuui for 
our fa u'tos or succes .ee. in other energy arc s . . 
Most .a the nil ¡roust | '. omo fruir the ¡1 Organica-
lion oi P& 'r oleum Exporting Count ti-j ( Of'EC/.. . 

Depaiv'opte upon a small number oi bis tan} jer-
ei{ n '.our ties . .. suggests that v. • will nood to take 
a new lot. : at all our foreign poiieiez v/im respect to 
tin M:dd< East and attéfrh to them a much higher 
pmntv ll in they have '.bin far been accorded . . 
Gi r dun siic economi v/ill be vitally dependent 
up jn ; --oat ; in that troubh d area .. 

Our gr- wing requirements for Oil and gas in per is 
provide ; large and growing deficit in the Uniteci 
States b../anco ot ¡rode in tuols. By the early ¡bad,, 
ibis defied could be in the $20 to S30 billion rare . 
a s compared [wi ihj a current defied of less tr.an 33 
billion. 

To pay . or our imports ot fuel, we will noeti ad-
dition„1 ex, oris of other t,oods and services . . . v.'hat 
v/ill we Si '/ and to wham? . The industrialize ! 
countries c ' Western Europe and Japan . will be 
struggling > increase thair own net exports to pay 
for jrov/int fuel imports Ultimately, the situation '~<>n 
cor ¡e to et nilibrium on a worldwide basis only vtben 
the oil exp >rting countries are able io nbeorb greatly 
ine eased imports, from us arid the other od import-
ine countries. 

\l the present time, the composite wholesale cos: 
of energy consumed in the U.S. is ab-,a' 35 , ants 
pe, million BTUs. By 1905, it could easily be be to 
tOO percent nigher. .. . 

be found in the observat ion: "For tuna te ly , ¡the U.S. 
ha.1-j an adequa t e energy resource base. Act ion taken 
no\ • would markedly improve (itsj energy s i tua t ion ij 
f u t u r e years. T o a t t r ac t the vast capi ta l requ i rements 
to develop [itsJ indigenous resources, [the I ' .S.J v .i 
net i higher prices a n a appropr ia te nat ional energy 
pol .cies ." 

S o m e N F C r e m e d i e s . T h e council 's s u m m a r y con-
cludes with a nine-point list of r ecommenda t ions urg-
ing 

1. Coordinat ion of energy policies a t the nat ional 
level. 

2. Development of realistic, g r adua t ed approach».--; 
to envi ronmenta l goals. 

3. Accelerated leasing of federal !. : ds for 
t ion—part icuiar ly the outer confine«; • .i sho \ 

4. Conf inua t ion of tax incentives t«. • 
f inding and development of all energy u j , k 

5. Ma in t enance of oil and u ran ium impor t c, : . 
6. Greater usage of elec; • . v «rer.erated ir . 

mes t iccoa l and u ran ium. 
7. Relaxat ion of wellhead price controls so - r n 

ura l gas prices may reach a compet i t ive marke t le. ! 

8. E x p a n d e d research in certain careful ly se 
areas (a l ternat ive methods of electrical generat ion ¿> 
example) . 

9. Reliance upon pr ivate enterpr ise as the best and 
lowest cost method of meet ing energy needs. 



Fuel/energy 

Conservations a positive position 
A noted naturalist presents the 'case for conservation'-— 

and some fuel/energy-use planning 

As an overview, Gordon Friedlander 's first article 
on the energy crisis IEEE Spectrum, N ay 1973) is 
completely fair and helpful in developinj interesting 
details. But like almost all discussions of he problem 
to date , it addresses only the supply side of the sup-
ply-demand equation. This is not surprising because 
the U.S. has, as a nation, assumed—more implicitly 
than explicitly—that our national requirements for 
energy are a fait accompli tha t is not subject to ques-
tion. Having made tha t assumption, it seems patriot-
ic to bend our energies to providing what " the nation 
must have." Recently, the writer heard one utility 
spokesman object to having his operations classified 
as "commercia l" because, in view of New York City's 
hot spell last June , it should be obvious t ha t his com-
pany was engaged in "public service." 

There are obvious, often emphasized, correlations 
between increasing consumption of electricity and the 
high-consumption society we have enjoyed—especial-
ly over the last generation. Of course, we all tei d to 
complain about the unant ic ipated by-products of the 
new life styles buil t on intensive mechanization and 
electrification: rising pollution, deteriorating cities, 
the disappearance of amenities in the countryside, so-
cial unrest, and alienation. AH these factors are also 
correlated, as though they were the penalty of what 
we have (perhaps too long) called "progress." Some 
scientists and engineers still insist this is the price 
tag, bu t increasing numbers of people refuse to "buy 
i t " because they have discovered tha t technologists 
are often no better analysts than laymen. 

Economist Ezra Mishan is one of the new analysts 
and, in The Costs of Economic Growth (1967), he 
says bluntly t ha t for "every foot of red carpet indus-
try has unrolled before us, it has rolled up a yard be-
hind us." For an economist of Mishan's s ta ture t > ar-
rive a t conclusions t h a t support our intuitions and 
partial analyses is, of course, delightful; but ea h of 
us can make his own case. 

Like the early mission of the National Auduboi So-
ciety, the writer's early training and interests wer« 
ornithological—devoted to the studv of birds, ,heir 
interrelationships with their environment, and the 
problem of conserving their populations. Therefore, it 
often seems to many tha t we are erecting a hobby to 
serve as the framework of national policy for a major-
ity of people who hardly know birds exist (and, fre-
quently, couldn't care less). But it is a for tunate acci-
dent of history that those interested in bird conserva-
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tion were among the first to notice—and decpr— the 
environmental deterioration tha t has been thè ' hap-
penstance" result of our part icular brand of progress 
Birds in their native habi ta t supply the same so l or 
clues to environmental health as the miner 's canary 
did in warning of dangerous gas accumulat ions in the 
deep shafts of yesterday's underground mines (no / so 
widely abandoned in favor of surface str ip mining). 

Following World War II, when new earth-roo ing 
technology facilitated drastic landscape modifica 
tions, environmentalists gradually awakened to the 
fact tha t legal protection for wildlife—and tradit ional 
public education—would not suffice to ensure ootids 
t e m e with the cumulat ive technological advances o! 
the first half of the 20th century. Thus, the conserva-
tion problem became one of national land-use polic;. 
—or a reaction to the lack thereof—and the conserva 
t ionist-environmentalist became an activist. Thh 
meant challenging the entire "growth-pfogrea 
mythology" based on the conviction tha t progres: 
needs to be redefined. The environmental revolution 
of our day is an insistence, through increasing public 
demand, t ha t national policy be an open plfinnir. 
process. 

Industry spokesmen have traditionally argued thai 
" the demand for energy is basically related to a desir» 
on the part of everyone to improve his s tandard of liv 
ing." The writer challenges this because he .iiev-
there is impressive evidence tha t the current vvollei 
demands for energy are a result of our national polic 
of "cheap energy," and of th> aggressive—a'most irre 
sponsible—advocacy of more and more ;onswioptio 
by growth-minded industrialists. This prolificacy h 
made the U.S. inefficient as a nation, and the pub) 
is so badly misinformed about the implicai or- -
current energy practices and policies that it doer n 
know how to achieve its desires. 

Why a crisis? 
A recent Congress >na. review i energy ce; 

projections by Gove * t -,ef. - ì 
group? financiers, and v .i-t- '•<•- k • 
moat ail such,projections ha-• f t rei 
tions of post-World Wat l r growth t? 
almost all useless as pHiey guiri-
were based on the .ssumpt.u! t i iat • J. 
remain relatively constant. (2) fuel would 
generally available, (3) Gov», run nt policy * 
main relatively unchanged, and (4) he; 

grudual technological improvement in energy 5 
tion. All these assumptions began to prove ill-t . 
around 1969. 
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It is striking (and dismaying) tha t , until 1968, all 
studies and projections of energy " d e m a n d " in the 
U.S. were completely sanguine concerning the ability 
to continue to meet escalating growth needs. The cri-
sis that has developed in the last five years, therefore, 
exposes serious failures in the planning within indus-
try and Government agencies, and even by the Office 
of the President. 

Shifting the blame 
Energy producers have aggressively sought to t hift 

the blame for the impending crunch we may expect 
from these planning failures. They have pointed an 
accusing finger a t environmentalists ' demands and a t 
the National Environmental Protection Act of 1969. 
But both former AEC Commissioner Schlesinger and 
the chairman of the Council on Environmental Qualitv, 
Russell Train, have agreed tha t this is not valid. 

For example, of the 75 major nuclear plant delays 
in effect as of May 1973, only nine of these involved 
environmental debate; the others were delays caused 
hy the AEC's own early overconfidence regarding 
atomic reactor safety, by increasing construction-
schedule slippages, and by labor difficulties. 

A broader view 

Granted tha t we may be in for some uncomfortable 
a d j u s t m e n t s in our uses of energy resources, the 
Peates t danger of the energy crunch is a series of pa-
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nicky reactions by both Government and industry. 
This is why it is important to identify accurately the 
causes of present shortages, and to clarify options on 
the subject . 

The t ime has come to broaden national policy to 
make explicit recognition of (1) the inefficiencies 
which result from current " - h e a p energy" policies; (2) 
the environmental damage imposed on the citizenry 
by past resource exploitation, and the threa t of much 
greater environmental damage if hasty decisions to 
continue present modes of demand satisfaction are 
implemented; and (3) the new danger of aggravated 
international divisiveness if our current "demands" 
are made the basis of confrontations with petroleum 
suppliers abroad. 

Consider these environmental hazards. In 1971 
there were 46 235 tanker arrivals at '.S. ports (see il-
lustration; source: Waterborne Commerce of the United 
States. Depar tment of the Army. O r p of Engineer?' 
and. on an average, these« moved 4.5 million ban -'s of 
oil per day. The usual projection, sugg-st thi.' ' > ' r 
year 2000, our imports could be 25 million barrels per 
day. Already some 2 million tons >f these hydro 
carbons enter the ocean each year, only 10 percent 
them, however, from tanker oil-spill accidents. 'I 
balance comes from careless or irresponsible handling 
on shore and a t sea. Many authorities are already 
greatly c< ncerned tha t the productivity of the oconns 
will be destroyed by such levels of pollution. 

Current projections also call for the importation of 

OIL TANKER arrivals at U.S. ports during 1971. 



F a c t s a n d f a l l a c i e s of 
t h e t r a d e b a l a n c e a r g u m e n t 

To meet the proliferating energy demands of the 
immediate future, the U.S. is expected to increase 
its importation of oil and gas, until it can achieve 
greater • self-sufficiency—a self-sufficiency acquired 
at the expense of environmental degradation rath-
er than pay the supposed economic price of an un-
favorable balance of trade. But it is difficult to take 
this concern seriously when one notices that a s re-
cently a s November 1972. the U.S. was spending 
more on its imports of automobiles and automotive 
parts than it was spending on all Its petroleum im-
ports combined. There is also much "viewing-with-
alarm" about the possibility that the U.S. may be-
come 50 percent dependent on oil imports within a 
few years. Whatever the internal implications of such 
trade imbalances, we may take note of the fact that 
both Europe and Japan presently import an even 
larger percentage of their energy needs. Vet. these 
countries a re in sufficiently good economic health to 
compete actively with us, both for raw materials and 
In the a rea of finished products. Bo that a s it may. it 
is expected that the Federal-Materials Policy Com-
mission will shortly urge a policy of energy self-suffi-
ciency on the U.S.; can one hope that, at the very 
least, the Commission and the President 's office will 
insist that efficiency in use is a prerequisite to self-
syfflciency Where s c a r c e resources a re involved? 

2 to 4 trillion f t 3 of l iquid na tu ra l gas (LNG) by 1990, 
which would involve a fleet of some 200 specially-
equipped super tankers . Since L N G is s tored and 
t ranspor ted a t a t empera tu re of 147K, a major acci-
dent would probably cause the t anker ' s load to vapor-
ize within half an hour, forming a cloud of combust i -
ble gas a mile in d iamete r , and perhaps suffocat ing 
all those under it. If ignited, as would seem inevita-
ble, an explosive conflagrat ion of m a m m o t h propor-
t ions would follow. T h e hazard to port cities is ob-
vious. 

Many hapless cit izens who live in mining towns or 
near oil fields are aware t h a t 2 million acres of the U.S. 
have already subsided a few meters . Others are well 
acquainted with the waste lands created by the 1.5 
million acres t h a t have already been s t r ip -mined , and 
the 64000 acres being s t r ipped annual ly . Since nearly 
half of our remaining coal is now located in M o n t a n a , 
Wyoming, and Nor th Dakota , the proposals to s t r ip 
this region pose m o n u m e n t a l problems of r e c l a n a -
t ion. And since this region is mostly semiar id , exj en-
sive interregional water t ransfers will be a neceS ; ary 
added cost of mining or s t r ipping this coal. The oil 
shales of the Colorado P la t eau will als » be diff icul t to 
exploit without water t ransfers, and the land recla-
mat ion problems in t h a t rugged region are even more 
difficult . Not many people use t h e high plains, bu t 
Colorado is one of the major recreational areas of t h e 
U.S. , and the t radeoffs involved here have hardly 
been discussed. 

The enthus ias ts for nuclear energy need t o be re-
minded t h a t all current proposals for the long-term 
storage or other disposal of nuclear p lan t wastes a re 

still in the research /deve lopment stage, mean ing 
tha t , if pr ivate enterpr ise were asked to "carry tlie 
ba l l " by itself, it wouldn ' t touch this controversial 
technology. And th is is, of course, why the Price-
Anderson Act, l imit ing the l iabili ty of the util i t ies, 
was passed by Congress, and why i t should be re-
pealed. There is nothing p leasan t about contempla t - v 

ing cur rent nuclear p l a n t projections for the yeas 
2000, because if these came t rue , there would be the 
equivalent of 200 casks of spen t radioact ive fuel in 
rail t rans i t a t all t imes . Given t h e s t a t e of the ria 
l ion 's railroads, the po ten t ia l for serious local-regional 
contaminat ion f rom rail acc idents to these vulnerable 
casks is real indeed. T ruck t rans i t offers no greater 
protection. 

As to the very controversial quest ion of the safe ty of 
the emergency core cooling sys tems (ECCS) used in 
the present generat ion of U.S. nuclear reactors, t h e 
AEC's own es t imates suggest t h a t we may expect a 
full-scale live tes t of these heretofore un tes ted instal-
lations before 1983. Whatever t h e real haza rds may 
be, there is no denying t h a t the recent AEC hearings 
on E C C S revealed t h a t the scientif ic c o m m u n i t y (and 
AEC staff ) is seriously divided on th is issue. It be-
hooves the rest of us to defer endorsement . 

This , then , is a brief recitat ion of some of the ha 
ards likely to the qual i ty of life in the U .S . if has ty 
decisions are made to press deve lopment along exist 
ing lines to meet the unexamined (and o f t en unneces-
sary) bu t ever-increasing d e m a n d s for energy. 

A revolution in outlook 
One of the overlooked b u t very s ignif icant indica 

tors of the public t emper resul t ing f rom the spreading 
affluence of the last generat ion is a new insistence on 
the preservation of na tu ra l ameni t ies . Th i s ha s always 
been obvious to those who have taken the t rouble to 
notice t h a t Wall S t ree t ' s tycoons, and a whole genera-
tion of Madison Avenue 's successful promoters , com-
m u t e to s u b u r b a n towns like Greenwich, Whi te 
Plains, and Darien, where they can enjoy clean air, 
greenery, or an a t t rac t ive waterf ront . Now, we know 
this to be a general character is t ic of large segments of 
our popula t ion . Wilderness visi tat ion, for example , 
which has grown a t the ra te of 10 percent per year 
since World War II (faster t h a n the consumpt ion of 
electricity), is engaged in mostly by a f f luent , wei! 
educated, u rban professionals. 

T h e new "conservat ion economics" pioneered in t h e 
U.S. by John Krut i l la of Resources for the Future , 
Inc., and a growing n u m b e r of colleagues, ha s demon 
s t ra ted t h a t the d e m a n d (value) for na tu ra l ameni t ies 
is growing rapidly, both as these ameni t ies grow s ' v c 
er and as incomes increase. At t h e s a m e t ime, n i 
becoming necessary to discount the f u t u r * wort i 
many technologies s imply because technological p g-
ress creates so m u c h obsolescence in it own i :d 
Therefore, those who believe in techno'ogical progress 
should be among the most pa t ien t of men b< or.» to-
morrow's technology should allow us to do what „ 11} 
nerds doing bo th be t te r and more cheaply. 

T h e s e introductory comment s on aff luenee have 
surely reminded most readers t h a t today ' s "b ig pi tch ' 
by the ut i l i t ies and other energy producers is t ha t 
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Nuclear was te haza rds 
Recent disturbing n e w s r epo r t s have indicated that 

a ser ious (If not ca l ami tous ) problem may b e arising 
in the l e a k a g e of nuc lea r plant w a s t e s — t h r o u g h the 
disintegration of the c a s k and c o n t a i n e r s — a t the large 
tank f a rms located at Hanford, Wash . , t he Idaho 
Chemical R e p r o c e s s i n g Plant, and -the S a v a n n a h 
River Plant. (In fac t , o n e report s t a t e s that w a s t e 
l eakage h a s b e e n percola t ing through to the ground 
sur face . ) 

In Marce Elecc lon ' s p i e c e "Scann ing the I s s u e s " 
(/£££ spectrum, April 1970). h e quo ted W. <le 
l a g u n a . of t he Oak Ridge National Laboratory, in 
part a s follows: 

" . . . t he problem of coping with t h e s e highly haza rd -
ous liquid w a s t e s h a s b e e n with u s for abou t 25 
years . Until very recent ly , all that could be d o n e with 
these w a s t e s w a s to put t h e m into large t anks , and 
large tank fa rms , holding in all s o m e 80 million gallons 
of high-level was t e , have grown up over the y e a r s . . . 
If the c o n t e n t s of e v e n one of t h e s e t a n k s should r e a c h 
the river which d ra ins o n e of t h e s e a r e a s , there would 
be a regional calamity of unprecedented magnitude; 
and the re a r e now over a hundred s u c h t anks a t t h e s e 
three instal lat ions. Although t h e s e t anks a r e con-
s t ructed with g rea t c a r e , t h e r e h a v e b e e n a number 
of tank l e a k s 

It should b e no ted that this p i ece w a s publ ished 
almost 3% yea r s ago . S ince that t ime, of c o u r s e , 
additional w a s t e s h a v e a c c u m u l a t e d . And, with the 
advent of the f a s t b r e e d e r r eac to r (FBR), the si tuat ion 
—in which plutonium w a s t e s mus t b e h a n d l e d — 
m a k e s the p r o s p e c t s for the fu ture e v e n m o r e a c u t e . 
Plutonium, the m o s t d a n g e r o u s of the radioact ive ele-
ments (used in nuc l ea r w e a p o n s ) , h a s a half-life of 
200 000 y e a r s . 

In addition to the p rob lem of w a s t e s to rage , the re 
is the h a z a r d — a n d a very real one—of thef t of t h e s e 
deadly mater ia l s . It is a s u b j e c t of ongoing c o n c e r n . 
Thus, t he fu tu r e holds s o m e very se r ious ques t ions 
that m u s t b e resolved In t h e s e a r e a s . 

—Editor 

growth m u s t cont inue , if only to bring the na t ion ' s 
poor into the sphere of aff luence t h e rest of us enjoy. 
But this is only a modern version of the old " t r ickle 
down" theory of economic welfare. It hasn ' t worked 
during the last century or more t h a t we have 
prrached it , and it won ' t work tomorrow. T h e poor 
ar • often -aught in an ecological t r a p created by the 
unconcern of t h e a f f luent who pollute the landscape . 
Pollution is dehumaniz ing to all those who suffer 
from it, and the poor have suffered from it most . If we 
want to e l imina te poverty, we will have to do it by 
more direct means . 

Policy needs 
Environmental is ts insist, rat ionally this writer 

thinks, t h a t the cornerstone of our nat ional energy 
policy should be one of energy conservat ion. Achiev-
•ng this goal will require: 

1. The imposit ion of the full economic and social 
°°8ts of energy on the consumers of energy, and t h e 
"»position of adequa t e envi ronmenta l sa feguards on 
the producers and dis t r ibutors of th is energy. (Only 
thus can we restore the selective funct ion which t rue 

market prices are supposed to exercise in a capital is-
tic sys tem; this will allow the consumer to decide 
which goods he values most.) 

2. T h e el iminat ion of economic subsidies to energy 
industr ies for doing wha t smal l business does wi thout 
subsidy in response to public demand for goods a t a 
fair price. 

3. T h e imposit ion of performance s t a n d a r d s on the 
building industry a n d the manufac tu re r s of energy-
consuming equ ipmen t to e l iminate the wasteful 
"bui l t - in obsolescence" character is t ic of so much pro-
duct ion in the U.S. today, along with t h e mult ipl ic-
ity' of inefficiencies th is system has bred. (We m u s t 
aim at " l i fe-cycle" assessments t h a t will show the 
consumer wha t the real costs of buying and operating 
a home or an appl iance will be.) 

4. A shif t in t r anspor ta t ion policies f rom inefficient 
huge automobi les and interci ty t rucks and a i rc ra f t to 
more energy-efficient railroads, buses, e tc . (Much of 
this will come a b o u t au tomat ica l ly as soon as we im-
pose the full social costs of energy and e l imina te 
subsidies t h a t n >w favor inefficient t ranspor ta t ion . ) 

T h e objective of conservation policy is to make our 
society more eff icient by removing distort ions of the 
marke t system inheren t in subsidies. Low-income 
consumers who might otherwise be hu r t by these re-
gressive changes in the cost of basic commodi t ies 
mus t be helped by higher m i n i m u m wages, negat ive 
income tax , or other appropr ia te ins t i tu t ional ar-
rangements . As al ready hinted, however, t h e poor m a y 
suffer more from pollution and buil t- in obsolescence 
than from other economic d isadvantages . E l imina t ing 
the decl ining ra te s t ruc tures for large consumers of 
electricity will hu r t m a n y public-service groups such 
as school systems, hospitals, etc. , b u t we will end u p 
better off by making our taxes direct ins tead of re-
sorting to the smokescreen of indirect taxa t ion t h a t 
now makes us so inefficient. Energy conservation has 
the potent ia l for saving between 20 percent and 50 
percent of our existing consumpt ion levels. Like it or 
not, we m u s t conserve to avoid more severe con-
s t ra ints . 
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E n e r g y 

Plumbing t&ie ocean depths: 
a new source off power 

Abrahim Lavi, Clarence Zener 
Carnegie-Mellon University 

Temperature differences between surface and deep waters 
of tropical oceans can provide cheap power 

Temperature, °C 

Faced with a shortage of fossil fuels, rising costs of 
nuclear fission power plants, and long delays in intro-
duction of nuclear fusion power plants, researchers in 
the U.S. are looking with renewed interest and a 
sense of urgency a t nont adit ional—and, in most 
cases, unproved—alternate energy sources such as 
tidal energy, geothermal energy, and solar energy In 
the solar energy field, for example, there r re on-going 
investigative programs in satellite solar power sta-
tions, solar energy for buildings, solar ther nal conver-
sion, conversion of organic materials, ph< tosynthetic 
production, wind power, and sol ir sea power—the 
technology tha t will he addressed herein. 

T h e main difficulty in harnessing solar energy is 
collecting it. Land-based collection mechanisms re-
quire huge land areas and expensive materials for the 
direct or indirect conversion of solar energy into elec-
tricity or other forms of energy. But, in the cast of 
solar sea power, the collection mechanism is the 
ocean. Solar energy, absorbed by the surface water of 
tropical oceans, can be converted first into elec'ric 
power by solar sea power plants (SSPPs), then o n -
verted by electrolysis into chemical energy, end 
transported by ship to the U.S. for distribution to 
heat homes, power transportat ion facilities, and form 
a basic ingredient in materials processing. 

The concept of solar sea power is not new. In 1881, 
D'Arsonval pointed out the possibility of extracting 
energy from the tropical oceans by building a thermal 
engine operating on the temperature differences be-
tween surface water and deep layers of water.1 And, 
in 1930, the French engineer Georges Claude actually 
a t tempted to build a 40-kW power plant off Cul a,2 

but his experiment failed for a number of technical 
reasons. More recently, Anderson and Anderson made 
detailed cost studies of such a sea thermal power 
p lant 3 and est imated tha t a 100-MW plant could be 
constructed at a capital cost per kilowatt no higher 
than tha t for a conventional fossil-fuel plant . 

T h e scientific basis for an S S P P has not been ques-
tioned. But for engineers accustomed to thinking in 
terms of temperature differences of a few hundred de-
grees and super-heated steam, the available tempera-
ture differences for an S S P P seem miniscule. And 
other questions have been raised: corrosiveness of sea 
water, microbial fouling, plant anchoring, diluteness 
of solar energy in the ocean, and environmental ef-
fects. Each question will be examined in turn . 

Insufficient temperature difference 
Conventional fossil-fuel power plants operate with a 

temperature differential of 500°C between the heat 
source and the heat sink. In the ocean, there is a t 
best a 20°C tempera ture differential between the 
warm surface water and the readily accessible deep 
cold water, as shown in Fig. 1. And of this 20®C, only 
10°C can be used by the heat engine itself. The re-
maining difference is needed to drive heat from the 
warm surface water into the heat engine and then 
from the heat engine to the cold deep water. (A de-
sign concept for an S S P P operating on such a temper-
ature differential is shown in the box on page 26.) 

[ l ] Typical ocean tempera tu re profile at various depths . 
The su r f ace layer, which is about 200 mete rs d e e p , take9 its 
neat from the sun and s tays at about 25°C. The c6ld water at 
he lower dep ths c o m e s f rom the Arctic region and c a n be a s 
ow as 5°C. 
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In an SSPP, a working fluid such as ammonia—or 
any fluid with a reasonably high vapor pressure at 
ambient temperature and with good heal transfer 
characteristics—must be boiled. Normally, to pro-
mote vigorous boiling, the working fluid mu it be sup-
erheated by from 5-10°C. But in an S >PP with 
only a small total tempera ture differential available, 
a 3"C superheat is the highest t ha t can bi afforded. 
One solution to the problem of a small superheat may 
lie in a technique tha t was used by the Linde Corpo-
-ation in their refrigeration systems4 where they en-
.•ountered a similar problem. The solution came 
¡ bout through development of a method for cut t ing 
•iny, almost closed, channels on the surface of a 
netal. The channels become vapor-locked and, there-
by, provide a steady stream of bubbles. Such a sur-
face needs a superheat for boiling only one-tenth t ha t 
of conventionally smooth surfaces. 

Even with the boiling problem solved, the 20°C 
temperature differential might seem to create a cost 
handicap because it leads to a low efficiency—.3 
percent--compared to nearly 40 percent in a conven-
tional p ant . For a given kilowatt output , the S S P P 
boiler must process more than ten t imes as much 
heat as the boiler in a conventional plant . In particu-
lar, the S S P P boiler tube area must be more than ten 
times greater than tha t in a conventional p lant . Al-
though this requirement would seem to necessitate 
excessive cost, two basic physical phenomena enter 
the picture tha t tend to offset any cost increase and 
may even permit a cost decrease. 

The first phenomenon is t ha t the vapor pressure of 
a working medium rises rapidly as its temperature in-
creases. This pressure increase must be offset by a 
corresponding increase in thickness of the boiler 
tubes. Since in an S S P P the maximum pressure an-
ticipated is only about 150 psi (about one million N / 
m2), compared to 3200 psi (about 22 million N / m 2 ) in 
conveni ional steam boilers, much thinner boiler tubes 
can be used. 

The second phenomenon is the decrease in strength 
of metals with a rise in temperature that , in a con-
ventional boiler, must be offset by an increased wall 
thickness or by the use of expensive alloys. Again, an 
SSPP benefits because the temperatures in use are 
small compared to those in conventional plants. 

The increase in cost of boiler tubes because of ei-
ther of these phenomena—or both—in conventional 
plants can be nearly catastrophic. For example, in the 
raid 1950s, the Eddystone power station was con-
structed in Philadelphia with a boost in peak temper-
ature to 600°C. The drastically increased cost of the 
station required by the higher temperature was the 
death blow for plants above 500°C. 

Corrosiveness of sea water 
Because of the electric conductivity of sea water, 

metallic structures submerged in the ocean suffer 
electrolytic corrosion. A quant i ta t ive measure of the 
tendency of a metal to dissolve in water is its elect ro-
rhemical potential. Those metals with a positive JK>-
'ential will dissolve spontaneously with the evolution 
"f hydrogen. Those with a negative potential will not 
dissolve. Inexpensive metals such as iron have posi-
' 've potentials while only expensive metals such as 
eopper, silver, and gold have negative potentials. 

Pure alumi mm has the unique characteristic of 
forming a tightly clinging oxide coating which pro-
tects the met d from contact with water. Thus, in 
spite of its positive electrochemical potential, pure 
a luminum will not dissolve in sea water. The Alumi-
num Company of America has learned how to take 
advantage of this oxide coating on pure a luminum by 
bonding a layer of pure a luminum onto a high-
strength alum num alloy. Such a bonded s t ructure is 
called Alclad. During the last several years, test da ta 
have been accumulated® demonstrat ing tha t Alclad 
tubing would have a long service life in SSPPs. It 
should be noted tha t life tests were conducted a t ele-
vated tempen tures of up to 80°C where corrosive ef-
fects are much more severe t han a t the ambient tem-
perature of an SSPP. 

Microbial foi ling 
All surfaces submerged in sea water soon become 

covered by a f.lm of microbes, a film tha t would ruin 
the heat tran fer characteristics of boiler surfaces. 
The Woods Hole Oceanographic Inst i tute has found, 
however, tha t an exceedingly small concentration of 
chlorine—less ihan one part in four million—is suffi-
cient to prevent such microbial growth8 and is far 
below tha t required to kill marine life. 

When chlorine gas is added to Bea water, it forms 
hypochlorous acid which can also be formed directly 
by electrolysis of sea water. The electric power re-
quired for the electrolysis is a small fraction of tha t 
generated by an SSPP . This electrolysis could take 
place in the input pipes of an SSPP. In fact, such 
electrolytic equipment has already been developed for 
use in the intake condenser pipes for power plants lo-
cated on sea coasts. 

Plant anchoring 
To protect P I S S P P from adverse weather condi-

tions, it must be submerged and anchored so t ha t 
oceanic currents cam ot cause it to drift from one 
location to another. This is not an easy task, but it is 
surmountable. Early SSPPs will probably require 
careful site selection so t ha t they can be housed in a 
permanent s tructure a t tached to the ocean bottom. 
Since the power plant will be buoyant, the s t ructure 
need not support the weight of the plant . It should 
merely withstand the d r j f t current. In order to have 
easy access to the cold ocean waters, the site must be 
selected where the ocean floor slopes away from the 
point where the S S P P is anchored. Such ocean-floor 
cliffs are common in the tropical oceans. 

Diluteness of solar energy 
Because of the low engine efficiency in an SSPP, 

immense volun es of water must be processed to gen-
erate any appreciable amount of power and it takes 
power to pump the water—about one-third the gross 
power generated. Optimization studies7 have shown 
tha t this ratio is independent of the temperature dif-
ferential between the heat source and heat sink. The 
important factor is the final cost and not plant effi-
ciency. If the writers' es t imates are correct, the cost is 
still below tha t of a conventional fossil-fuel plant . 

Another problem of major concern is the mixing of 
the warm water intake and exhaust of the boiler. For-
tunately, such mixing is prevented by the ocean cur-



rents. Currents of 0.5 meter/second would prevent 
appreciable mixing in a 200 0K)-kW SSPP. 

Environmental effects 
Solar energy is probably the only pollution-free 

source of energy. Although its widespread use could 
lower the surface temperature of the tropical oceans, 
a t remendous amount of energy would have to be ex-
tracted in order to cause a noticeable effect. For ex-
ample, if the world population in the year 2000 were 
to be supplied by energy from SSPPs a t the present 
per capita rate of consumption in the U.S., the sur-
face temperature of the tropical oceans would be low-
ered by less than one degree Celsius. 

Markets for SSPPs 
The first market for SSPPs would probably be the 

local use of electric power in those countries bor-
dering on tropical waters. Although such a market 
would be small, it would provide the necessary oper-
ating experience required for large-scale planning. 
Table I lists those countries whose coastal waters 
have the year-round thermal characteristics required 
by SSPPs and gives the distance, in kilometers, from 
land to an ocean depth where the water is sufficiently 
cold (5°C) to be suitable as a heat sink. It is notewor-
thy that ihe tropical waters closest to the U.S.—the 
Caribbean—are unique in having cold deep water 
within two kilometers of the coast of most of the I »or-
dering countries. 

The second market for SSPPs would probably be 
for a power-intensive metallurgical industry which al-
ways develops wherever there is cheap electric power. 
T h e production of a luminum is a good example. 

More than one half the bauxite reserves in the 
Americas are in Jamaica . 8 Bauxite is mined in Ja-
maica by all the large U.S. aluminum-producing 
companies. They ship the ore to the Gulf Coast and 
there refine it into alumina (alun inum oxide). The 
alumina is then shipped to all parts of the U.S. where 
electric power is cheap. Some is even shipped back 
into the Caribbean, through the Panama Canal, and 
then up the West Coast of the U.S. to cheap hydro-
electric power in the s ta te of Washington. Since Ja-
maica could enjoy an abundance of cheap electric 
power generated by SSPPs, a more economical pro-
cess would be the refining of bauxite into a lumina 
and the electrolytic reduction of alumina into metal-
lic a luminum on the island itself. (For a detailed 
analysis of costs in producing a luminum, ee the edi-
torial box on page 26.) 

Other large reserves of bauxite are also located in 
countries bordering tropical oceans—Ghana in Africa, 
Surinam and the Guianas in South America, and 
Australia. As shown in Table I, these countries are all 
located a considerable distance from the deep cold 
water required as a heat sink. This situation might 
lead to a third stage in the marketing of electric power 
from SSPPs with the development of floating metal-
lurgical complexes, as described by Willy I^ey.9 

T h e third market for SSPPs is energy for use in the 
continental U.S. and in other locations in the temper-
ate zone—Europe, U.S.S.R., and Japan . Since fa-
vorable sites for SSPPs are confined to the tropical 
oceans, how can generated power from SSPPs be used 
by these countries? A proposed method of transport-

I. Minimum dis tance from coas t to suitable SSPP 
location for countries that border warm tropical waters 

Dis tance , k m 

Countries bordering Indian Ocean (clockwise order): 
M a d a g a s c a r 32 
M o z a m b i q u e 25 
Tanzan ia 25 ** 
Kenya 25 
Somal i Republ ic 25 
Sou the rn Y e m e n 32 
Musca t a n d O m a n Q 
Iran 32 . 
Pak i s t an 32 
India: 

Wes t Coas t 120 
Eas t C o a s t 65 

Burma 75 

Countries bordering Pacific Ocean (clockwise order): 
Hawaii 10 
Mexico 25 
G u a t e m a l a 32 
El Sa lvador 65 
H o n d u r a s 75 
N i c a r a g u a 95 
Cos ta Rica 7 
P a n a m a 25 
Columbia 25 
I cuador 25 
Australia: 

Nor theas t co rne r 65 
Othe rwise 300 

New Guinea '. 5 
J a v a 5 
Phil ippines 5 
Vie tnam 75 
S u m a t r a 50 

Countries bordering Atlantic Ocean (clockwise order): 
Sier ra Leone 50- *;»: 
Liberia . . 50-'%'j.. 
Cote d ' lvory 50 
G h a n a 50 
D a h o m e y 50 
C a m e r o u n 6 5 
Brazil: 

1° to 20° South 15 
Otherwise 100 

F r e n c h Guiana 130 
Sur inam 130 
English Guiana 130 
Venezu la 3 
Columbia 32 
P a n a m a 25 
Cos ta Rica 15 
Nica ragua 150 
Honduras 24 
Mexico 7 
United S t a t e s of Amer ica : 

Florida 1 
Puer to Rico 6 

Cuba 2 
J a m a i c a 2 
Haiti 2 
Dominican Republ ic 2 
G u a d e l o u p e (F rench) 2 
Dominica (British2) 5 
Martinique (F rench) 2 
St. Lucia (British1) 2 
St. Vincent (British1) 2 
G r e n a d a (British2) 2 

Distance to 5°C water at 500 meters. 
^Freely associated with Britain. 



ing e n e r g y f r o m S S P P s is t i e d in w i t h t h e s o - c a l l e d 
h y d r o g e n e c o n o m y . 

The hydrogen economy 
W h i l e e l e c t r i c p o w e r c a n b e u s e f u l in m a n y w a y s , 

a n a l l e l e c t r i c e c o n o m y is n o t f e a s i b l e f o r s e v e r a l r e a -
sons . F i r s t , t h e c o s t of t r a n s m i s s i o n is t o o h i g h . O n a 
B T U or k W h b a s i s , it c o s t s m o r e t o t r a n s m i t e l e c t r i c 
energy o v e r a l o n g d i s t a n c e t h a n t o s h i p f u e l t h r o u g h 
a p i p e l i n e . S e c o n d , e l e c t r i c e n e r g y c a n n o t b e s t o r e d 

10 
a s e f f i c i e n t l y a s f u e l . T h i r d , t h e r e a r e m a n y a p p l i c a -
t i o n s - n o t a b l y , t r a n s p o r t a t i o n a n d i n d u s t r i a l p r o -
c e s s e s - - w h e r e f u e l is i r r e p l a c e a b l e . T h e s e o b s e r v a -
t i o n s h a v e le 1 t o t h e c o n c e p t of t h e h y d r o g e n e c o n o -
m y . 1 0 

T h e b a s i c i d e a in a h y d r o g e n e c o n o m y is t o g e n e r -
a t e e l e c t r i c i t y b y r i n g i n g t h e U . S . s h o r e s w i t h f l o a t i n g 
n u c l e a r p o w e r p l a n t s . S i n c e a l a r g e p e r c e n t a g e of t h e 
U . S . p o p u l a t i o n is l o c a t e d w i t h i n 150 k i l o m e t e r s of 
w a t e r r o n t s , a l l e l e c t r i c e n e r g y n e e d s c o u l d t h e n b e 

How a solar sea plan« works and what it costs 
The b a s i c c o m p o n e n t s of a solar s e a power plant a r e 
shown in the a c c o m p a n y i n g illustration. Opera t ion of 

' the plant is a s follows 
Warm water is p u m p e d into the boiler to boil t he 

working f luid—a fluid that bolls at ambient t e m p e r a -
ture under modera te ly high p r e s s u r e . Ammonia Is in-
d ica ted in the illustration a s the working fluid It 
m e e t s m o s t of the r e q u i r e m e n t s for a l ow- t empera -
tu re -d i f f e rence cyc le But a m m o n i a d o e s p r e s e n t 
other p rob lems that might p r ec lude its u s e in favor of 
f reon . p ropane , or a number of o ther s u b s t a n c e s . 

The a m m o n i a g a s under "high p r e s s u r e " is fed 
into a t u r b i n e - g e n e r a t o r and is d i s c h a r g e d at "low 
p r e s s u r e " into the c o n d e n s e r , which a l so r e c e i v e s 
cold wate r f rom the d e e p o c e a n . Ammonia liquid at 
low p r e s s u r e f rom the c o n d e n s e r is then p re s su r i zed 
*nd p u m p e d to the boiler. The cyc le is then r e p e a t -
•d. 

The total t e m p e r a t u r e d i f f e rence b e t w e e n warm 
i nd cold water is abou t 20°C. It m u s t be a l loca ted 
optimally a m o n g the boiler, the t u r b i n e - g e n e r a t o r , 
and the c o n d e n s e r . In the boiler, hea t m u s t flow 
from the water to the boiler t u b e s and then to the 
working fluid. A similar hea t flow t a k e s p l a c e in the 
c o n d e n s e r . 

The m a n n e r in which the avai lable 20°C is divided 
a m o n g the boiler, t u r b i n e - g e n e r a t o r , and c o n d e n s e r 
in f luences the overall cos t of a power plant. If, for 
example , 10°C is a l loca ted to the hea t e x c h a n g e r s in 
the boiler and in the c o n -
dense r , t he Carnot ef f ic ien-
cy is only 3 .3 pe rcen t . With 
such low eff ic iency, t he 
boiler and c o n d e n s e r m u s t 
p r o c e s s e n o r m o u s v o l u m e s 
of wa te r . If convent iona l 
h e a t - e x c h a n g e t echno logy 
had to be used , t he cos t 
would b e prohibitive. By 
being ab le to install t he boiler 
and c o n d e n s e r u n d e r w a t e r 
at convenien t d e p t h s w h e r e 
water p r e s s u r e on the out-
s de c a n equa l ize internal 
p r e s su re s , cons t ruc t ion c a n 
be relatively "f l imsy" with 
thin t u b e s throughout . This 
cons t ruc t ion h a s the doub le 
a d v a n t a g e of e n h a n c i n g hea t 
conduct ion on the o n e h a n d 
and drast ical ly r educ ing cos t 
on the o ther . Ande r son and 
Ander son 3 have p r o p o s e d 
such a n installation w h e r e 
the boiler is p l aced below the 
c o n d e n s e r by a f ew hundred 
' e e t s o a s to equa l i ze the 
p r e s s u r e on e a c h unit. In a 
pract ical des ign, o n e m u s t 
weigh t he e c o n o m y v e r s u s 

the r e s u d a n t i n c r e a s e In water pumping and overall 
s y s t e m complexi t ies . 

With specially p r epa red hea t t rans fe r s u r f a c e s — 
control led r o u g h n e s s on the wate r s ide , vapor t r aps 
on the boiling s u r f a c e , apd vertical cor rugat ion on 
the condens ing s u r f a c e — W a t t r ans fe r coe f f i c i en t s 
a s high a s 2000 3TU/h.f t*-°F or 12 k W / m ? . ° C m a y b e 
ob ta ined With this t echn ique , boiler plus c o n d e n s e r 
c o s t s should not e x c e e d $30 per kilowatt. 

A c o m p l e t e b r e a k d o w n of power-p lan t c o s t s be -
yond the early exper imenta l units h a s b e e n de ta i led 
by Ande< son. The a c c o m p a n y i n g t ab le c o m p a r e s the 
gene ra t ion c o s t s of S S P P with convent iona l and nu-
c lear power plants . 

G e n e r a t i o n c o s t c o m p a r i s o n 

Energy S o u r c e 

S S P P * 
Fossil fuel 
Nuclear 
B r e e d e r 

Capital 
( $ / k W ) 

Fuel 
(mil ls / 
kWh) 

Total 
(mil ls / 
kWh) 

165 
3 0 0 - 3 6 0 
500** 
500 

3 
1 0 - 1 1 
1 2 * * 

11 

Warm water Intakt V 

* These l igures appeai optimistic and require close reexamination 
• •La tes t l igures accc ding to NUS Corp See The New York Times 
Nov. 26. 197?. p 1. 

Electi c power output 

Worm water 
exhausted 
at 23°C level 

V 
Cold water 
exhausted 
at 7"C level 



met directly. Furthermore, by using electric current 
to electT >lyze desalinated sea water, hydrogen could 
be prod» ced and shipped or piped inland for various 
uses. (It might be necessary to produce and ship liq-
uid ammonia which would then be separated into hy-
drogen and nitrogen before use as a fuel.) 

If a hydrogen economy is indeed desirable and eco-
nomically feasible, then why not use solar energy to 
produce the hydrogen? Figure 2 illustrates hov it 
could be done. It is est imated tha t the cost of prod ic-
ing hydrogen by solar sea power would be $1.28 per 
million BTU. 

Hydrogen may be the most desirable f< rm of 1 uel 
for electric power generation, residential and c< m-
mercial heating, industry, and transportation— he 
four main uses for fuel. 

In electric power generation within metropolitan 
areas, the use of hydrogen and oxygen in place of fos-
sil fuels could reduce the cost of electric power by at 
least 50 percent. If hydrogen and oxygen are already 
pressurized, it is more efficient and economical to use 
an open-cycle process rather t han a closed one. By 
burning pressurized hydrogen and oxygen in a com-

Transportation 
Internal combustion 

Solar 
.or — Electric 

-ìuctear 

Hydrogen 
— 

Elec-
trolysis 

Elec-
trolysis 

— 

Oxygen 

Space heating 
and refrigeration 

Metallurgical 
processing 

— Sewage treatment 

— Industry 

[2] Basic elements of a hydrogen economy sys em. 

[3] Comparative prices for energy produced by fossil fuels 
and other sources. (*See Anderson, J. H., Jr., "Economic 
power and water from solar energy," ASME paper 72-
WA/SOL-2, New York, N.Y.) 

Nuclear 

U.S.S.R. liquid natural gas 
Solar sea energy* 

Gasified coal 
— Algerian liquid natural gas 

0.50 

0.25 

0.125 

— Petroleum 

« Coal 

Natural gas 

10 mills/ kWh @ generator bus-bar 

@ $ 1.80/1000 SCF @ port of entry 
@ $ 1 / million BTU @ port of entry 
@ J 1.20/1000 SCF @ East Coast U.S.A. 
@ 5 1 /1000 SCF @ port of entry 

@ $3/barrt l @ well-head 

@ $.6/ton @ mine 

@ 18< /1000 SCF @ well head 

bust ion chamber rather than in a boiler, high-pres-
sure superheated s team is generated and fed directly 
into the turbine. This technique eliminates one half 
the capital cost of a power station and results in no 
chemical pollutants. Therefore, power stations could 
be located in the vicinity of residential and commer-
cial loads with the result t ha t most of the power 
transmission costs would be el iminated. Another ad-
vantage of locating the power plants within a city 
would be that the rejected heat, in the form of ex-
haust superheated steam, could be distr ibuted to heat 
residential and commercial buildings. Heating of 
these buildings using natural gas, petroleum, and coal 
constitutes 18 percent of the total fuel consumption 
in the U.S. 

The fact tha t hydrogen burns cleanly, and reacts 
completely with oxygen to produce water, makes it a 
more desirable fuel than fossil fuels for most indus-
trial processes. One example is the direct reduction of 
iron ores by hydrogen rather than by coal in a blast 
furnace. 

Hydrogen also has many at t ract ive features as a 
fuel for internal combustion engines for transporta-
tion. Its light weight compared to kerosene or other 
aircraft fuels would enable aircraft to have from two 
to three t imes their present range. And the absence of 
pollution when hydrogen is burned would provide an 
answer to the problem of eliminating automobile pol-
lution. 

What about comparative costs? 
It is interesting to compare costs of the various 

common energy sources with t ha t of solar sea power 
as is done in Fig. 3. Costs vary from $.18^per million 
BTU for natural gas a t the well-head to $3 per million 
BTU for nuclear energy at the generator bus bar. 

Electric power and the 
production of aluminum 
The 1970 product ion of a luminum within the U.S. 
was about four million tons . The 16 million tons of 
bauxite required for this product ion c a m e primarily 
f rom the tropical reg ions of J a m a i c a . Sur inam, Do-
minican Republic. Haiti, and British Guiana . The 
bauxite w a s imported into a few Gulf Coas t por ts and 
w a s the re r e d u c e d to eight million tons of a lumina . 
The a lumina w a s then sh ipped to 30 electrolyt ic re-
duct ion plants , s o m e on the Nor thwes t coas t of t he 
U.S. A typical reduct ion plant h a s an annua l capac i ty 
of 100 000 t ons and requ i res a n e lec t r ic power c o n -
sumpt ion of 200 000 kW 

The a t -mine worth of the four tons of bauxite 
n e e d e d for o n e ton of a luminum is $ 2 0 - $ 3 0 . The 
value of the two tons of a lumina der ived t he re f rom is 
$ 1 0 0 - $ 1 3 0 . The reduct ion of this a lumina into o n e 
ton of a luminum c o n s u m e s $90 worth of e lec t r ic 
power and th ree four ths of o n e ton of pure ca rbon 
worth $35 to $95. The final ingot sells for about $520 
per ton. Of this final s a l e pr ice , about 17 p e r c e n t 
r e p r e s e n t s e lec t r ic power 

A typical a luminum electrolyt ic reduct ion plant 
would u s e all of t he 200 000-kW ant ic ipated power 
output for a p ro j ec t ed typical solar s e a power plant. 
The electrolyt ic reduct ion of the four million tons of 
a luminum now c o n s u m e d annually in the U.S. would 
requi re abou t 40 s u c h plants . In order to supply the 
an t ic ipa ted d e m a n d for 1970. 80 p lants would be re -
quired. 

IKKK spectrum O C T O B * R 1973 



A p e r s p e c t i v e o n s o l a r s e a p o w e r 

With the many a l t e rna t ives to convent iona l power 
s o u r c e s under cons idera t ion , it is Interest ing to at-
tempt to find Where solar s e a power fits Into the 
s c h e m e of things. O n e s t rong c l u e is t he National 
S c i e n c e Foundat ion. It is ac t ive in a n u m b e r of ene r -
gy p r o g r a m s a n d h a s m o r e than o n e half of its total 
ene rgy f u n d s d e v o t e d to terrestr ial solar e n e r a v 
p r o g r a m s during FY1973 and FY 1974 

Five-year goa l s a n d p lans have b e e n formula ted 
by NSF for e a c h of the following applicat ion 
a r e a s : solar e n e r g y for buildings, solar thermal con-
vers ion. photovol ta ic convers ion , convers ion of or-
gan ic ma te r i a l s , pho tosyn the t ic product ion wind 
ene rgy conver s ion , and o c e a n the rmal d i f f e r e n c e 
convers ion . In FY 1973 wind ene rgy convers ion 
a n d o c e a n the rmal convers ion r e s e a r c h rece ived 
a b o u t $ 2 0 0 0 0 0 e a c h out of a total budge t of $3 8 
million. The budge t e s t i m a t e for FY 1974 funding is 
$600 000 for o c e a n the rmal ene rgy convers ion out of 
a total so la r ene rgy budge t e s t i m a t e of $12 .2 million 

The f ive-year goal for solar s e a power is c o m p o -
nent and s u b s y s t e m p roo f -o f - concep t expe r imen t s 
u n d e r s imula ted or ac tua l s e a condi t ions . There will 

be s y s t e m s s tud ies and opt imizat ions to identify the 
mos t e c o n o m i c a l s y s t e m s . A sys t em definition and 
c o m p o n e n t ai d s y s t e m prel iminary des ign pro jec t on 
o c e a n t e m p e a t u r e d i f f e r e n c e s is present ly spon-
sored by NSF ,/RANN at the University of M a s s a c h u -
se t t s This p ro jec t a l so inc ludes coopera t ion of the 
hrm of J. Hilbert Anderson and the United Aircraft 
R e s e i rch Laborator ies . Another p ro jec t h a s b e e n ini-
tiater at Carr egie-Mellon University to develop c o m -
puter b a s e d analyt ic m o d e l s for t echnica l and 
e c o n o m i c an.- lyses of c o m p o n e n t s and s u b s y s t e m s of 
the m o s t impor tant a p p r o a c h e s to solar s e a power 
s y s t e m s . 

At a c o n f e r e n c e on solar s e a power at Carneg ie -
Mellon University in late J u n e of this year , s p o n s o r e d 
by NSF and o rgan ized by P ro fes so r Lavi, s eve ra l 
t echnica l s e s s i o n s a n d workshop s e s s i o n s were 
held. The workshop on power-p lan t siting r e c o m -
m e n d e d tha t ei ther the Island of Hawaii or St Croix 
m the Ca r ibbean be u s e d a s the site for a small 
p ro to type solar s e a power plant (1 to 10 MW) to 
prove the c o n c e p t . The next m o v e is up to N S F — 

R. K. Jurgen 

B a s e d >n t h e s e e s t i m a t e s , s o l a r s e a p o w e r a p p e a r s t o 
be c o m p e t i t i v e w i t h l i q u e f i e d n a t u r a l g a s f r o m A l g e r i a 
a n d f r o m t h e U . S . S . R . W h a t a p p e a r s t o b e u n r e a l i s t i -
cal ly c h e a p is n a t u r a l g a s a t t h e w e l l - h e a d . B u t a t t h e 
p o i n t of u s e , g a s p r i c e s v a r y f r o m a b o u t $ . 4 2 p e r m i l -
lion B T U in N e w Y o r k C i t y , fo r e x a m p l e , t o a b o u t 
$.70 p e r m i l l i o n B T U in B o s t o n . I t is t o b e e x p e c t e d 
t h a t s o o n e r o r l a t e r d o m e s t i c g a s p r i c e s will b e a l -
lowed t o r i s e . W h e n t h e y d o , t h e y wi l l e n c o u r a g e 
m o r e e x p e n s i v e oi l a n d g a s e x p l o r a t i o n ( d e e p - w e l l a n d 
o f f - s h o r e d r i l l i n g s ) a n d s t i m u l a t e t h e u p g r a d i n g of 
fossil f u e l s ( coa l g a s s i f i c a f i o n , f o r e x a m p l e ) . A t t h a t 
t ime , sol . i r s e a p o w e r wi l l b e e v e n m o r e c o m p e t i t i v e . 

Economic and social problems 
T h e n o n t e c h n i c a l p r o b l e m s in i m p l e m e n t i n g a s o l a r 

sea p o w e r s y s t e m — r a n g i n g f r o m f i n a n c i n g t o i n t e r n a -
t iona l r e l a t i o n s - d e s e r v e e v e n a h i g h e r p r i o r i t y t h a n 
des ign, t e s t i n g , a n d m a n u f a c t u r i n g . 

It s e r n s d e s i r a b l e t o h a v e a G o v e r n m e n t o r g a n i z a -
tion sp» i i s o r t h e d e v e l o p m e n t of s o l a r s e a p o w e r s y s -
t ems . G o v e r n m e n t - b a c k e d f i n a n c i n g m i g h t a l s o b e 
needed . S u c h a n o r g a n i z a t i o n w o u l d b e in a g o o d p o -
r t i o n t o n e g o t i a t e w i t h i n d i v i d u a l g o v e r n m e n t s of 
coun t r i e s l i k e l y t o b e a f f e c t e d , d i r e c t l y or i n d i r e c t l y , 
">y s u c h s y s t e m s . J u r i s d i c t i o n a l q u e s t i o n s w o u l d r e -
quire d e l i c a t e h a n d l i n g . S i n c e m o s t of t h e t r o p i c a l 
•countries l i k e l y t o b e i n v o l v e d h a v e a r e l a t i v e l y low 
i»er c a p i t a i n c o m e , t h e p r o d u c t i o n of c h e a p e l e c t r i c 
l » w e r n e a r b y s h o u l d b e c o o r d i n a t e d w i t h d e v e l o p -
ment a i d r e c e i v e d f r o m i n t e r n a t i o n a l b o d i e s w i t h t h e 
Ul t imate p u r p o s e of r a i s i n g t h e s t a n d a r d of l i v i n g . 

A f e a s i b l e s o l u t i o n t o t h e w o r l d ' s e n e r g y p r o b l e m s 
' e m e r e o n l y if e n e r g y c o n s u m p t i o n d o e s n o t s u b -

s t an t i a l l y o u t p a c e t h e e n e r g y r e c e i v e d f r o m t h e s u n . 

e m u s t a i m t o w a r d a n e q u i l i b r i u m b e t w e e n w h a t 
* e c a n e x t r a c t f r o m t h e s u n , d i r e c t l y o r i n d i r e c t l y , 
and w h a t w e c o n s u p i e . F o r t u n a t e l y , e v e n w i t h s u c h a n 
e q u i l i b r i u m , i t is p o s s i b l e t o e x t r a c t e n o u g h s o l a r 
*"ergy t o m e e t t h e t o t a l w o r l d d e m n n d a t a p e r r a p i -
jf c o n s u m p t i o n c o m p a r a b l e t o t h a t <>f t h e U . S . t o d a y 

h a n c e o n s o l a r e n e r g y is n o t a c o m p r o m i s e s o l u t i o n 

Z * n e r ~ 8 o l A r power: H wtution to the *n*rgy < 

b u t a s o u n d o b j e c t i v e t o b e p u r s u e d in e a r n e s t . I t d e -
s e r v e s f a r m o r e a t t e n t i o n t h a t i t h a s t h u s f a r r e c e i v e d . 
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SOLAR ENERGY PROGRESS-
Solar energy technology has made great strides 
in the past decade: Lon^-range space-craft 
are using increasingly large ar ays of solar 
batteries; new solar still designs are moving 
in the direction of l ightweight p ickaged 
units; in places like Australia, solar water 
heaters are on the increase; research con-
tinues in the area of solar air-conditioning 
both here and abroad; and, since larger and 
larger power sources are becoming necessary 
for the space program, interest is again turn-
ing to large solar concentrators. 

JOHN I. YELLOTT 
Director, Yellott Solar Energy Laboratory, Phoenix, Ariz . 
Fellow ASME 

T H E R E a r c two f u n d a m e n t a l va lues on which m o s t 
solar r ad ia t ion ca lcula t ions a r e b a s e d : (1) t he ave rage 
ea r th - sun d is tance , k n o w n as t he " a s t r o n o m i c a l u n i t , " 
and (2) t h e " so la r c o n s t a n t , " which is t h e u n i t in tens i ty 
of solar rad ia t ion on a sur face no rma l to t he sun ' s rays , 
outs ide t h e e a r t h ' s a tmosphe re , a t t he m e a n ca r th - sun 
dis tance . T h e m o s t recent d e t e r m i n a t i o n of t he as t ro -
nomical un i t , m a d e b y J . H . Lieske of t h e Y a l e Un ive r -
si ty O b s e r v a t o r y , g a v e a va lue of 92,957,200 ± 50 mi es 
[1] 1 P rev ious ly q u o t e d va lues were 92.6 X 10f' miles 
[21 and 92,976,200 ± 250 miles [3]; the E n c y c l o p a e d i a 
Br i t t an i ca gives 93 X 10* miles. T h e di f ferences a rc 
small b u t b y no m e a n s insignif icant in space work . 

T h e la tes t a n d p robab ly t he m o s t accu ra t e d e t e r m i n a -
t ions of t h e solar c o n s t a n t were m a d e d u r i n g 1966 and 
1967 b y a series of py rhe l iomete r m e a s u r e m e n t s f r o m 
a i rc ra f t flying near ly 10 miles a b o v e t he e a r t h . As 
reported by D r u m m o n d and H i c k e y (4], t h e mos t p r o b -
able va lue of t he solar c o n s t a n t is 136.1 m w / s q cm, 
which is equ iva len t t o 1.946 langleys per m m or 430.5 
Blu 1 T h e va lue which has been in wide use d u r i n g t h e 
pas t several decades had been 442 Blu (2.00 l y / m i n or 
140.3 m w / s q cm) derived by J o h n s o n [5] f r o m a com-
pilation of d a t a t a k e n f rom a n u m b e r of sources, includ-
ing rocket -borne spec t rographs which reached eleva-
t ions of 38 miles. T h e E p p l e y - J P L v a l u e agrees 
closely wi th D r . Abbo t ' s bes t Smi th son i an e s t i m a t e 
[6], 1.940 l y / m i n or 42«.).3 Blu, and i t is l ikely to r emain 
unchal lenged unt i l an a s t r o n a u t s t a n d i n g on t he moon 
has a»» o p p o r t u n i t y to make an u n h u r r i e d m e a s u r e m e n t 
wi th a high-precision solar rad iometer . 

T h e spectral d is t r ibut ion of t he sun ' s r a d i a n t energy 
in ou te r space is as i m p o r t a n t to satel l i te des igners as is 
the exact va lue of the solar cons tan t . Un t i l th a t moon-
based a s t ronau t has an o p p o r t u n i t y to m a k e d i rec t 

spec t rograph ic measu remen t s , t h e c u r v e der ived by 
J( hnson in 1954 [5] s t a n d s as t he m o s t rel iable e s t ima te 
of "the solar s p e c t r u m . O n t he .surface of t h e e a r t h t he 
cu rves devised by P a r r y M o o n in 1940 [7] h a v e bee n t he 
engineer ing s t a n d a r d . M o o n based his work on t he 
Smi th son i an so lar c o n s t a n t , and it now seems t h a t he 
w a s very close t o t h e bes t a t t a i n a b l e value . M o r e 
recen t ly , G a t e s [8] has m a d e new es t ima te s of t h e 
spcc t ra l d i s t r ibu t ion for air masses f r o m 1.0 t o 10.0, and 
his resul ts a re given in t e r m s of b o t h wave leng th and 
w a v e n u m b e r , t h e reciprocal of wave leng th . H e has 
also considered var ious concen t r a t i ons of aerosols and 
wa te r vapo r , bas ing his ca lcu la t ions on t h e J o h n s o n 
solar cons t an t . 

A useful se t of p robab le solar rad ia t ion in tens i ty d a t a 
for clear d a y s is to be found in t h e 1967 A S H R A E 
H a n d b o o k of F u n d a m e n t a l s [9]. T h e s e va lues were 
ob ta ined b y a c o m p u t e r p r o g r a m se t u p by P . G . 
S tephenson (10] of t h e Divis ion of Bui ld ing Research , 
N a t i o n a l Research Counci l of C a n a d a , us ing d i rec t solar 
rad ia t ion d a t a compiled by Thre lke ld and J o r d a n [11] 
a n d an empir ical f o r m u l a developed b y Thre lke ld [12] 
for t h e di f fuse rad ia t ion . T h e A S H R A E tab les cover 
l a t i t udes f rom 24 to 56 deg n o r t h by 8-deg inc rements . 
S imi lar d a t a a r e given by S t ephenson [13] by 2-deg in-
c r emen t s for l a t i tudes f r o m 43 to 55 deg n o r t h . T h e s e 
tab les give t he solar a l t i t u d e and a z i m u t h (measured 
f r o m t h e sou th ) a t hour ly in te rva ls , in add i t ion to t he 
i n t ens i ty of t h e d i rec t solar b e a m for t he 21s t d a y of 
each m o n t h . D a t a a rc also given for " so l a r h i a t ga in 
f a c t o r s " [9] which can readi ly be conve r t ed in to t h e 
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Fig. 1 Isometric views of Australian building complex as seen by 
the sun at 0800, 1200, and 1600 hr local solar time (CSIRO photo). 



A WORLD PICTURE 
in tensi ty of t h e to ta l r ad ia t ion inc iden t u p o n hor izon ta l 
surfaces and on ver t ica l sur faces facing in each of t h e 
eight pr incipal d i rect ions . E q u a t i o n s a re also given b y 
which t he in tens i ty of t h e rad ia t ion fal l ing o n t i l ted 
surfaces can be e s t ima ted . 

T h e Aus t r a l i ans h a v e m a d e g rea t s t r ides du r ing t h e 
pas t decade in m a n y aspec t s of solar energy technology, 
due in p a r t to t he fac t t h a t an economic incent ive exists 
because of t h e lack of n a t u r a l gas in t h a t con t inen t a n d 
in p a r t to t h e f a c t t h a t a t e a m of ingenious and ded i -
cated engineers h a s been se t u p u n d e r t he leadership of 
Roger M o r s e in t he Mechan ica l Eng ineer ing Divis ion 
of t he C o m m o n w e a l t h Scicnti l ic and Indus t r i a l R e -
search Organiza t ion a t Me lbou rne . A m o n g the i r 
ach ievements is t he d e v e l o p m e n t of a c o m p u t e r pro-
gram (appropr ia te ly des igna ted S H A D E ) by which 
isometric p ro jec t ions of bui ld ing a r r a y s can be d r a w n as 
they would be viewed f r o m t h e s u n ' s posit ion. Fig. 1 
shows a bui ld ing complex now u n d e r cons t ruc t ion in 
Melbourne as t h e sun would see i t a t 0800, 1200, a n d 
1600 hr. 

Solar Batteries 

T h e silicon cell, now s o m e 15 y e a r s of age, has p roven 
to be a superb ly reliable means for t he d i rec t convers ion 
of sola • r ad ia t ion in to electr ic i ty . I n v e n t e d in 1954 b y 
the te; m of Bell Labora to r i e s sc ient is ts who also in-
vented t he t rans i s to r , t he silicon cell has now been de-
veloped to t he po in t where all of t he p e r m a n e n t sa te l -
lites and mos t of t he long-range spacec ra f t l aunched b y 
Russ ia and t h e U . S. d u r i n g t h e first decade of t he space 
age have used increasing large a r r a y s of solar ba t te r ies . 
Originally used in t he P - o n - N vers ion ( the posi t ive su r -
face faced t h e sun) , t h e first genera t ion of solar cells w a s 
found to be suscept ible t o rapid de ter iora t ion f r o m de-
s t ruct ive solar rad ia t ion . Resea rch conduc ted bo th in 
Russia and t h e U . S. showed tha t revers ing t h e cell, t h u s 
placing t he nega t ive e l e m e n t in t he sun-fac ing pos i t ion , 
produced g rea t ly super io r rad ia t ion resistance. All of 
the cells being p roduced t o d a y a re N - o n - P t y p e , 
J though large n u m b e r s of P - o n - N cells a re stil l ava i l ab le 
rom space-surplus dealers . 

T h e cu r r en t s t a t u s of pho tovo l t a i c power technology 
was descr ibed in de ta i l b y Smi th [14], w h o poin ted o u t 
that h igh-qua l i ty cells (10-12 pe rcen t initial convers ion 
efficiency) a re now be ing m a n u f a c t u r e d in large n u m -
bers by th ree suppl iers in t h e U. S. C h e r r y and S t n t l e r 
[15], in the i r p a p e r on rad ia t ion resis tance, list t h r ee 
more U. S. m a n u f a c t u r e r s and t h i e e in Eu rope . 

Mos t of t o d a y ' s cells a r e 2 X 2 cm in a rea , w i th a 
thickness as low as 0.004 in. In full sun l igh t (using t h e 
Johnson solar c o n s t a n t of 140 m v / s q cm) , a typical 2 X 
2-cm cell will g ive a s h o r t c i rcui t c u r r e n t of a b o u t 125 
m , an open-circui t vo l t age of 0..r>0 v (at 60 C) , and a 
' l ax imum power of s o m e 42 mw. De te r io ra t ion d u e to 
electron b o m b a r d m e n t is a serious p rob lem f o r cells 
*'hich a re t o be used on spacec ra f t which a r e t r ave l i ng 
toward the sun . 

T h e genera t ion of s ignif icant a m o u n t s of power 

requi res series-parallel connect ions of ext remely large 
n u m b e r s of ind iv idual cells, w i th as m a n y as 350,000 
individual cells for t h e S a t u r n I workshop , a n d twice 
th is n u m b e r for f u t u r e space s ta t ions . A m a j o r effor t is 
now being m a d e to p r o d u c e larger individual cells, t h u s 
reduc ing the n u m b e r of connect ions which m u s t be 
m a d e and improv ing efficiency b y reduc ing t he a r ea 
occupied by those connect ions . I m p o r t a n t reduc t ions 
in assembly costs can also be accompl ished. Fig. 2 
shows an exper imen ta l a r r a y of 2 X 8-cm cells which 
will r educe by a f ac to r of f o u r t h e n u m b e r of junc t ions 
which m u s t be made , as c o m p a r e d wi th t h e conven-
t ional 2 X 2-cm cell which is cu r r en t ly in use. 
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Fig. Experimental solar "paddle ," covered with 2 x 8 -cm sili-
con cel ls (Goddard Space Center photo). 

Ci d m i u m sulf ide solar cells, u n d e r s t u d y since 1954 
for tl e U. S. space p rog ram, offer a d v a n t a g e s in t h e f o r m 
of lai ger a rea , lower cost , and g rea t e r res i s tance to rad ia -
t ion lamage . T h e i r efficiency has no t y e t a t t a i n e d t he 
h a l f w a y po in t in rivaling t he silicon cell, howeve r , and 
their r a t e of de te r io ra t ion d u e to mo i s tu re is also un -
des i rab ly high. K . G. T . Ho l l ands , a t t he C S I R O ' s 
expe r imen ta l s t a t i on nea r M e l b o u r n e , is cu r ren t ly 
work ing on t h e d e v e l o p m e n t of a hea t -d i s s ipa t ing 
ref lector m o u n t , Fig. 3, b y which t h e cell o u t p u t can 
be increased d u e to t he twofold concen t r a t i on of d i rec t 
solar rad ia t ion . T h e ob jec t ive of th i s work [16] is t he 
ope ra t i on of smal l wa te r p u m p s b y so lar power . 

As a b y - p r o d u c t of t he space p rog ram, t he silicon cell 
has p roven to be a useful sensing e l e m e n t [17] for a 
se l f -powered ind ica t ing a n d i n t eg ra t i ng solar r ad iom-
eter , Fig. 4. T h e use of nitic 2 X 2-cm cells provides 
enough power to o p e r a t e a commerc ia l ampe re -hou r 
m e t e r which docs t h e in tegra t ing , a n d a mi l l i ammete r 
i nd i ca t e s t he i n s t a n t a n e o u s i r radia t ion . A recording 
mi l l ivo l tmete r can be used to record t he sunsh ine ex-
per ienced d u r i n g mon th - long in terva ls . 

So la r s imula to rs , d iscussed a t g rea t length a t t he 1962 
A S M E A n n u a l Mee t ing , h a v e now come of age wi th t h e 
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Fie 3 Concent, ator mount for cadmium sulfide solar cells Alumi-
num wings double cell irradiation and help to dissipate heat 
(CSIRO photo). 
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F i i 4 Integrating, indicating, and recording P y r o m e t e r ' 
e iSdby nine82 x 2 < m silicon solar cells (Talley lndustr.es photo). 

cons t ruc t ion of a g igant ic v a c u u m c h a m b e r n ^ h i o h a 
full-scale space vehicle can b e un i fo rmly i r r a d i a t e d w i th 
s imula ted solar rad ia t ion f rom a b a t cry of h l to rea 
xenon lamps . M o r e c o m p a c t vers ions c ( t h e same-con-
cept a re ava i lab le for terrestrial t es t ing of solar cells a n d 
o ther c o m p o n e n t s of space power sys ten s. 

Solar Stills 
T h e product ion of po tab le w a t e r f rom sa l t o r b rack i sh 

supplies is t he oldest app l ica t ion of so la r energy to a 
technological process. In f:cct, t h e world s first *,lar 
still, and for near ly a cen tu ry i t s largest , was bu It in 
Chile in 1S72. I t s a r ea was 51,000 sq f t a n d th i size 
was no t exceeded unt i l t h e 93,500-sq-f t glass-co 'cred 
seawater still was crcctcd on t h e Greek island of I : t m o s 
in 1967. T h e design p a r a m e t e r s of solar stills hav« been 
s tudied with groat, care b y inves t iga tors m Aus t ra l i a , 
Greece, Tsrnrl, sin. ;» nd t h e U . S. Bat telle M e m o -
rial InUi tu l . | I H | is r n r r e n t l v p repa r ing ;i de ta i led 
n |Hirt for t he U. S. OHii* of tfnttiift W a t e r cover ing all 

a spec t s of t h e design of solar stills. T h e repor t is 
e^ pcc ted to be m a d e ava i lab le th i s year . 

T h e de ta i l s of t h e P a t m o s ins ta l la t ion h a v e been re-
p »rted by A. and E . Dc lyann i s [19 J, who h a v e po in ted 
0 i t in an earl ier pub l ica t ion [20 J t h a t glass is to be ¡p re -
fer red over plast ic films as t he cover ing ma te r i a l of large 
solar stills. A m o n g t h e reasons given a re t he lower 
total cos t of glass as compared wi th weUablc fluorocar-
\ on films, t h e g rea te r res is tance of glass to d a m a g e b y 
v i n d and s t o r m , i t s f r eedom f rom v a p o r pe rmea t ion , 
p inho le leaks, and t h e e lec t ros ta t ic p roper t ies of p las t ic 
J ill*» which cause d u s t to adhere t igh t ly , requir ing 
j re f luent wash ing wi th precious dis t i l la te . 

T h e total cost of t he P a t m o s still is repor ted as $1.49 
per sq f t of d is t i l la t ion a r ea a n d i t s ave rage o u t p u t is 
1 learly 7000 gal of f resh w a t e r per d a y . T h e 21,700-sq-
Jt still e rec ted in 1969 on Nissyros cost $2.11 per sq f t . 
The C r e e k stil ls now e m b o d y t h e resul ts of t he experi-

ence gained f r o m the i r first large still , t h e 28,600-sq-f t 
ns ta l la t ion erccted on t h e is land of Symi in 1964 
They a re o p e r a t e d wi th shallow basins , t h e wa te r dep th 
le ing only 2 cm, o r 0 .78 in., to minimize excessive con-
centrat ion of b r ine a n d f o r m a t i o n of ca lc ium sulfide 
crystals. O n e surpr is ing di f f icul ty encounte red at 
Pa tmos is repor ted b y t h e Dr s . De lyann i s [19] in t h e 
following words : " A f t e r l ining t h e bas ins wi th b u t y l 
r ubbe r shee t ing d u r i n g t h e spr ing, we were amazed to 
observe weeds , a t y p e of wild grass , pe r fo ra t ing t h e 
rubber shee t ing and peaceful ly growing on top of i t , 
en joy ing t h e f resh a i r a n d sunsh ine . " 

A t t he o the r end of t h e scale in size a r e t h e smal l 
domes t ic stil ls which a r e now be ing m a n u f a c t u r e d a n d 
sold b y t h e S u n w a t e r C o m p a n y of San p i e g o . U n d e r : 
the direct ion of H o r a c e M c C r a c k e n , who has labored in j! 
th i s field for m a n y years , glass-covered, shal low-pan stil ls 
a re being instal led in increasing n u m b e r s of homes and , 
resor ts a long t h e Pacif ic coas ts of Ca l i fo rn ia and Mexico, j 
T h e resul t of m a n y yea r s of research, these stills a r e : 
p rov ided wi th a u t o m a t i c wate r - feed ing devices, Fig. o, : 
which will keep t h e m suppl ied w i t h t h e p rope r a m o u n t • 
of seawate r . W i t h o u t p u t s f rom 2 to 200 g a l / d a y , t hese j 

f 
•a». 

Fig. 5 Ten-gallon present-day solar still on a mote roof * 
Pucrtecitos, Baja California, Mexico. Prior to this installation, a9 
fresh water used here had to be hauled 200 miles by land, sea c . 
air (SEAWATER photo). 
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stills a rc repor ted [21) t o he e l imina t ing t he necessi ty 
hauling f resh w a t e r over d i s tances as g r ea t as 200 miles 
at a cost of six cen t s /ga l 

T h e 38,000-sq-f t C o o l e r P e d y still (1906), erected in 
nor thwestern Aus t ra l i a b y t h e C S I R O , con t inues to 
supply all of t h e f r e s h w a t e r r equ i r emen t s to an impor -
tan t mining c o m m u n i t y . C S I R O has subs<!qucntly 
erected a 5000-sq-f t exper imen ta l still a t the i r s t a t i on in 
Griffith N e w S o u t h V ales. T h e i r new designs a r e 
moving in t he di rect ion of l igh tweight packaged u n i t s 
which c. n be erec ted b y t he user . 

Solar Water Heaters 

Austral ia , w i t h i t s ra lidly rising popula t ion a n d i t s 
relatively high energy <ost, is wi tness ing a m a j o r in-
crease in t he n u m b e r of o l a r w a t e r h e a t e i s cu r ren t ly in 
use. Israel , on t h e o t h e r h a n d , seems to h a v e reached 
the s a tu ra t i on poin t , and t h e solar wa te r hea t e r indus-
try the re is on t h e decline. Severa l defii i t ive publ ica-
tions have appea red in recen t yea r s on t he technology of 
heat ing domes t ic wa te r suppl ies b y solar r ad ia t ion . 
The first of these [22] w a s p repa red by t h e A S H R A E 
Technical C o m m i t t e e on Solar E n e r g y Ut i l iza t ion u n d e r 
the leadership of D r . R . C. J o r d a n , of t he Un ive r s i ty of 
Minnesota . 

The Council for Sciontifio and Industrial Research of 
the S o u t h Af r i can N a t i o n a l Bui ld ing Resea rch I n s t i t u t e 
[23] has publ i shed t h e resu l t of an e l abora te series of 
tests of a wide v a r i e t y of so la r w a t e r hea te rs . T h i s 
publication dea l s w i t h every a spec t of solar w a t e r 
heating, inc luding cons t ruc t ion de ta i l s and p e r f o r m a n c e 
of wa te r hea t e r s of m a n y d i f fe ren t designs. Legal 
details fo r compl iance wi th codes a r e also discussed. 

In te res t in solar w a t e r h e a t i n g in t h e U . S. is a t a low 
point, p r imar i ly because of t h e low pr ice of w a t e r 
heaters us ing compe t i t i ve energy sources, and t h e low 
cost of electr ici ty, oil, and n a t u r a l gas. T h e hea t ing of 
swimming pools b y solar energy con t inues to be a sub -
ject of r« search , b u t n o a d e q u a t e solut ion h a s y e t been 
found to t he combina t ion of a low-cost solar h e a t e r a n d 
an effect ive pool cover which can c o u n t e r a c t h e a t loss 
by evapora t ion a n d rad ia t ion to t h e sky . 

Solar Furnaces 

T h e first scientif ic use of a solar f u r n a c e is r epor ted ly 
that of Lavoisier in P a r i s in 1774, who used " a glass 
low as tall as a m a n for ca r ry ing o u t chemical s tud ies a t 
Hgh t e m p e r a t u r e s . " N e a r l y t w o centur ies la ter , t h e 
first large solar f u r n a c e of m o d e r n t imes was e rec ted 
tinder t he d i rec t ion of D r . Felix T r o m b e a t M o n t l o u i s in 
the Wes te rn Pyrenees . T h i s f u r n a c e used a he l ios ta t 

f t square to reflect t h e s u n ' s r a y s o n t o a c o n c e n t r a t o r 
made of 3500 indiv idual p l ane glass mir rors which were 
ttiechani< ally de fo rmed t o c rea te a pa rabo lo id . T h e 
successful ope ra t ion of th i s f u r n a c e has led to t h e con-
struction of a vas t ly larger u n i t on a m o u n t a i n s i d e be-
tween t h e a d j a c e n t vil lages of F o n t R o m e u and Odcillo. 
This location is r epor t ed [24] to be t h e sunnies t plnce in 
France, averag ing 250 c lear d a y s per yr . 

S ix ty- three he l ios ta ts a r e used , each con ta in ing 180 
Plane mirrors , 50 c m square , giving a to ta l of 2835 sq m 
^ r e f l e c t i n g surface . T h e concen t r a to r consis ts of 
JjOOO small p l ane mir rors , a r r anged to fo rm a parabolo i -
d s sur face of 2500 sq m . I t is s u p p o r t e d b y a 10-story 

s t r u c t u r e which also houses t he l abora to ry head -
q u a r t e r s . T h e focal a r ea of t h e f u r n a c e is con ta ined in 
a me ta l enc losure which is f i t ted wi th stainless-steel 
s h u t t e r s t< cont ro l t h e a m o u n t of so la r rad ia t ion reach-
ing t h e for il zone. T h e pr incipal ob jec t ives of t h e new 
instal lat ioi a re rej>ortcd to be [25] p roduc t ion of large, 
u l t r a p u r c < rys ta ls b y zone mel t ing , p r epa ra t ion of h ighly 
spec fie co npounds , a n d produc t ion of ex t r eme ly h igh 
temj»era tu e r e f r ac to ry mater ia l s . T h e t h e r m a l power 
of t h e smal er F r e n c h f u r n a c e is 50 equ iva l en t k i lowat t s , 
whi lo t h e rated power of t h e new a n d m u c h larger 
furn . ice is J 300 equ iva l en t k i lowat t s . 

Solar Air-Cc idit ioning 

In Phoei ix, Arizona, a p r o t o t y p e bui ld ing has been 
k e p t withii t h e c o m f o r t zone d u r i n g a period of m o r e 
t h a n 18 mo i ths b y t h e opera t ion of a u n i q u e so lar h e a t -
ing and sk / - coo l ing sy s t em ( M E , J a n u a r y 1970, pp . 
19-2")). T le s t r u c t u r e uses shallow ponds of w a t e r 
which a r e in t h e r m a l c o n t a c t wi th t h e me ta l ceiling of 
t he room U prov ide b o t h t he rma l s t o r age a n d t e m p e r a -
t u r e modul i t ion. Hor izon ta l p las t ic panels a b o v e t h e 
p o n d s cons i t u t e the roof of t h e bui lding, a n d these can 
be pul led j way f rom the p o n d s d u r i n g win te r d a y s t o 
p e r m i t t he -ays of t h e sun to w a r m t h e ponds and t h u s 
h e a t t h e h »use. In the s u m m e r t he s i t ua t ion is re-
versed a n d he insula t ing panels a re r emoved a t n igh t so 
t h a t t h e p< nds can be cooled by e v a p o r a t i o n and b y 
r ad ia t ion to t he sky [26]. 

In A u s t r a l i a much ef for t h a s been expended on w a y s 
a n d m e a n s to p r o d u c e cooling by o the r n a t u r a l procrsses 
w i t h o u t tho use of re f r igera t ion , which is expens ive j n 
first cost i nd in r u n n i n g cost . T h e Aus t r a l i ans a r e 
v i t a l ly int< rested in n a t u r a l a i r -condi t ioning, because 
t he i r cont i i en t lies ma in ly be tween 10 and 35 deg s o u t h 
l a t i t ude , and i t is char . icter ized by v a s t dese r t a r ea s 
where ex t remely high t e m p e r a t u r e s and low humid i t i e s 
a rc exper ienced. E x p e r i m e n t s wi th rock piles a n d wi th 
plas t ic r o t a r y regenera tors a r e r epor t ed [27], a n d a new 
d e v e l o p m e n t of a u n i t a i r cooler, employ ing a plas t ic 
h e a t exchanger wi th evapora t ive ly cooled pla tes , was 
r epor t ed recent ly . 

T h e ope ra t i ng pr inciple of th i s cooler is s imple . H o t 
o u t d o o r a i r is b lown t h r o u g h passages fo rmed b y 
d impled hea t -exchanger p la t e s wi th every a l t e r n a t e 
passage t raversed by room air in to which w a t e r isv 

sp rayed . T h e room air is cooled b y t h e e v a p o r a t i v e 
process, b u t i ts h u m i d i t y is increased a t t h e s a m e t ime 
and so th i s a ir is exhaus t ed to t h e a t m o s p h e r e a f t e r i t 
has pe r fo rmed i ts f u n c t i o n of cooling t h e hea t -exchanger 
p la tes . T h e bas ic u n i t which h a s been tes ted is a cooler 
su i t ab l e in size for a single room, b u t t h e or ig ina tors of 
th i s sy s t em feel t h a t it can bo ex tended to mee t t he 
needs of a typ ica l dwell ing. Since t he cooling process is 
one of essent ial ly c o n s t a n t mo i s tu re con ten t , t he process 
is no t su i t ab le for regions where high humid i t i e s a re en-
coun te red , b u t it does hold p romise for l.-irgp a reas in 
Aus t r a l i a an I also in t h e U. S., w h e r e ex t remely high 
d r y - b u l b tei i pe ra tu res a re encounte red with m o d e r a t e 
or even low abso lu te h u m i d i t y . 

In t h e U. S., t h e solar house bui l t in D e n v e r more t h a n 
a decade ago by D r . George Ixif con t inues to ope ra t e 
sa t i s fac tor i ly , wi th mos t of i ts win te r hea t requi rements 
be ing suppl ied b y t h e sun. Similar resul ts a r e repor ted 



for t he solar houses erected near W a s h i n g t o n , I ) . C. , b y 
H a r r y T h o m a s o n . 

I n t e r e s t in so la r -ac t iva ted absorp t ion re f r igera t ion 
con t inues a t t he Univers i ty of Flor ida , as i l lus t ra ted by 
Fig. C, which shows t h e col lec tor-genera tor used by (J . 
L. M o o r e a n d E . A. F a r b c r a t t h e Univers i ty of F l o r i d a 
So la r E n e r g y L a b o r a t o r y n e a r Gainesvi l le . U n f o r t u -
na t e ly , only l imited financial s u p p o r t is ava i lab le f o r 
work of th i s t ype , a n d so t h e resu l t s h a v e been corr > 
sponding ly meager . 
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Fig. 6 Collector-generator used with solar refrigeration sys tem 
at the University of Florida's Solar Energy Laboratory in Gaines-
ville (photo courtesy of Dr. Gordon Moore). 

Solar Power 

As t h e need for larger power sources becomes appa r -
ent in t he space p rog ram, in te res t has t u r n e d aga in t o 

fluid cycles which can receive the i r hea t f r o m large so lar 
concen t r a to r s a n d re jec t t he h e a t which t h e y c a n n o t use 
to o u t e r space b y rad ia t ion . N A S A is cu r r en t ly t e s t ing 
a closed-loop B r a y t o n cycle [28] which uses a m i x t u r e 
of iner t gases (he l ium and xenon) as t h e work ing f luid, 
wi th a high-effect iveness regenera tor to t r ans f e r a la rge 
por t ion of t he e x h a u s t h e a t in to t h e compressed gas. A 
10-kw power p l a n t us ing this s y s t e m would be expec ted 
to weigh 3500 to 4000 lb, which is well wi th in t he c a p a -
bil i ty of t o d a y ' s boosters . F o r energy s to rage when t h e 
spacecra f t is in t he d a r k , l i th ium fluoride would be used. 
For p l ane t a ry probes t r ave l ing a w a y f r o m the sun , an 
isotope hea t source is proposed. T h e closed-loop B r a y -
ton sys tem is also t hough to be su i t ab l e for use u n d e r 
wa te r and in r e m o t e Arct ic regions. 

F o r use in t h e m u c h more d i s t a n t f u t u r e , I ) r . P e t e r 
Glaser has proposed a novel space sy s t em in which two 
satellites, o rb i t ing t he ea r th in an eas t -wes t d i rec t ion 
a t an a l t i tude of 22,300 miles would con t inuous ly con-
v e r t solar rad ia t ion in to electrical power a n d t r a n s m i t 
th is back by microwaves to receivers on t h e e a r t h . 
For th i s purpose t he solar concen t r a to r would be ap -
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prox ima te ly f o u r miles in d i a m e t e r , and a two-mile-wide 
a n t e n n a would be required on the e a r t h [29]. 

In his pape r D r . Glase r gives forecas t s of t h e energy 
r e q u i r e m e n t s of t h e world for t he y e a r 2000, a n d ho 
no tes t h a t t hese will s t r a in t he capac i t y of all of t h e 
conven t iona l energy sources, as well as t h e nuc lear 
p o w e r which is l ikely to be replac ing fossil fuels . 

Heat Transfer 

N o new d e v e l o p m e n t s in f u n d a m e n t a l h e a t s to rage 
technology (are repor ted , b u t ingenious new appl ica t ions 
of wel l -known mate r i a l s c o n t i n u e to be developed. 
D r . M a r i a T e l k e s repor t s [30J t h e d e v e l o p m e n t of 
t empe ra tu r e - con t ro l s y s t e m s for use in t he long-range 
w e a t h e r fo recas t ing bal loons which will be employed 
in t he Wor ldwide W e a t h e r W a t c h . T h e bal loons will 
circle t h e e a r t h a t 30,000 f t o r h igher for per iods u p to 
six m o n t h s , a n d t h e y will h a v e an electronic c o m m u n i -
ca t ion sy s t em powered b y solar cells and a s to rage 
b a t t e r y . T h e i n fo rma t ion which they ob ta in will b e 
t r a n s m i t t e d to a sa te l l i te c i r cumnav iga t i ng t h e ea r th 
near ly 16 t imes per d a y . S o m e t h o u s a n d s of such 
balloon s t a t ions will be in use con t inuous ly . A t t he 
alti u d c a t which t he bal loons will t r ave l , t e m p e r a t u r e s 
will r ange f r o m - 3 0 C in t h e sun t o - 6 0 C a t night . 
T h o electric power o u t p u t of t h e n icke l -cadmium ba t -
t e r n » in t he power sy s t em will d r o p to zero a t such low 
t empera tu re s , and so t h e rad ia t ion f r o m t h e sun m u s t 
be used to w a r m the ba t te r ies . 

T h e diff icult p rob lem of keeping t he d a y t i m e tem-
p e r a t u r e of t he b a t t e r y below 80 F , while t he n igh t t ime 
t e m p e r a t u r e r ema ins a b o v e —8 F, was solv^ed b y using 
one of D r . Te lkes ' h e a t s to rage mater ia l s , which has i ts 
me l t ing po in t a t - 8 F and , d u r i n g t h e d a y t i m e , can 
a b s o r b enough solar hea t t o keep t h e b a t t e r y t e m p e r a -
t u r e below t h e 80 F l imit . T o minimize h e a t loss b y 
r ad ia t ion a t n igh t , t he b a t t e r y t u b e s a re su r rounded by 
a spiral shield con ta in ing eight l aye rs of Tef lon F E P 
typc -A film. T h e t r a n s m i t t a n c c of th is h e a t shield for 
soh r r ad i a t i on is near ly 0.70, as c o m p a r e d wi th 0.50 
for e ight layers of clear window glass, a n d 0.35 for 
eigl t films of 0.005-in. M y l a r . 

Since t he bal loons will t r ave l a t t h e a l t i t u d e which 
is cu r r en t ly used by j e t a i r c r a f t , t h e y m u s t be ex t remely 
fragile so t h a t t h e y will no t d a m a g e a i r c r a f t windows or 
engines. T h e c o m b i n a t i o n deve loped b y Dr . Te lkes is 
r epor t ed t o m e e t t h a t r equ i r emen t , a s well as t he very 
s t r i ngen t t e m p e r a t u r e l imi ta t ions d e m a n d e d b y i ts 
componen t s . 

Basic Developments 

N o radical ly new sol:ir deve lopmen t s h a v e been 
r epo r t ed in t he p a s t several years , b u t s igni f icant s tud ies 
h a v e been m a d e of earl ier discoveries. T h e honey-
c o m b hea t abso rbe r s first p roposed by F r a n c i a [31] 
hi ve been sub jec ted to in tens ive ana lys is wi th en-
courag ing resul ts . It. I. us been found [32] t h a t cellular 
s t ruc tu re s , pa r t i cu l a r l y of elongat ed r e c t a n g u l a r shape , 
c a n p e r f o r m t h r e e useful f u n c t i o n s : (1) Suppres s n a t -
ural convec t ion and t h u s f o r m good insulators , (2) 
t r a n s m i t t h e r m a l r ad ia t ion which is d i rec ted d o w n t h e 
axis of t he cell, and (3) block m u c h of t h e rad ia t ion 
which is e m i t t e d f r o m the hea ted surface . 

A s ignif icant change in d i rec t ion of a m a j o r solar 
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research p r o j e c t is r e p o r t e d b y t h e E n v i r o n m e n t a l 
Research L a b o r a t o r y of t h e U n i v e r s i t y of Ari ;ona, 
Tucson [33]. T h e s e a w a t e r conve r s ion resea rch w h i c h 
has b e e n u n d e r w a y fo r a n u m b e r of y e a r s a t T u c s o n 
and P u e r t o Peñasco , Mexico , h a s b e e n t u r n e d t o a 
s tudy of t h e g r o w t h of vege t ab l e s w i t h i n con t ro l l ed -
env i ronmen t g reenhouses m a d e of a i r - inf la ted p las t ic , 
Fig. 7. T h e s u n ' s r a d i a t i o n m a k e s t h e vege t ab l e s g row 
and energizes t h e solar d i s t i l l a t ion process b y wh ich t h e 
water wh ich is t r a n s p i r e d b y t h e p l a n t s is condensed o n 
the unde r su r faces of t h e g r eenhouse cover t o b e re-
turned t o t h e p l a n t roots . M u c h of t h e h e a t r e q u i r e d 
to p roduce f resh w a t e r f r o m t h e ava i l ab l e ocean w a t e r 
comes f r o m t h e Diesel eng ine wh ich is r equ i r ed t o p u m p 
the seawater . I n a d d i t i o n , t h e e x h a u s t gases f r o m t h e 
engine, a f t e r be ing c leaned in s e a w a t e r s c r u b b e r , c a n 
he used t o en r i ch t h e a t m o s p h e r e w i t h i n t h e st.ru t u r e s 
with ca rbon d ioxide , t h u s g r e a t l y acce l e r a t i ng g r o w t h of 
the p lan t s inside. 

This p r o g r a m , u n d e r t h e d i rec t ion of C . N . H o d g e s 
imd sponsored b y t h e Rockefe l l e r F o u n d a t i o n , g ives 
promise of p r o d u c i n g b o t h food a n d w a t e r fo r i sola ted 
desert a reas whe re t h e on ly p r e s e n t w a t e r supp l ies a r e 
cither brackish o r sal ine. A la rge i n s t a l l a t i o n is now 
wing planned fo r e rec t ion a t A b u D h a b i , a Tr i ic ia l 
State on t h e A r a b i a n Pen in su l a , 500 miles s o u t h e a s t 
of Kuwait. A g r a n t of $3.16 mil l ion h a s b e e n m a d e b y 
the ruler of t h i s s t a t e t o t h e U n i v e r s i t y of Ar i zona t o 
plan and c o n s t r u c t a n i n t eg ra t ed p o w e r - w a t e r - f o o d 
facility in his s t a t e . O n e of t he goa l s of t h i s pr< g r a m is 
jo reduce t he pr ice of vege tab les , wh ich now cos $ 1 . 5 0 / 

i t Abu D h a b i , t o s o m e t h i n g l ike 10 c e n t s / l b , a n d 
, 0 produce p e r h a p s 2 mil l ion l b of h i g h - q u a l i t y food 
Mutually t o supp ly t h e 40,000 peop le w h o live in A b u 
Dhabi. T h e complex t o b e e rec ted in A r a b i a will !>•• 

a p p r o x i m a t e l y t e n t i m e s a s la rge a s t h a t shown in Fig. 7. 
T h e So la r E n e r g y L a b o r a t o r y a t t h e Un ive r s i t y of 

Wiscons in , u n d e r t h e d i rec t ion of Prof . J . A. Duff ie 
a n d t h e l e a d e r s h i p of P ro fessor E m e r i t u s F a r r i n g t o n 
Dan ie l s , h a s b e e n a c t i v e fo r m o r e t h a n a d e c a d e in t h e 
field of so la r e n e r g y u t i l i za t ion . T h e m a j o r financial 
s u p p o r t f o r t h i s work h a s c o m e f rom t h e Rockefel ler 
F o u n d a t i o n a n d t h e Wiscons in A l u m n i R e s e a r c h Foun-
d a t i o n . T h e i r work h a s been d e v o t e d t o w a r d t h e 
classic o b j e c t i v e s of m e e t i n g h u m a n needs for d r i n k i n g 
wa te r , cooking , house h e a t i n g a n d cooling, re f r igera -
t ion , a n d p r o d u c t i o n of e lect r ic power fo r t h e o p e r a t i o n 
of p u m p s . I n a de ta i l ed r e p o r t t o t h e sponsor s of th i s 
work [34], i t h a s been p o i n t e d o u t t h a t t h e diff icult ies 
wh ich stil l c o n f r o n t w o r k e r s in t h i s field a r c b o t h socio-
logical a n d technologica l . A p p a r a t u s wh ich a p p e a r s 
s imple t o a c o m p e t e n t A m e r i c a n t e c h n i c i a n m a v pose 
f o r m i d a b l e p r o b l e m s t o t hose in fore ign l ands w h o h a v e 
n e v e r c o n f r o n t e d a n y t h i n g r e m o t e l y technica l . Cus-
toms w h i c h h a v e evolved t h r o u g h mil lenia a r e n o t 
a l t e red qu i ck ly a n d t r a d i t i o n s t a n d s in t h e w a y of 
c h a n g e in a n y a s p e c t of life in p r i m i t i v e cu l tu res . 

T h e ph i l o sophy of t h e work a t Wiscons in h a s sh i f t ed 
[35] in response t o inc reas ing k n o w l e d g e of t h e p rob lems 
which c o n f r o n t t h e solar r e sea rche r a n d in recogni t ion 
of t l e f a c t t h a t so la r dev ices will on ly ga in a c c e p t a n c e 
if t h e y do a necessa ry j o b c h e a p e r a n d b e t t e r t h a n 
c o m p e t i t i v e a p p a r a t u s . M e s s r s Lofr, Close, and Duff ie 
conc lude [35, p. 2 5 0 ] : " W i t h t h e excep t ion of sa l t 
fac tor ies , w a t e r hea le r s , stil ls, and solar cells, so lar 
processes a n d dev ices a r e n o t y e t suff ic ient ly economi-
cal, re l iable , o r c o n v e n i e n t t o m e e t real n e e d s . " 

T h e d e a n of t h e solar e n e r g y movement , t h r o u g h o u t 
t h e e n t i r e wor ld is u n d o u b t e d l y D r . C . G. A b b o t w h o 
is, ,'.t t h i s wr i t i ng , in his 9 8 t h year . D r . A b b o t b e g a n 

MECHANICAL ENGINEERING / JULY 1970 / 33 



h i s c a r e e r a t t h e S m i t h s o n i a n I n s t i t u t i o n of W a s h i n ; t o n 
i n 1 8 9 5 i n r e s p o n s e t o t h e i r n e e d f o r a " g o o d m a i p u -
l a t o r a n d e x p e r i m e n t e r " a n d , f o l l o w i n g h i s r e t i r e m e n t 
a s S e c r e t a r y i n 1 9 4 4 , h e h a s d e v o t e d t w o a n d a h a l f 
d e c a d e s t o s t u d i e s o f s o l a r p o w e r a n d s o l a r r a d i a t i o n i n 
r e l a t i o n t o w e a t h e r . H i s m o s t r e c e n t p a t e n t [ 3 6 ] , 
g r a n t e d o n A p r i l 2 , 1 9 6 8 , c o v e r s t h e u s e of a " p o l a r 
s i d e r o s t a t , " s h o w n i n F i g . 8 , t o p r o v i d e a fixed b e a m 
o f r e f l e c t e d s o l a r r a d i a t i o n " w h i c h i s s u b d i v i d e d i n t o 
p a r a l l e l b e a m s b y a n a r r a y of o p t i c a l d e v i c e s , e a c h of 
w h i c h d i r e c t s a b e a m t o a c o m m o n f o c a l p l a n e a t w h i c h 
i s s u p p o r t e d a n a r r a y of r a d i a t i o n - s e n s i t i v e e l e m e n t s 
w h i c h c o n v e r t t h e s o l a r r a d i a t i o n t o e l e c t r i c a l e n e r g y . " 

D r . A b b o t ' s S m i t h s o n i a n l a b o r s o f o v e r m o r e t h a n 
h a l f a c e n t u r y r e s u l t e d i n a s o l a r c o n s t a n t , d e t e r m i n e d 
f r o m m o u n t a i n t o p m e a s u r e m e n t s , w h i c h i s w i t h i n a 
f r a c t i o n of a p e r c e n t a g r e e m e n t w i t h t h e l a t e s t v a l u e 
d e t e r m i n e d f r o m t h e v e r y t o p of t h e e a r t h ' s a t m o s p h e r e 
w i t h t h e m o s t s o p h i s t i c a t e d a p p a r a t u s . H e a l s o c o n -
c l u d e d t h a t t h e s o - c a l l e d " s o l a r c o n s t a n t " i s n o t , i n 
f a c t , a n i n v a r i a b l e q u a n t i t y b u t r a t h e r o n e t h a t i s s u b -
j e c t t o e m a i l b u t p o s i t i v e l y v e r i f i e d fluctuations [ 3 7 ] 
t h a t h a v e s i g n i f i c a n t e f f e c t s o n t e r r e s t r i a l w e a t h e r a n d 

>UI<Jl i a j » - - -
electric generators 

t e m p e r a t u r e s . U n f o r t u n a t e l y h i s s e r i e s of s o l a r - c o n -
s t a n t d e t e r m i n a t i o n s w a s t e r m i n a t e d u p o n h i s r e t i r e -
m e n t a n d i t i s t o b e h o p e d t h a t a m a j o r o b j e c t i v e of 
a n y p e r m a n e n t m a n n e d s a t e l l i t e w i l l b e t h e r e s u m p t i o n 
of a b s o l u t e m e a s u r e m e n t s of o u r o n e b a s i c s o u r c e of 
e n e r g y a n d l i f e , t h e r a d i a t i o n f r o m t h e s u n . 

T h e S o l a 1 E n e r g y S o c i e t y , w i t h h e a d q u a r t e r s o n t h e 
c a m p u s of A r i z o n a S t a t e U n i v e r s i t y , T e m p e , c o n t i n u e s 
t o s e a r c h f o r u s e s of s o l a r e n e r g y u t i l i z a t i o n b y p u b -
l i s h i n g i t s ( u a r t e r l y s c i e n t i f i c j o u r n a l , " S o l a r E n e r g y , 
u n d e r t h e e d i t o r s h i p of D r . A . J . D r u m m o n d of t h e 
E p p l e y L a i » o r a t o r i e s . T h e 1 9 6 8 m e e t i n g of t h e S o c i e t y , 
h e l d a t P a l o A l t o i n O c t o b e r , w a s w e l l a t t e n d e d b y 
r e p r e s e n t a t i v e s o f a d o z e n c o u n t r i e s . T h e 1 9 7 0 m e e t i n g 
w a s h e l d , a p p r o p r i a t e l y , M a r c h 2 - 6 , a t M e l b o u r n e , 
A u s t r a l i a , w h i c h i s t h e l o c a t i o n of m u c h of t h e m o s t 
s i g n i f i c a n t w o r k c u r r e n t l y b e i n g d o n e i n s o l a r e n e r g y 
u t i l i z a t i o n . T h e p r e s i d e n t of t h e S o c i e t y f o r t h e p a s t 
t w o y e a r s h a s b e e n D r . P . E . G l a s e r , M e m . A S M E , o f 
A r t h u r D . L i t t l e , I n c . , C a m b r i d g e , M a s s . , a n d p r e s i d e n t 
f o r 1 9 7 0 - 7 2 i s R o g e r M o r s e , h e a d of t h e M e c h a n i c a l 
E n g i n e e r i n g D i v i s i o n , C S I R O . 
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Our increasing population is polluting itself out 
of its water and air supply. The doomsday 
prophets are giving us 10 years to reverse the 
damage. However, Federal efforts to control 
pollution have begun to produce a consider-
able volume of legislation, but many decisions 
are being based on political expediency rather 
than technical competence. Hence, it is vital 
that engineers become involved in making 
those decisions that wil l determine the direc-
tions and development of our society. 

ED REINECKE, Lieutenant Governor 

State of California 
Sacramento, Calif . 

T O T C H A N G I N G E N V I R O N M E N T of Ca l i fo rn ia can b e 
divide 1 in to four bas ic a reas : a i r , w a t e r , l and , a n d 
urban society. Hence , i t is n o t j u s t a ques t ion of t h e 
conditions of t h e a i r qua l i t y in S o u t h e r n Ca l i fo rn ia o r 
the w a t e r qua l i ty . R a t h e r , i t is a t o t a l p r o g r a m in-
volving people, f r o m t h e univers i t ies to t h e ghe t t o s a n d 
all of the th ings t h a t t h e y look for in t he i r qual i ,y of 
life. T h e engineers of t o d a y a n d t o m o r r o w muso be-
come vital ly involved in th is . W e h a v e t h e bu i ld ing 
blocks b u t we m u s t learn how t o use t h e m , how t o p u t 
them t jge ther . 

Values a r e on t h e l ine; va lues a r e be ing cr i t ical ly 

90 

* UiVi^OJf 
$ f- -i 

<*••••• x 3 
f . , 

T - , 5-
2. 

5 
r f •V 

H p * 
J 

V 

' ' 'i 

4 I. 

'"qir. 

• \ P t \ U > 

y^H * 
A 
* ' 3» 

V ,- 7 

t • : f 
* •-

X 

•i Ui 
'J? 

/ 

ii "J 



ana lyzed . A n d t he y o u n g people of t o d a y recognize 
t h a t w h a t w e d o wi th society t oday is going to b( t h e 
world t h e y h a v e to live wi th a n d mai . ta in v hen 
t h e y become adu l t s . T h a t ' s t he reason I hey a r : so 
ou t spoken , and t h e reason they a re willing to cri t cize 
and c o n d e m n . If we a r e to of fe r a legacy to t he y ( ung 
people of t o d a y , to t h e world of tomorrow, we m u s t be 
willing to scru t in ize o u r own assessment of values, o u r 
o w n assessment of technology t o d a y , o u r own assess-
m e n t of ourse lves and our ef for ts in th i s society, t o be 
su re t h a t w h a t we do leave is some th ing t h a t will be 
v a l u a b l e t omor row. 

F o r example , t he popula t ion of Ca l i fo rn ia t o d a y is 
a b o u t 20 million. I t is conservat ive ly e s t ima ted t h a t 
by t he y e a r 2000 this popula t ion will be 38 mill ion. 
T h i s is a p r e t t y d ras t i c incre;ise when you consider i t 
took roughly 200 y e a r s for Cal i forn ia to grow to t h e 
20-million level, and in only 31 y e a r s w e a r e going 
to v i r tua l ly doub le t h a t popula t ion . 

Recognizing, also, t h a t t h e r a t e of c o n s u m p t i o n of 
consumer produc ts , of goods, of services, and of energy 
a re going u p fa r f a s t e r t h a n a n y l inear d e v e l o p m e n t of 
t h e popula t ion itself, we can say t h a t t h e goods a n d 
services requi red to s u p p o r t t he k ind of life we know 
today a t t he end of t h a t 31-year per iod will p r o b a b l y 
be five t imes t he goods and services requi red t o d a y . 

Plan Today for Tomorrow 

Severa l of t h e responsibi l i t ies of t he Office of Lieu en-
a n t G o v e r n o r a r e concerned wi th t he p l a n n i n g funcf ion. 
There fo re , all of th is is v e r y r e l evan t , especial ly to t h e 
y o u n g people a n d cer ta in ly to t h e people who are t h e 
doers, t h e make r s , t h e designers of t o d a y . 

O n e such respons ib i l i ty is jur isdic t ion over t he S t a t e 
Office of P l a n n i n g . T h e S t a t e Office of P l a n n i n g is 
charged wi th devis ing s t a t ewide plans , no t j u s t fo r t h e 
s ake of c o n f o r m i t y wi th federal law, b u t for t he sak 3 of 
deve lop ing t h a t k ind of a popula t ion and t h a , k i n d of a 
qua l i ty of life w e a r e real ly looking for in t h a t y i a r 
2000. A n in te res t ing o u t c o m e is t h e f ac t t h a t t he 
y o u n g people a re say ing t o d a y , we ' re no t i n t e re s t ed in 
t a lk ing a b o u t air pol lu t ion , we w a n t to ta lk a b o u t t he 
roo t causes : people . W e w a n t to find o< t how w e 
can do s o m e t h i n g a b o u t popu la t ion contro l W e hea r 
repea ted s t a t e m e n t s , d ra s t i c s t a t e m e n t s of how popu la -
t ion should be cont ro l led as a means of dea l ing w i t h o u r 
expand ing society a n d popu la t ion . 

Assuming we a r e going t o doub le t h e popu la t ion , 
we need to t h i n k in t e r m s of t he qua l i t y of life we 
a re looking for , t he t y p e of dwell ing, t he t y p e of livi ig, 
whethe r w e w a n t to build indus t r i a l cities a n d resid ;n-
tial communi t i e s f a r s epa ra t ed f rom t h e indus t r ia l c< m-
plex, connected pe rhaps b y some f o r m of rapid t r an it, 
o r w h e t h e r we w a n t to l ive in high-rise a p a r t m e n t s : nd 
bui lding s t ruc tu re s such as we see in s o m e p a r t s of .»ur 
cities t o d a y . W h e t h e r w e w a n t to go comple te ly ru al , 
w h e t h e r w e w a n t to decentra l ize or w h e t h e r we wan t t o 
central ize. T h e r e a r e m a n y cons idera t ions t h a t m u s t 
be t a k e n in to accoun t now, no t a f ew yea r s f r o m now. 
I t ' s n o t some th ing t h a t we can go on doing a l i t t le bit a t 
a t ime. P l a n s m u s t be m a d e a n d p lans m u s t be car r ed 
o u t . T h i s is w h y t h e S t a t e Office of P l a n n i n g has such 
a v i t a l f u n c t i o n in t e r m s of shap ing t h e qua l i t y of life 

a n d t h e physical e n v i r o n m e n t of Ca l i fo rn ia ' s f u t u r e . 
A n o t h e r a r ea of concern is an agency called I COR—1| 

I n t e r - A g e n c y Counci l on Ocean Resources . W e ' r e 
now p lann ing for the effect ive, logical use of t h e e n t i r e ' 
ocean resource t h a t is t he Pacif ic Ocean off t h e coa^t of»' 
Cal i forn ia . W e ' r e no t looking j u s t f r o m t h e s t a n d p o i n t ! 
of cons t ruc t ion of h o m e s or pa rks , we ' r e looking a t t h e I 
commerc ia l fishing aspects , t he spo r t fishing, o c e a n - ; 
o g r a p ^ y , minera l deve lopmen t , recrea t ion , h a r b o r s f o r j 
smal l c ra f t , h a r b o r s for large ocean-going ships, deeper - | 
w a t e r h a r b o r s t h a n we h a v e now to t a k e ca re of t h e ! 
large t a n k e r s t h a t m u s t come in t he f u t u r e . All t hese '; 
va r ious concep t s of land use, w a t e r use, w a t e r pol lu t ion , 1 

a n y t h i n g t h a t can be considered a t all, is wi th in t h e I 
rea lm of cons idera t ion of th i s l i t t le office called I C O R . 

Still a n o t h e r a r ea of in te res t a n d responsibi l i ty is 
called t h e J o i n t Pol icy C o m m i t t e e on E lec t ron ic D a t a 
Processing. H e r e we a re looking a t all of t he in ter lac-
ing of t h e e lec t ronic d a t a process ing func t ions of t he : 

S t a t e of Cal i fornia . T h e s t a t e will spend $55 mil l ion !| 
t h i s y e a r j u s t o p e r a t i n g those c o m p u t e r s . I n ' t h e p a s t ! 
t h e r e w a s l i t t le coord ina t ion o r coopera t ion be tween • 
va r ious d e p a r t m e n t s of t h e s t a t e . So o v e r a period of 
t ime we h a v e developed a reas of ind iv idua l i ty in non -
coopera t ive a reas w h e r e t he re is no c o m m o n p r o g r a m o r j 
p r o g r a m language , no in t e r change of d a t a , no exchange ! 
of t i m e or t i m e s h a r i n g wha t soeve r . A n d now we ' r e i 
given t h e responsibi l i ty , and t he o p p o r t u n i t y , of t r y i n g 
t o t a k e th i s p rog ram and fit i t t oge the r over a five-year i 
per iod , to allow Cal i forn ia to m o v e a h e a d in an effect ive 
m a n n e r t o h a n d l e t h e d a t a it m u s t h a n d l e , to d o i t as ef-
ficiently as possible, to d o i t a t a m i n i m u m cost, arid 
y e t to p rov ide t h e m a x i m u m in fo rmat ion , p ro tec t ing , of 
course, conf iden t ia l i ty and respec t ing also t h e govern -
m e n t a l re la t ionships be tween c i ty and c o u n t y a n d 
s t a t e a n d federa l . N o t a smal l job. 

T h e r e a r e m a n y o t h e r a r eas in which p l a n n i n g becomes 
a m a t t e r of in te res t . One of t h e m is a g r o u p concerned 
wi th model cities, wherein we ' re t a lk ing a b o u t t h e whole 
d e v e l o p m e n t of t he u r b a n centers . T h i s is m o r e or less 
a sho r t - r ange p r o g r a m for w a t e r and sewerage, fo r 
housing, fo r t r a n s p o r t a t i o n , f o r law e n f o r c e m e n t — t h e !, 
f a c t o r s t h a t a r e needed r igh t now are t he a r eas of con-
s idera t ion of th i s g roup . 

The Technical Interface 

E v e r y one of these s u b j e c t s is involved in t h e tech-
nical in te r face be tween society a n d t h e design func t ion . 
W e need technica l knowledge a n d technical know-how 
ava i l ab le to g o v e r n m e n t today . . T h e publ ic func t ion ; 

has such a t r e m e n d o u s effect on o u r society t o d a y t h a t 
engineers m u s t a ccep t th is responsibi l i ty . I t is impor-
t a n t t h a t decisions m a d e in publ ic office be m a d e on t he 
basis of technical compe tence . 

T h e r e is a service t he engineer ing profess ions in 
t h i s c o u n t r y can prov ide t h a t f a r su rpasses a n y t h i n g 
t h e engineer ing societies a re accompl i sh ing a t t he 
p resen t t ime . Th i s , of course, offers a large challenge. 
B u t he re a re a few specifics: 

O n e of t he m a j o r cont rovers ies before t h e I n t e r i o r 
C o m m i t t e e of t he H o u s e of R e p r e s e n t a t i v e s was t h e 
ques t ion w h e t h e r or no t w e should build t w o d a m s in ' 
t h e G r a n d C a n y o n . A n d , had th ings rolled on , we 
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The Towne Lecture 
The Towne Lecture is in honor of Henry Robinson Towne, President of the Society in 1889, whose paper ,n 
1886 on The Engineer as an Economist" initiated the flow of valuable Society contributions on scientific man-
agement. The Towne Lecture gives opportunity for an outstanding leader in the field of management, econom-
ics . or business to reveal h i s experience—preferably related to the scientific method in industry or business 

would h a v e h a d t h e a u t h o r i z a t i o n for those two 
dams today , b u t fo r t h e f a c t t h a t the re was one con-
servationist , R e p r e s e n t a t i v e J o h n Say lor of Pennsy l -
vania, a n d one engineer , myself , on t h a t c o m m i t t e e . 
The two of u s took on t h e task . H e took it f rom t h e con-
servation po in t of v i ew; I took i t f r o m t h e engineer ing 
and t he economic po in t of view, and we ana lyzed these 
dams b a c k w a r d a n d fo rward . W e found o u t w h a t 
they would do and w h a t they w o u l d n ' t do. A n d when 
we could no t ge t a d e q u a t e answers f rom t h e D e p a r t -
ment of t he In te r ior , w e h a d to spend n igh ts g e n e i a t i n g 
the da t a . W i t h o u t g e t t i n g in to t h e deta i ls of w h a t 
went on wi th those d a m s , t h e mere f a c t the r • w a s 
someone on t h a t c o m m i t t e e w h o could ask tec nical 
questions, a n d when answers were provided , could ask 
follow-up quest ions , a n d someone on t h a t c o m m i t t e e w h o 
Mas not forced to accept blindly whatever was offered 
to him b y t h e r ep resen ta t ives of t he A d m i n i s t r a t i o n , 
was to a m a j o r e x t e n t w h a t m a d e i t possible for u s to see 
tha t legislation in a d i f fe ren t l ight . As you m a y k n o w , 
we passed t h a t legislation b u t ne i the r d a m was inc luded . 
Here was t h e possibil i ty of spend ing close to a billion 
dollars to do a j ob t h a t would n o t h a v e been feasible. 
I-ater it was a d m i t t e d t h a t i t was a ve ry marg ina l p r o j -
ect and t h a t t hey p robab ly c o u l d n ' t h a v e done i t . 

Ano the r specific e x a m p l e : T h e Air Qua l i t y Act of 
19G7 was before Congress . I t was proposed by t h e 
Secretary of Hea l th , E d u c a t i o n , a n d Wel fa r e t h a t t h e r e 
would be one na t iona l s t a n d a r d , a m a x i m u m s t a n d a r d , 
for all a i r qua l i t y in t h e U . S. Logic and reason d o n ' t 
agree t h a t t h e s a m e air s t a n d a r d s should prevail in 
northern I d a h o as t he re should be in Los Angeles. I t 
became a fight on t he floor of t h e House . Since I w a s 
the only engineer f r o m Cal i forn ia , I w a s g iven t h e op-
portuni ty to lead t h a t fight. W e were ab le to convince 
the o the r m e m b e r s of Congress there were consider-
ations t h a t d ic t a t ed more s t r i c t s t a n d a r d s for Cal i forn ia , 
and as a resul t we were ab le to win t he a m e n d m e n t wh ich 
gave Cal i forn ia t he right to es tabl ish air qua l i t y s t a n -
dards more s t r ic t t h a n t h e na t i ona l s t a n d a r d which t h e 
Secretary w a n t e d to impose. S imply because one 
member, a n engineer , could explain words like c a r b o n 
monoxide, ca rbon dioxide, t h e oxides of n i t rogen, a n d 
hydrocarbon, was o n e of t h e reasons Ca l i fo rn ia is 
>iow establ ishing m o r e s t r i ngen t air s t a n d a r d s . H a d 
we not won t h a t pa r t i cu l a r a m e n d m e n t , Cal i forn ia 
would be res t r ic ted f r o m do ing a n y t h i n g f u r t h e r a b o u t 
her own a i r qua l i ty unless t h e na t iona l s t a n d a r d s were 
also raised. 

So you can see t h e t r e m e n d o u s i m p a c t of a l i t t le b i t of 
technical compe tence in such a s i tua t ion . 

Th* Engineer's Role 

I t is m p o r t a n t , therefore , t h a t A S M E , for example , 
be ¿atisfied j u s t w i th t h e excellence of a pa r t i cu l a r 

design or a mechan ica l concep t , o r of comple t e m a s t e r y 
of t he knowledge a n d l aws of phys ies and mater ia l s , b u t 
to recognize it has . a publ ic responsibi l i ty t h a t goes 
as f a r or f a r t h e r t h a n technical c o m p e t e n c y . If 
A S M E d o e s n ' t accep t th i s responsibi l i ty , o t h e r pa r t i e s 
wi l l—and those o t h e r pa r t i e s m a y no t h a v e t ech-
nical compe tence . T h o s e o t h e r pa r t i es m a y m a k e 
decis ions based on poli t ical expediency r a t h e r t han o n 
logic. T h i s is one of t he real confl icts p r e v a l e n t in 
g o v e r n m e n t a l circles today. I t ' s no t enough f o r 
g o v e r n m e n t a l bodies to be ab le to h i re excellence in 
technology. I t ' s m a n d a t o r y t h a t g o v e r n m e n t a l bodies 
also involve a n d h a v e technical compe tency in m a k i n g 
t he decisions t h a t d e t e r m i n e t h e di rect ion a n d deve lop-
m e n t of ou r society. 

A S M E should s t a r t s o m e t h i n g n e w — a publ ic af fa i rs 
p r o g r a m t h a t will, for one th ing, enhaneo and i m p r o v e 
t h e image of t h e engineer ing profession. All too o f t e n 
we a r e t a lked a b o u t as t h e fellows wi th t h e bow ties, t h e 
sadd le shoes, and t h e slide rules. T h a t ' s no t real ly t h e 
case, b u t t he publ ic stil l sees t h e engineer a s a v e r y 
sophis t i ca ted technic ian and no th ing more . H e m u s t 
be recognized as some th ing f a r m o r e t h a n j u s t a tech-
nic ian. 

B e y o n d t h a t , A S M E should develop p r o g r a m s to in-
volve i t s m e m b e r s — p a r t i c u l a r l y t h e y o u n g people 
coming o u t of schools t h a t a re s t u d e n t m e m b e r s — i n 
becoming in te res ted and involved in g o v e r n m e n t a l a f -
fairs, even if it means con t r ibu t ing some t ime to y o u r 
c i ty council , o r y o u r c o u n t y boa rd of supervisors , o r 
w h a t e v e r level of g o v e r n m e n t m i g h t be ava i lab le or ac-
cessible. T h i s k ind of service is necessary. T h e va lues 
which you can c o n t r i b u t e will no t on ly do a g r ea t dea l 
to e n h a n c e t h e f u t u r e of t h e engineer ing profession, b u t 
will d o a g r e a t deal to enhance t he q u a l i t y of t h e society 
in which y o u live. T h i s invo lvement , p lus p e r h a p s t h e 
personal invo lvemen t of yourse lves a s cand ida t e s for 
t h e h ighes t jmssiblc level u p o n which you can serve in 
publ ic life, will become a m a t t e r of awareness in you r 
own mind and in y o u r own eva lua t ion of y o u r func t ion 
in life, to m; ke it possible for us to find in t he long run 
t h a t qua l i ty >f life we seek. 

I n shor t , "ngineers should be advoca tes of logic and 
reason in g o v e r n m e n t a l circles, r a t h e r than s i t t ing back 
and remain ing in staff posi t ions or in the posit ion of 
cri t ical a n a l y s t a f t e r a p ro jec t h a s been accomplished. 

If , in f ac t , all t he technical societies can m o v e to-
g e t h e r in th i s regard and br ing fo rward t he ra t ional use 
of o u r technical competence , then we can find t h a t 
qua l i t y of life, t h a t env i ronmen ta l control , we a rc look-
ing for. If we m o v e ahead only wi th the idea in mind 
of bui ld ing bigger br idges, bigger s t eam shovels, o r 
f a s t e r cars o r ta l ler buildings, we will miss t he m a r k ; 
and we will miss a p a r t of t h a t publ ic responsibil i ty 
which t he mechan ica l engineer should exercise. 



DESIGN 
OPTIMIZATION 

USING COMPUTER 
TECHNIQUES 

Designing an aircraft wing? Here's a unique 
approach to the optimization of the wing 
structural box for static loads. The technique 
employs the latest developments in structural 
synthesis and analysis and is applicable for 
both conventional and composite materials. 

A. D. MAYFIELD1 

General Dynamics, Fort Worth, Texas 

S C I E N T I F I C c o m p u t e r s h a v e long been used in t h e 
design and ana lys i s of a i r c r a f t wings. However , t h e 
m e t h o d r epo r t ed here in employs t h e use of t h e c o m p u t e r 
f rom t h e basic p r e l imina ry lines def ini t ion t h r o u g h t he 
s t ress ana lys is of t he wing s t r u c t u r e , w i t h a m i n i m u m 
of h u m a n in t e rven t ion a n d ef for t . 

F ig . 1 i l lus t ra tes t h i s op t imiza t ion process a n d in-
cludes t h e s t eps discussed in the following. W i n g lines 
d a t a a re g e n e r a t e d t h r o u g h t h e use of an A P T pro-
cedure which c o m p u t e s t h e three-d imens ional g e o m e t r y 
and en te r s t h i s d a t a on p u n c h e d - p a p e r t ape . T h i s 
tape , in t u r n , d r ives an a u t o m a t i c d r a f t i n g machine . 
T h e geomet r ic d a t a for t he s t r u c t u r a l box sect ion is 
used in pre l iminary s t r u c t u r a l sizing p rocedures t o 
rap id ly e v a l u a t e va r ious cons t ruc t ion t y p e s a n d s p a r 
a r r a n g e m e n t s . T h i s na r rows t he select ion, such t h a t a 
selected design can be f u r t h e r examined t h r o u g h t he use 
of a des ign syn thes i s p rocedure wh ich p e r f o r m s a 
rigorous design op t imiza t ion of t h e s t r u c t u r a l box. 
T h e s t r u c t u r a l d a t a f r o m th i s design syn thes i s is t hen 
fed in to a finite-element p rocedure which a u t o m a t i c a l l y 
se t s u p t he s t r u c t u r a l ideal izat ion us ing a methodology 
s imilar to t h a t e m p l o y e d in t h e A I T wing lines pro-
cedure. T h i s p roduces a double-precis ion, l inear s t ress 
analys is of t h e wing box and a n in t e rna l loads d i s t r i bu -
t ion, as well as t h e deflected shape . D e p e n d i n g on t h e 
degree of de ta i l desi red in t h e pa r t i cu l a r s t u d y , t h e 
design m a y be f u r t h e r ref ined t h r o u g h t h e use of an 
individual panel design o p t i o n of t h e syn thes i s pro-
cedure , or t h e design process m a y be s t o p p e d at t h e 
complet ion of t h e analysis . 
' Project Design Engineer. 
Based on a paper contributed by the A S M E Design Engineering 
Division. 
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PERCENT 
LINE 

VLOWER NONOIMENSIONAL 
1 A I R F O I L S E C T I O N DATA 

• PCRCENT L I N E S 
b. UPPER A N D LOWER N O N D I M E N S I O N A L 

AT E A C H PERCENT U N E 
C- M E A N L I N E N O N O I M E N S I O N A L 

5 0 % LINE 

: 

2. W I N G GEOMETRY DATA 
a. W I N G AREA 
b. ASPECT RATIO 
C. TAPER RATIO 
d . L E A D I N G EDGE SWEEP 
e. T /C AT ROOT S E C T I O N 
f . T / C AT TIP S E C T I O N 

f . NACA BASIC T H I C K N E S S 
. NACA C H A M B E R M E A N L INE 

I. T IP TWIST ANGLE 
| TWIST ANGLE PERCENT L I N F 

k. S P A N S T A T I O N OF ZERO DECREE TWIS 
I S E C T I O N CUT S P A N S T A T I O N 

COMPUTER 
OPERATION i 

AIRFOIL SECTION 

1. A TAPE TO D R A W (TO A N V SCALE) 
a P L A N V i f W OF W I N G 
b A L L PFRCCNT L INES ( P L A N A N O T R U f V IFWSI 
t A I R F O I L SECT IONS AT A N Y S P A N S I A H O N t'j M A X I 

2 P R I N T O U T OF A L L C O M P U T E D G E O M f TRY 
a. * - A N O Y C O O R D I N A T E S OF C O M P U T F O S T A T I O N S 
b. SEMI S P A N 
c. C H O R D AT ROOT 
d C H O R D AT T IP 
« M E A N A E R O D Y N A M I C CORD 
f S P A N S T A T I O N OF MEAN A E R O O Y N A M I C C H O R O 

g A R E A S A N D L E N G T H S OF A L L SECT IONS 

Fig. 2 APT computer procedure. 
Fi . 
* i 
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APT Procedure 

T h e A I T procedure is a general ized p rog ram for 
der iv ing I he numer ica l d a t a for def ining a se t of wing 
linos t h r o u g h t he use of a numer ica l ly cont ro l led d r a f t -
ing machine . T h i s p rocedure can h a n d l e a n y wing 
shape for e i t he r va r iab le or fixed wings. Also, it will 
a c c o m m o d a t e wings wi th d i f ferent airfoil sec t ions a t 
the root a n d t ip , a s well a s d i f ferent th ickness - to-chord 
ra t ios at root and t i p In addi t ion t o these var iables , 
t he wing c a n be b o t h twis ted and cambered . 

Basic c o m p u t a t i o n is pe r fo rmed by t he use of an 
I B M 300415. I n p u t t o t h e p rog ram is s h o w n in Fig. 
2, a n d inc ludes wing area , aspect, ra t io , th ickness - to -
chord r a t i o at. t h e rooi a n d t ip , airfoil coord ina te s a t t h e 
root a n d t ip , c amber a n d twis t , if a n y , leading edge 
sweep, f r o n t a n d rea r spa r locat ion, p ivo t pin locat io i, 
if it i a var iab le-sweep wing, a n d s p a n s t a t ions a t whi< h 
section c u t s a re desire-1. 

In a d d i t i o n t o c o m p u t i n g t h e three-d imensio i al 
da ta a n d p repa r ing a punched -pape r t a p e for dr iv inp a 
nui lerically controllo<I d r a f t i n g mach ine , t h e p rocedure 
also c o m p u t e s t h e cmss-sect ional a n d w e t t e d a r eas )f 
the airfoil sect ion, as well as t h e cross-sect ional a r e a >f 
t he s t r u c t u r a l box be tween t h e f r o n t a n d rear spa s. 
T h i s d a t a is p resen ted in conven t iona l p r in ted-pa i or 
fo rmat s . T h e i n f o r m a t i o n is also ava i lab le in punc l ed 
ca rds or in m a g n e t i c - t a p e fo rm for d i rec t l inks w i t h 
c o m p u t e r p rocedures . 

T h e i n fo rma t ion fr( m th i s procedure , e i the r f r o m t h e 

p r in ted d a t a or t he lines d rawing , is t h e n used in 
s implif ied s t r u c t u r a l sizing c o m p u t e r p rocedures to 
examine va r ious c o m b i n a t i o n s of mate r ia l s and con-
s t r u c t i o n combina t ions , as well as eva lua t ing t he effects 
of v a r y i n g I he n u m b e r of spars . T h e s e p rocedures size 
t h e s t r u c t u r a l box rap id ly , using a basic sec t ion-by-
scct ion a p p r o a c h . 

T h e input, d a t a inc ludes t he n u m b e r of sec t ions to be 
examined , t he box cross-sect ion g e o m e t r y and d i s t r ib -
u t e d shear , m o m e n t , and t o r q u e loads a t t h e r e a c -
t ive s t a t ions , and p e r t i n e n t ma te r i a l proper t ies . T h e 
covers a re sized on a bjusic M / h basis, a n d t he ve r t i ca l 
s h e a r is d i s t r i b u t e d even ly t o all spa r s ; t h e to rs ion is 
d i s t r i b u t e d t o t h e cover pane l s a n d f ron t and rear spa r s . . , 
A rough check is m a d e on t h e buckl ing capac i t y of t h e 
u p p e r c< ver. f t is possible t o specify a bend ing a n d 
tors iona r igidi ty , ftl a n d GJ, if des i red , which t h e 
p r o c e d u i c s will use as add i t i ona l cons t r a in t s . 

T h e < u t p u t i n f o r m a t i o n c o n t a i n s t he d imens iona l 
d a t a of he s t r u c t u r a l e l ements a t each cross sect ion, 
inc luding in ter ior a n d ex te r io r s p a r web thickness , spa r 
c a p a reas , t ens ion a n d compress ion cover th icknesses , 
r ib w e b th ickness , and rib c a p areas . In add i t ion , t h e 
weight in p o u n d s pe r inch of span is g iven for each 
sect ion « v a l u a t e d T h e s e weights a r e given in t e r m s 
of t he ii d iv idua l c o m p o n e n t s as well as for t he en t i r e 
sect ion, a l lowing a t o t a l box we igh t t o be c o m p u t e d . 
F u r t h e r , t he sect ion I'll a n d GJ values a re c o m p u t e d a n d 
p r i n t e d . 

ATO 

W I N G BOX S Y N T H E S I S 

INPUT (50 CARDS) 
• IDEALIZED BOX GEOM. 
• MATERIAL A L L O W A B L E S 
• SHEAR. M O M E N T . A N D 

TORQUE AT END OF 
BOX OR R U N N I N G 
LOADS 

• NO. OF R I B S & SPARS 
• PRESSURE 

OUTPUT 
• OPT IM IZED COVER 

S K I N S 
• RIB A N D SPAR W E B 

T H I C K N E S S 
• BOX WEIGHT 

A T I 

GEOMETRY. LOADS. A N D 
F IN ITE-ELEMENT GENER. 

INPUT (50-100 CARDS) 
• BASIC W I N G A N D 

A IRFOIL GEOMETRY 
• S K I N T H I C K N E S S AT 3 OR 

MORE SPAN S T A T I O N S 
• MATERIAL PROPERTIES 
• SPANWISE & C H O R D W I S E 

A I R L O A D D I S T R I B U T I O N 

O U T P U T 
• NODE NOS. & GEOM. 
• PANEL POINT LOADS 
• V I S U A L GRID LAYOUT 
• F IN ITE-ELEMENT 

DESCRIPTION. T H I C K N E S S 
A N D MATERIAL TYPE 

AT2 

F INITE E L E M E N T 
STRESS A N A L Y S I S 

INPUT '50 -60 CARDS) 
• CONCENTRATED LOADS 
• AT) TAPE C A L L 
• C O M P U T A T I O N 

OPTIONS 
• B O U N D A R Y 

C O N D I T I O N S 

OUTPUT 
• PRINCIPAL STRESSES 
• LOAD P A T H S 
• DEFLECTIONS 
• SAFETY M A R G I N S 
• STRESS CONTOURS 
• S I M U L A T I O N W E I G H T S 

AT3 

G R A P H I C DISPLAY 

INPUT (10 20 CARDS) 
• GEOMETRY O P T I O N S 
• SCALE DESIRED 

O U T P U T 
• GRAPHIC DISPLAY ON 

SC 4020 
• STRESSES 
• LOADS 
• STRESS CONTOURS 
• DEFLECTIONS 
• SAFETY M A R G I N S 

P A P E R P R I N T O U T O N L Y SC 4020 
G R A P H I C DISPLAY 

Fig. 3 W i n g box s y n t h e s i s a n d a n a l y s i s t e c h n i q u e . 

Fig. 4 Wing finite-element 
simulation. 

EXAMPLE OF A T I F INITE f L E W F N T 
G R A P H I C A L DISPLAY PROCEDURE 
US ING THE SC 4020 PLOTTER 



T h e d a t a f r o m these p rocedures a re t h e n p l o t t e d in 
t e r m s of box we igh t ve r sus t he n u m b e r of spars , t h u s 
allowing a ra t iona l select ion of t h e n u m b e r of spa r s a n d 
t h e a r r a n g e m e n t . Also, th i s i n fo rma t ion m a y be com-
pared be tween different, mater ia l a n d cons t ruc t ion 
t y p e s t o get a close idea of t h e re la t ive weights . 

Once r a t iona l select ions h a v e been m a d e on con-
st ruct ion t y p e s a n d spa r a r r angemen t s , t h e selected 
st ruc tura l a r r a n g e m e n t s a re then examined in constder-
al le d e p t h t h r o u g h t h e use. of a s t r uc tu r a l box syn thes i s 
p rocedure r epo r t ed b y McCul le r s and W a d d o u p s ( H * 
Work ing w i t h a net box geomet ry , loads, and spa r 
a r r a n g e m e n t , t h i s p rogram will s imul taneous ly op t imize 
t he wing box to t h r ee dist inct load condi t ions , inc luding 
c< n s t u n t shear , c o n s t a n t to rque , l inear bend ing m o m e n t , 
a n d in t e rna l p ressure for each load condi t ion . I t is 
also possible to design the compress ion cover o n l y ; in 
th i s mode, t h e loads m a y be i n p u t as runmi g edge loads 
( V, and N„) and t he pressure disti ibut ion (Q) . 
T h e p rog ram h a s a bui l t - in an iso t rop ic p l a t e ana lys is 
p ocedure using an a s sumed m o d e analys is I n e i the r 
o >tion th i s procedure then deve lops a n o p t i m u m design 
consider ing IS design var iables . T h e resu l t s f rom th i s 
P ocedure prov ide a ve ry good compar i son of t h e 
(1 f fc ren t mater ia l concepts . T h e we igh t s a re based on 
o p t i m u m load-carrying mate r i a l only a n d exclude 
l ionop t imum cons ide ra t ions for edge concep t s a n d con-
cen t r a t ed loads, which a r e usual ly a d d e d t h r o u g h 
normal h a n d c o m p u t a t i o n s . 

T h e designs gene ra ted in t he op t imiza t ion procedure , 
in combina t ion w i t h t h e h a n d sizing of t he edges, p ro-
v i d e an a c c u r a t e p re l iminary design for t h e wing box. 
T h e u t i l i ty of t h i s a p p r o a c h is m o s t a p p a r e n t when t h e 
design of a re inforced compos i t e wing box is considered, 

n th i s case, t h e design p rob lem is compl ica ted by t he 
nul t ipl ic i ty of design va r iab les in t roduce , b y t he com-
m u t e s . H o w e v e r , t he syn thes i s p rocedure also per-

forms a n op t imiza t ion of t h e l a m i n a t e in t ha t t he bes t 
combina t ion of l a m i n a t e plies and or ienta l . >ns is 
.e lected t o p rov ide t h e lowest weight . T h i s th« n pro-
vides t h e designer a n d s t ress ana lys t w i t h an ini t ia l 
laminate design wh ich can be modif ied s l ight ly t o 
achieve t h e final des ign. 

Finite-Element Analysis Procedure 
T o p rov ide a inal check on t h e p re l imina ry design, 

t he resul ts of t h - h a n d a n d m a c h i n e c o m p u t a t i o n s a r e 
fed in to a n a u t o m a t e d finite-element ana lys is p rocedu re 
repor ted by Van Siclen a n d R e e d [2]. T h i s pr<.codurc, 
l ' ig 3, p e r f o r m s l i n e a r , finite-element s t r e s s ana lys is of 
s t r uc tu r a l wing boxes. T h e p rocedure is c o m p o s e d of 
th ree sequent ia l opera t ions . T h e first proced. re is a 
geomet ry general ion scheme which au to , mtieallx se t s u p 
t h e simulat ion of t h e s t r u c t u r e t o be ana ly zed i n I he sec-
ond s tep. I ¿ess t h a n 100 ca rds a r c requi red as ni | »ut da t a 
to th i s procedure. I n p u t d a t a inc ludes : airfoil geome-
t r y at t he root and t i p , s p a r locat ions, r ib locat ions , mate-
rial t v p e s to be ana lyzed , e lement t y p e s to be used in th« 
s imulat ion (bars , c o n s t a n t s t ress t r iangles, e tc . ) , shea r 
m o m e n t , and t o r q u e curves for each of t h r ee load con 
di t ions , and mater ia l p roper t ies and th icknesses a 
discrete span s ta t ions . T h e p rocedure s u b s e q u e n t ^ 
genera tes t h e wing box s imula t ion geome t ry , "pane l 

• Numlwrs in brnckota designate In fe rences a t end of art icle. 

p o i n t s " each of t h e t h r ee load condi t ions , a n d assigns 
t h e t h i c k n e s s and s t i f fness va lues t o t h e ind iv idua l 
elemc its . . . 

Th« second s t e p requi res a p p r o x i m a t e l y 20 i n p u t 
c a r d s le l in ing p rocedure op t ions a n d add i t iona l d i sc re te 
conce i t r a t cd load points . T h i s p rocedu re pe r fo rms a 
l inear , f in i te -e lement s t ress ana lys i s of t h e wing box 
us ing t e c h n i q u e s r e j w r t e d by Black lock , R i c h a r d , a n d 
o t h e r . T h e o u t p u t d a t a can be in t h e f o r m of p r i n t e d 
o u t p u t , p u n c h e d cards , o r m a g n e t i c t ape . T h i s d a t a 
inc ludes node po in t def lect ions, in te rna l load d i s t r i bu -
t ions >n each c lement , inc lud ing Nx, Nv, a n d Nn, s t resses 
on each c l emen t inc lud ing „ „ and , „ s a f e t y marg ins , 
a n d a weight e s t i m a t e based on t h e we igh t of t h e 
s t r u c t u r a l s imula t ion . As a n op t ion , t h e p rocedu re 
h a s t lie flexibili ty t o e x a m i n e each e lement for each 
of t h e t h r e e load cond i t ions a n d t o ra t io t h e ele-
ment th ickness u p or d o w n t o ge t a closer m a r g i n of 
s a f e t T h i s p rocedure will ana lyze all wing t y p e s 
inclu ling fixed a n d va r i ab le sweep, tw i s t ed a n d c a m -
berei . I t also a c c o m m o d a t e s d iverse s t r u c t u r a l 
a r r a n g e m e n t s h a v i n g b o t h spanwise and chordwise skin 
thick ncss va r i a t ions . U p p e r a n d lower sk in th icknesses 
m a y v a r y , and b o t h chordwise and spanwise load 
va r i a t i ons a re p e r m i t t e d . T h e p rocedure is genera l 
cnou ill to be used on a n y s t r u c t u r a l box which m a y b e 
simu a t c d using cons t an t - s t r e s s t r iangles for skins, 
quad r i l a t e r a l e l e m e n t s for webs a n d b a r e l emen t s for 

c a p i lcmbers . 
T l e final s t ep in t h i s p rocedure ut i l izes t h e S t r o m -

berg Car l son 4020 C o m p u t e r - R e c o r d e r to graphica l ly 
displ ly mos t of t h e i n f o r m a t i o n gene ra t ed in t h e s t ress 
anal /sis. F ig . 4 i l lus t ra tes t he d i sp lay of a t yp i ca l wing 
box skin wi th t h e e l emen t n u m b e r s shown. T h e u p p e r 
a n d lower skins, w i t h t he e l emen t g r ids super imposed , 
a re d i sp layed a l t e rna t e ly in succession, and t h e n u m e r -
ical d a t a is p r in t ed in t h e a p p r o p r i a t e element , locat ion. 
T h e d i sp lay inc ludes t he p r in t ing of s tresses, in te rna l 
loads, and sa fe ty m a r g i n s and th icknesses for each of 
t he load condi t ions s imu la t ed . 

D e p e n d i n g u p o n t h e accuracy desired, t h e resu l t s of 
th i s s t r ess ana lys i s m a y be used in t w o ways . T h e 
resul ts m a y be used t o pe r fo rm an even finer op t imiza -
t ion by using t h e p l a t e op t ion of t he syn thes i s p rocedure 
or by pe r fo rming deta i l panel s tud ies us ing t h e aniso-
t rop ic p la te buck l ing procedure . T h e resu l t s m a y also 
be used in designing t he deta i l s t r u c t u r e , us ing t he 
in te rna l loads, s tresses, s a f e ty marg ins , a n d th icknesses . 

Conclusion 

T h e s e p rocedures p rov ide t h e des igner wi th new 
l a t i t u d e in t h e op t imiza t ion of wing s t r u c t u r a l boxes. 
T h e p rocedures h a v e been a u t o m a t e d and l inked t o t h e 
extent t h a t they a r e easy t o employ and p rov ide a 
reduc t ion in b o t h t ime a n d labor ious p r e p a r a t i o n of 
detai l d a t a , t h u s al lowing t he engineer t o es tab l i sh his 
design rapid ly , while consider ing a m u l t i t u d e of 
c a n d i d a t e s . 
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The demand for energy is growing at such an 
accelerated rate that the at tendant problems 
of pollution and fossil fuel supply depletion 
point to an urgent need for revision of en-
gineering priorities before making critical de-
cisions for the future. Development o : nu-
clear power, more pollution-free sources of 
energy, and new concepts of transportation 
are challenges for today's engineers. 

ROBERT W. GRAHAM1 

»NASA-Lewis Rme.irch Center . Cleveland. Ohio. M e m . 1 S M E , 
Secre ta ry , H e a t T r a n s f e r Divis ion. 

40 / FEBRUARY 1971 / MECHANICAL ENGINEERING 

T H E E S C A L A T I N G consumpt ion of energy by t h e world 
popu la t ion is a topic cu r ren t ly receiving widespread 
a t t e n t i o n in t h e news media . Technica l journa ls , 
newspapers , a n d popu la r magaz ines alike h a v e been 
ca r ry ing s tor ies dea l ing wi th m a n y aspec t s of t h e prob-
lem. D e s p i t e th i s unusua l in teres t it is we mechanica l 

- eng inee r s who really need to t a k e a more ser ious look 
a t t h e problems of. mee t ing f u t u r e d e m a n d s f o r energy 
produc t ion . W e are t h e professional g roup which will 
be mos t responsible for mak ing cri t ical der is ions af-
fec t ing t h e f u t u r e in t h i s area. Ce r t a in ly , th i s has 
been our role in t h e pas t . 

1 >ecisions for t h e f u t u r e will h a v e to be m a d e on new 
and d i f fe ren t g round rules f rom those of t h e pas t . 
Coin ing a t a t i m e when A S M K is reexamin ing i t s goals 
and priori t ies, i t seems a p p r o p r i a t e t h a t we s imi lar ly 
d e v o t e much a t t e n t i o n to energy p roduc t ion and ut i l iza-
t ion . Such review will necess i ta te m a j o r revisions in 
engineer ing priori t ies. 

All of t h e in fo rma t ion sources show t h a t m a n is 



* engineering a better environment" 
utilizing more a w l rno c t he rma l ly p roduced ene rgy . 
Even with t he p o p u l a t on increase, t he wor ld-average 
increase iti energy con; u m p t i o n per c a p i t a is m o v i n g 
ahead a t a b o u t 3 .5 pen e n t per year (1963-1966 d a t a ) . 
The same d a t a show t h a t t h e per c a p i t a g rowth in en-
ergy u t i l i za t ion on t h e N o r t h Amer ican c o n t i n e n t is 
far ahead of t h e world ' s avcn ige . F r o m t h e Minerals 
Yearbook [2],5 N o r t h A m e r i c a consumes a b o u t 37 
percent of t h e world to ta l o u t p u t . On a per c a p i t a 
basis th is consumpt ion is t h r ee t imes g rea te r t h a n 
Western E u r o p e and a t lejist 30 t imes g rea t e r t h a n t h e 
F a r Eas t or Africa. Such d a t a also ind ica te t h e huge 
dispar i ty in t h e s t a n d a r d s of l iving be tween people in 
backward count r ies a n d those in highly technologized 
countries. 

However , i t is becoming pressingly ev iden t t h a t ou r 
appe t i t e fo r more and more energy is no t w i t h o u t p rob-
lems. Peop le in th i s c o u n t r y a re now aware of a severe 
pollution p rob lem which is a t t e n d a n t t o t h e w a y s in 
which we p roduce t h i s a b u n d a n c e of energy . As is 
well known , m o s t ene rgy in t h e form of e lect r ic i ty or 
energy t o supp ly our t r a n s p o r t a t i o n needs is producer I 
through t h e c o m b u s t i o n of hydroca rbon fue l s—pet ro -
leum, n a t u r a l gas, and coal. S o m e of t h e p roduc t s of 
combu8lion a r e p o l l u t a n t s to t h e a tmosphere . 

Aside f r o m pol lut ion, t h e d e m a n d for m o r e energy 
raises ques t ions a b o u t t h e deple t ion r a t e of t h e wor ld ' s 
supply of fossil fuels . F o r how long will t h e reserves 
of t hese fuels las t a t t h e p resen t r a t e of accelera ted 
consumpt ion? Regard less of whose e s t ima te s on • 
believes t h e reserves h a v e a l imi ted l i fet ime. 

Pol lu t ion a n d deple t ion of n a t u r a l resources a re di • 
ficult ques t ions t o conf ron t . F o r t h e engineer ing con 
muni ty , t h e y p resen t s o m e m a j o r chal lenges. Net . 
only d o m a j o r fixes on combus t ion ha rdware h a v e t o b • 
devised and new m e a n s of " m i n i n g " t h e fue l s h a v e t o b • 
developed, b u t a more ambi t ious p rogram to deve lon 
new sources a n d new m e a n s of p roduc ing ene rgy m u s t 
be i naugu ra t ed . T h e signif icant deve lopmen t in n u -
clear electric power is a first s tep , b u t t he re a rc also 
pollution problems wi th th i s advance . 

Desp i t e i m m e d i a t e e f fo r t s to control pol lut ion a n d 
conserve fossil fuels, t h e deve lopmen t of new ene rgy 
sources is impera t ive . Severa l new concepts h a v e ap -
plication in t h e a reas of t r a n s p o r t a t i o n and electr ical 
power genera t ion . B u t , new m e a n s of p roduc ing en-
ergy will n o t be w i t h o u t t he i r concerns in c rea t ing new 
ecological a n d conserva t ion problems. A n y t h e r m a l 
system t h a t can be conceived will involve losses and 
wastes of some sor t . T h e second law of t h e r m o d y -
namics g u a r a n t e e s t h a t t he re will be some k ind of pol-
lu tan t was te to dea l w i t h in a n y sys t em. 

Trends in Energy Consumption 

The United States. T h e t r e n d s in t h e u t i l iza t ion of 
energy for t r a n s p o r t a t i o n and electrical power con-
sumpt ion in t h e U. S. a re ev iden t f rom an examina t ion 
of Figs. 1 a n d 2 [3 J. T h e d a t a a re s tagger ing in m a g -
ni tude, and even more s tagger ing in the i r ex t r apo la t ion 
to t he f u t u r e . C o n s u m p t i o n of gasoline and diesel oils 
has grow n f rom 40 billion gal per vr in 1950 to 78 billion 
gal per y r in 1967—or a lmos t double in t h a t sho r t t i m e 

* Numbers in brackets designate Reference« a t end of article. 

period. l'»y 19S0, if ou r consumpt ion con t inues t o in-
crease a t < he present ra te , we could exceed an annual 
c o n s u m p t i o n of 100 billion gal per yr . 

According to t h e U. S. Geological Survey , t he oil 
reserves in t h e con t inen ta l U. S. a n d Alaska a m o u n t to 
app rox ima te ly 200 billion bb l or 10,000 billion gal. 
T h i s is a conse rva t ive e s t i m a t e of t hese reserves. If 
we accept t h i s figure and c o n s u m e oil a t t h e 1980 ra te , 
w e could use u p all of o u r reserves in 100 yr . E v e n if 
t hese oil reserve e s t i m a t e s are off b y a fac tor of 2, t h e 
deple t ion r a t e of o u r oil resources is an ominous devel -
opment.. The re a re some au tho r i t i e s w h o claim t h a t 
o u r oil reserves vill be used u p in less t h a n a cen tu ry . 

A t t h e 1970 rate , we a r e b u r n i n g a b o u t 400 gal of 
t h e s e fuels per yea r for eve ry a d u l t a n d child in t he U". S. 
T h i s q u a n t i t y of fuel b u r n e d in in t e rna l combus t ion 
eng ines (based upon 1963 release e s t ima tes ) releases 
a b o u t 150 lb of hydroca rbons , 800 lb of CO, and 4 5 lb 
of va r ious oxides of n i t rogen per y e a r for e v e r y person 
in t h e U. S. [4 ]. P e r au tomobi le , th i s a m o u n t s t o over a 
t o n of pol lut ion per year . 

A d m i t t e d l y , t h e new emission controls p u t on a u t o -
mobi les will reduce t h e p o l l u t a n t r a t e per au tomob i l e 
per y e a r dras t ica l ly . T h e 1970 s t a n d a r d s appl ied t o 
all au tomob i l e s would reduce t h e emission t o approxi-
m a t e l y one- th i rd of t h e 1963 uncontrol led level. Cer -
ta in ly all of t h e au tos on t h e road a f t e r 1970 will n o t 
m e a s u r e u p t o these s t a n d a r d s and t he average t o t a l 
emission f rom each a u t o will be somewhere be tween t h e 
1963 a n d 1970 levels. 

If t h e consumpt ion of a u t o fuels goes u p as p ro jec ted 
f rom Fig . 1, t h e f u t u r e increased use will soon br ing t h e 
to ta l po l lu t an t r a t e u p t o levels which a re equ iva l en t t o 
or exceed t h e levels of t h e 1960s. I t a p p e a r s t h a t re-
duc ing t h e emission r a t e per a u t o to t h e theore t ica l 
m i n i m u m will no t p e r m a n e n t l y overcome t h e high pollu-
t ion con t r ibu t ion by t h e in terna l combus t ion engine. 
I n fac t , i t seems ev iden t t h a t more d ras t i c measures will 
be necessary to cope wi th au tomobi le - re la ted pol lut ion 
in t h e fu tu re . 

Electric Power Consumption. T h e i n c r e a s e d d e m a n d f o r 
electrical energy in the U. S. has ave raged a lmos t 7 pe r -
cen t pe r yea r dur ing t h e 1960s [3 J. T h e s t e a d y increase 
in t h e electr ical power consumed is shown in Fig. 2. 
F r o m th i s d a t a it is an t i c i pa t ed t h a t t h e U . S. will con-
s u m e over 1500 billion kwh of e lect r ic i ty in 1970. By 
1980, our d e m a n d s p robab ly will be doubled to reach 
3000 billion kwh. If ou r consumpt ion con t inues t o 
doub le every decade , t h e electr ical j>ower consumpt ion 
will reach a s t agger ing va lue by 2000 A.D. of some-
th ing like 10,000 billion kwh. O n e can only specula te 
how t h e power compan ies a rc going to p rov ide such v a s t 
q u a n t i t i e s of electr ical energy . Expans ion in gener-
a t i n g capac i ty will come f rom th ree t y p e s of p l a n t s : 
(1) T h e fossil fuel b u r n e r (coal, gas, a n d oil); (2) t h e 
hydroe lec t r ic ins ta l l a t ion ; and (3) t he nuc lear j>ower 
p l an t . D e s p i t " a growing c o m m i t m e n t t o new nuclear 
p l a n t cons t ruc ion, m o s t of t h e ini t ial increase will h a v e 
t o b e a s sumed by t h e p lan t s which burn fossil fuels. 
T h e hydroelec t r ic p l an t s a re l imited to places where 
n a t u r a l condi t ions m a k e i t possible to t a p a head of 
wa te r . Genera l ly these l imited s i tes a re f a r removed 
f r o m populous industr ia l centers, so a g rea t ly expanded 
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hydroe lec t r ic c apac i t y seems imposs ib le—cer ta in ly ii 
t h e U. S. 

C u r r e n t l y , only 17 pe rcen t of t h e power deve loped in 
th i s c o u n t r y comes f rom hydrau l i c sources. Ove r .50 
pe rcen t comes f rom coal burn ing , 23 percen t f rom 
n a t u r a l gas , a n d a b o u t 8 percen t f rom fuel oil. T h e 
con t r i bu t ion f rom nuclear sourccs is negligibly small 
T h e r e is a t r e n d now toward conversion t o gas or oil in-
s t e a d of coal as a fue l t o overcome cer ta in pol lut ion dif-
ficulties. 

T h e po in t is t h a t t h e consumpt ion of fossil fuels will 
go u p a t a t r e m e n d o u s r a t e if we t r y to respond to t h e 
g r e a t e r d e m a n d s for electrical ) tower. T h i s is t h e ker-
nel of t h e problem. C a n we in t h e U. S. m e e t t h e energy 
d e m a n d s of t h e f u t u r e withoi t dep le t ing fossil fuel 
reserves and spewing ou t vas t qi an t i t ies of po l lu tan t s? 

Western Europe. N e x t t o t he N o r t h Amer ican con t inen t , 
W e s t e r n E u r o p e is t he largest consumer of energy in 
t h e world. As such i t has a regional ( d i l u t i o n p rob lem 
because of in tense indus t r ia l iza t ion . Fig. 3 shows t h e 
pe t ro l eum and coal consumpt ion realized or e s t ima ted , 
f r o m 1965 t o 1980 [5 J. T h e increase in pe t ro l eum con-
s u m p t i o n reflects bo th t r anspo r t a t i on and electr ical 
energy d e m a n d s . A l t h o u g h E u r o p e has an a m b i t i o u s 
p rog ram of deve lop ing nuc lear j>ower p lants , fuel oil is 
be ing used a t a n increas ing r a t e in p lace of coal. T h e 
s u b s t i t u t i o n of oil fo r coal reduces poll i t ion b u t ag-
g r a v a t e s t h e oil reserve problem. Coal is genera l ly 
m u c h more p len t i fu l t h a n oil in t h e world. 

Means for Producing Energy 

W i t h some apprec ia t ion for t h e p resen t and f u t u r j 
d e m a n d s for energy, let us look now a t ways to g e n e r a t e 
i t o t h e r t h a n b y t h e combus t ion of hydroca rbons . 

Electrical Energy From Nuclear Fission. C u r r e n t l y , i n t h e 
U. S., t h e r e is someth ing like 70,000 M W of nuclear-
electr ic power < apac i ty unde r cons t ruc ' ion . I t is est i -
m a t e d t h a t b y 980 a b o u t 150,000 MM of capac i ty will 
be avai lable . n Europe , it is an t i c ipa t ed t h a t aboi t 
110,000 M W ol nuclear-electr ic power will be r e a d y by 
1980 [6J. D e s p i t e th i s an t i c ipa t ed g rowth of n u c l e a - -
electr ic p o w e r in t h e U . S., it will still a m o u n t to on ly 
a b o u t 20 pe rcen t of t he an t i c ipa ted pov er needs in t l e 
1980s. 

T h e U. S. holds a k e y role in t h e < e v e l o p m e n t of 
nuclear-e lec t r ic power o v e r t h e e n t i n world. F i r s t , 
t h e U . S. is t h e principal source of t h e enr iched u r a n i u m 
used t o c h a r g e t h e reactors . Second, we a re t h e 
wor ld ' s pr inc ipal suppl ie r of t h e r eac to r shells, h e a t ex-
changers , t u rb ines , a n d electr ical genera t ion e q u i p m e n t 
I t is e s t i m a t e d t h a t t h e U. S. capac i ty t o p roduce en-
riched u r a n i u m m u s t be doubled b y t h e end of t he '7( s 
if t h e forecas ted expans ion of nuclear-electr ic power in 
t h e f r ee world is to be achieved. Such a n expans ion in 
t h e nea r f y t u n requi res i m m e d i a t e p lans for a d d i n g 
capac i ty t o exis t ing u r a n i u m - e n r i c h m e n t p lan ts . 

T h e r e a re some o t h e r d e v e l o p m e n t s in t h e wind t h a t 
may af fec t t h e expans ion of nuclear-electr ic power. 
One is t h e po ten t ia l d e v e l o p m e n t of t h e f a s t breeder 
reactor which would dras t ica l ly reduce t h e f u t u r e need 
for enriched u ran ium. I t is still too early to m a k e a n y 
meaningfu l assessment of t h e succcss of such a reac tor . 
A t t h e p resen t t ime, considerable research e f for t is b e i n g 
devoted to t h i s t y p e in both t he U. S. and I .urope. A n 
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answer a b o u t engineer ing feasibil i ty should bo fo r th -
coming b y t h e mid 7 0 s . 

I n t h e U. S., t h e p a c e of d e v e l o p m e n t s in nuclear-
electric power h a s been re ta rded b y legal barr iers a n d 
by public fears, m i s u n d e r s t a n d i n g , a n d even host i l i ty . 
T h e licensing r e q u i r e m e n t s h a v e been !>ecoming m o r e 
complicated desp i te i m p r o v e m e n t s in design and per-
formance of newer nuc lear facil i t ies. I t does seem t h a t 
the licensing p rocedure could be b e t t e r codified a n d 
simplified. T h e c u r r e n t codes a r e compl ica ted b y in-
grown p receden t s t h a t need revision (and somot imes 
cancellation) to keep t h e m cu r ren t wi th new technology. 
The encumberances of a compl ica ted licensing pro-
cedure h a v e t e n d e d t o raise cas t s excessively (along 
with t he na t iona l inflat ion) and h a v e discouraged p r iva t e 
inves tment in t h e nuelear-electr io power field. Pub l i c 
d is t rus t a n d fea r of nuclear-electr ic power p l an t s m u s t 
be overcome by b e t t e r communica t ion . A p p a r e n t l y a 
controlled reac to r is stil l t h o u g h t of as a b o m b and t h i s 
fixation m a k e s i t difficult to " se l l " t h e publ ic on t h e 
safety of t h e opera t ion . 

W h e n i t is m o r e ful ly realized t h a t r eac to r s a r e sa fe 
and t h a t t h e y reduce a i r pol lut ion, t h e n pe rhaps t h e y 
will become b e t t e r accep ted even n e a r p o p u l a t e d a reas . 
Of course t h e y a r e n ' t a panacea for t h e overal l po l lu t ion 
problem. T h e y a re a po ten t i a l source of t he rma l pol-
lution. Because of lower ope ra t i ng efficiencies as com-
pared t o combus t ion p l a n t s (33 pe rcen t for a nuc lear 
plant in c o n t r a s t t o 38 percen t for a combus t ion p l an t ) , 
the nuclear-electr ic will c o n t r i b u t e u p to 10 pe rcen t 
more t h e r m a l pollut ion. Also, t h e r e is t h e p rob lem of 
disposing of t h e expended rad ioac t ive fuel . As dis-
cussed in [7], t he re is t h e p rob lem of env i ronmen ta l ac -
cumulat ion of t r i t i u m a n d k r y p t o n 85 in t h e w a s t e -
t r e a t m e n t process. 

I n f h e long-range v i ew of f u t u r e electr ical power de-
mands, i t does seem m a n d a t o r y t h a t expans ion of t h e 
nuclear-electric power capabi l i ty be encouraged . S u c h 
a deve lopmen t would t e n d to conserve t h e world ' s fossil 
fuel reserves a n d would also a l levia te a tmospher ic pol-
lution in a n d a r o u n d popula t ion centers . As w a s 
pointed ou t , t h e r m a l po l lu t ion a n d t h e disposal of radio-
active was te a r e pol lu t ion problems peculiar t o nuclear-
electric power p l a n t s a n d these m u s t be dea l t with ef-
fectively. 

T h e real izat ion of a growing nuclear-electr ic capac i ty 
needs more t h a n a con t inu ing technological advance . 
Great ly needed is t h e mora l s u p p o r t of t h e engineer ing 
communitj* a n d a sound p r o g r a m of publ ic relat ions. 
Misconceptions and supers t i t ions abou t nuclear |x>wer 
must be displaced wi th a c c u r a t e i n fo rma t ion t h a t t h e 
average cit izen can u n d e r s t a n d . T h e nuclear-electr ic 
power p l an t is a safe ins ta l la t ion which docs not cont r ib-
ute measu rab ly t o t h e rad ia t ion dosage which people 
are sub jec t to e v e r y d a y f r o m uch common th ings as 
build ng mater ia ls . 

Solar Energy Conversion. When we a rc considering power 
sources we should no t overlook t h e r ad i a t i on f r o m t h e 
sun. Almost 100 w of jjower per sq f t is t r a n s m i t t e d t o 
the ea r th su r f ace by t h e s u n T h i s power reaches our 
planet w i t h o u t a n y associated pol lut ion. Whi le we 
receive t r e m e n d o u s a m o u n t s of energy f r o m t h e s u n 
everyday, t he re a r e n ' t a n y real ly a t t r a c t i v e ways of 
tapping this r ad i ac t ive energy a n d d i s t r i b u t i n g i t . 

T w o m e t h o d s for ha rness ing solar power a r e : (1) 
solar e lect r ic cells, a n d (2) solar ref lector fu rnaces . 
E a c h of t hese met hods is be ing researched a t t he p resen t 
t i m e . Solar e lec t r ic cells h a v e had cons iderab le use in 
t h e space p r o g r a m . M o s t of t h e u n m a n n e d sa te l l i tes 
h a v e been equ ipped wi th t h e m t o prov ide electr ic power 
o v e r long pe r iods of t ime. 

Solar Electric Cells. T h e so lar e lect r ic cell is a device 
where in imping ing p h o t o n rad ia t ion causes a migra t ion 
of e lec t rons a n d t h u s p r o d u c e s an electr ical cu r r en t . 
T h e cell is an energy c o n v e r t e r of solar r ad i a t i on i n t o 
e lect r ic i ty . U n f o r t u n a t e l y , t h i s is a h ighly ineff icient 
process . E v e n t h e best, of t hese cells a r c on ly 5 pe rcen t 
eff icient . 

A re la t ive ly new v a r i e t y of t h e so lar cell is cal led t h e 
" t h in - f i lm solar ce l l . " I n s t e a d of being a th ick , s t i f f -
backed s t r u c t u r e l ike i t s f o r e runne r , th i s so la r cell is a 
t h i n , pl iable su r face . I n s o m e app l i ca t ions , an a r r a y 
of t hese cells can be s t o r e d like a w indow s h a d e a n d 
t h e n pul led o u t i n t o a l a rge c o n t i n u o u s shee t when in 
use. S u c h an a r r a n g e m e n t is a t t r a c t i v e for space app l i -
ca t ions . T h e s t o r a b l e a n d p l iab le f e a t u r e s m a k e t h e m 
a t t r a c t i v e for g round use also. 

A t p r e s e n t t hese th in- f i lm cells a r e m a d e in un i t s ap -
p ro rimately 3 in. s q u a r e . E a c h u n i t is c apab l e of gen-
eral ing a b o u t J w when t h e s u n ' s r a y s imp inge n o r m a l 
t o t h e s u r f a c e [8]. I m a g i n i n g a foo tba l l field of t hese 
cells a r r a n g e d so t h a t t he i r o u t p u t w a s unif ied i n t o o n e 
electr ical o u t p u t , t he m a x i m u m n o o n d a y o u t p u t wou ld 
be abou t 140 k w . T h e a v e r a g e o u t p u t f o r a s u m m e r 
d a y of cloudless s u n s h i n e would b e a b o u t 90 kw. T h i s 
is a s ignif icant q u a n t i t y of power . H o w e v e r , t h e s e 
n u m b e r s a re idealist ic a n d d o n ' t a c c o u n t for t h e losses 
incur red n " b u s s i n g " t h i s power t o a power t a p or 
swi t chboa rd . T h e v o l t a g e and c u r r e n t o u t p u t f r o m 
each cell is c o m p a r a t i v e l y low, so c o m b i n a t i o n s of 
paral le l and ser ies h o o k u p s of t h e cells a r e needed for a 
usab le o u t p u t . Such a h o o k u p c a n be r a t h e r messy 
and i n t roduce app rec i ab l e e lec t r ica l losses. If e i t he r 
t h e vo l t age or t h e c u r r e n t m u s t be cont ro l led for t h e 
appl ica t ion , t h e n electr ical r egu la t ion a d d s f u r t h e r com-
plexi t ies t o t h e sys t em. 

Perhaps t h e m o s t g l a r ing di f f icul ty wi th t h e whole 
concep t is an economic f a c t o r : n a m e l y , t h e ini t ia l cos t 
of t h e thi l-film solar cells. T h e i r p re sen t cos t is a p -
proximat« ly $15 for t h e 3-sq-in. cell, or over $200 per 
sq f t . (Ii should be real ized t h a t t h e y a r e in t he re-
search s t age of d e v e l o p m e n t . ) T h u s a foo tba l l field of 
t hese devices wou ld cos t o v e r $7 mill ion w i t h o u t con-
s ider ing h o o k u p or con t ro l s y s t e m s costs . 

If one a s s u m e d t h e cells t o h a v e a l i fe t ime of 20 y r 
a n d they were s i t u a t e d in a s u n n y sect ion of t h e c o u n t r y 
(200 d a y s of s u n s h i n e per y r ) , t h e net power o u t p u t fo r 
20 y r would be about 4 million kwh. C o n s e q u e n t l y , 
t h e ini t ial c h a r g e s for cells a lone a m o t n t t o a lmost $2 
per kwh. T h i s is 2 o r d e r s g r e a t e r t h a n t h e cos t of p ro-
duc ing e lect r ic i ty at. a s t e a m g e n e r a t i n g p l a n t . Per -
h a p s t h e m a n u f a c t u r i n g cos t s for th in-f i lm solar cells 
will be reduced b u t it <'<•(• n ' t a p p e a r now t h a t t hey will 
b e economical! . ' c o m p e t i t i v e D e s p i t e t h i s d iscour-
ag ing economic p ic ture , solar cells s h o u l d n ' t be ru led 
o u t c o m j letely f rom t h e s p e c t r u m of possible power 
sources . T h e y def in i te ly a r e f r ee of a n y pol lut ion con-
t r i b u t i o n . 
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Solar Furnaces. T h e solar f u r n a c e is an en larged vers ion 
of a tr ick tha t ch i ldren in everv modern general ion h a v e 
«' I t l t o " i l l .« n ; i . W U & ' r t t r . < I.; • . - t l J ^ J - H - l r 1 ;i 

or a mir ror and locus t h e m on so ne object t o be h e a t e d 
or burned . 

T h e la rges t solar f u r n a c e in exis tence is loca ted in t h e 
l i t t le t o w n of M o u n t Louis in t h e Py renees of F rance . 
As descr ibed in {9], t he parabol ic mi r ro r is 140 f t high. 
I t focuses on a f u r n a c e c o m p a r t m e n t w h e r e t e m p e r a -
t u r e s of 6300 F a re ach ieved by c o n c e n t r a t i n g a b o u t 
1000 kw of solar energy . T h e pa rabo l i c mi r ro r is fed 
b y an a r r a y of 63 smal ler mi r ro r s which a u t o m a t i c a l l y 
t r a c k t h e sun d u r i n g t h e d a y . T h i s solar f u r n a c e is 
be ing ut i l ized as a research tool in t h e syn thes i s of h igh -
t e m p e r a t u r e , h igh -pur i ty alloys. 

Q u i t e a few smal l coun t r i e s a r ; examin ing t h e possi -
bil i t ies of t h e solar f u r n a c e as a s- urce of power because 
t h e s e pa r t i cu l a r coun t r i e s a re poor in fossil f ue l s a n d 
nuc l ea r power sources . 

In t h e U. S. one of t h e chief p r o p o n e n t s of so la r power 
is Professor E . A. Fa rbe r , M e m . A S M E , of t h e U n i v e r -
s i ty of Flor ida, Gainesvi l le [10]. In his work ing l abo -
r a t o r y , he h a s used solar energy for hea t ing , p u m p i n g , 
cooling, a n d evapora t ing . H e h a s d e m o n s t r a t e d t h e 
appl icab i l i ty of solar energy t o m o s t of t h e t y p e s of 
the rmal -cyc le engines t h a t h a v e been run wi th combus -
t ion or nuc lea r energy sources . Whi le D r . F a r b e r en -
v is ions g r ea t e r appl ica t ion of solar energy s y s t e m s ho 
does no t c l a im t h a t solar ene rgy can replace all o t h e • 
t y p e s of ene rgy sources . 

I t is a nonpo l lu t ing source of energy and t h e energy i i 
f r ee for t h e t a k i n g w i t h o u t a n y deple t ion of t h e ea r t h ' » 
fue l resources. 

O n e m a j o r ob jec t ion t o solar ene rgy is t h a t i t is only 
ava i l ab le w h e n t h e sun is sh in ing . T h e r e a re ene rgy-
s to r age s y s t e m s where in e lectro-chemical , chemica l con-
vers ion, or p h a s e c h a n g e or po t en t i a l energy can be 
s to red . T h e s e k inds of s to rage s y s t e m s c a n l>e 
" c h a r g e d " d u r i n g t h e sun l igh t h o u r s and t he ene rgy 
used on d e m a n d in t he n igh t hours . 

A s a s imple example of a s t o r a g e sys t em, i t h a ; been 
sugges ted t h a t energy could be s to red po ten t i a l ly a s a 
head of wa te r . T h e head of w a t e r can b e used to fur-
nish hydroe lec t r ic power dur i lg the<1 ark per iods, Fig. 4 

Controlled Fusion. O n e of t h e I a r -ou t , f u t u r i s t i c m e a n s of 
genera t ing power could be cont ro l led fus ion. Fus ion it 
t h e process t h a t goes on in ac t ive s t a r s and in our s u n -
i t is t h e p r i m e source of all of ou r ene rgy he re on e a r t h 
T h u s far , control led fusion h a s n o t been ach ieved in th* 

l abo ra to ry . H o w e v e r , over t h e pas t d e c a d e s ignif icant 
profr-ess has been m a d e ifti research which is a i m e d a t 
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While not a real i ty a s ye t , m a n y sc ien t i s t s a n d eum-
neers a r e op t imis t i c a b o u t a c t u a l a c h i e v e m e n t . 

T h e rea l iza t ion of fus ion in t h e l abo ra to ry en ta i l s t h e 
cont ro l and con f inemen t of h igh ly energe t ic nuclei of 
t h e isotopes of hydrogen a n d hel ium. T w o of t h e pos-
sible reac t ions a re d e u t e r i u m - d e u t e r i u m a n d d e u t e r i u m -
hel ium 3. 

Kindl ing t h e fus ion react ion requ i res high energies 
which a r e e q u i v a l e n t t o t e m p e r a t u r e s in t h e mill ions of 
degrees. T e m p e r a t u r e , as we normal ly t h ink of i t , is 
not. a m e a n i n g f u l index of t h e energy of t h e par t ic les 
engaged in t h e fus ion reac t ion . I t is b e t t e r t o t a lk 
a b o u t t h e energies in t e r m s of e lectron vol ts . T h e 
fu* ion react ion t a k e s p lace in t h e v ic in i ty o f ^ 0 , 0 0 0 elec-
t r o n vo l t s ( l O k e v ) . 

T h e r e a re t w o m a j o r p rob lems which a r e obs tac les t o 
t h e rea l iza t ion of control led fus ion in t he l a b o r a t o r y . 
T h e first is t h e con f inemen t of t h e energe t ic p l a s m a of 
t h e fus ion r eac t an t s . T h e second is conserva t ion or 
r e t en t ion of s o m e of t h e energy p r o d u c e d t o sus ta in t h e 
ongoing fus ion reac t ion a t t h e high ene rgy level. T h e r e 
is a ques t ion w h e t h e r a n e t ene rgy p r o d u c t i o n will b e 
real ized. 

S u c c e s fu l conf inement of t h e p l a sma is p r o b a b l y t he 
chief foe is of c u r r e n t wor ldwide research effor t in fusion. 
T h e effoi-t is d e v o t e d t o developing magne t i c field " b o t -
t l e s " t h a t will confine t he p lasma. P rac t i c a l l y every 
m a g n e t i c g e o m e t r y t h a t has been conceived t h u s f a r 
has in to lerable leaks t h a t a l low too m u c h of t h e p lasma 
to escape. Consequen t ly , t h e con f inemen t t i m e for t h e 
pa r t i c l e r e a c t a n t s is t oo sho r t a n d t h e fus ion react ion 
does n o t go. As po in ted o u t in [11 ], t h e res idence t i m e 
needed for t h e react ion is of t h e o rde r of t e n t h s of a sec-
ond which is ecpiivalent t o mil l ioas of oscil lat ions across 
t h e conf inement volume. 

T h e conf inement of t h e fusion par t ic les in a magne t i c 
field requires t he deve lopmen t <f ex t remely powerfu l 
magne t s . T h e superconduc to r m a g n e t coil offers 
such a possibil i ty. M a n y alloys exhibi t supe rconduc t -
ing qual i t ies when t h e y a re sub jec ted to v e r y low cryo-
genic t empera tu res . A t approx ima te ly 4 K (l iquid 
hel ium env i ronmen t ) an alloy conduc to r m a y show 
pro ct ical ly n o electrical resistance. T h u s for an a lmos t 
negligibly small expend i tu re of power , an ex t remely 
s t rong magne t i c field can be developed. M a g n e t s wi th 
field s t r e n g t h s u p t o 15 Tes las (150,000 gauss) h a v e 
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been built. [12]. T h e economy in power c o n s u m p t i o n 
is i l lustrated b y a 1.8 f e s l a s u p e r c o n d u c t i n g m a g n e t 
built for t h e Argonne Na t iona l L a b o r a t o r y which ef-
fects an e s t ima ted $100,000 per y r sav ing in electr ical 
power compared to a conven t iona l r o o m - t e m p e r a t u r e 
coppei^wound m a g n e t ( I I ) . T h e a d v a n c e m e n t s in t h i s 
technology hold promise for t he d e v e l o p m e n t of in tense 
magnet ic fields which can con ta in t h e p l a sma of a fus ion 
reaction. 

Fusion is a n a t t r a c t i v e energy source because i t ho lds 
out t h e possibi l i ty of a l lev ia t ing ex t remely large energy 
levels w i t h o u t deplo t ior of resources, and oven el imi-
nat ing some of t h e p o l l u t a n t s p roduced b y combus t ion 
or nuclear fission. F o r example t h e r e a re no rad io-
active fission p roduc t s to dispose of. However , t h e r e 
are env i ronmen ta l cons idera t ions such as neu t ron rad ia -
tion and secondary r ad i a t i on t o be concerned abou t . 
The p lant faci l i ty for hous ing t h e fusion reac to r m u s t be 
const ructed t o isola te and conta in t h e dange rous rad ia -
tion. Such shielding c a n be accomplished with c u r r e n t 
technology. 

Courses of Action 

In t h e a r eas of power p roduc t ion and t r a n s p o r t a t i o n 
we are c a u g h t be tween t h e pincers of pol lut ion a n d 
rapid dep le t ion of oil reserves. E i t h e r one of t hese 
poses a t h r e a t e n i n g technological p rob lem t o a wor ld 
which is growing in popula t ion a t a n a l a rming ra te . 
Popula t ion t r e n d s and economic growth b o t h p o r t e n d 
greater d e m a n d s for energy in t h e f u t u r e . 

T h e r e is n o direct , easy answer t o th is d i l e m m a . 
M a n y soc io log ies a n d technological fac o r s come in to 
play in eva lua t i ng t h e problem and in sugges t ing courses 
of act ion to al leviate , o r coun te r ac t , some of t h e issues. 
Now, as never before, t h e engineer who designs a n d 
opera tes power e q u i p m e n t and t h e eng ineer who designs 
t r a n s p o r t a t i o n vehicles a n d s y s t e m s mu^ t be ful ly con-
scious of the i r effects on t h e use of na tu ra l resources a n d 
on ecological a n d pol lut ion d i s tu rbances . As long a s 
engineering t r a in ing has been in existenc i in t h i s coun-
t ry , t h e engineer ing s t u d e n t has been in t r u c t e d a b o u t 
his social responsibi l i ty and t h e effects of w h a t he 
builds on society. A l though these teswns p r o b a b l y 
have no t been t a k e n as seriously as t h e y should , t o d a y , 
in c r i s i s t h e y h a v e m o m e n t o u s impac t . 

Electr cal Energy. F o r electr ical energy p roduc t ion , t h e 
coal-fired s t e a m power p l an t a p p e a r s to be t h e bes t b e t 
for i m m e d i a t e expansion. Because of pol lut ion con-
siderations, s t e a m power p l an t s h a v e been conve r t i ng 
to oil or n a t u r a l gas. E a c h of t hese fuels is in shor te r 
supply as compared t o coal. I t would seem t h a t b e t t e r 
combust ion sys t ems a n d s tack t r e a t m e n t sys t ems could 
be developed t h a t ut i l ize coal wi th min imal pol lu t ion 
effects. 

Largely because of a d i s t r u s t f u l public, t h e t h e r m a l 
nuclear power p l an t has no t been well accepted . D e -
spi te ef for ts b y t h e i n d u s t r y and A E C , t h e s a f e t y regula-
t ions a n d licensing procedure h a v e been in a s t a t e of 
flux which has m a d e t h e designers and bui lders hesi-
t a n t t o p r o m o t e new a n d larger p l an t designs. In t h 
U.S., t h e a m o u n t of power p roduced by nuc lear powi • 
p lan t s is insignif icant Oess t h a n 1 pe rcen t ) . T h e r e need < 
to be an in te l l igent i n fo rma t ion campa ign d i rec ted t o 
t h e general publ ic a b o u t th i s t y p e of e q u i p m e n t . Con-

s iderab le i naccu ra t e i n fo rma t ion and emot ional fixations 
r e l a t ing to nuc lear h a z a r d s h a v e to be overcome. 

In a d v o c a t i n g t h e g rea t e r use of nuclear power p lan t s , 
it is realized t h a t t h e nuclear fuel is also a l imited re-
source. However , c u r r e n t research on t h e b reede r - type 
reac tor offers s o m e promise of a sy s t em which w o n ' t 
dep l e t e t h e wor ld ' s s u p p l y of u r a n i u m . T h e breeder 
r eac to r dese rves a serious scientific and engineer ing 
feas ib i l i ty s t u d y . 

In t h e s p e c t r u m of power sources, such n a t u r a l e n e r g y 
sources as sun l igh t a n d wind should no t be over looked . 
T h o y are freo f o r t h e t a k i n g as p r ime sources w i t h o u t 
pol lut ion difficulties. T r a n s f o r m a t i o n of t he i r p r i m e 
energies in to a useful fo rm requi res cons iderable engi-
neer ing ingenu i ty . I t is r e c o m m e n d e d t h a t such sys-
t e m s be g iven more serious a t t e n t i o n by engineers . 

I t does seem obvious t h a t g rowing d e m a n d s for energy 
in t h e next c e n t u r y a rc going t o r equ i r e a b r e a k t h r o u g h 
in to a new m e a n s of p roduc ing t h a t energy. T h e on ly 
en t i r e ly new possibi l i ty on t h e hor izon is con ta ined 
fus ion. C« r ta in ly t h i s concept offers t h e possibi l i ty 
of releasing large q u a n t i t i e s of power f r o m one ins ta l la -
t ion. Power levels of t h e order 10'° w seem feasible. 
As n en t ioned earl ier , con ta ined fus ion poses m a n y o v e r -
whe lming technological problems. B u t with suff ic ient 
incen t ive , t hese p rob lems can be overcome. W e o u g h t 
to ti> ke on a m a j o r na t iona l e f for t in fus ion power deve l -
o p m mt . 

L t t l e h a s been done to deve lop m a j o r facil i t ies for 
ener ; y s torage . A p p a r e n t l y i t has seemed more feasible 
t o b' lild t h e sy s t em to a c c o m m o d a t e fluctuat ions in load. 
T h e power-produc ing p l an t is designed to r u n con t in -
uous ly a t some f r ac t ion of peak load. Auxi l ia ry o r 
s t a n d b y u n i t s a re o f t e n provided for emergency or a b -
normal load requ i rements . 

However , recent ly it is ev iden t t h a t more a n d m o r e 
b r e a k d o w n s a r e occurr ing in electr ical power d i s t r i b u -
t ion sys t ems because t h e y a re being ope ra t ed a t near -
capac i ty for long periods of t ime. P e r h a p s t h e series 
of e v e n t s that , lead t o a ca t a s t roph ic " b r o w n o u t " could 
be obviate«I if s o m e new shor t -du ra t ion energy-s torage 
source wer-- avai lable . S to rage of electrical energy in 
ba t t e r i e s or capac i tors d o e s n ' t seem pract ical . O n e 
in te res t ing energy-s torage idea is being considered b y 
N A S A for ' h e opera t ion of la rge wind tunne l s for sho r t 
t e s t i n g per ods. It is to s to re h igh-pressure air w i th in 
s u b t e r r a n e a n caverns . A head of w a t e r a b o v e t he gas 
c a v e r n would be used to ma in t a in t h e high pressure . 

P e r h a p s such a scheme could be used to ge t a s izeable 
gas t u r b i n e power-genera t ion sys tem on line w i t h i n a 
compara t i ve ly short period of t ime d u r i n g an e m e r g e n c y . 
In a n y even t , i t does a p p e a r t h a t we could use e n e r g y -
s to rage s y s t e m s for exis t ing ene rgy -p roduc ing p l an t s , 
a n d a moi ; se r ious look a t how t o d o t h i s is a good 
engi iceriii} ques t ion . 

Tr; nsportai on. In ou r c o u n t r y we a re a c c u s t o m e d t o a 
free« om of m o v e m e n t which a p r iva te ly owned a u t o -
m o b 1c af fords . However , t h e a u t o m o b i l e popu la t ion 
r a t e aas been growing phenomena l ly in t h e last d e c a d e 
or s« , a n d even ge t t i ng r id of t h e d i sca rded ca rs i s a 
maj< r na t i ona l p roblem. T o d a y , t h e a u t o is t h e g r ea t e s t 
sing e c o n t r i b u t o r to a t m o s p h e r i c pol lut ion and holds t h e 
maj«»r responsibi l i ty for t he dep le t ion r a t e of oil a n d 
o t h e r l imi ted n a t u r a l resources. 



A revo lu t ionary new des ign and m a r k e t i n g v i ewpo in t 
fo r t h e a u t o m o »ile needs , t o he p r o m u l g a t e d . T h e 
a u t o m o b i l e o u g h t o be looked u p o n as a t r a n s p o r t a t i o n 
vehicle and not a »an ar t i fac t of aff luence or an " e s c a p e " 
mach ine . I t is ' .x t ravagant a n d w a s t e f u l to cons ider 
t h a t a vehicle IS f t long, 6 f t wide, weighing over 2 tons , 
a n d e q u i p p e d \vi h an engine del iver ing over 250 hp , is 
o f t e n used t o t r a i sport, only 1 person. 

Bes ides t h e e f fo r t s t o r e m o v e or reduce undes i r ab l e 
e x h a u s t product t h e new a u t o m o b i l e n e e d s t o be 
g rea t ly reduced m size and eng ine power . T h i s can 
be done w i t h o u t sacrificing c o m f o r t o r s a fe ty . Appre-
ciable sav ings in o ta l na t iona l fuel consumpt ion would 
be realized if e> ery m a n u f a c t u r e r would r educe t h e 
horsepower and size of t h e new a u t o des igns . 

I t is t h e w h o e engineer ing c o m m u n i t y ' s responsi -
bil i ty t o suppor t a m a j o r c h a n g e in design ph i losophy 
a n d t o in fo rm the dr iv ing publ ic a b o u t t he c o n s c i e n c e s 
of ind iscr iminant use of t h e au tomobi le . If t h e a verage 
d r ive r could be m a d e sens i t ive t o an effort, t o < ut. o u t 
unnecessa ry a u t o t rave l , th i s t oo would aid in ( i l con-
se rva t ion and pol lut ion a b a t e m e n t . 

B e y o n d t h e s e r e c o m m e n d a t i o n s a r c t h e e f fo r t s t,o find 
a c leaner s u b s t i t u t e for t h e in t e rna l combus t ion ngine. 
T h u s fa r , t he p ressures t o b r ing about, a ser ious c f o r t in 
th i s d i rec t ion h a v e n o t been too grea t . B u t t h s pres-
su re is m o u n t i n g and so some e a r n e s t deve lopmen ts m a y 
soon be in t h e m a k i n g . For example , a s h o r t - r a n g e 
electr ic c a r wou ld be su i t ab l e for c o m m u t i n g to work 
and for a grea t dea l of t h e e r rand-chas ing done in 
s u b u r b a n communi t i e s . 

M e t h o d s for m a s s t r a n s p o r t a t i )n a r e receiving re-
vi ta l ized a t t e n t i o n a f t e r a long per iod in which exis t ing 
s y s t e m s (pr imar i ly rail) h a v e been illowed to decay and 
pass o u t of existence. I n p a r t , he neglect of mass 
t r a n s p o r t a t i o n s y s t e m s in and aro ind u r b a n a r e a s h a s 
been d u e to a decent ra l iza t ion o commerc ia l offices, 
p lan t s , and s t o r e s f rom t h e h e a r t )f t h e c i ty t o h igh ly 
d ispersed loca t ions in t h e s u b u r b in areas . S u c h dis-
pers ion h a s m a d e it diff icul t for m iss t r a n s p o r t a t ion t o 
m o v e people t o the i r j o b locat ions . 

I n mos t m a j o r Amer ican cities, lie popu la t ion in t he 
c i ty p rope r h a s been going down . F o r example , in 
D e t r o i t , Mich . , t he c i ty popula t ion decreased an aver -
age of a p p r o x i m a t e l y 1 pe rcen t per y r d u r i n g t h e 19(>0s 
while t h e s u b u r b a n popu la t ion increased a t about 6 per-
cen t per y r . I n m e t r o p o l i t a n a r e a s where new cen t ra l -
ized t r a n s p o r t a t i o n s y s t e m s a r e be ing c o n s t r u c t e d , it. is 
recognized t h a t t hese will no t cause a s u b s t a n t i a l d e n t 
in t h e c o m m u t c r a u t o t raf f ic in those areas . OIK of t he 
mos t ambi t ious and cost ly new t r a n s p o r t a t i o n s y s t e m s 
is being bu i l t in San Franc isco . I t is e s t i m a t e d t h a t 
w h e n in opera t ion , it could reduce a u t o t raff ic in t he 
c i ty b y 2 percent [131. 

One of t he great chal lenges for t h e me t ropo l i t an transit , 
sy s t em is t o t r a n s p o r t t h e c i ty dwel lers to jobs in t he 
s u b u r b a n areas . F o r t h i s func t ion , t h e flow of people 
is reversed f r o m ear l ier concepts of m a s s t r a n s p o r t a t i o n 
which were designed to t a k e s u b u r b a n i t e s i n t o t h e c i ty . 

Ra i l sy s t ems l inked wi th su r f ace t r a n s p o r t a t i o n 
could c o n t r i b u t e t o r educ t ions n a tmosphe r i c p o l l u t a n t s 
a n d would he lp in t h e conse rva t ion of fossil fuels . T h e 
i m a g i n a t i v e innova t ion of s u b w a y and su r f ace m a s s 
t r a n s p o r t a t i o n s y s t e m s in p o p u l a t e d a r eas should b e 

one of th< m a j o r engineer ing t a sks of ou r t ime. 
M o r e and more , a ir t r a n s p o r t a t i o n is c a r r y i n g people 

w h o t r a v e l c o m p a r a t i v e l y sho r t d i s t ances (100 to 200 
miles) as well as those who use t h e sy s t em for long-dis-
t a n c e t r ave l . 

It is t r u e t ha t ou r a i r l ines on domes t i c and overseas^ 
fligl t s c o n s u m e a s izeable por t ion of t h e n a t i o n ' s fuel 
(oil c o n s u m p t i o n . T h e la tes t publ i shed figures (for 
1 9 6 ' ) show t h a t t he a i r l ines used about. 8 .5 percent, of 
t he na t iona l to ta l . If one cons iders t he a m o u n t of fuel 
con timed per mile, per passenger , t h e a v e r a g e j e t p lane 
wh< n only half -occupied ge t s 14 passenger miles per gal. 
T h e a v e r a g e U. S. a u t o also ge t s a b o u t 14 miles per ga l 
of fuel [31. T h u s , d e p e n d i n g on t he passenger loads in 
t h e a u t o and a i rp lane , t h e fue l c o n s u m p t i o n per pas-
senger mile in e a c h can be a b o u t t h e s a m e . 

I t m a y t u r n o u t t h a t sho r t - r ange a i r c r a f t a re a t t r a c -
t i v e t r a n s p o r t a t i o n m e a n s for sho r t t r ips be tween 
cities—es|>ecially in conges ted a reas such as a long t h e 
eas t coas t . S h o r t takeoff ( S T O L ) a n d ver t ica l takeoff 
a i r c r a f t m a y become i m p o r t a n t c o m m u t e r t r a n s p o r t s of 
t h e f u t u r e . T h e y could reduce t h e use of t h e au to -
mobile as a c o m m u t e r carr ier . 

Conclusion 

At. a t ime w h e n mechanica l engineers a re t a k i n g a 
ser ious look a t how t h e y can con t inue c o n t r i b u t i n g t o 
t h e well-being of m a n k i n d , energy p roduc t ion a n d con-
sumpt ion is one of t he m a j o r ques t ions . W h a t e v e r 
s tep i a rc t a k e n and w h a t e v e r pr ior i t ies a re sugges ted by 
mechanica l engineers , t h e y m u s t be responses t o : 

1 W a y s t o reduce t he accelera t ing dep le t ion of fossil 
fuel.1, p r imar i ly pe t ro l eum and n a t u r a l gas . 

2 N e w processes and res t r ic t ions for hand l ing a t m o -
sph« ric po l lu tan t s . 

3 I n t r o d u c t i o n of new m e a n s for ene rgy p roduc t ion 
ra t i er t h a n combus t ion of fossil fuels . 

4 I n n o v a t i o n of energy-s to rage s y s t e m s of mass ive 
capac i ty . 

5 I m m e d i a t e revision of t h e design ( a n d marke t i ng ) 
concep t s for t he au tomob i l e a s a t r a n s p o r t a t i o n med ium. 

6 T h e role of m a s s t r a n s p o r t a t i o n in t h e conse rva - • 
t ion of energy a n d in reduc ing u r b a n pol lu t ion as well as 
t r a n s p o r t i n g people effect ively . 
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Fig. 1 Schematic representation of intermittent-absorption re-
frigeration system. 

F g . 2 Solar refrigeration apparatus uses flat-plate collector as 
tl e generator and absorber. 
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Solar refrigeration is attractive in parts of the 
world where electric power is not readily avail-
able and fossil fuels are expensive. Most work 
on solar refrigeration has been done on con-
tinuous-absorption refrigeration systems which 
cannot serve the purpose if the pumps require 
1 Associate Professor, F a c u l t y of Eng inee r ing 8cience, U n i v e r s i t y of 
Western On ta r io , London, On ta r io , C a n a d a . M e m . A 8 M E . 
» l l r s t Balance Engineer , O n t a r i o Hydro , T o r o n t o , O n t a r i o , C a n a d a ; 
formerly l l n e n r r h Ass is tan t , F a c u l t y of E n g i n e e r i n g Science, Un i -
vemi ty of Wes te rn On ta r io , I joi idon, Onta r io , C a n a d a . 
HAMMI on A paper r o n t r i h u t e d by t h e ASM E So la r E n e r g y Appl ica-
tions U roup. 

OK ALL THK po ten t ia l uses of solar energy , t h e mos t 
a t t r a c t ive is solar cooling. T h e possibil i ty of p rov id ing 
a r e f r i ge ra to r or cooling un i t t o people living where 
conven t iona l cooling un i t s o p e r a t e d by electr ic i ty or 
fossil fuels a r c scarce or unava i l ab le would be a t re -
m e n d o u s boon t o t he world. 

I n t ropical countr ies , t he re is g r e a t in teres t in solar 

I ower. Furthermore, a continuous system be-
( o m e s too complex to be handled by the local 
leople . Here's a description, including the 
(conomic aspects, of a solar-powered inter-
mittent-absorption refrigeration system that 
operates without electricity. 
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cooling because every« lie desires cooling, but, the de-
vices now ava i lab le a n expensive and the cost of elec-
tricity and o t h e r fuels is high. 

T h e economies of solar re f r igera t ion a n d air condi t ion-
ing should be considered f r o m two d i f fe ren t viewpoints . 

First , solar energy m a y replace convent ional hea t ing 
(i.e., electrical o r fossil-fuel hea t ing) in the g e n e r a t o r 
of an absorp t ion re f r igera tor , with wate r cooling in the 
condenser a n d absorbe r , us ing electrical o r o ther me-
chanical power for p u m p i n g . In th is case, it is assumed 
tha t e lect r ic i ty or o t h e r mechanical power is avai lable 
but expensive. 

Second, opera te the en t i ro sy s t em on solar e n e r p -
without the use of electrical o r a n y o the r mechanical 
power. T h e r e are mill ions of people living in small 
communit ies , pa r t i cu la r ly in the t ropics , w i t h o u t olec-
tricity, a n d with t h e avai labi l i ty of kerosene a n d o t h e r 
petroleum fuels l imited. An absorp t ion ref r igera t ion 
cycle requ i r ing no electrical power, and ut i l iz ing solar 
energy as the heat, source for regenera t ion , offers the 
possibility of p rov id ing re f r igera t ion for the preserva-
tion of food and o t h e r per ishables to people who find 
other energy sources t oo expensive . 

M a n y researchers have done inves t iga t ions bo th on 
continuous- a n d in t e rmi t t en t - abso rp t ion ref r igera t ing 
systems which fall u n d e r t he first ca tegory , b u t much 
has to bo d o n e with t he second possibil i ty. A l though 
the first s cheme can find appl ica t ion in m a n y p a r t s of 
the world, the re are , never theless , m a n y places which 
need t he deve lopment of t he second category. 

Experimental Investigation 

Much of t he work in solar cooling h a s been in con-
t inuous-absorpt ion s y s t e m s and less in in te rmi t t ou t -
absorpt ion ref r igera t ion sys tems . There fo re , a n in ter-
mi t t en t -absorp t ion re f r ige ra t ing un i t was designed, 
built, a n d tes ted [ l j . 3 A schemat i c d i a g r a m of t he 
appa ra tu s is shown in Fig. 1 a n d a p h o t o of t he sy s t em 
in Fig. 2. 

T h i s sy s t em used t h e l la t -p la te collector as t he gener -
ator and absorber . T h e co l lec to r -genera to r a p p a r a t u s 
consisted of ¿-in. s teel p ipes connec t ing a 2-in. feeder 
and 6-in. header . T h i n copper shee t s were soldered t o 
the tubes and t he whole co l l ec to r -genera to r a p p a r a t u s 
enclosed in an insu la ted wooden box. T h e collector 
was covered wi th a t r a n s p a r e n t doub le glazing with an 
urea of a b o u t IS sq f t . T h i s sy s t em was tes ted with 
an a m m o n i a - w a t e r solut ion at different concen t ra t ions . 
The pressure in the s y s t e m is control led b y t he condens-
ing t e m p e r a t u r e . In t he t ropics , t he d a y t i m e t empera -
ture is usua l ly high d u r i n g s u m m e r , which increases t he 
pressure of t he s y s t e m to a high level when the con-
denser is a i r cooled. T h e diff iculty of high p re s su re Can 
be obv ia ted b y using an a i n m o n i a - s o d i u m - t h i o c y a n a t e 
combinat ion in s t ead of a m m o n i a - w a t e r . Usual ly , 
Rround wa te r is much cooler t h a n the a m b i e n t t e m p e r a -
ture. Well wa te r could be used as a b a t h for condons-

the a m m o n i a v a p o r a t a much reduced pressure . 
This, in t u r n , would increase t h e q u a n t i t y of a m m o n i a 
condensed for useful refr igerat ion. Hence , cooling 
the condenser with s t a g n a n t wate r , and t he abso rbe r 
with ambient air , is an ideal combina t ion for locat ions 
having high d a y t i m e t empera tu re s . 

' N'umbe < in brackets designate References a t end of article. 

T ie. gone ra to r was charged with p rede te rmined 
a m o u n t s of wa te r a n d a m m o n i a to give (he requi red 
concen t ra t ion of a m m o n i a in t he solut ion. At t he 
c o m m e n c e m e n t of ihe regenera t ion period, the line is 
o p e r e d be tween the uppe r header and t he condenser . 
At the end of t he r egene ra t ion period, Ihe condenser 
is isolated f rom the rosi of t he sy s t em and t he g e n c r a t o r -
collector is a l lowed to cool. T h e t r anspa ren t cover of 
t he «»Hector e m be opened to fac i l i ta te cooling of t he 
g e n e r a t o r T o ca r ry out re f r igera t ion , l ine 7 (Fig. 1) 
is opened and t he a m m o n i a in t he condenser e v a p o r a t o r 
begins to evapo ra t e . S tud ies (2] were m a d e of t h i s 
sy s t em with va r ious a m m o n i a concen t r a t i ons in t h e 
genora for , koeping t he condenser cooled with s t a g n a n t 
water . T h e s e s tud ies showed t h a t th is a p p a r a t u s was 
ab le to condense about 7 lb of a m m o n i a on t he average , 
du r ing regenera t ion , for an ave rage solar rad ia t ion 
in tens i ty of 1.1 l a n g l c y s / m i n for f> hr of regenera t ion . 
T h e t e m p e r a t u r e of t he e v a p o r a t o r w e n t as low as 10 F. 
All hough some ice w a s p roduced , t h e r a t e of ref r igera-
t ion was too slow because of lack of thorough mixing 
a n d reabsorp t ion of N i l , v a p o r in the absorber . H o w -
over, evapora t ion of 7 lb of a m m o n i a should produce a t 
least 10 to 15 l b of ico f rom wa te r a t SO F. T h e abso rbe r 
is being redes igned t o achieve th is resul t . 

Economic Aspects 

T h e cost of manufac t ure of th i s so lar -powered in t e r -
mi t t en t - abso rp t ion re f r ige ra t ing u n i t was s l ight ly in 
excess of $100, excluding t he h a n d l i n g and mov ing 
expenses. Using cheaper mate r ia l s and local labor, i t 
should be possible to r educe th i s cost . T h e a n n u a l 
deprecia t ion and m a i n t e n a n c e of Ihe uni t , a s s u m i n g 
10 percent of the inil ial cost, is t h u s of t he o rde r of $40. 
T h e a n n u a l o u t p u t of ice would bo in the range of 3000 
lb, assuming 12 lb of ice per d a y for 300 d a y s of sunsh ine 
or 3000 lb of ice for 250 d a y s of sunshine . Since th is 
s y s t e m util izing no electr ical or o the r e n e r g y t h a n solar 
is in tended for places where I here is a b u n d a n t sunsh ine , 
it is reasonable to a s sume t h a t sunsh ine would bo avai l -
ab le for more t h a n 250 d a y s per year . T h e r e f o r e , t he 
t he cost of ce would be of t he order of 1.3 cen t s per lb. 

Ice at. t.l is pr ice would be a b o o n to people living in 
a r eas whei ? e lectr ic i ty and o t h e r conven t iona l e n e r g y 
sources oil .er a r e not. avai lable or a r e expensive . C o m -
par ing thi; cost to t he usual cost, of ice in t he r a n g e of 
2 to 4 cen t s per lb in t ropical count r i es such as I n d i a , 
i n t e r m i t t e n t solar re f r igera t ion is a t t r a c t i v e . T h e cos t 
of ice f rom solar-powered in termi t t e n t - a b s o r p t i o n 
ref r igora t ion grea t ly depends on the cost of t he genera -
t o r - a b s o r b e r and condenser e v a p o r a t o r uni ts . Since 
t he gene ra to r and a b s o r b e r a r e combined wi th t he flat-
p la te collector in t h e sy s t em investigalerl by the a u -
thors , t he cost of ice. p roduced by this unit would be 
reduced b y a r educ t ion in t h e overal l cost of (he un i t . 

Us ing indigenous mate r ia l s and local labor in Ind ia , 
one of t he a u t h o r s designed and built a f l a t -p la te collc*-
tor , covered with t wo layers of glass, for a solar a i r 
condi t ioner [3], a t $2.50 ( IS rupees) per sq f t . T h i s 
cost would be q u i t e reasonable in mos t t ropical coun-
tr ies. There fo re , ice could be produced a t low cost 
by a solar-powered in termi t t en t -absorp t ion sys tem like 
t he one tes ted by t h e a u t h o r s , provided several m a j o r 
probl tms associated with t h e sy s t em could be overcome. 



TABLE 1. Comparative Costs of Refrigeration 
V a p o r C o m p r e s s i o n R e f r i g e r a t i o n 

Assume capital cost of $ 1 8 0 . 0 0 for 10 cu-ft cabinet , '/«-hp motor, COP - 4 . eff .c.ency of motor - 0 .8 . and 
cooling load = 7 4 5 0 Btu /day 

Capiti I Charges 

5. ; /day 

5 ; / day 

Energy Source 

electricity 

electricity 

Energy Cost 

3$/kwh 

5$/kwh 

Operat ing Charges 

4 .2C/day 

7 . 0 ç / d a y 

Cost of Ice 

0.25Ç/ lb 

0 .32Ç/ lb 

A b S O Z s u m e R c t p i f a T c o S ° t n o f $ 7 0 0 . 0 0 for NHi—H>0 unit. 9-cu-ft cabinet . COP = 0 . 5 . efficiency of heat ing value to 
— A A 7 rnnllnn Inarl — fiODO Rtll/dflV 

Energy Source 

natural ga s 

kerosene 

kerosene (in India) 

p ropane 

electricity 

electricity (in 
India and Burma) 

S o l a r - P o w e r e d A b s o r p t i o n R e f r i g e r a t i o n 

Unit Capital Cost 

* UWO (NHi—HiO) $400.00 

Farber 

Chung & Duffie 

Trombe & Foex 

Energy Cost Capital Charges Operat ing Charges Cost of Ice 

$ 1 . 0 5 / 1 0 » cu f t l ( )C/day 2 . 5 2 0 / d a y 0 .72C/ lb 

200 /U.S . gal 1 ) 0 / d a y 2 . 3 2 0 / d a y 0 .71C/ lb 

350 /U.S . gal 190 /day 4 . 0 8 0 / d a y 0 . 7 7 ^ / l b 

$ 1 0 . 0 0 / 1 0 0 lb 190 /day 8 . 6 4 0 / d a y 0 .92C/ lb 

30/kwh 190 /day 1 5 . 0 0 0 / d a y 1 .130 / lb 

50/kwh 190 /day 2 5 . 0 0 $ / d a y 1 .460 / lb 

Capacity 
of le e Production 

3 0 0 0 lb/year 

4 1 lb /day 

Capital Charges 
and ma in tenance 

$ 4 0 . 0 0 / y e a r 

Cost of Ice 

1 . 3 3 c / l b 

not known 

$ 4 . 0 0 / t o n 

0 .9-1 .4C/ lb 

T h e m a j o r p r o b l e m is t h e p e r f o r m a n c e «f t h e f a t - p l a t e 
co l lec tor a s a n efficient a b s o r b e r . T h e f la t -p la t e collec-
t o r as a h e a t d i s s i p a t o r is an a r e a whe re n o t l ing h a s 
b e e n d o n e so f a r . P l a n s a re u n d e r w a y t o i n v e s t i g a t e 
t h i s a r e a a n d t o des ign a n efficient a b s o r b e r s u i t a b l e fo r 
i n t e r m i t t e n t - a b s o r p t i o n r e f r i g e r a t i o n . 

L i t t l e i n f o r m a t i o n is ava i l ab le o n t h e e x a c t cos t a n d 
e c o n o m i c s of so la r r e f r i g e r a t i o n . C h u n g a n d 1 ) u l h e 41 
e s t i m a t e d t h a t a n i n t e r m i t t e n t - a b s o r p t i o n food cooler 
h a v i n g a c a p a c i t y of 1000 B t u / c y c l e w o u k l cos t £ 0 
a c o n t i n u o u s - a b s o r p t i o n ice m a c h i n e $300, a n d M->u 
fo r a so la r h e a t e x c h a n g e r , so t h e cos t of ice p r o d u c t i o n 
wou ld b e of t h e o r d e r of $4 .00 per t o n . 1 r o m b e a n d 
Foex [5] e s t i m a t e d t h e cos t of ice per k i l o g r a m t o be o 
t h e o r d e r of 7 t o 10.5 old f r a n e s (0.9 t o 1.4 c e n t s p e r b) 
b y so la r r e f r i ge ra t i on . T a b o r (61 has d e r i v e d t h e 
economies of so la r r e f r i g e r a t o r s f r o m t h e r m »dynamic 
cons ide ra t i ons a n d conc ludes t h a t so la r r e f r i g e r a t i n g 
s y s t e m s wi th s t o r age fac i l i t ies will n o t c o m p e t e v i t h 
kerosene-op< r a t e d u n i t s un less t h e local p r i ce is severa l 
t i m e s t h e " f a i r " p r i ce of $ 6 0 per t o n (19 c e n t p e r I . . b . 
gal) . T h e s e figures m i g h t n o t be a c c u r a t e t o d a y be-
cause of t h e increase in t h e cos t of m a t e r i a l s a n d l a b o r 
H o w e v e r , t h e p a p e r by B a H l i e t al . |71 s u g g e s t s t h a t 
ice a t 1 cent pe r l b f r o m a u n i t p r o d u c i n g .»0 lb p e r d a y 
should cos t n o t m o r e t h a n $500. T h e r e c e n t i n v e s t i g a -
t ion b y F a r b e r [81 o n a c o m p a c t so la r ret r i g e r a t i n g 
s y s t e m seems t o be e n c o u r a g i n g , a l t h o u g l t h e cos t 
ana lys i s of i - e p r o d u c t i o n in th i s s y s t e m is n o t iva i l ab le . 

T h e a p p r o x i m a t e cos ts fo r v a r i o u s sys tem: ; p r o p o s e d 
b y d i f fe ren t i nves t i ga to r s a r e s u m m a r i z e d in 1 a b l e 1. 

1 
ih 

i 

Conclusion 

I n d i c a t i o n s a r e t h a t a so l a r -powered i n t e r m i t t e n t -
j b s o r p t i o n r e f r i g e r a t i o n s y s t e m h a s a n i m p o r t a n t role. 
]• c an c o m p e t e f a v o r a b l y wi th c o n v e n t i o n a l s y s t e m s 
a n d , in fact., c a n be s u p e r i o r in m a n y p a r t s of t h e wor ld . 
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Here's how a closed-cycle hel ium gas turbine 
can be combined with a Rankine steam cycle to 
achieve an appreciable improvement in thermal 
efficiency. Thermal energy in the hot gases 
from the regenerator of the hel ium cycle 
heats the feedwater in the Rankine cycle. 
Although the study includes different arrange-
ments of the gas cycle using combinations of 
intercooling and reheating, the most favorable 
results are obtained with a simple gas cycle. 

S. R. KILAPARTI' and M. M. NAGIB2 

Illinois Institute of Technology, 
Chicago, I I I . 

T H E I D E A of using closed-cycle gas t u r b i n e s in connec-
tion wi th gas-cooled nuc lear r eac to r s was i n t roduced as 
1 l<T«rrh Graduate. 
' Visiting Professor. Mem. ASME. 
This rut ¡He is bnxed on n pa|>er contr ibuted by the A S M E Nuclear 
r-nmneerinu Division. 

e a r l y a s 1946 [1 J.3 R a p i d deve lopmen t in t h e gas t u r -
b ine d u r i n g t h e l a t e for t ies and e a r l y f if t ies , us ing b o t h 
t h e open- a n d closed-cycle concep t s , b r o u g h t it u p t o 
a compe t i t i ve level wi th t h e s t e a m tu rb ine . D u n n s ; 
t h e last t e n y e a r s o r more , closed-cycle gas t u r b i n e ! 
us ing air as a working m e d i u m h a v e been o p e r a t i n g 
successful ly . W i t h a para l le l a n d equa l ly successful 
e f fo r t in th<- d e v e l o p m e n t of h i g h - t e m p e r a t u r e gas 
cooled nuc l ea r reac tors , d i r ec t coupl ing of he l ium 
cooled r e a c t o r s to closed-cycle gas t u r b i n e s p roved t o 
be of g r ea t a d v a n t a g e . G a s - t u r b i n e cyc les wi th one or 
t w o intercool ing s t a g e s t o g e t h e r wi th one r e h e a t i n g 
s t a g e h a v e been s t u d i e d in de ta i l fo r p l a n t sizes u p to 
1000 M W e . F o r v e r y large sizes of p o w e r p l a n t s (2000 
IN W e a n d m o r e ) , t he idea of combin ing t he h e l i u m -
g: s - tu r l ine cycle wi th a s t e a m p o w e r cycle has now 
b> come more realistic. 

S u c h a coi I hi na t ion is t h e r m o d y n a m i c a l l y a d v a n t a -
geous and y ie lds a n overal l t h e r m a l efficiency h igher 
t h a n t h a t of e i t h e r the s t e a m or gas cycle o p e r a t i n g 
s e p a r a t e l y . T h e i m p r o v e m e n t in t he combined the r -
mal efficiency is ma in ly ach ieved t h r o u g h a t o t a l or 
pa r t i a l t t i l izat ion of t h e w a s t e h e a t f rom the gas cycle 
in to a s earn cycle. 

' »iumbei in brackets des ignate References a t end of article. 
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T h e r e a re d i f f e r en t possibilities for such a c o m b i n a -
t ion: 

Non- regcnera t ive s imple gas cycle where t h e w a s t e 
heat in t he e x h a u s t gases is used to gene ra t e t h e s t e a m 
necessary for t he I t a n k i n e cycle. In th is case, on ly t h e 
h igh - t empe ra tu r e p a r t of t h e exhaus t -gas ene rgy could 
be used, while t h e l ow- t empera tu re p a r t is considered 
as a loss. 
• T h e s a m e cycle combina t i on .-is sugges ted above 

but where t h e l o w - t e m p e r a t u r e h e a t is led back to t h e 
gas cycle t o be pa r t i a l l y ut i l ized in regenera t ion of com-
pressed gases [2 J. A n a m o u n t of l o w - t e m p e r a t u r e ther-
mal ene rgy still will be lost because t he gas t e m p e r a t u r e 
a f t e r t he compresso r is re la t ive ly high. 
• A combined g a s - s t e a m cyele w i t h or w i t h o u t in t e r -

cooling and r e h e a t i n g in t h e g.is cycle, where t h e h igh-
t e m p e r a t u r e e x h a u s t e n e r g y is used for regenera t ion in 
the gas cycle . T h e r ema in ing ene rgy in t h e g.vses could 
be used for hea t ing t h e f e e d w n t e r in t h e s t e a m cycle. 

Th is last possibi l i ty p rov ides a near ly comple te uti l i-
zat ion of t he w a s t e hea t f r o m the g:is cycle and , t he re -
fore, is an in t e res t ing case for s t u d y . T h e purpose of 
this a r t ic le is to ana lyze th i s possibi l i ty a n d explore dif-
ferent c o m b i n a t i o n po ten t i a l s . 

T h e c u r v e in F ig . 1 shows an example of t h e exi t 
t e m p e r a t u r e f r o m a closed-cycle he l ium gas t u rb ine 
with t w o in tercool ings and one r e h e a t i n g and using a 
regenera tor of 0 .75 ef fec t iveness [3 J. T h e t e m p e r a t u r e 
of t he he l ium gases leaving t h e t u r b i n e va r ies be tween 
about 440 F a t a compresso r p re s su re ra t io of 1.5 t o 
near ly 370 F a t a p re s su re r a t i o of 6 ; even h igher t e m -
pe ra tu r e s a re expec ted if n o in tercool ing is used. T h e s e 
gases h a v e to be cooled down t o 60 t o 80 F be fo re e n t e r -
ing t h e compresso r again . T h e a m o u n t of t h e r m a l 
energy re jec ted in th i s case r ep re sen t s a w a s t e t! a t could 
be ut i l ized in combined cycles. T h i s t h e r m a ene rgy , 
being a t a re la t ive ly low t e m p e r a t u r e , cannoi be used 
for s t e a m gene ra t ion wi th t h e qua l i t y require« to oper -
a te a p o w e r p l an t . However , i t could b e used for f eed-
wa te r hea t ing . A n o t h e r a d v a n t a g e in t h e case of us ing 

Flf. 1 Helium gas temperature at exit from the regenerator. 
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helium is i t s r e la t ive ly high specific heat and t h e r m a l 
c o n d u c t i v i t y , which m a k e s it a v e r y f avorab le fluid for 
hea t - exchange r des ign. 

The Combined Cycle 

T h e idea of combin ing a closed-cycle he l ium gas t u r -
b ine w i t h a s t e a m p o w e r cycle (Rank inc ) is d i a g r a m -
matical!} expla ined in Fig. 2. T h e coupl ing b e t w e e n 
t he two cycles is m a i n l y ach ieved by cool ing t he e x h a u s t 
he l ium, a f t e r l eav ing t h e t u r b i n e and r egene ra to r , b y 
m e a n s of t h e f eedwnte r p u m p e d f r o m t h e condenser to 
t he boilc \ As a r e su l t of this , t he efficiency of t h e com-
bined c>cle will be, in genera l , h igher t han t h a t of 
e i the r th i closed-cycle g a s t u r b i n e or t h e s imple R a n -
kine cycle. T h e r m o d y n a m i c a l l y , th i s i m p r o v e m e n t is 
ach ieved t h r o u g h t h e regenera t ive ef fec t of t he t h e r m a l 
ene rgy exchanged be tween t he he l ium a n d t he feed-
water . n o t h e r words , t he s imple R a n k i n e cycle is 
t r ans fe r r ed in to a more efficient cycle t h r o u g h a r egener -
a t i >n usi ig a n a m o u n t of h e a t t h a t would h a v e b e e n 
coi sidere d as a loss, r a t h e r t h a n b leed ing s t e a m f r o m 
the t u rb ine . C o n s e q u e n t l y , t h e s t e a m usual ly ex-
t r ac t ed f i o m the t u r b i n e for the pu rpose of r egenera t ion 
in t he fei d w a t e r heat ers is s aved t o e x p a n d in t h e t u r -
bii e, t h u i deve lop ing more p o w e r for t he s a m e a m o u n t 
of h e a t a Ided in t h e boiler. 

Fig. 2 Co ibined-cycle arrangement. 
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I n t h i s ana lys is , a s imple non- rehea t ing R a n k i n e 
cycle is combined wi th d i f fe ren t a r r a n g e m e n t s of t h e 
gas cycle. T h e genera l l a y o u t of t h e cycle is shown in 
Fig. 2, while Fig. 3 represen t* a combined t e m p e r a t u r e -
e n t i o p y d i ag ram. A l t h o u g h t he r ep re sen t a t i on in bot h 
Figs . 2 and 3 is m a d e for a s imple gas cycle, i t should be 
k e p t in mind t h a t : 

• T h e compress ion in t he gas cycle could be per-
fo rmed w i t h none, one , or two intercool ing processes . 
• T h e expans ion in t he gas cycle could be e i the r 

s t r a i g h t or wi th one r ehea t ing . 
• T h e feed w a t e r h e a t e r in t he s t e a m cycle is <inly 

d i a g r a m m a t i c a l l y symbol ized in F ig . 2 ; in fac t , t h e r e 
could be more t h a n a single h e a t e r in series. 

T h e t h e r m o d y n a m i c ana lys is of t h e gas t u r b i n e is 
f u r t h e r simplif ied b y a s suming comple t e and i leal 

ENTROPY 

Fig. 3 Temperature-entropy d iagram of the combined cycles. 

in ercooling t o t h e compressor inlet t e m p e r a t u r e , a s 
w. 11 as comple t e and ideal r ehea t ing to t h e m a x i m u m 
c j c l e t e m p e r a t u r e . T». I t is also a s sumed t h a t t he 
is- n t ropic efficiency, ijc, is t he same for all compress ion 
st iges, and vt is t h ? s a m e for all expans ion s t i g e s . 

I t could be p r o v e d t h a t , for m intercooling:; (m = 0, 
1, 2), t he compress ion work pe r u n i t mass is ca lcu la ted 
b 

e = Vc Ln*( - ij ( i ) 

S rnilarly, t he expans ion work for n s t ages of r e h e a t i n g 
(j = 0, 1) is ob ta ined by 

w, = (n + 1 )c,B .7V, t 1 - (2) 

v here n , = f l l e , wi th f be ing a fac to r less t h a n u n i t y 
t o allow for p ressure losses in p ipes and hea exchangers 
th roughout t he gas cycle. T h e resu l t ing o u t p u t of t h e 
gas cycle pe r u n i t mass flow of he l ium could t h u s be ob-
ta ined b y 

wt — wt — we (3) 

while he cor responding h e a t a d d e d is ca lcu la ted b y 

q„ - c„,.[(n + 1 )Tt - Tu - nT<] (4) 
Tin ca lcula t ion of t he power deve loped by t he R a n -

kine cycle is o b t a i n e d wi th t h e he lp of a Moll ier c h a r t . 
Neglect ing t he f e e d - p u m p work and re fe r r ing t o Fig. 3, 
t he n e t o u t p u t of t he R a n k i n e cycle pe r u n i t mass flow 
of s t e a m is given by 

w, = (ha ~ hb) (5) 

whereas t he h e a t a d d e d in t h e boiler is ca lcu la ted b y 

q. = <K - ha) = [ha - (Td - 32)1 (f>V 

In examin ing Fig. 2, i t can be seen t h a t t h e h o t he l ium 
leaving t h e r e g e n e r a t o r is used in a coun te r f low hea t 
exchanger to hea t t h e feed water . It is a s sumed here 
t h a t t h e t e m p e r a t u r e dif ference b e t w e e n he l i um and 
w a t e r is a b o u t 15 F a t t h e h o t end and 10 F a t t h e cold 
end of t h e h e a t exchanger . An ene rgy ba lance shows 
t h a t in o rde r t o sa t i s fy th i s cond i t ion , m , p o u n d s of 
s t e a m ( fcedwate r ) h a v e t o be used for each p o u n d of 
he l ium such t h a t 

CvnATia — T\) = micP|Ij0(7,
ei — Tc) 

Given cp„, = 1.242 B t u / l b - F a n d cons ider ing t h a t ac-
cord ing t o t h e foregoing a s s u m p t i o n , T^ = Td -4- 15 
and Ti = Te+ 10, t h e re la t ion can be r e a r r a n g e d t o ob-
t a in 

m , = 1.242 + 
5.21 

15 + (T<a - Tc) 
(7) 

As ind ica ted b y e q u a t i o n (7), t h e va lue of m , d e p e n d s 
en t i re ly on t h e exhaus t -gas t e m p e r a t u r e f r o m t h e re -
gene ra to r , Tia, a n d t he s t e a m condensa t ion t e m p e r a -
tu re , Te. A n increase of t h e s t e a m flow r a t e in t h e 
R a n k i n e cycle a b o v e t he va lue of m, ca lcu la ted by 
e q u a t i o n (7) v io la t e s t h e b.-tsic a s s u m p t i o n s on t h e en-
ergy ba lance , while a decrease r ep resen t s an incomple te 
u t i l iza t ion of t h e w a s t e h e a t in t h e he l ium. 

T h e combined-cyc le t h e r m a l efficiency follows di-
rec t ly f r o m t h e foregoing re la t ions , e q u a t i o n s (1) 
t h r o u g h (7) 

»7th = 
wT _ w„ -f m,w, _ w.t — we + mtw, ^ 
qT q0 + m,q, q9 + ™,q, 

Choice of Cycle Parameters 

T h e numer ica l eva lua t ion of t he combined cycle de-
scr ibed in t h e foregoing is c o n d u c t e d using t h e following 
JISSUI ip t ions for t he gas - tu rb ine cyc le : 

• Specific h e a t of he l ium at c o n s t a n t p r e s su re (as-
sume 1 c o n s t a n t ) , c P a . = 1.242 B t u / l b - F . 
• sen t rop ic e x p o n e n t for he l ium, y = 1.602. 
• sen t rop ic efficiency for compress ion , r)c — 87 per -

cen t . 
• Isent.ropic efficiency for expans ion , tj, = 89 pe rcen t . 
• P ressure loss fac to r , f = 0.935. 
• 1 nlet. t e m p e r a t u r e to compressor , T, = 90 F . 
• J l egenera to r effect iveness , x « = 0.75. 

• hj = (Td — 32) is based on the assumption t ha t the specific heat for 
water is I B t u / l b - F and t ha t the entha lpy of water is sero at 32 F . 
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I n c h o o s i n g t h e a p p r o p r i a t e s t e a m cyc le fo r u se in 
c o m b i n a t i o n w i t h t h e he l i um gas cycle , t h e fo l lowing 
should b e c o n s i d e r e d : T h e c o n d e n s e r p r e s s u r e of t h e 
R a n k i u e cyc le s h o u l d b e c h o s e n as low a s poss ib le fo r 
f a v o r a b l e o p e r a t i o n of t h e R a n k i u e cyc le whi le a t t h e 
s a m e t i m e m a t c h i n g t h e in l e t t e m p e r a t u r e t o t h e c o m -
pressor of t h e ga s cyc le . T h e 10 F t e m p e r a t u r e d i f -
ference p r e v i o u s l y a s s u m e d b e t w e e n t h e cold h e l i u m 
and w a t e r c o n d e n s a t e wou ld r e s u l t in a c o n d e n s e r t e m -
p e r a t u r e of <S0 F . T h e c o r r e s p o n d i n g v . ipor p r e s s u r e of 
w a t e r is a b o u t 1 in. H g , wh ich d e t e r m i n e s t h e c o n d e n s e r 
p re s su re . O n t h e o t h e r h a n d , t h e i n l e t p r e s s u r e a n d 
t e m p e r a t u r e t o t h e st» •am t u r b i n e mi>y be c h a n g e d . 
T h e s e c h a n g e s a r e ba s i ca l l y i n t e n d e d t o e x a m i n e t h e ef-
fect of v a r y i n g t h e R a n k i n e - c y c l e e f f ic iency on t h e pe r -
f o r m a n c e of t h e c o m b i n e d cycle . I n an a t t e m p t t o 
r educe t h e a m o u n t of c a l cu l a t i on w i t h o u t e n d a n g e r i n g 
t h e g e n e r a l i t y of t h e r e su l t s , on ly o n e p a r a m e t e r is 
va r i ed 

I n t h i s ana lys i s , a fixed in le t s t e a m t e m p e r a t u r e oi 
1000 F was s e l e c t e d , whi le t h e p r e s s u r e w a s v a r i e d be-
t w e e n 865 t o 1465 ps ia . A s s u m i n g a s t e a m - t u r b i i u 
i sen t rop ic e f f ic iency of 8 5 p e r c e n t , t h e R a n k i n e effi 
c iency w a s c a l c u l a t e d f o r d i f f e r e n t c o n d i t i o n s of t h e 
fo rego ing p r e s s u r e r a n g e (neg lec t ing f e e d - p u m p w o r k ) 
T a b l e I s h o w s t h e resul tB of t h i s c a l cu l a t i on . 

A s ing le R a n k i n e cyc le was chosen , f r o m T a b l e 1, t o 
be c o m b i n e d w i t h t h e g a s cyc le of a p a r t i c u l a r a r r a n g e -
m e n t . M e a n w h i l e , t h e p r e s s u r e r a t i o of t h i s g a s cyc le 
was v a r i e d b e t w e e n 2 a n d 7 fo r each c o m b i n a t i o n , whi le 
the m a x i m u m gas t e m p e r a t u r e was s e t a t 2060, 2260, 
or 2460 R . 

Fig. 4 Ef f ic iency of the non-reheat ing combined cycle. 

A n i l y s i s of R e s u l t s 

i -e lec t ing a r e p r e s e n t a t i v e s a m p l e of t h e r e s u l t s ob -
ta i i ed , it is poss ib le t o d e m o n s t r a t e t h e i m p r o v e m e n t 
in ' h e t h -rmal ef f ic iency of t h e c o m b i n e d cycle . F o r 
thif p u r ] >se, o n e c a n cons ide r t h e d i f f e r e n t a r r a n g e -
m e n t s ol t a i n e d b y c o m b i n i n g o n e of t h e R a n k i n e 
cyc les in Table 1 w i t h a g a s cyc le o p e r a t i n g w i t h d i f fe r -
e n t p a r a n e t e r s . B y choos ing cyc le n u m b e r 2 in t h e 
t a b l e ( o p e r a t i n g w i t h s u p e r h e a t e d s t e a m a t 1000 F a n d 

TABLE 1 

C y c l e I n l e t P r e s s u r e R a n k i n e E f f i c i e n c y % 

1 8 6 5 3 5 . 9 4 

2 1 0 6 5 3 6 . 5 7 

3 1 2 6 5 3 7 . 1 

4 1 4 6 5 3 7 . 5 8 

10( 5 psia a t a c o n d e n s e r p r e s s u r e of 1 in. H g ) , t h e r e -
s u l t i n g 1 a n k i n c t h e r m a l ef f ic iency is 36 .57 p e r c e n t . 
T h s cycl is c o m b i n e d w i t h t w o m a i n gas -cyc le a r r a n g e -
m e i t s : 

N o i - r e h e a t i n g h e l i u m gas cycle 
"5 Sin ;le r e h e a t i n g h e l i u m gas cycle . 

I n b o t h r r a n g e m e n t s , n o n e , o n e , o r t w o in t e rcoo l ings 
were use I a s a n a d d i t i o n a l p a r a m e t e r . T h e r e s u l t s o b -
t a i n e d a r • p l o t t e d in F igs . 4 a n d 5 f o r t h e who le r a n g e of 

Fig. 5 Ef c iency of the combined cycle wi th one reheat ing. 
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v a r i a t i o n in t he c o m p r e s s o r p r e s s u r e ra t io . B o t h t h e 
gas-cycle t h e r m a l ef f ic iency, ve, a n d t h e c o m b i n e d - c y c l e 
t h e r m a l ef f ic iency, V} a r e r e p r e s e n t e d . T h e m a x i m u m 
gas-cycle t e m p e r a t u r e in b o t h a r r a n g e m e n t s w a s se -
lec ted t o b e 2 0 œ R . F ig . 4 s h o w s t h e r e s u l t s f o r t h e 
n o n - r e h e a t i n g a r r a n g e m e n t , whi le F ig . 5 inc ludes t h e 
r e su l t s f o r s ingle r e h e a t i n g . F r o m the se p lo t s t h e fol-
lowing is e v i d e n t : 

• T h e t h e r m a l eff ic iency, rj, is i m p r o v e d a p p r e c i a b l y 
o v e r t h e i nd iv idua l cyc le eff ic iencies t h r o u g h t h e ut i l -
za t ion of t h e t h e r m a l e n e r g y in t h e e x h a u s t h e l i u m lea> -
ing t h e r e g e n e r a t o r t o h e a t t h e feed w a t e r on t h e Ra i -
k ine cycle. 
• T h e ef f ic iency i m p r o v e m e n t is h ighe r in t h e case of 

110 in te rcoo l ing t h a n e i t h e r for o n e or t w o i n t e r c o o l i n g 
s t a g e s b e c a u s e t h e t h e r m a l e n e r g y in t h e e x h a u s t gas< s 
dec rea se s a s t h e n u m b e r of in te rcoo l ings increases . F o r 
e x a m p l e , t h e t h e r m a l eff iciency of a n o n - r e h e a t i n g 
c o m b i n e d cyc le (Fig . 4) at, a c o m p r e s s o r p r e s s u r e r a t i o 
of 3 h a s inc reased f r o m 3 0 to 46 .5 p e r c e n t w i t h o u t i n t e r -
cool ing, whi le w h e n us ing one in te rcoo l ing t h e eff ic iency 
inc reases o n l y f r o m 38 .5 t o 43 .8 p e r c e n t . E v e n less 
i m p r o v e m e n t is o b t a i n e d w h e n t w o in te rcoo l ings a r e 
u s e d . 

• T h e c o m p r e s s o r p r e s s u r e r a t i o fo r m a x i m u m e f -
ficiency c h a n g e s t o a h ighe r v a l u e t h r o u g h t h e use of 
t h e c o m b i n e d cycle . T h e s h i f t is sma l l e r in t h e case of 
n o n - r e h e a t i n g (Fig. 4) t h a n w i t h one r e h e a t i n g (Fig. 5) , 
a n d i t dec rea se s u p o n inc reas ing t h e n u m b e r of i n t e r -
cool ings. 

cp — specif ic h e a t a t c o n s t a n t p r e s s u r e 
h = speci f ic e n t h a l p y of s t e a m ( index ;., b , 

a n d d , F i g . 3) 
m — n u m b e r of in te rcool ings d u r i n g c o m -

press ion 
m , = m a s s flow r a t e of s t e a m p e r u n i t m a s s 

{ flow r a t e of he l ium 
7» = n u m b e r of r e h c a t i n g s d u r i n g e x p a n s i o n 

\ 1o< q» - h e a t a d d e d pe r u n i t m a s s flow r a t e in t h e 
g a s o r s t e a m cycle, r e spec t ive ly 

T — a b s o l u t e t e m p e r a t u r e ( tor d i f f e r e n t in-
d ices , F ig . 3) 

We, wf = specif ic compres s ion o r e x p a n s i o n work , 

i r e spec t ive ly , in t h e g a s cycle 

u'ff, w, = n e t specif ic w o r k fo r t h e g a s cycle o r 
s t e a m cycle , r e spec t ive ly 

7 = i sen t rop ic e x p o n e n t fo r he l i um 
f = p r e s su re loss f a c t o r 
V = t h e c o m b i n e d - c y c l e t h e r m a l eff ic iency 

>?«, Vi — isen t rop ic ef f ic iency fo r c o m p r e s s i o n o r 
, expans ion , r espec t ive ly 

i t tVR = g a s - o r l t a n k i n e - c y c l e eff ic iency, i c s p e c -
t ive ly 

I l i t , n , = overa l l p r e s s u r e r a l i o in t he g a s cyc le 
for c o m p r e s s o r o r t u rb ine , »• »'.ctivcly 

X« = gas-cycle r e g e n e r a t o r e f f ec t ivenes s 
*• * — - ... 1 

Af t e r e x a m i n i n g t he se r e s u l t s i t can be c o n c l u d e d t h a t 
t h e h i g h e s t i m p r o v e m e n t in t h e c o m b i n e d - c y c l e effi-
c iency is o b t a i n e d w i t h t h e s imples t gas cycle . A com-
bii ed t h e r m a l ef f ic iency of a b o u t 47 p e r c e n t is a ch i eved 
wi h a s imple g a s cycle (no in te rcoo l ing a n d 110 r e h e a t -
ing ) a t a m o d e r a t e c o m p r e s s o r p r e s s u r e r a t i o of a b o u t 
3.5. A t t h e s a m e p r e s s u r e r a t io , w h e n u s i n g one r e -
h e a t i n g , t h e c o m b i n e d - c y c l e eff ic iency is a b o u t 49 
pei c e n t . T h e l a t t e r , howeve r , could be ra ised t o a b o u t 
50 p e r c e n t b y inc reas ing t h e c o m p r e s s o r pressure r a t i o 
t o i b o u t 6. A l t h o u g h t h i s is a h i g h e r t h e r m a l ef f ic iency, 
i t s a c c o m p a n i e d b y t w o m a i n d i s a d v a n t a g e s . F i r s t , 
a 1 e l ium t u r b o m a c h i n e des igned t o o p e r a t e a t a p r e s -
s u r e r a t i o of 6 h a s a r e l a t i ve ly l a rge n u m b e r of s ages , 
w h i c h m a y c a u s e des ign diff icul t ies . Second , r e h e a t i n g 
t h e he l i um w i t h i n a nuc l ea r r e a c t o r is d i f f icul t a n d r a t h e r 
c o m p l i c a t e d . 

A n inves t i ga t i on i n t o t h e e f f ec t of o t h e r o p e r a t i n g 
p a r a m e t e r s on t h e c o m b i n e d - c y c l e eff iciency, l imi t ing 
t h e s t u d y t o t h e s i m p l e gas cycle a s be ing t h e m o s t 
f a \ o rab le , s h o w s t h a t t h e c o m b i n e d eff ic iency inc reases 
lin ;ar ly w i t h inc reas ing R a n k i n e - c y c l e eff iciency. O n 
t h e o t h e r h a n d , a n inc rease of a b o u t 100 F in t h e max i -
m u m g;is-cycle t e m p e r a t u r e p r o d u c e s a n a v e r a g e 
i m p r o v e m e n t of one p o i n t in t h e combined-cyc le effi-
c iency . 

Summary 

A n i m p r o v e m e n t of t h e c o m b i n e d t h e r m a l ef f ic iency 
is a ch i eved a b o v e t h e t h e r m a l ef f ic iency of e i t h e r t h e 
g a s o r R a n k i n e cycle . T h e m o s t f a v o r a b l e c o m b i n a -
t ion is f o u n d t o b e b e t w e e n a s imp le g a s cycle w i t h n o 
in te rcoo l ing or r e h e a t i n g a n d a s imp le R a n k i n e cycle . 
T h e eff ic iency i m p r o v e m e n t u n d e r t he se cond i t i ons 
a m o u n t s t o a b o u t 10 p o i n t s a t a c o m p r e s s o r p r e s s u r e 
r a .io of 3.5. T h i s d o e s n o t r e p r e s e n t t h e h i g h e s t poss ib le 
ef f ic iency o b t a i n e d wi th t h e c o m b i n e d cycle . G r e a t e r 
i m p r o v e m e n t could b e a c h i e v e d t h r o u g h t h e use of one 
r e h e a t i n g in t h e gas cycle . T h i s , however , is con-
n e c t e d wi th c o m p l i c a t i o n in t h e cycle a r r a n g e m e n t . 

It is be l ieved t h a t , for v e r y l a rge p o w e r o u t p u t s (i.e., 
2000 M W e a n d a b o v e ) , s u c h a c o m b i n e d - c y c l e a r r a n g e -
m e n t r e p r e s e n t s a success fu l a n d p r o b a b l y e c o n o m i c 
so lu t ion . 
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P a r t 1 — D a w n o f t h e o l a r Ac « 

Those bounti s of r iture, r fossil fuels, wil 
be effectively exha sted in 200 or so years 
Before this c mes 1) pass, se shall burn the 
seas i n d the ocks r, ult imately, directly tap 
the si n 'sheat forou energy ieed i . This is not 
a statement < f desi aration. Technolog cally 
no insuperabl probl ims exist. The core prob 
lem is rathe one tf bia and inertia tha 
seeris not to evapoi ite exc ip t undf r th( hea . 
of crisis. To place the energy pic ure if tht 
not-too-distan f u t u i i into focus, a s e r e s i 
initiated, in tl is issu i, of major an< inno/at iv 
energy systems tha have his i i commor 
Anyone ofth< m, if fully exp Dited, could mee 
our enc gy ne ds for many millenni i with mini 
mal or 10 ins ilt to the environme it. 

S A M U E L WALT : R S ' 

"ENERGY," sai J a m . Clerk »iaxwell, n ine t e n t h -
c e n t u r y Br i t i sh s ientist " is the go of t h i n g s . " A n d 
eve r since W a t t ' : engine in t h e igh t een th c e n t u r y 
used t h e chemica energv of wo 1 ai d coal t o >ower 
indus t r i a l mach in s , we have be n " ^ o i n g " a t i n ac-
celerated r a t e . I rior t o this, for mil lennial t ime m a n 
p lodded along, ei ergy-wise, a t a d o n k e y walk. B u t 
be tween 1830 a n d 18G0, we b roke in to a t ro . Re. c t ion 
a n d impulse turb i i es for ex t r ac t i ng t h e pot n t ia l c iergy 
of w a t e r s tored a t high heads were develo ed. ( 1 t h e 
heels of t hese de^ ; lopments came O t t o , )aimle and 
Diesel . T h e i r ach ievements , be tween l i and 1905, 
1« d t o p act ical in t«rnal-< ombus t i on eng .es ope i t ing 
on liqui I hydroc i *bon fuels such is oil, iasolin. and 
1 erosene. A t ab- i t t h e s a m e t im , P a r s ns dev< :>ped 
t h e s t e a m t u r b i n e and no t long af er t h a a t aboi , t h e 

begi ming of t he t w e n t i e t h cent t ry, t i e first stcam-
tur l ine-dj iven elec trie pow< r ge leratii g p l an t s v ent 
int t opera ion. W e b roke in to a < in te r . 

1 3 r c a p i t a ene rgy com ump: ion a n d population 
soa i d — t o g e t h e r . U n t i l r ecen t t imes t h e y have al-
wa} m o v e d toget ler. I n fact , curves of population 
and >er c a p i t a enei ?y consunpt i< n over t h e oast score 
of i i l lenn ; a a re indis t ingu s h a b ? f r o m one another. 
T h e p lo t as a near ly hori o n t a l ine j u s t a b o v e zero 
for t he en ire per iod of h u m a n <iistory u n t i ^ t h e ast 
the isand ears or so. T h e n a bi rely percept ible ise 
be£ ns as t he p resen t is a p p - o a c h e d . H e r e t he curve 
t u r is a b r p t ly u p w a r d in a iearly ver t ica l rise toward 
the 1970 orld popu la t ion fi a i re o a b o u t 3A> billions. 
C u ves of energy pr duc t ion rom t h e fossil fue s behave 
sim ar ly excep t the in t h e v ? r y r ecen t p a s t t l ey beein 
a t i ro [1J.2 

"V ! a r e pi »bably now a p p r o a c h i n g ful l gallop. In 
t e n i of Q w its of :nerfry,a t h e energy t r a n s f o r m s ion 
is s r t l ing From the t ime )f Chr is t un t i l th'- middle • 
of t e las t <•.< n t u r y m a ikind used a b o u t 8 Q. I n the ' 
last cen tu ry 4 Q > ere cons . im^d, and extrr polating 
f roi cu r re i t rend: . t b * need in t he nex t c e n ' u r y will ; 

be I tweeii 100 a m 40< Q. ¡ T h e U a i t e d StaN s alone, 
wit l only C pe rcen t >f t e world 's popula t ion , c< nsume- ' 
37 J r cen t of t h e vor lc s energy. ) E v e n if all known \ 
m a r inal a n d subi i a n na l lesou ces a r e con idered, 
t h e roblei I of d iv rsii ring t h e e iergy source would • 
no t e alle i a ted . The .e ies airces are fmi t e t i -abr.ut 
81 ( fo r t h e Unit* ' S a tes a n d Q i th en P : 

pla? t [2]. 
S ' i .ee t he known rec »verat <- reset • • fo> ;1 fu 

a r e l imited (f» Q foi t he Unit d S t a t e - id 23 ( for tn« 
en t i r e world) and t c s u p p l y of urar .h • .*35 v U be ii. :

: 

sho r t supp ly withii 20 yea? , t h e 1 ¡.: p., ulati 

* N t nbers in bracket« dt ignu'c ll"l< i tnrec p. J ' irtiHe 
- 1 0 » B t u o r 2 . 9 3 X 10««kwn. lie .,1 hat tho British thermal J 

unit. >r Btu, is defint-d a* the heat n «¡»war :•> mi Sv 1 Heg F th« 
temi rature f 1 lb of w.-»ter. To & t a pi .-sical ide of the sire of 
he < it repr -^ents the h at liberated by th»- rnmhusti n of 38 billion 

tons bitun, nous coal. Another ex. mple: If »(< h d 400 millron : 
auto lobilea, c ch with o lOO-hj engine, and r u them t full throttle 1 
nigh and day for an e> .ire ye r, wc would • »naume «n amount of 
gaso.ineequiva ant to al -atone i oi energy. 
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.irve must follow < ne of three possible courses [1]: 
A continued nse for i brief period followed by a 

radual leveling to some stable figure which the we Id's 
•lergy and materi I resources are cr> pable o ' supporting 

¡or a long period oi time. 
• An overshoot of any possible st ble lev 1 and a drop 
downward to eventually stabilize it some level com-
patible with the world's resources. 
• Resource exhaustion and a ge> eral culti ral decline. 

Tho curve would «hen reflect a p< »ulation orrespond-
ing to the lowest energy consumj ion level of a primi-
tive • xistt ice. 

What U not possible is an » nlimited population 
growth. Consid« r this: If the I uman doubling time 
of about 100 ye: rs were t o pe r s t , t h e n in the y e a r McK.lv« y. 
•2970 there would b e abou t 1 0 » p r sons on ea r t l I n ¿ £ £ » ¿ ¿ 1 Survey. 1964 [5j). 
fact, if the prestnt world popula ion were to c mble 

- /Pmm energy cc isumpt . n in the United States , past , present , and fu ture . (From Gaucher 
World fossil fuel ut. ization rate. (From E n « i 0 ci isu p ^ 

*mts± ,, „_. .im — — - — . . . 
- • l 960. ——— , | 'i "* "' ' 
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E L E C T R O M A G N E T I C 
ENERGY 

C O M B U S T I O N T H E R M A L 
E N E R G Y CHEMICAL 

ENERO* \ \ D I S S O C I A T I O N B O I L I N G 

E H C T R l C A L 
E N E R G Y 

r 

b u t 15 o r m o r e t i m e s , " t h e r e wou ld b e in t h e y e a r 2500, 
o n e m a n fo r e a c h s q u a r e m e t e r o n all of t h e l a n d a r e a s 
of t h e e a r t h , i n c l u d i n g A n t a r c t i c a , G r e e n l a n d , a n d t h e 
S a h a r a D e s e r t . " [1J. 

B a r r i n g t h e a p o c a l y p t i c d e s t r u c t i o n of t h e i n d u s -
t r i a l i zed wor ld t h r o u g h t h e r m o n u c l e a r w a r , one m u s t 
a s s u m e t h a t h u m a n i t y will o p t f o r t h e s econd a l t e r n a -
t i v e . P r e d i c t i o n s ( b y consensus of l ead ing d e m o g -
r a p h e r s [3]) a r e t h a t t h e p o p u l a t i o n of t h e e a r t h will 
s t ab i l i ze a t a b o u t 7 X 10» s o m e t i m e w i th in t h e n e x t 
c e n t u r y (3, 4 ] . B u t w h e r e t h e n a r e t h e sources of 
e n e r g y of a p p r o p r i a t e m a g n i t u d e t o s u s t a i n a h igh -
energy -dependent wor ld c u l t u r e ? 

S o m e e n e r g y sources - f a l l i n g w a t e r , t h e t ides , a n d 
t h e w i n d s — a r e self-rei ewing, b u t t h e c i r c u m s t a n c e s 
u n d e r w h i c h t h e y can b e u t i l i zed a r c l im i t ed . T h e 
w o r l d ' s p o t e n t i a l s u p p l / of w a t e r power , for e x a m p l e , 
is c o m p a r a b l e in m a g l i tude t o t h e p r e s e n t r a t e of 
e n e r g y c o n s u m p t i o n f r o m fossil fue l s . H o w e v e r , m o s t 
of t h i s o c c u r s in t h e i ndus t r i a l l y u n d e v e l o p e d a r e a s of 
A f r i c a , S o u t h A m e r i c a , a n d S o u t h e a s t Asia , a n d could 
on ly b e u t i l i zed b y a pa ra l l e l i n d u s t r i a l i z a t i o n of the:?e 
a r e a s . I n a d d i t i o n , a l t h o u g h w a t e r power is c a p a b l e jf 
c o n t i n u i n g fo r pe r iods of geologic t ime , a p r a c t i c i l 
l im i t in t h e case of l a rge d a m s a n d r e se rvo i r s is s e t b y 
t h e pe r iod of a f ew c e n t u r i e s r e q u i r e d fo r t h e r e s e r v o i r s 
t o fill w i t h s e d i m e n t s . 

G e o t h e r m a l a n d t ida l e n e r g y a r e now b e i n g exp lo i t ed 
in a f ew s u i t a b l e s i t e s a r o u n d t h e wor ld , b u t t h e u l t i m a t e 
a m o u n t of p o w e r f r o m the se sources d o e s n o t p romise 
t o b e l a rge r t h a n a smal l f r a c t i o n of t h e wor ld ' s p r e s e n t 
r e q u i r e m e n t s . T h i s l eaves u s w i t h : nuc l ea r ene rgy , 
r o c k b u r n i n g (fission) a n d s ea b u r n i n g ( fu s ion ) ; so l a r 
r a d i a t i o n ; a n d t h e t h e r m a l h e a t of t h e oceans . As 
Energy Conversion Chart. The circles represent the different forms 
form to another. (From Kettani 121). 

Alv n W e i n b e r g , d i r e c t o r of t h e A E C ' s O a k R i d g e 
N a t ional L a b o r a t o r y , n o t e s , w e m u s t e v e n t u a l l y fa l l 
b a c c o n " t h e sea , t h e r o c k s (of a v e r a g e c o m p o s i t i o n 
sin« e t r u e o r e s will h a v e b e e n e x h a u s t e d ) , t h e a i r , a n d 
t h e s u n ( e q u a t e d / w i t h fire)... e ssen t ia l ly Ar i s to t l e ' s 
fou • e l emen t s I" 

£ ea b u r n i n g , a l t h o u g h s t i l l a p h y s i c i s t ' s d r e a m a t t h i s 
s t a ;e, m a y y e t b e c o m e a r e a l i t y w i t h i n t h e n e x t d e c a d e . s 
If i t cou ld b e a s e r ious c o n t e n d e r fo r c o m m e r c i a l 
p o / e r in t h e q u a n t i t i e s n e e d e d b y t h e y e a r 2001. 

' ' echnologica l ly , t h e p r o b l e m s i n v o l v e d pose n o in -
s u r a b l e phys ica l o r biological d i f f icul t ies . T h e core 
pr- -blem, t o p a r a p h r a s e M . K . H u b b e r t , a r e s e a r c h geo-
ph fs ic is t of t h e N a t i o n a l A c a d e m y of Sc iences , is t o 
u p -oot t h e d e e p l y i n g r a i n e d a s s u m p t i o n t h a t t h e g r o w t h 
rat es w h i c h h a v e c h a r a c t e r i z e d t h i s t e m p o r a r y pe r iod 
ar< t h e n o r m a l o r d e r of t h i n g s r a t h e r t h a n o n e of t h e 
m o s t a b n o r m a l p h a s e s of h u m a n h i s t o r y . T h i s pe r iod 
is, he bel ieves , " a brief t r a n s i t i o n a l ep i sode b e t w e e n t w o 
v e *y m u c h longe r pe r iods , e a c h c h a r a c t e r i z e d b y r a t e s 
of c h a n g e so s low as t o b e r e g a r d e d essen t ia l ly a s pe r iods 
of a o n g r o w t h . " 
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P a r t 2—Therma l S e a Power 

Advances in underwater technology can now 
realize the old idea of generating powor from 
temperature differences between tropical sur-
face waters and colder currents f lowing directly 
beneath. Such a tantal iz ing project is now 
underway in the Caribbean in combination with 
two other pro jects—mar icu l ture ami fresh- g 
water production. i 

X 

SAMUEL WALTERS1 g 

THE OCEANS, pa r t i cu l a r l y t h e t ropica l seas, a re bu i l t -
in col lectors of t h e suu ' s hea t . J u s t one cubic mile of 
w a h n seawa te r has abso rbed tr i l l ions of B t u ' s . T h e 
Gulf S t r e a m alone, it is e s t ima ted , car r ies n o r t h w a r d 
heat suff icient to g e n e r a t e over 75 t imes t he t o t a l power 
p roduc t ion of t he U n i t e d S t a l e s (1 J.1 

T o e x t r a c t t h i s t h e r m a l power one condit ion is indis-
pensable : t h e exis tence of two b road cu r ren t s of w a t e r -
one w a r m , one co ld—in close p rox imi ty to each o ther . 
Such j u x t a p o s i t i o n s a re , f o r t una t e ly , no t uncommon . 
There a re , in fac t , m a n y places wi thin a few miles of 
land in and n e a r t ropica l w a t e r s such as t he C a r i b b e a n 
Sea and t h e Gulf S t r e a m where ocean c u r r e n t s of v a s t 
magn i tude run wi th in 2000 to 3000 f t of each o ther . 
Thei r t e m p e r a t u r e d i f ferent ia l is a c o n s t a n t 35 t o 4 5 F 
(surface layer 80 t o 85 F, lower layer 40 to 4 5 F ) . 

T h i s p a r a d o x of n a t u r e occurs s o m e w h a t as fol lows: 
Heat f r o m t h e sun is absorbed in t he sur face wa te r which , 
on hea t ing , e x p a n d s to a lower dens i ty and s t ays above 
the colder, heav i e r wa te r below. T h i s act ion, in col-
laboration w i t h t h e sluggish inf luence of t h e r o t a t i o n of 

' 8TAFF Editor, M K C H A W I C A L E N O I N E B B I N O . 
1 Numbers in bracket« designate References at end of article. 

Surface tempera tures vary with the season, but an average of 
80 F s e e m ; reasonable figure for making power plant calculation 

STATION NUMBERS 



Part 3—Solar Power 

The conjunction of several even ts—the space 
program, looming fossil-fuel depletion, degrad-
ing environment, and chronic power short-
ages—is slowly turning man's eyes toward the 
sun as the ult imate answer to our energy 
problems. Unlimited power via solar energy, 
gathered and focused earthward by satellites, 
may yet prove to be the greatest tangible 
benefit from the space program. 
SAMUEL WALTERS1 

CAN- THE sun be harnessed for large-scale elcetric 
¡•owvr? T h e energy po ten t i a l is u n b o u n d e d . T h e 
»hern ia l power in te rcep ted by t he e a r t h ' s d i a m e t r a l 
¡•¡.»lie is 1.7 X 1017 w, which is a b o u t a h u n d r e d ;I»ou-
•s:ui<i l i m e s larger t h a n the world 's p re sen t instal led 
«•leciric power capac i ty . I t also has t he v i r tue of 
retraining near ly cons t an t over t ime per iods of mill ions 
"f years. 

W h y t h e n lias solar energy n o t been t a p p e d for th i s 

'MalT Kditor, M E C H A N I C A L E N G I N E E R I N G . 

purpose? Pr incipal ly because it is i n t e rmi t t en t a n d 
too di f fuse when it reaches t he ea r t h . (N igh t , clouds, 
and d u s t reduce the " s u n t i m e " t o a "use t i m e " of 
a b o u t 20 pe rcen t of t h e fu l l t ime. ) T o " c o l l e c t " i t , 
la rge a m o u n t s of real es ta te , inc luding an e l abo ra t e 
s to rage sys t em, would be requ i red . 2 

Obviously , t h e flux of solar energy should be in ter-
cep ted n o t behind t h e " d i r t y basement w i n d o w " of 
t h e c loud-shrouded night-affected ea r th , but in a satel-
lite o rb i t h igh above t he e a r t h ' s su r face where " r e a l 
e s t a t e " has no meaning . Such an audac ious idea 
has been proposed by P e t e r Closer , M e m . A S M K . a n d 
h e a d of engineer ing sciences a t t h e A r t h u r I) , i . i t t le 
Labora to r i e s [1 ].a A large space p l a t fo rm composed of 
a mosaic of solar cells hovers in synchronous orbit w i th 
t he e a r t h ' s ro ta t ion a t a he igh t of 22,300 mi (3"i,fi00 
km) . Solar energy, conver ted t o electrical power by 

2 A solar-elcctric power plant of 1000-MW capacity, with a conversion 
factor from solar power to electrical i>o\ver of 10 jterecnt. would 
require a solar power input of 10.000 M\V, or 10- thermal w. Ac-
cording to Dar.iels (16) the average solar power at the earth's surface 
amounts to about 500 cal/cmVday. This, when averaged over a full 
day, gives an average solar power input of about 2.4 X IO - 1 w/cm a . 
Then the area of the earth's surface required to collect 10w w of solar 
power would be 10'»w/(2.4 X 10 -» w/cm*) - 42 X 10'» cm», which 
would be 42 km», or a square area of 6.5 km per side. 
1 Numbers in bracket« designate Reference» at end of articlc. 
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t he colls, flows th rough a flexible s u p e r c o n d u c t i n g cable 
2 mi in length to a satel l i te s t a t ion where, conver ted to 
mic rowave energy , -it. is t r ansmi t t ed e a r t h w a r d u n -
impeded by a t m o s p h e r e and clouds. It is then recon-
ve r t ed Int 1» d-c power by an an t enna - r ec t i f i e r a r r a y . 
Tin- satel l i te is exposed to lull sunlight all the t ime , 
except for a 1.2-hr in terva l every 24 hr for 25 d a y s 
before and a l t e r equinox. By us ing two or even more 
satell i tes, proper ly space«!, the in te r rup t ion of power 
d u r i n g the 1.2-hr orbi tal night can be avoided . A con-
t inuous flow of power is t hus assured , obv ia t ing the need 
for an energy s to rage sys tem on earl h. 

An a l t e rna t ive plan is t«> place a space power s t a t ion 
in a non-equa tor ia l orbi t wi th a seasonal r h y t h m p a t -
te rn . T h e satel l i te power s ta t ion is now no longer 
s t a t i ona ry wi th respect t«> t he e a r t h ' s su r face but ap -
pears t«> move u p and down above t he s o u t h e r n hor izon 
wi th a 24-hr period, t h e swing being t he g r ea t e s t d u r i n g 
the 'Equinox period. 

H o w feasible is t h i s scheme? Technological deta i ls 
h a v e been discussed in var ious journa l s d u r i n g the p a s t 
few years . A n d recent ly the Journal oj Microwave 
Power devo ted an en t i re issue to the sub jec t . 4 T h e 
consensus is that it is feasible, a l though in sheer engi-
neer ing magn i tude , such a sy s t em surpasses a n y t h i n g 
tha i has been realistically p lanned in t he pas t . 

Success would b r ing enormous rewards. A n . c a r t h -
gi rui ing belt of solar cells 3 mi wide in synchronous 
orbi t "wou ld in tercept l.GX X 1015 w a t t s of solar energy. 
.1/ H.c [>resent level of leclmolotjy, e ight pe rcen t of th i s 
power, or 1.34 X 1014 wa t t s , could be provided in t he 
f o r m of d-c power to widely d i s t r ibu ted locat ions over 
the sur face of t he ea r th . S u c h a power level would 
provide 1.17 X 1015 kw-h r of electr ical e n e r g y per yea r , 
or over 200 t imes t h e . . . r e q u i r e m e n t s for t he yea.-
1&S0" [1] (i talics added) . I n addi t ion , t h e d i rec ted 
b e a m s could be used to has ten t he evapora t ion of t h e 
seas or lakes, to control rainfall in selected locations, to 
increase hydropower potent ia ls , t o h e a t frozen areas , a n d 
for «»ri.er beneficial uses [2]. 

\ ! . . ; .v of she working e lements of such a s y s t e m are 
clo.-o h a n d . T h e first par t of the p ro jec t—deve lop-
ment of t he c o m p o n e n t s for power genera t ion , con-
version, and t ransmiss ion, would be s imilar to p ro jec t s 
accomplished in the space p rog ram d u r i n g p a s t years . 
T h e o the r phases of t he project , such as m a n u f a c t u r i n g 
t he cells and o the r c o m p o n e n t s in g rea t number s , 
t r anspor t a t ion in to orbi t , control of a t t i t ude , o rb i t a l 
a l t i tude , and t e m p e r a t u r e , opera t ion of electric sys tems, 
and r e m o t e control of t he s t a t ion , would n o t bo new in 
kind, b u t ihey would be of a scale and m a g n i t u d e en-
tire!}- without p receden t . (This includes t he use of 
humans to deploy a n d ma in ta in t h e solar energy collec-
tor and microwave a n t e n n a . ) F o r example , one N A S A 
official [3] e s t ima tes t h a t , based on present technology, 
a solar plant, providing one- t en th of the p resen t Uni t ed 
S; . -s power needs would h a v e a to ta l mass exceeding 
_»</ 0 tons. In t he not - too-dis tant fu tu re , improvc-
: ¡i in efficiencies and lightweight, designs could br ing 
:.w..;t " a reduc t ion of th i s to ta l mass to 50,000 or 20,000 
".on*. jx»ssil>ly even lower ." T h e s e l a t t e r f igures a re 
wil win sigh: of t he capabil i t ies of ea r th - to -o rb i t s h u t t l e 
sys tems no , on t he d rawing boards . 

• . ) e i \ 1970 is.suc. 

If 3 
S y s t e m Out l ine 

Basic e lements of a solar power p lan t would consist of : 

• Orbit charac ter is t ics to insure that the space p la t -
form is cons t an t l y exposed t«> so lar r ad ia t ion and t h a t 
t he rad ia t ing a r ea can beam energy to a n y desired poin t . 
• Solar energy conversion device.-; of high efficiency 
(SO percent or b e t t e r ) . 
« T r a n s m i t t e r s capab le of b e a m i n g t he conver ted 

energy to an e a r t h receiving s t a t ion in a spect ra l region 
where m i n i m u m a tmosphe r i c absorp t ion and s c a t t e r i n g 
would be encoun te red . 
® E a r t h receiving s t a t i o n s capabre of accep t ing the 

requ i red power dens i ty and t r a n s m i t t i n g t he energy to 
power -d i s t r ibu t ion ne tworks . 

Orbi t Location 

T h e s y s t e m consists of two satel l i tes in synchronous 
o rb i t (22,300 mi a l t i t ude in an orbi t paral lel to the 
e a r t h ' s equa tor ia l p lane) . T h e sate l l i tes a re about 1*1 
deg ou t of phase and abou t 7000 mi a p a r t to insure t ha t 
one satel l i te is a lways i l luminated d u r i n g t he t ime t he 
o the r is in t he e a r t h ' s shadow, an event t ha t occurs a t 
leas t 1 hr each d a y for 25 days p reced ing and following 
t he equinoxes . A t th is height and phase difference 
b o t h satel l i tes h a v e a direct line of s ight to t he same-
poin t on e a U h . 

Convers ion Devices 

Silicon solar cells h a v e been the p r imary source of 
power for the Ranger , Mar ine r , and S u r v e y o r space-
c r a f t and a lmos t all o t h e r u n m a n n e d space missions. 
As a commercia l power-conversi«».-. device, however , t he 
cell 's usefulness is c i rcumscribed by low efficiency and 
high costs, 10 percen t and §4, respect ively , for a cell 
1 X 1"2" in. Large-scale use d e m a n d s a price b e t t e r 
t h a n 4 cen ts a n d an efficiency raised to .s0 percent or 
b e t t e r . B u t here again, one can assume accelera ted 
progress based on t he needs of large spacecra f t now 
being designed for missions in e a r t h orbi t a n d for 
explora t ion of t he moon and p lane ts . 

Solar-cell a r r a y s a l r eady h a v e grown, in t he space of a 
f e w years , f rom a few* s q u a r e feet to several t i iousand 
s q u a r e f ee t in large l ightweight «ieployable a r r a y s wi th 
power levels in t he t ens of k i lowat t s . And u n d e r w a y 
are new approaches to increase c«'li efficiency a n d reduce 
cell cos t : opt ical concen t ra to r s to focus solar radia t ion 
on an indiv idual solar cell in order to r educe t h e n u m b e r 
of cells requi red , mul t ice l lu lar devices, and new m a n u -
f a c t u r i n g processes such as t he m a n u f a c t u r e of solar 
cells f rom webbed dendr i t e silicon [4] or f r o m extrus ion 
of a r ibbon of silicon single crysta ls . 

B u t mos t promis ing of all is t he d iscovery of organic-
t y p e c o m p o u n d s wi th semiconduc to r proper t ies . T h i s 
could open t he way to a m a j o r a d v a n c e in pho tovo l ta ic 
efficiency. 

According to Glaser and o thers [I. 5, (>] t he maxi -
m u m theoret ical efficiency of 24 percent inherent in 
the inorganic single-crystal s emiconduc to r m a y not 
per ta in to o rgan ic - type mate r ia l s where charge crea t ion 
and mot ion d e p e n d upon t he long-range in t r amolecu la r 
charge t r ans fe r in h e a v y molecules found in biological 
sys t ems (nerves, for example) . S a y s G l a s e r : ' "The 
semiconduc t ing proper t ies of s u c h molecular s y s t e m s 
m a y be ve ry dif ferent in c h a r a c t e r f r o m those of in-
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organic semiconduc tors , .-uní henee may have no elli-
eicncy l imi t a t ion . " 

T h e "d i f fe rence in c h a r a c t e r " is based on t he f ac t 
that cha rge crea t ion and mol ion in the inorganic single-
crys ta l semiconduc tor a re related to t he p r imary act of 
light absorp t ion , whereas in h igh-molecular-weight 
organic sys tems the re is a dis t inct ion be tween charge 
fo rmat ion in a molecule and diffusion th rough the bulk 
med ium. T h i s means t he charge m a y be t rans fe r red 
wiiiiin t he molecule before motion in an ad jacen t mole-
cule or v a c a n c y si te occurs . A d v a n t a g e can thus be 
taken of bo th t he low-energy g a p of such mater ia l s and 
a possible low r a t e of the rmal backward diffusion of 
charge. Theore t ica l ly therefore , organic sys t ems pro-
mix- n:« | .er efficiency t h a n inorganic semiconduc tors ; 
they would weigh les.- ami could be produced in large 
quan t i t i e s at a much lower unit cost . 

A t t a i n m e n t of a conversion efficiency of SO percen t 
will radically a l te r the prospects for commercial solar 
power. A space p l a t fo rm with S.7 sq mi of collector 
area (:>.:> mi in d i ame te r ) would be all t ha t would be 
required to meet t he power needs of t he en t i r e nor th -
eastern section of the Uni t ed S t a t e s [1]. T h e weight 
of the collector would then be reduced to a b o u t 100 
tons, exclusive of s u p p o r t i n g s t ruc tu res . T h i s is well 
witlun t h e cost capabi l i ty of a space p rogram employ-
ing reusable s h u t t l e s to assemble space s t ruc tu r e s . 
Such an ear th - to -orb i t s h u t t l e wi th a payload of 20 tons 
is now on the d rawing boa rds [:>]. 

Power Gene ra t i on a n d T r a n s m i s s i o n 

T h e i l lustrat ion below shows the main e lements of a 
system designed to beam 10,000 M W e a r t h w a r d , enough 
power to supp ly t he ci ty of N e w York and i ts envi rons . 
Because of the inefficiency of p resen t -day solar cells, 
the solar collector sp reads over a 2o-sq-mi a rea . Solar 
energy is he re ga the red , conver ted to d-c electric power, 
and t r ansmi t t ed to the microwave genera to r s a long a 
transmission line 2 mi long. T h e line is supe rconduc t -
">.- i<> reduce Weight and power losses. Along i ts en t i re 
length, mui t ip le-s tage ref r igera tors ma in ta in t he p roper 
tempe rat ure . T h e line is also a r t i cu la ted to p rov ide 
relative movement between the solar collector, which 
must main ta in i ts o r ien ta t ion toward t he sun, and t he 
microwave genera tors , whose r ad i a t i ng a n t e n n a s arc 
beamed to a receiving a n t e n n a on ea r th . 

Tin' microwave power t ransmission sys tem consists 
o f ' h ree m a j o r p a r t s : 

® .Microwave genera t ion , that i.s, the eonvei. ion of 
1 he d-c, power out put f rom the solar cells into mic rowave 
power. 
o Henm forming, t h a t is, the fo rming of «he micro-

wave energy in to a s h a r p b e a m by means of t he t r ans -
mit t ing a n t e n n a . 
o Mic rowave collecting and reconversion, t h a t is, a 

means of collect ing t he energy ;il the ivci-iviii;* point 
and l lien reconver t ing it I »a el, into o i . i n i , i \ • I., im-. 
energy . 

At first glance, t he very high power levels invo lved— 
10,000 M W of microwave p o w e r — a p p e a r incongruous. 
Microwave technology is usual ly identified with the 
low power levels c o m m o n in t he communica t ions in-
d u s t r y . However , etiicieut h igh-power ¡;;b.-s have 
been developed. T h e a s sumed 10* kw of microwave 
power can be gene ra ted in a phased a r r ay of 10,000 
ampl i t ro i i s , each wi th an o u t p u t power of 1000 kw 
[7, <S]. Such an a r r ay would reduce t he ra t ing of t h e 

ind iv idua l t ubes to t he po in t where the i r de.-ign would 
be consis tent wi th a modes t extension of exis t ing t u b e 
technology. 

Earth Receiving Stat ion 

T h e c a p t u r e and conversion of the 10,000 M W of 
mic rowave power beamed e a r t h w a r d f rom space is by 
" r c c t e n n a " (cont rac t ion for rec t i fy ing a n t e n n a ) , a 
device t h a t combines t he func t ions of a receiving an -
t e n n a and rectifier. I t is a large clipolc receiving field 
several s q u a r e miles in a rea m a d e u p of highly efficient 
so l id-s ta te rectif iers dispersed t h r o u g h o u t t he a r r a y 
and t e r m i n a t i n g in small aper tu res . T h e a r ray , as a 
consequence, is re la t ively non-direct ive, which' elimi-
na t e s po in t ing problems a n d minimizes mechanical 
to le rances [7, 9]. T h e conver ted d-c power is then fed 
in to a d i s t r ibu t ion ne twork th rough supe rconduc t ing 
t ransmiss ion lines. Such ne tworks have a l ready re-
ceived considerable a t t e n t i o n , and research is being 
pe r fo rmed on this m e t h o d for electric power t r ansmis -
sion in th i s coun t ry and ab road . 

A l though t he power densi t ies in t he mic rowave 
beam (roughly 1 w / s q cm, an order of m a g n i t u d e 
g rea t e r t h a n t he solar rad ia t ion received on ea r th ) m a y 
d a m a g e ob jec t s or l iving t issues tha t might en t e r t he 
beam, t h e y a re not high enough to cause m a j o r des t ruc -
t ive effects. S a f e t y devices would have to be devised 
and regula t ions es tabl ished to prevent e n t r y of ob jec t s 
or l iving beings in to t he beam. T h e problem of s a f e t y 
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Part 4—Rock Burning and Sea Burning 

Dispersed in the rocks of the earth are enor-
mous quantit ies of " fer t i le" low-grade uranium 
and thorium ores. These will be converted to 
fissionable fuel in an experimental breeder re-
actor, a power plant that produces more nuclear 
fuel than it consumes. Success would assure 
a supply of low-cost energy for thousands of 
years. Our finite reserves of coal, oil, and gas 
would then be used as sources of organic 
molecules rather than as sources of heat. As 
for "sea burning," the process of extracting 
energy through fusion of the heavy isotopes of 
hydrogen, this is stili a physicist's dream, but 
the l ineaments of a practical device can be dis-
cerned in the emphasis on its scientific feasi-
bility and some rudimentary thought on the 
technological, economic, and social aspects of 
commercial fusion power. 

SAMUEL WALTERS1 

Rock Burning 
T h e a t o m i c age is b a r e l y 30 y e a r s old, and i ts f u t u r e 

is a l r eady in d o u b t . T h e pr inc ipa l cause is t h e g r o w i n g 
a r ea t of a s h o r t a g e of a t o m i c fue l , U-235 , one of t h e 

iv.o m a j o r i so topes of n a t u r a l u r a n i u m . U - 2 3 5 con-
s t i tu tes r o u g h l y 1 p e r c e n t of t h e who le ; t h e r e m a i n i n g 
00 percent is m a i n l y U-23S, t h e o t h e r isotope, w h i c h 
cannot a t t h i s t i m e b e used a s fue l . 

I n t w o d e c a d e s or less, un less s o m e ' / . i n g is d o n e , 
U-235 will b e in short, s u p p l y a n d no longer c o m p e t i t i v e 
in price w i th t h e T h a t " s o m e t h i n g " is t h e 

b r e e d i n g r eac to r , so called because i t p roduces m o r e 
nuc l ea r fue l t h a n i t consumes . T h e now-was t ed U-2 ' iS. 
a long w i t h low-grade t h o r i u m ores, would DC convertc*U 
t h r o u g h n e u t r o n b o m b a r d m e n t i n t o fissionable fue l 
f r o m t h e dwind l i ng s u p p l y of U-235. 

A t t h e p r e s e n t t ime , U - 2 3 5 in t h e f o r m of a 5-Ib f ; ' 
r od is a l r e a d y w o r t h a b o u t a t h i r d of i t s we igh t in sonci 
gold . T h e re f in ing p r o c e s s — s e p a r a t i n g U - 2 3 5 f r o m 
U-23S—is a n expens ive o p e r a t i o n because b o t h h a v e 
t h e s a m e chemica l cha rac te r i s t i c s . H u g e SSOO-million 
s e p a r a t i o n p l a n t s do t h e j ob . T h e end p r o d u c t is a 
s l igh t ly en r i ched u r a n i u m c o n t a i n i n g a b o u t 3 pe r cen t 
U-235 . T h e ut i l i t ies p a y t h e pr ice because t h e p o t e n -
t i a l of a s ingle fue l rod is t h e h e a t e q u i v a l e n t of 6000 
t o n s of coal [1 ].2 

B r e e d i n g React ion 

T h e b r e e d i n g reac t ion goes as fo l lows : U r a n i u m - 2 3 8 
(or t h o r i u m - 2 3 2 ) is s u b j e c t e d t o n e u t r o n b o m b a r d m e n t 
in a r e a c t o r whose ini t ial s u p p l y of fu--;l is un . r . i um-235 . 
U r a n i u m - 2 3 8 a b s o r b s a n e u t r o n a n d is c o n v e r t e d :o 
U-239. T h e l a t t e r , b y t w o shor t - l ived r a d i o ; . ; - ; r e 
t r a n s f o r m a t i o n s , c h a n g e s s p o n t a n e o u s l y , firs: TO : . - . : > 

t u n i u m - 2 3 9 , a n d t h e n t o p l u t o n i u m - 2 3 9 . Likewise , 
t h o r i u m - 2 3 2 a b s o r b s a n e u t r o n a n d is t r a n s f o r m e d ir. o 
t h o r i u m - 2 3 3 . Th i s , in t u r n , c h a n g e s r a c i o a c t i v e i y 
i n t o p r o t o a c t i n i u m - 2 3 3 a n d t h e n i n t o u r a n i u m - 2 3 3 V . 

Because t h e y a r e fissionable, U-233, U-235 , a n d 
p l u t o n i u m - 2 3 9 a r e cal led fissile i so topes . U-23S a n d 
t h o r i u m - 2 3 2 , o n t h e o t h e r h a n d , a r e k n o w n as f e n i l e 
m a t e r i a l s because t h e y a r e n o t t h e m s e l v e s f iss ionable, 
b u t a r e c a p a b l e of b e i n g c o n v e r t e d i n t o p r ev ious ly 
n o n e x i s t e n t i sotopes w h i c h a r e f i s s ionable . T h e pro-
cess of c o n v e r t i n g fer t i le i n t o fissile m a t e r i a l s k n o w : 
a s conve r >n. 

F u n d a m e n t a l t o a successfu l b r e e d i n g n rogra : is .. 
s h o r t d o u b l i n g t i m e ( t h e t i m e r e c . a i m ! t o pro / . . . .v ...-
m u c h n e t a d d i t i o n a l fissionable m a t e r i a l as w a s or! I'.y 
p r e s e n t in t h e r e a c t o r ) . T h e r e a c t o r thu< u".: 
d u c e d e n o u g h fissionable ma-e r in ! tv> :*. 
fue l a n o t h e r iden t i ca l r e a c t o r . A n eii ieieai 

* Numbers in brackets designate References at cad oi article. 
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238-p lu ton ium-239 cycle ( the u r a n i u m cycle) [3]. 
• I n t h e U n i t e d S t a t e s and severa l o t h e r ccuu i r i e 
f a s t b r eede r reac tor cooled wi th l iquid me ta l—:L 
called L M F B R (l iquid-metal-cooled fast; breede: 
a c t o r ) — h a s been given pr io r i ty . U n d e r A I ' C 
pices, s o m e t h i n g like a " c r a s h p r o g r a m " is u a h o 
t o develop a commerc ia l L M F B R power plani by 

W e are not , however , ; t t i n g all o u r a tomic n: 
i n one ba ske t . T h e ut i l i t ies compan ie s h a v e poo. 
sources t o develop a gas-cooled f a s t b r e e d e r r 
t h a t uses pressur ized he l ium as t h e coo:, i.i 
add ion, o t h e r t y p e s of b r e e d e r s a r e u n d e r J. 
m e n ; . Oak R idge N a t i o n a l L a b o r a t o r y i> v 
on a moiien-&a:i b reeder r e a c t o r based or. ti..1 : h . 
2 3 2 - u r a n m m - 2 3 3 cycle. Because it iu?ea. :horiu:v. 
r a w mater ia l , th is r eac to r wouid oomph ;ao:. 
L M F B R , w.»ich uses uran ium-2SS. A n o t h e r pre j 
is a t t e m p t i n g to m o d i f y t he present t y p e o; l ight- , 
reac tors b y a o d i n g b l anke t s of fer t i le m a t e r i a j 
g rea t ly : . ^ase t h e convers ion ra t io [4]. 

r eac to r will h a v e a doubl ing t ime in t h e j ^ n g e of 7 t o 
10 yea r s [3]. 

As f a r as energy p r o d u c t i o n is concerned, t h e t h e r m a l 
energy p roduced per g r a m b y e i the r p lu ton ium-239 or 
u ran ium-233 is app rox ima te ly t he s a m e as t h a t p ro-
duced by u r a n i u m - 2 3 5 : a b o u t 8.2 X 1010 jou le pe r 
g ram. Th is is t h e equ iva l en t t o t h e h e a t of c o m b u s t i o n 
of approx imate ly 2.8 me t r i c t o n s of coal or 14 b b l of 
crude oil [4]. 

B r e e d e r S y s t e m s 

T h e breeding » oncept is a lmos t as old as t h e nuc lear 
cha in react ion, and t he technology itself is n o w largely 
a t h a n d . T w o diffère., breeder sys t ems a r e involved, 
depending or. which r aw ma te r i a l is be ing t r a n s m u t e d : 
t he t he rma l b reeder and t h e f a s t b reeder . T h e t h e r -
mal breeder uses slow neu t rons a n d opera tes b; on 
t h e thor ium-232-urar . ium-233 c y c l e " (usually cailed 
t he t ho r ium cycled T h e fast b r eede r uses more-en-

crger ' . . . . .-est, on t h e u r a n i u m -
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Westinghouse Corp.'s 
concept of a liquid-metal 
fas t breeder reactor. This com-
pany, together with General Electric 
and Atomics International, is in the first 
phase of competi t ion for the right to build a 
demonstrat ion LMFBR. Inset shows schemat ic in 
which flow plan for the fas t breeder is shown: The 
sodium coolant is pumped through the reactor, where it 
becomes radioactive. Heat from the reactor (1) is carried 
via the liquid sodium to an intermediate heat exchanger (2) 
by pump action (3). Heat is here t ransferred to a separa te 
stream of sodium that is not radioactive. The heat of tha t 
stream is used to produce s team (4). Steam is piped out (10) 
to drive the turbogenerators . 



T h e LiV.FSR: S o m e Design Detai ls 

Liquid meta l , such as sod ium, is used t o t r a n s f e r 
hea t f r o m t h e r eac to r to s t e a m genera tors . T h e ad -
v a n t a g e of u s ing l iquid m e t a l is t h a t i t c a n be h e a t e d 
t o v e r y h igh t e m p e r a t u r e s w i t h o u t p roduc ing pressures 
so grea t as to r isk r u p t u r e of t h e piping. I n t h i s way , 
energy can be car r ied a w a y f r o m t h e r e a c t o r a t h igh 
speed. T h e reac tor , the re fore , can be r u n " f a s t e r " ; 
t h u s one of a g iven size will be able to gene ra t e m u c h 
more electric p o w e r t h a n i t s c u r r e n t c o u n t e r p a r t . 

Whi le des igners of a t o m i c p l an t s go (o g r e a t l eng ths 
to p rov ide mul t ip le p ro tec t ion aga ins t accidents , skep-
tics f ea r t h a t , a l t h o u g h acc iden ts a re rare , those t h a t 
occur could be d i sas t rous . T h e y note t h a t if t h e 
mo l t en sod ium or po ta s s ium used in b reeder r eac to r s 
comes in c o n t a c t wi th w a t e r or s t e a m , a v io len t reac t ion 
occurs . 

T h u s , if t h e r e is a leak in t h a t p a r t of t h e sy s t em 
where t he l iquid me ta l is used to h e a t s t eam, i t could 
be ca t a s t roph ic . T o isolate t he r eac to r f r o m such a 

<2f 

' r^) 

r 
dange r , typ ica l des igns p rov ide doub le l iqu id -meta l 
sys tems . One carr ies heat, f rom t h e r e - c t o r and h e a t s 
a n o t h e r l iqu id-meta l sys t em, which thou h e a t s t h e 
s t e am. 

W h e n and if all present nuc lear roacrors h a v i n g con-
vers ion f ac to r s less t han u n i t y a r e replaced by t r u e 
b reede r reac tors , t he problem of ra\. : ma te r ia l s fo r 
energy will be dras t ical ly modif ied. l " : .d - r :i vso cir-
cums tances , low-grade, ores of uraniu:v. a.vi t ho r ium 
which c a n n o t a t present be g iven considera t ion could 
be used . As one example , there a re Jo-.v-grud,; t ho r ium 
depos i t s t o be found in t he C o n . - a y grani t . ; in Xe.v 
H a m p s h i r e . T h i s is a g ran i t e which crops ou t over an 
a r ea of a b o u t 300 sq mi. According to s tudies by J o h n 
A. S. A d a m s a n d associates, and cited by M . K . i i u b -
b c r t of the U . S. Geological S u r v e y [5j, th is g ran i t e has 

- a r e m a r k a b l y un i fo rm t h o r i u m c o n t e n t , averag ing .">0 
g r a m s per met r i c t on . I n th i s case, 1 cu rn of rock has 
a mass of 2.7 met r i c tons a n d con ta ins 150 g r a m s of 
t h o r i u m . Since t he energy released by fissioning 1 
g r a m of thor ium is subs t an t i a l ly t he s a m e as for u ran-
ium, t he fuel equ iva l en t of t he t ho r ium conta ined in i 
cu m of rock is e q u i v a l e n t to a b o u t 400 met r ic t o n s of 
coal, or 2000 bbl of c rude oil. 

Should t he whole a rea be qua r r i ed to a d e p t h of only 
100 m (330 f t ) and t h e t h o r i u m used in b reeder reac tors , 
t he fue l e q u i v a l e n t of t he energy p roduced , H u b b e r t 
notes , would be 20 t imes t he coal resources of t he U . S., 
or 750 t imes t he resources of oii. 

T h i s is only one example . Con t inues H u b b e r t : 
" T h e energy po ten t i a l ly ob ta inab le by breeder reac tors 
f r o m rocks occurr ing a t mi ¡¡able dep t i i s in t h e U . S . 
and con ta in ing 50 g r a m s or more of u r a n i u m a n u t h o -
r i u m combined pe r met r i c t o n is h u n d r e d s or t housand* 
of t imes larger t h a n t h a t of all of t he fossil fue l s com-
b ined . . . . Fa i lu re t o m a k e the t r ans i t i on to a com-
ple te b reeder r eac to r p rog ram before t he ini t ial s u p p l y 
of u ran ium-235 is exhaus ted . . . wouid cons t i t u t e one 
of t he m a j o r d i sas te rs in h u m a n h i s t o r y . " 

I t r ema ins to be : . however , if t h e problems of 
t h e r m a l pol lut ion a n d puMie fea r of " excur s ions" of 
v e n t i n g r ad ioac t iv i ty can sufficiently a l layed to 
p e r m i t t h e pro l i fe ra t ion of a tomic power to t he re -
qui red need . 

1 
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1 E i s n i c * = 3 . 2 Mev ' r»-> -1.0 V • 
' • — """ „ 1 , 4 . Courtesy al Public Service Electric and Gas Co. 
Note: 1 Mev = 1.6 x 10-' erg = 1.52 X 10"" BTU = 4.45 x lp -^ kwhr gn(j Princeton-s Plasma Physlcs Laboratory. 

Also possible is a D-He3 reaction producing He* + H + 18.3 Mev. 

Fusion reactions. A deuterium nucleus can fuse with a tritium nucleus (left) to form helium-4 and a neutron. It can also fuse in two 
other ways with another deuterium nucleus (right) to form hellum-3 and a neutron or tritium and a proton (ordinary hydrogen nucleus). 

T h e s e fears , if n o t all t h e " f a c t s " on wh ich t h e y a r e 
founded , a re ve ry real . Agains t t he b a c k g r o u n d of 
these fears , s i t ing p rob lems become acu te d i l emmas . 
As T V A ' s m a n a g e r of power , G . 0 . Wessenauer , p u t i t 
t o a n A t o m i c I n d u s t r i a l F o r u m workshop las t y e a r : 
" A n ideal s i te is one f o r which t h e r e is no evidence of 
a n y seismic ac t i v i t y over t h e p a s t mi l lennia ; is no t s u b -
jec t t o hur r icanes , to rnadoes , o r floods. I t should be in 
an endless expanse of u n p o p u l a t e d deser t w i t h an 
a b u n d a n t supp ly of v e r y cold w a t e r flowing nowhere 
and con ta in ing n o a q u a t i c life. M o s t i m p o r t a n t , i t 
should be a d j a c e n t t o a m a j o r load cen t e r . " 

Sea Burning 
T o m a n y scientis ts , t h e b reeder r eac to r descr ibed 

a b o v e is only an in t e r im technology, a ho ld ing ac t ion 
un t i l t h e y can m a s t e r t h e difficult a r t of control l ing 
t h e r m o n u c l e a r fus ion . Success will b r e a k t h e e n e r g y -
pol lu t ion cycle a n d p a v e t h e way t o a l imit less reservoir 
of energy. 

H y d r o g e n , t h e stuff of s tars , is t h e r aw m a t e r i a l f o r 
t h e fusion reac t ion . I t has t h r ee isotopes of mass n u m -
bers 1, 2, a n d 3, k n o w n respect ive ly as hydrogen w i t h 
t h e chemical symbol H , d e u t e r i u m w i t h t h e symbol D , 
and t r i t i u m w i t h t h e symbol T . T h e p rob l em of 
achieving control led fus ion reduces to t h a t of fus ing 
two or more of these isotopes of hydrogen in to he l ium, 
t h e next h igher e lement in t h e a tomic scale. T h e 
joining or fus ion of nuclei t akes p lace in nuc lea r ovens 
in which t he gene ra t ed h e a t equals t h a t f o u n d in t h e 
inter iors of s t a r s . 

According t o t h e A E C , t h e d e u t e r i u m - t r i t i u m ( D - T ) 
react ion a p p e a r s t o b e t h e mos t promis ing. Cons ider -
ing t he a m o u n t of h y d r o g e n in t h e oceans, d e u t e r i u m 
can be considered as s u p e r a b u n d a n t (one a t o m t o each 
G700 a t o m s of hydrogen) , i t can also b e ex t r ac t ed 
easily. T h e r e is sufficient l i th ium in t h e U n i t e d S t a t e s 

a lone t o insure , v ia t h e D - T reac t ion , an energy con t en t 
m o r e t h a n fivefold t h a t inher ing in t h e wor ld ' s fossil 
fue l s [6]. 

B u t if fus ion were accompl ished in a D - D reac to r , 
o n e - f o u r t h of t h e ene rgy o u t p u t could be t a k e n o u t 
d i rec t ly a s e lec t r ic i ty , an i m p o r t a n t a d v a n t a g e , p lus 
t h e f a c t t h a t d e u t e r i u m is f a r more b o u n t i f u l t h a n t r i -
t i u m . O n e cu m of w a t e r con ta in s a b o u t 1026 a t o m s 
of d e u t e r i u m h a v i n g a mass of 34.4 g r a m s a n d a po t en -
t ia l fus ion energy of 7.94 X 1012 jou le . According to 
H u b b e r t , t h i s is equ iva l en t t o t he h e a t of combus t ion 
of 300 me t r i c t o n s of coal or 1500 b b l of c rude oil. 
Since a cubic k i lomete r con ta in s 10® cu m , t h e fue l 
equ iva l en t of one cubic k i lomete r of s e a w a t e r is 300 
bill ion tons of coal or 1500 biliion b b l of c rude oil. 
H u b b e r t s u m s u p fus ion ' s p o t e n t i a l : " T h e t o t a l vol-
u m e of t h e oceans is a b o u t 1.5 bill ion cubic kilo-
me te r s . If enough d e u t e r i u m were w i t h d r a w n to re-
duce t h e ini t ial concen t r a t i on b y 1 pe rcen t , t h e energy 
released b y fus ion would a m o u n t to a b o u t 500,000 
t imes t h e energy of t h e wor ld ' s ini t ial supp ly of fossil 
f ue l s ! " [7]. 

T h e C o n f i n e m e n t P r o b l e m 

A t t h e t e m p e r a t u r e s r equ i red for fus ion igni t ion, on 
t h e order of a h u n d r e d mill ion degrees C, all ma te r i a l s 
h a v e n o t only long since vapor ized , b u t ionized, t h a t 
is, b roken u p in to a see th ing cloud of nega t ive ly charged 
e lec t rons and posi t ively charged nuclei . T h i s m i x t u r e , 
called p lasma , resembles a gas i n some respects , b u t i t 
is o f t e n r ega rded as a f o u r t h s t a t e of m a t t e r b e c a u s e i t 
has some proper t ies un l ike gases, l iquids, o r solids. 

T h e conf inement p rob l em h a s been par t icu la r ly 
vexing. I m a g i n e an indes t ruc t ib l e 1- l i ter in -
filled w i t h a m i x t u r e of d e u t e r i u m a n d i r t t i v 
t e m p e r a t u r e and 1 a t m pressure . H e a t ire : 
t o 100,000 C will pu l l a t o m s a p a r t p rodue i ..« : " 
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.í u n d e r these condi t ions , t w o nuclei would fuse a b o u t 

once every 500 y e a r s ! A t 100 mill ion C , fus ion reac-
t ions p r e d o m i n a t e . Rap id ly , t h e d e u t e r i u m and t r i -
t i u m fue l fuse , re leasing energy a t a f an t a s t i c r a t e -
a b o u t 100 mill ion k w or rough ly 10 pe rcen t of t h e 
e s t i m a t e d need for t h e en t i re U . S. d u r i n g 1975. T h e 
pressure on o u r mirac le con ta ine r is n o w a s tagger ing 
1.5 mil l ion a t m [8]. 

Magne t i c Bo t t l e s 

Since n o solid m a t e r i a l can exist a t a t e m p e r a t u r e 
of 100 million C , t h e pr incipal emphas i s f r o m t h e be-
g inning h a s been on t h e use of magne t i c fields or 
" b o t t l e s " t o confine t he p l a sma . B u t f inding t h e right 
bo t t l e p re sen ted m a n y sub t le difficulties. I n principle, 
va r ious m a g n e t i c . conf igura t ions should p rov ide a d -
e q u a t e con f inemen t for t h e r m o n u c l e a r reac t ions , b u t 
un t i l r ecen t ly t h e p l a s m a s imply r e f u s e d t o be con-
fined long enough no m a t t e r w h a t t h e s h a p e or t h e 
s t r e n g t h of t h e m a g n e t i c bo t t l e . I t e i the r wou ld escape 
o u t t h e ends or t h r o u g h w e a k a reas in t h e m a g n e t i c 
fields or i n t e r a c t e lect roniagnet ical ly in u n a n t i c i p a t e d 
g r o u p behav io r [9]. 

I n general , magne t i c bo t t l es fall i n to t w o t y p e s : 
l inear (open) or toroidal (closed). I n t h e o p e n t ype , 
squeezing fields of m a g n e t i s m f o r m a pa r t i a l o r l eaky 
" s t o p p e r " p r e v e n t i n g p l a s m a f r o m escaping o u t t h e 
ends of t h e t u b e . I n t h e closed t ype , t h e t u b e is b e n t 
in to a d o u g h n u t shape , or toroid , a n d he re t h e p u r -
pose of t h e m a g n e t i c fields is to confine t h e p l a s m a to 
t h e midd le of t h e t ube , a w a y f r o m m a t e r i a l wal ls . 

• her of exis t ing sys t ems a r e based on these 
types , a n d a r e classified on t h e basis of increas ing 
p lasma dens i ty . T h r e e genera l sys t ems a r e desc r ibed : 
t he t h e t a p inch , t h e magne t i c mir ror , and t h e to rus . 

Theta Pinch. T h i s is a h igh-dens i ty p l a s m a con t a ine r , 
which is def ined as one in which t h e p l a s m a p ressure is 
comparab le t o t h e m a g n e t i c field pressure . T h i s device 
has been bui l t in b o t h t h e l inear a n d to ro ida l f o r m s . 
Here t h e electr ic cu r r en t is in t h e t h e t a , o r a z i m u t h a l , 
direct ion ( a round t h e axis) and t h e resu l t ing m a g n e t i c 
field is in t h e ze ta , or axial, d i rec t ion (along t h e axis) . 

T h e Scyl la and Scyllac mach ines at, t h e Los A l i m o s 
Scient if ic Labora tory ' a r e respect ively examples of a 
l inear t h e t a - p i n c h design a n d a to ro ida l f b e t a - p i n c h 
design [10]. 

T o d a t e , t h e l inear version is t h e only one in ope ra t ion . 
„ H e r e , t h e o n e - t u r n coil su r round ing t h e p l a s m a dis-

c h a r g e t u b e receives a current, of mill ions of a m p e r e s ; 
i n d u c t i o n of a n equa l , oppos i te ly d i rec ted current, i n t o 
t h e p l a s m a resu l t s in a magne t i c field which causes i t t o 
p inch v e r y r ap id ly in to a cigar s h a p e a n d h e a t to 50 
mil l ion K . T h e device has d e m o n s t r a t e d t h a t a h igh -
dens i ty h i g h - t e m p e r a t u r e p l a s m a can b e con ta ined b y a 
m a g n e t i c field. B u t such c o n t a i n m e n t only keeps t h e 
p l a s m a f r o m m o v i n g across t he field, a n d , a s wou id b e 
expec ted , a f t e r a f ew microseconds t h e p i a s m a squ i r t s 
o u t l ike t o o t h p a s t e squeezed f r o m a t u b e open a t 
b o t h ends . 

I n t h e case of t h e longer vers ion n o w be ing as-
sembled , t h e p l a s m a m u s t still s q u i r t o u t t h e ends . B u t 
since t h e p a t h is longer, i t will t a k e a p ropor t iona te ly 
longer t i m e to e m p t y ou t . A l t h o u g h t h i s longer t ime 
is rough ly 10 microseconds, it will b e long enough t o 
g ive t h e exper imenta l i s t s a chance t o see w h e t h e r t h i s 
c igar -shaped p l a s m a is widen ing o u t , i.e., s p r e a d i n g 
across t h e field. T o m a k e a r eac to r o u t of t h i s a p p r o a c h , 
t h e device would h a v e to b e t e n s of miles l ong—too 
long a n d too expensive to b e of p rac t ica l i n t e re s t . T h e 
in t e r e s t , the re fore , is i n bend ing i t a r o u n d in to a dough-
n u t o r t o ru s . T h i s h a s n o t y e t been done, b u t is t h e 
m a i n ob jec t ive of t h e Scyl lac expe r imen t f o r t h e n e x t 
severa l y e a r s [5]. 

Magnetic Mirror. T h i s is a m e d i u m - d e n s i t y p l a s m a 
con ta ine r . I n t h i s device a l inear m a g n e t i c b o t t l e 
is pa r t i a l ly " s t o p p e r e d " a t t h e ends b y m a g n e t i c 
" m i r r o r s " (regions of s o m e w h a t g r e a t e r magne t ic -
field s t r e n g t h t h a t reflect escaping par t ic les b a c k i n t o t h e 
bo t t l e ) . I n add i t ion , s ince mir ror devices a re neces-
sari ly v e r y leaky, e x t r a cu r r en t - ca r ry ing s t r u c t u r e s a r e 
o f t e n used t o i m p r o v e t h e s t ab i l i ty of t h e plasm;. . ' 
expe r imen t s be ing conduc ted a re of t w o k inds , 
a w a r m p l a s m a is " h y p o d e r m i c a l l y " i n j e c t e d in io- „ 
m a g n e t i c mir ror , t h e n h e a t e d a n d m a d e m o r e dense 

There have been many configurations devised in the past two decades to confine plasmas for fusion research. All fall intc two general 
types: linear (open) or toroidal (closed). In the open type, squeezing fields of magnetism form the sole "szopper" preventing plasma 
from escaping out the ends of the tube. In the closed type, the tube is bent into a doughnut shape, or torus ar.d here the purpose of 
the magnetic fields is to confine the plasma to the middle of the tube, away from material walls. 
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b v compress ion . C o n t a i n m e n t ha s b e e n ach ieved , 
b u t t he re a re some e n h a n c e d losses, wh ich would b e a 
l i t t le too large for a r eac to r . I n t h e second m e t h o d , 
ca re fu l slow i n j e c ' . o n s , u t i l iz ing p l a s m a a c c u m u l a t e d 
over m a n y seco< Is, c an cont ro l b o t h d i rec t ion of 
par t ic le m o t i o n : nd ene rgy s p r e a d . B y such m e a n s , 
i t is h o p e d t h a t t h e causes of e n h a n c e d losses c an b e 
ident ified a n d p e r h a p s e l imina t ed . 

Tokamak. T h i - is a m e d i u m - d e n s i t y p l a s m a con t a ine r 
of t h e to ro ida l t y p e . I t r e p r e s e n t s a q u a l i t a t i v e j u m p 
in o u r k n o w l e d g e a n d skill in con ta in ing t h e m a d d e n -
ingly complex p l a s m a long enough t o ach ieve a fu s ion 
r eac t ion . T h i s mach ine , deve loped b y t h e R u s s i a n s a 
couple of yea r s ago, h a s h e a t e d p l a s m a to 10 mill ion K 
whi le m a i n t a i n i n g dens i t ies of 30,000 bill ion par t ic les 
p e r cubic c e n t i m e t e r fo r l / 5 0 t h of a second, t h e c loses t 
a p p r o a c h y e t t o a f u s i o n r eac t ion . T h e Sov ie t c la im 
m e t w i th some skep t ic i sm, since p l a s m a m e a s u r e m e n t s 
a r e no to r ious ly diff icult t o m a k e a n d i n t e r p r e t . A 
Br i t i sh t e a m , howeve r , f r o m C u l h a m L a b o r a t o r y , 
conf i rmed t h a t t h e t e m p e r a t u r e was indeed a t t h e level 

c l a imed b y t h e Sov ie t s [111-
T o k a m a k also differs f r o m earl ier U . S . - b u i l t to ro ids 

cal led S te l l e ra to r s in t h a t i t is axial ly s y m m e t r i c , 
closer t o t h e ideal d o u g h n u t s h a p e of a t o ru s . Ra i s ing 
t h e t e m p e r a t u r e of T o k a m a k p l a s m a s t o t h e r m o n u c l e a r 
va lues a p p e a r s t o b e a p rob lem, however , wh ich t h e 
R u s s i a n s bel ieve c a n b e ove rcome solely b y la rger 

Tokamak. U. S. style. This is a toroidal p lasma conf inement device 
nd h^s been in operation a t t he Plasma Physics Laboratory at 

' r ince ton , N. J., s ince May, 1970. A cutaway cross sect ion of the 
Tokamak configurat ion is shown above. 
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vers ions . XJ. S . physic is ts , whi le n o t agree ing t h a t 
sca l ing-up t h e size of t h e T o k a m a k dev ice will in itself 
achicvo t h e des i red fus ion reac t ions , be l ieve t h e T o k a -
m a k con f igu ra t i on is p romis ing . O n e T o k a m a k h a s 
b e e n bu i l t a t t h e P r i n c e t o n P l a s m a L a b o r a t o r y and , 
h a s b e e n i n ope ra t i on s ince M a y , 1970. A n o t h e r will 
go i n t o o p e r a t i o n a t O a k R i d g e by t h e end of t h i s y e a r 
a n d t w o m o r e will short ly- c o m e i n t o o p e r a t i o n a t t h e 
U n i v e r s i t y of T e x a s a n d a t M . I . T . N e w P r i n c e t o n 
r e su l t s i nd i ca t e t h a t supe r io r i t y of T o k a m a k ove r L . S . 
conf igura t ions m a y s imply b e t h a t T o k a m a k s a r e 
la rger [5]. 

A Light A p p r o a c h 

A n o t h e r g r e a t l e a p f o r w a r d in fus ion technology 
w i t h i n t h e l as t f ew y e a r s ha s invo lved t h e i n t r o d u c t i o n 
of l ase rs fo r gene ra t i ng a n d h e a t i n g p l a s m a . I n add i -
t ion to be ing eas ier to ana lyze t h a n cyc lo t ron- o r 
n e o n - t u b e - g e n e r a t e d p la smas , l a se r -genera ted p l a smas 
a re h o t t e r , denser , a n d p u r e r ; laser b e a m s cross m a g -
ne t ic fields, w i t h o u t d i s t u r b i n g t h e m , so t h a t p l a s m a 
p r o d u c t i o n is ach ieved qu ick ly a n d comple te ly w i t h o u t 
l e f t o v e r n e u t r a l debr is . A f rozen pel le t of h y d r o g e n o r 
one of i t s i so topes is i n s t a n t l y v a p o r i z e d and com-
ple te ly ionized by a p o w e r f u l laser pulse l a s t ing less 
t h a n a b i l l ion th of a second ; t h e pulse m u s t b e t h a t 
f a s t t o depos i t ene rgy in f ree ly expand ing p l a s m a b e -
fore i t becf tmes t r a n s p a r e n t t o t h e laser b e a m . D r . 
M o s h e L u b i n of t h e U n i v e r s i t y of R o c h e s t e r sugges t s 
t h a t ex t r eme ly r a p i d lasers could conf ine p l a s m a s as 
well as g e n e r a t e a n d h e a t t h e m , o b v i a t i n g en t i re ly t h e 
need fo r m a g n e t i c fields w i t h the i r ins tab i l i t i es a n d 
losses [12]. H e p roposes a n ine r t i a l con f inemen t de-
vice in w h i c h a pe l le t of deu te r i t im a n d t r i t i u m , d r o p p e d 
n e a r a b l a n k e t of l i t h ium, would b e vapo r i zed in 
p icoseconds by a n u l t r a - s h o r t , u l t r a - s t r o n g laser pulse. 
T h e re su l t ing fus ion would p roduce n e u t r o n s t h a t 
b o m b a r d t h e l i t h i u m b l a n k e t , g e n e r a t i n g t r i t i u m a t o m s 
w h i c h could be cycled b a c k i n t o t h e r e a c t o r t o su s t a in 
a closed-loop reac t ion . A l t h o u g h p re sen t -gene ra t i on 
lasers a r e ne i t he r f a s t e n o u g h n o r power fu l enough t o 
in i t i a t e such a reac t ion , t h e y h a v e a l r e a d y gene ra t ed 
v e r y sma l l a m o u n t s of fus ion r eac t ions [12]. 

T h e F u s i o n - P o w e r B a l a n c e 
W h a t a re t h e f u n d a m e n t a l r e q u i r e m e n t s fo r . a 

m e a n i n g f u l release of fus ion energy in a r eac to r? 
E a s t l u n d and G o u g h , A E C scient is ts a n d p r o p o n e n t s or 
t h e " f u s i o n t o r c h , " a dev ice fo r c o n v e r t i n g a n y s u b -
s tance , inc lud ing garbage , b a c k to i t s c o n s t i t u e n t 
e l e m e n t a l a toms , s t a t e t h e m as fol lows: 

F i r s t , t h e p l a s m a m u s t be h o t e n o u g h fo r t h e pro-
duc t i on of fus ion energy to exceed t h e ene rgy loss d u e 
t o r ad i a t i on r e su l t ing f r o m near-coll is ions b e t w e e n elec-
t r o n s a n d nuclei ".a .he p l a s m a . T h i s is called b r e m s -
s t r a h l u n g r ad i a t i on . T h e t e m p e r a t u r e a t w h i c h t rus 
t r ans i t i on occurs is t h e ign i t ion t e m p e r a t u r e , p rev ious ly 
re fe r red to. A fue l cycle based on fu s ion r e a c t i o n s be -
t w e e n d e u t e r i u m a n d t r i t i u m nuc le i is t h e easiest t o 
igni te because it h a s the lowest ign i t ion t e m p e r a t u r e 
( a b o u t 40 mil l ion C ) ; hence it h a s t h e lowest r a t e of 
energy loss b y r ad i a t i on of a n y possible fus ion iael . 

Second , t h e p l a s m a m u s t be conf ined long enough to 
release a s ignif icant n e t o u t p u t of ene rgy . 
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leakages ;o such low a m p l i t u d e iha t o i l ier , m o r e s u b l l o 
i'llect-. s u c h as e o n v e c i i v e p l a s m a losses a n d magne t ic-
::e;d vm])enec«ions, c an now be s t u d i e d . S u c h s t u d i e s 
have conv inced phys i c i s t s t h a t t h e r e ex i s t s n o bas i c 
law v«: phys ios t ha i p r e v e n t s p l a sma c o n f i n e m e n t for 
limes loiig e n o u g h to re lease s ignif icant net f u s i o n 
energy, in fac t , " c l a s s i c a l " or idea l p l a s m a conl ine-
men; iia> been a c h i e v e d in seve ra l m a c h i n e s at low 
tempera; ures . a c o n d i t i o n which , if e x t r a p o l a t e d to 
¡•»-¡on t e m p e r a t u r e s , wouiu y i e l d a p l a s m a loss r a t e 
much lower t h a n t ha i r e q u i r e d for a fus ion r e a c t o r . 

Lav.son's Cri terion 

i he twin ae l : ievei i ien;s of igni t ion t e m p e r a t u r e a n d 
adequa te co t i fmemenl t ime h a v e no t , h o w e v e r , p ro -
vince«* a s u s t a i n e d fus ion reac t ion . R e a s o n : ISach of 
these a c h i e v e m e n t was p r o d u c e d in m a c h i n e s des igned 
>;iecil:caliy to ach ieve o n e goal or t h e o t h e r , but. n o t 
both. 

To surpas.» t h e " b r e a k - e v e n " point o r power b a l a n c e , 
p. point b e y o n d which i he r e a c t o r is c a p a b l e of p r o d u c i n g 
more energy t h a n it consumes , a m a c h i n e m u s t c o m -
bine "notit a c h i e v e m e n t s . T h i s p o i n t is cal led L a w s o n ' s 
criterion, a f t e r t h e Br i t i sh physicist. J . D . L a w s o n . 
According to h is f o r m u l a , to a c h i e v e t h e b r e a k - e v e n 
Condition in a det : • r i n m - t r i t i u m fuel m i x t u r e o p -
erating at t e m p e r a t u r e s h ighe r t h a n t h e ign i t ion 
temp TaUii'e. tile p r o d u c t of t h e diMisity a n d t h e c o n -
«'.neiiiri.t t i n g mus t equa l o r exceed 1014 s e c / c u c m . 
Xosuch m a c h i n e now exis is . 

'••.y p a y .-joists r e m a i n s angu ine , d e s p i t e p a s t d i f -
i:e ... ,-s o: re.-eareh p r o g r a m t h a t a f t e r t w o d e c a d e s 

->i bni ion has yet to r e a c h the s t a g e a t t a i n e d by 
nuclear iission w h e n t h e i l rs t s e l f - sus t a in ing r e a c t i o n 

A - r ^ . 
( u r= 
••-"a.', , v , ^-J . / 

Fusion rcactor based on a deuteriurr.-tniium fuel cycic. .^cn a 
fuel would release approximately SO percent of •is energy ¿ s highly 
energetic neutrons. This neutron energy wouid be a b s o n x d in a 
liquid-lithium shield, c i r c u i t i n g the- liquid lithium to he3t 
exchanger where water would be heated to produce siearn i j drive 
a conventional turbogenerator. Reactor core could be either linear 
or toroidal. 

w e n t cr i t ical u n d e r a U n i v e r s i t y of C h i c a g o s c u a s h 
c o u r t . T h e m a i n reason fo r such o p t i m i s m is t h e 
e x t r a o r d i n a r y p rogress that, ha s been m a d e r e c e n t l y b y 
v a r i o u s g r o u p s in l ea rn ing how to raise t h e c o m b i n a t i o n 
of d e n s i t y , J ^ m p e r a l tire, a n d coni 'nienieni t i m e t o ¡ h e 
b r e a k - e v e n p o i n t . S o m e key sci. uli>is, s n t h us D r . 
R o b e r t H i r s c h , A E C ' s f o r m e r ac t i ng «¡iivctor of t h e 
con t ro l led- fus ion p r o g r a m , a r e r epo r t ed e x u l t a n t 
a b o u t e v e n t u a l success . S a y s H i r s c h : " N a t u r e is n o t 
aga ins t u s in th i s work . All we h a v e to d o is be ca re fu l 
a n d d o t h e r i g h t t h i n g s " [9]. 

The Fusion Plant 

W h a t will a fu s ion p l a n t look l ike? T h e r e will be no 
a r c h i t e c t u r a l c o n s t r a i n t s , no n e e d fo r Macks o r r eac to r -
c o n t a i n m e n t bu i l d ings . T h u s t h e p lant cou ld b l e n d 
i n t o a l m o s t a n y s e t t i n g . T h e phys ica l size h a s been 
e s t i m a t e d t o be s imi la r to t h a t of a l a r g e - r e a c t o r gen-
e r a t i n g s t a t i o n , e x c e p t t h a t ex t ens ive audi t ionai l a n d 
a r e a will n o t b e n e e d e d for foss i l - fuel s t o r a g e or f ission-
r e a c t o r exclus ion a r ea . 

W h a t a r e t h e p r i nc ipa l sc ient i f ic a n d e n g i n e e r i n g 
p r o b l e m s still t o be r e s o l v e d ? Fi rs t , sc ient i f ic f e a s i b l y 
of con t ro l l ed fus ion m u s t be d e m o n s t r a t e d . T h i s 
r e q u i r e s s ca l i ng -up t o d a y ' s r e sea rch devices t o r e a c t o r 
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Fusion torch. An idea put forward 'by W. C. Gough and B. J . East-
lund of the AEC to exploit t he ul t ra-high-temperature p lasmas 
produced by fusion reactors. Some of t h e energy from the se 
D a s m a s is here used to vaporize, dissociate, and ionize any solid 
I liquid material" In its ul t imate form the fusion torch can reduce 
any kind of was te to its cons t i tuent a t o m s fo r separat ion. 

size t o con f i rm p red i c t i ons b a s e d o n c u r r e n t t h e o r y a n d 
exper ience . A f t e r th is , diff icul t eng inee r ing p r o b l e m s 
will r e m a i n , s u c h a s : se lec t ion of m a t e r i a l s r e s i s t a n t 
t o ene rge t i c n e u t r o n b o m b a r d m e n t , t h e r m a l s t ress , a n d 
m a g n e t i c fo rces ; design of fue l - i n j ec t i on s y s t e m s ; de -
sign of a s y s t e m for r e m o v i n g s p e n t g a s [1/1. 

C o n c l u s i o n 
A n e n e r g y - a b u n d a n t wor ld will b e u s h e r e d in a g a i n s t 

t h e b a c k g r o u n d of a p r o f o u n d c h a n g e m life s t y l e ot 
b o t h a d v a n c e d a n d u n d e r d e v e l o p e d coun t r i e s , l i e -
cause of finite l imi t s t o t h e wor ld ' s r e se rves of m a t e r i a 
r e sources and t o t h e ab i l i ty of t h e e a r t h s ecological 
s v s t e m t o a b s o r b p o l l u t a n t s sa fe ly , t h e bas ic e c o n o m i c 
f r a m e w o r k of all coun t r i e s will b e a s t a t i o n a r y - s t a t e 
s y s t e m in w h i c h t h e m a t e r i a l economies will b e looped 
or c i r cu la r in p lace of t h e p r e s e n t i n h e r e n t l y w a s t e f u l 
" l i n e a r " m a t e r i a l s economies . 

I n such s t a t i o n a r y - s t a t e sys t ems , t h e r a t e of g r o w t h 
of t h e gross n a t i o n a l p r o d u c t will no longer i nd i ca t e t h e 
s t a t e of a c o u n t r y ' s economic h e a l t h . I t s h e a l t h wil 
be m e a s u r e d r a t h e r b y t h e level of t echno log ica l 
soph i s t i ca t ion t o r u n a closed m a t e r i a l s e c o n o m y . 1 lus 
will b e m e a s u r e d i n t w o w a y s : (1) t h e l o n g e v i t y a n d 
du rab i l i t y of i n d i v i d u a l c o m m o d i t i e s a n d t n e 

technologica l m e a n s t o recycle t h e l imi t ed s u p p l y ot 
m a t e r i a l r esources [15]. . 

T h e " t echno log i ca l m e a n s " will b e a t h a n d in t h e f o r m 
'of such devices a s t h e a f o r e m e n t i o n e d " f u s i o n t o r c h 

[14] which , w i t h t h e a d v e n t of c h e a p a n d a b u n d a n t 
power , could b e c o m c a c o m m e r c i a l r ea l i ty . T h e u l t i -
m a t e in w a s t e r e c l ama t ion , t h i s device w o u l d e m p l o y 
t h e u l t r a -h igh -dens i t y p l a s m a e > O u s t e d f r o m a fu s ion 
r e a c t o r t o vapor i ze , dissociate , a n d ionize a n y soi iu or 
l iqu id m a t e r i a l p laced in i t s p a t h , in e f fec t , r e d u c i n g s u c h 
m a t e r i a l s t o t h e i r c o n s t i t u e n t a t o m s , t h e r e b y closing 
t h e m a t e r i a l s loop, t h e ind i spensab le p r e r e q u i s i t e fo r a 
s t a t i o n a r y - s t a t e econov .v . A n o ld a u t o m o b i l e , f o r 

e x a m p l e , cou ld b e t r a n s f o r m e d in to t h e i ron , l ead , a n d 
t i n f r o m w h i c h i t w a s m a d e [14]. 

S u c h f u s i o n - t o r c h possibi l i t ies a r e l a rge ly u n t e s t e d 
a n d m a n y a s p e c t s m a y t u r n o u t t o b e i m p r a c t i c a l . F o r 
t h e ion iza t ion is on ly t h e b e g i n n i n g of a poss ib le solu-
t ion T h e h a r d e s t p a r t m a y well t u r n o u t t o b e t h e 
p r o b l e m of " s e p a r a t i n g t h e s o u p i n t o t h e v e g e t a b l e s 
s o m e t h i n g n o one k n o w s h o w to do in a n y r e m o t e l y 
a c c e p t a b l e (cost-wise) w a y . 

Pol i t i ca l ly , t h e e f f ec t s should b e j u s t a s p r o f o u n d . 
S h o u l d a b u n d a n t e n e r g y f r o m rocks , t h e seas , o r d i -
r e c t l y f r o m t h e r a d i a n t ene rgy of t h e s u n ma te r i a l i ze , 
t h e n so lu t ions t o t h e m a j o r p r o b l e m of t h e h a v e n o t 
n a t i o n s — h o w to i m p r o v e t h e l iv ing cond i t i ons of t h e i r 
peop les a b o v e a b a r e ex is tence l eve l—would finally b e 
a t h a n d . T h i s w o u l d g r ea t l y e n h a n c e t h e c h a n c e s fo r 
wor ld peace . A f t e r all, as h a s b e e n p o i n t e d o u t w i t h 
m o r e t h a n a g r a i n of t r u t h , m u c h of w h a t c o u n t r i e s d o 
i n t e r n a t i o n a l l y n o w a d a y s is i n t e n d e d t o fo re s t a l l 
f u t u r e a c t i o n of ne ighbo r s b e s e t w i t h p o p u l a t i o n a n d 
r a w m a t e r i a l s p rob l ems [16]. B u t e v e r y o n e h a s g r an -
i te , a n d air , sun , a n d w a t e r . " T h e c a p a b i l i t y of us ing 
t h e s e b a s i c e l e m e n t s t o a c h i e v e a b u n d a n t ene rgy s h o u l d 
b e a se l f -serving c o n t r i b u t i o n of t h e wea l th i e r n a t i o n s 
t o t h e i r l e s s - f o r t u n a t e b r e t h r e n . 

Of course , as h a s been n o t e d e lsewhere [15], a n y e f t o r t 
t o r a t i ona l l y u t i l ize a n e n c r g v - a b u n d a n t e c o n o m y will 
c o n f r o n t t h e m a s s i v e economic , socia l , and pol i t i ca l in-
e r t i a t h a t s u s t a i n s t h e p r e s e n t s y s t e m . S u c h q u e s t i o n s 
as h o w t o d i s t r i b u t e t h e s t ock of w e a l t h , i n c l u d i n g 
le isure , w i t h i n a s t a t i o n a r y - s t a t e e c o n o m y will f a c e se-
v e r e s c r u t i n y a n d a r o u s e i n t e n s e p a r t i s a n s h i p . 

B u t t h i s wr i t e r , f o r one, r e m a i n s h o p e f u l t h a t t h e 
w o r l d ' s r e q u i r e m e n t s fo r energy , i n t i m a t e l y t i e d a s 
t h e y a r e t o s u c h f a c t o r s a s p o p u l a t i o n expans ion , econo-
m i c d e v e l o p m e n t , m a t e r i a l s dep le t ion , po l lu t ion , w a r , 
a n d t h e o r g a n i z a t i o n of h u m a n societ ies , will u l t i m a t e l y 
b e m e t a n d t h e scourge of w a r a n d pes t i l ence i r r evoc -
ab ly e x t i r p a t e d . M a n k i n d will t h e n e n t e r o n t h e p a t h 
of i t s t r u e h i s to ry , o n e in w h i c h i t s energ ies will finally 
f o c u s o n t h o s e p e a c e f u l p u r s u i t s w h i c h a r e t h e t r u e 
express ion of t h e h u m a n sp i r i t . 
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Par t 1—The 300-MW(e) GCFR D e m o n s t r a t i o n P l a n t 

Various studies of gas-cooled fast breeder re-
actor (GCFR) systems with both steam and 
gas turbine cycles have been performed in 
Europe and the U. S. for about 10 years. Re-

Gulf General Atomic designed a 300-
M W ( e ) demonstration plant under the spon-
sorship of a group of U. S. utilities and per-
formed safety studies for this system. Here 
the authors discuss this plant with its indirect 
steam cycle and safety features. Next month, 
Part 2 of this article will be devoted to recent 
performance studies of l a r g e — 1 0 0 0 - M W ( e ) — 
GCFR plants. 

J- B. DEE a n d G. B. MELESE-d'HOSPITAL1 

Gulf G e n e r a l Atomic Co., S a n Diego, Calif . 

r J " E R E a r e a p p r o x i m a t e l y 50 gas-cooled power 

iron T J ™ m
I J

0 p e r a t i o n o r u n d * r cons t ruc t ion 
tvne< t h e , r

W ° r I d ' m o s t I y E u r o p e . T h e main 
mcfcri rTA r e a c t o r s ' u s i n g n a t u r a l u r a n i u m 
c o o t | S M ^ o x c l a d d i n « > a n d a d v a n c e d gas-
^ d ^ reactors ( A G R ) w i t h s tainless-s teel-clad 
' Mem. ASME. 

V ^ o T ^ b i ' ^ A S M E N u d e a r Engineering 

companies „irOvTn ^ m p a r t b v t h e member utility 

en r i ched -u ramum-ox ide rods . B o t h t y p e s a r e t h e r m a l 
r eac to r s m o d e r a t e d b y g r a p h i t e a n d cooled b y ca rbon 
dioxide; t h e y p r o d u c e a b o u t 15,000 M W ( e ) , which is a 
la rge f r a c t i o n of t h e wor ld ' s nuc lea r e lect r ic g e n e r a t i n g 
capac i ty . T h e n e x t vers ion of t he t h e r m a l gas-cooled 
I S ' 1 8 , t h ? h i g h - t e m p e r a t u r e gas-cooled r e a c t o r 
( H I G R ) deve loped in t h e U. S. a n d in E u r o p e ; i t is 
also m o d e r a t e d b y g r a p h i t e b u t i t is cooled b y hel ium, 
a n d t h e fuel consists of enr iched u r a n i u m a n d t h o r i u m 
carb ides in t h e f o r m of coa t ed par t ic les . T h i s leads to a 
h igh exi t t e m p e r a t u r e ( - 8 0 0 C) a n d a high n e t cycle 
efficiency ( ~ 4 0 pe rcen t ) . T h e first U . S. p r o t o t y p e 
t h e 4 0 - M W ( e ) H T G R a t P e a c h B o t t o m , P a h ^ b T n 
p r o d u c i n g power since 1967, a n d t w o smal le r r eac to r s 
a r e ope ra t i ng in E n g l a n d a n d in W e s t G e r m a n v 

a t ( 6 ) n T , G R i s 1 u n d e r i n s t r u c t i o n 
a t i o r t S t . V r a m , Colo., a n d should be in commerc ia l 
ope ra t i on m 1972 Uke all t h e later e gas-cooled power 
reac tors , t h e whole nucleai s t e a m s u p p l y s y s t e m is con-

P r l vnV T m a . r t ^ ' r ? C ° i l C r e t e r e a c t o r vessel 
( P C R V 0 . T w o o t h e r H T G R s are also p l a n n e d f o r con-
s t r u c t i o n in t h e n e a r fu tu re , one in E n g l a n d a n d t h e 
o t h e r m G e r m a n y , and two U60- iMW(e) I I T G R s h a v e 
been o r d e r e d in t h e U . S. 

u t i l i z a t i o n i n s u c h a d v a n c e d conve r t e r s as t h e 
n i G K is ea, o twice as good as t h a t for " b u r n e r s " 
such as l igh t -wa te r r eac to r s ( B W R or P W R ) , b u t 
stil l b e t t e r u t i l iza t ion of t h e u r a n i u m resources could be 
o b t a i n e d wi th f a s t b reeder r eac to r s where n a t u r a l or 
d e p l e t e d u r a n i u m is • onve r t r , : in: o more fissionable 
P l u t o n i u m t h a n is consumed in t he r eac to r itself 
™ P f f c e n t of t he U-238 in a f a s t 1 r eede r r eac to r 

could be conver ted in to fissile p l u t o n i u m in a 



30-year per iod. T h e incen t ive for d e v e l o p m e n t of 
fas t b reede r s is n o t only t h e need t o ut i l ize exis t ing 
deple ted u r a n i u m a n d an t i c ipa t ed p l u t o n i u m s tock 
piles a n d to conserve exis t ing u r a n i u m resources , b u t 
also to ach ieve h igh cycle efficiency ( ~ 4 0 p e r c e n t ) 
and low fuel cycle costs ( < 1 m i l l / k w h ) . 

A l t h o u g h t h e f i rs t e lectr ic p o w e r eve r p r o d u c e d b y a 
nuclear r eac to r came o u t of t h e f i rs t f a s t b r e e d e r 
[0.2 M W ( e ) in E B R - I in 1951], i t will h a v e b e e n 20 
years before t h e first sizable f a s t b r e e d e r d e m o n s t r a t i o n 
p lan t will be ope ra t ive ( the B N 350 in t h e U S S R ) . 
T w o o t h e r d e m o n s t r a t i o n p l a n t s a r e schedu led t o 
s t a r t u p in 1972 a n d 1973 in E n g l a n d a n d F r a n c e , 
respect ively. T h e first d e m o n s t r a t i o n p l a n t in t h e 
U. S. will p robab ly n o t b e ope ra t i ng b e f o r e 1978. All 
of these f a s t reac tors a re cooled b y a l iquid me ta l . 

Four coolants h a v e been considered for f a s t b r e e d e r 
reac tors : l iquid m e t a l s (e.g., N a or N a K ) , s t e a m , 
hel ium, a n d c a r b o n dioxide. S o d i u m h a s seve ra l 
a d v a n t a g e s as a f a s t - r eac to r coolan t , such as good h e a t -
t rans fe r charac te r i s t i cs a t low pressure and h igh t e m -
pe ra tu r e a n d good emergency cooling charac te r i s t i cs , 
bu t it is an o p a q u e fluid t h a t can boil o r f reeze , is ac t ive 
chemically, a n d becomes r ad ioac t ive in t h e r eac to r . 
Therefore , a g rea t dea l of e f for t is n e e d e d t o deve lop 
reliable componen t s such as s t e a m genera to r s . A n 
in t e rmed ia t e l iqu id-meta l h e a t - t r a n s f e r c i rcui t is 
requi red to avoid t h e possibi l i ty of s t e a m en te r ing t h e 
p r imary circui t a n d r eac t i ng wi th t h e r ad ioac t ive 
sodium. T h e meta l lurg ica l a n d s a f e t y p rob lems t h a t 
would arise f r o m the use of s t e a m as a f a s t - r eac to r coolan t 
are m u c h less severe wi th he l ium a n d c a r b o n dioxide. 
Hel ium is chemical ly iner t , does n o t become rad ioac -
tive, does no t change phase , is t r a n s p a r e n t , a n d does n o t 
degrade t h e n e u t r o n s p e c t r u m , t h u s l ead ing t o a high c o n -
version r a t i o a n d a negligible void r eac t i v i t y coefficient . 
Hea t - t rans fe r charac te r i s t i cs of he l ium u n d e r typ ica l 
fast-reactor ope ra t i ng condi t ions a re no t m u c h d i f fe ren t 
from those of sod ium [ l ] , 2 especial ly since t h e i i u r f a c e 
hea t - t ransfer coefficient can be s ignif icant ly increased 
( > 2 ) by art if icial r oughen ing of t h e fue l - rod su r face . 
Although pressur iza t ion is r equ i red (70 to 85 a t m ) , t h e 
fact t h a t t he whole p r i m a r y s y s t e m is t o t a l l y enclosed 
within a P C R V m a k e s a r a p i d depressur iza t ion acc iden t 
highly improbab le . T h e combina t ion of a pressur ized 
secondary c o n t a i n m e n t a n d severa l i n d e p e n d e n t m a i n 
and auxi l iary cooling loops he lps to a l levia te emergency 
cooling p rob lems s ince n a t u r a l convec t ion in he l ium is 
usually insuff icient [2]. C a r b o n dioxide h a s p roper t i e s 
similar to those of he l ium b u t i t could c rea te corros ion 
problems. 

Several t y p e s of gas-cooled f a s t b r e e d e r r e a c t o r s 
(GCFR) h a v e b e e n proposed in t h e p a s t decade b u t 
only two a r e be ing r iously cons idered : conserva t ive 
designs us ing s ta inless-s teel-c lad, m i x e d . p l u t o n i u m a n d 
uranium oxide fue l rods cooled "by he l ium, w i t h an 
indirect s t e a m cycle ; a n d a d v a n c e d designs wi th v a n a -
dium-clad r o d s or ceramic-c lad , mixed p l u t o n i u m a n d 
uranium c a r b i d e - c o a t e d par t ic le fuel , w i t h a d i rec t 
helium gas t u r b i n e cycle . M o s t of t h e e f fo r t s s p e n t on 
design deve lopmen t in E u r o p e and in t h e U . S. h a v e been 
on the first t y p e of G C F R , which is based o n L M F B R 

w 
f u e l a n d phys ics d e v e l o p m e n t a n d on H T G R t ech -
nology, such as t he P C R V , circulator , and s t e a m g e n -
e r a t o r . T h i s de l ibe ra te choice should lead t o devel -
o p m e n t of a G C F R wi th in a t ime scale comparab le t o 
t h a t of t h e ^ L M F B R , while ma in t a in ing a capabi l i ty for 
even f u r t h e r s u b s t a n t i v e improvements , such as h igher-
t e m p e r a t u r e c ladding, ca rb ide fuel , and direct cycle. 
A s an example of c o m m o n a l i t y wi th L M F B R fuel , t h e 
G C F R fue l rods a re collectively v e n t e d to a manifo ld so 
as to equ i l ib ra te t h e pressure on e i the r side of t h e 
c ladding , t h u s r e m o v i n g t h e effect of high he l ium 
coolan t pressure . 

300-MW(e) GCFR D e m o n s t r a t i o n P l a n t Design 

T h e pr incipal design ob jec t ive of t h e G C F R d e m o n -
s t r a t i o n p l a n t is to d e m o n s t r a t e r e a c t o r p e r f o r m a n c e 
a n d ope ra t iona l charac te r i s t i cs typ ica l of large com-
mercia l p l an t s . T h e nomina l power level of 300 M W ( e ) 
w a s chosen t o d e m o n s t r a t e p e r f o r m a n c e of ful l -
scale componen t s , such as fue l e lements , he l ium circu-
la tors , a n d s t e a m gene ra to r s , a n d also t o d e m o n s t r a t e 
t h e n e u t r o n i c a n d fuel -cycle charac te r i s t i cs u n d e r con-
d i t ions of i r rad ia t ion t h a t cor respond t o those of a 
la rge commerc ia l G C F R power p l an t . 

T h e design is based on t h e m a x i m u m ut i l iza t ion of 
fue l t echno logy u n d e r c u r r e n t d e v e l o p m e n t in t h e U . S. 
a n d in E u r o p e on t h e L M F B R p rog ram, a n d on t h e 
con t i nu ing d e v e l o p m e n t of t h e c o m p o n e n t technology 
t h a t fo rms t h e basis of t h e 4 0 - M W ( e ) p r o t o t y p e H T G R 
a t P e a c h B o t t o m a n d t h e 330 -MW(e) H T G R F o r t S t . 
Vra in p o w e r p l an t . 

C o n s e r v a t i v e design bases h a v e been used t h r o u g h -
o u t , a n d a b reed ing r a t i o of 1.33, or 1.5 w i t h 3 róws of 
r a d i a l b l a n k e t , is o b t a i n e d u n d e r these condi t ions . 
T h i s is la rgely due t o t h e des i rable p roper t i e s of 
h e l i u m as a f a s t - r eac to r coolant . T h e he l i um h a s a 
smal l n e u t r o n i c in te rac t ion , t h e r e b y l ead ing t o a good 
n e u t r o n economy a n d avoid ing a n y possible r e a c t i v i t y 
ef fec ts ; f u r t h e r m o r e , t he cooláht does n o t become 
rad ioac t ive . Because t h e design a s sumpt ions a re 
conserva t ive , t h e r e is cons iderable p e r f o r m a n c e g r o w t h 
p o t e n t i a l i nhe ren t in t h e G C F R concept . 

T h e reac to r , t h e he l ium p r i m a r y coolan t sys tem, a n d 
t h e s t e a m gene ra to r s a re enclosed in a P C R V located 
in a r eac to r bu i ld ing t h a t f u n c t i o n s a s a s econda ry 
c o n t a i n m e n t s t r u c t u r e a n d also con ta ins t h e fue l -
hand l ing a r ea and t h e r eac to r p l a n t process a n d service 
sys t ems . T h e fue l s to rage pool is in a fuel service 
bui ld ing a d j a c e n t t o t h e r e a c t o r bui ld ing a n d is con-
n e c t e d t o i t t h r o u g h a load ing po r t . T h e s teel - l ined 
P C R V is p res t ressed a f t e r comple t ion of t he concre te 
cons t ruc t ion b y a s y s t e m of longi tud ina l a n d c i rcum-
ferent ia l s tee l t endons . 

C o n t a i n m e n t of t h e en t i re p r i m a r y sy s t em in a 
P C R V is a f u n d a m e n t a l a spec t of t he G C F R des ign, 
which m a k e s a r ap id loss of coolant t h r o u g h dep res su r -
iza t ion , caused e i the r by fa i lure of p r i m a r y coolan t 
d u c t s or b y vessel fa i lure , n o t credible . T h i s c h a r a c t e r -
is t ic l imi ts loss-c f -coolant s a f e ty and design p r o b l e m s 
t o t h e p e n e t r a t i o n closures. F o r these , flow-restriction 
m e a n s a re des igned i n t o each large p e n e t r a t i o n , s t ruc -
tu r a l l y i n d e p e n d e n t of t h e p r i m a r y closure, to l imi t t h e 
m a x i m u m r a t e of depressur iza t ion in to t h e secondary 
c o n t a i n m e n t . 
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Fig. 1 300-MW(e) GCFR demonstration p l a n t 

T h e p r i m a r y coolan t s y s t e m con ta ins t h r e e m a i n 
loops, e a c h wi th i n d e p e n d e n t boi lers a n d circulators , 
F ig . 1 ( r ight ) , a n d t h r e e auxi l ia ry loops, F ig . 1 ( le f t ) , 
each wi th i t s own c i rcula tor a n d h e a t - r e m o v a l s y s t e m . 
T h e auxi l ia ry loops a re used for long- te rm s h u t d o w n 
cooling a n d a s b a c k u p for t h e m a i n loops. T h e s t e a m 
gene ra to r s and the i r associa ted c i rcula tors a r e housed 
in ver t ica l cavi t ies in t h e walls of t h e pres t ressed 
concre te vessel su r round ing t h e reac to r core. T h e 
he l ium coolant , a t a pressure of a b o u t 1250 psia, flows 
d o w n w a r d t h r o u g h t h e core w h e r e i t is h e a t e d t o a 
t e m p e r a t u r e of 1007 F . T h e flow is also d o w n w a r d 
across t h e t u b e b a n k s of t he helical-coiled once - th rough 
s t e a m gene ra to r s to accommodate~tl ie~~use of up f low 
boil ing in t h e gene ra to r s . 

T h e r eac to r ou t l e t gas flows u p t h r o u g h a cen t r a l 
hole i n - t h e t u b e bundles , down t h r o u g h t he r e supe r -
h e a t e r a n d s t e a m gene ra to r , a n d u p again a r o u n d t h e 
boi ler shells to t o p - m o u n t e d ci rculators , f r o m which i t 
is d ischarged to t h e r eac to r t o p p l e n u m a t a t e m p e r a t u r e 
of 593 F . 

T h e t h r e e m a i n coolant c i rcula tors each h a v e a 
single-stage axial blower dr iven by a series s t e a m t u r b i n e 
in t he h igh-pressure s t e a m line. T h u s , a mechanica l ly 
simple and v e r y c o m p a c t power source p rov ides t h e 
necessary large c i rcula tor power (22,300 h p - e a c h ) , 
mak ing each m a i n loop as se l f -conta ined a n d inde-
p e n d e n t of t h e o t h e r s as possible. I n addi t ion , a f t e r -
hea t ini t ial ly p rov ides power f o r i ts own r emova l . 
Circulat ion for auxi l iary cooling is p rov ided b y cen-
t r i fuga l c i rculators , each dr iven b y a 500-hp electr ic 
motor . 

T h e reac to r a s sembly con ta ins 118 hexagonal fue l 
and 93 b lanke t e lements . T h e e lements , which a re 
10 f t in length and 6 * in. across flats, a re s u p p o r t e d 
f rom a t o p - m o u n t e d grid p l a t e . T h e y are c l amped 
to t he grid plate solely a t the i r cold ends . I r r ad i a t i on -
induced me ta l swelling will b e a c c o m m o d a t e d in t h e 
design of the core b y t he provision of a 0.25-in; g a p 
be tween a d j a c e n t e l ements in t he ac t ive core regi- n. 
Bowing due to d i f ferent ia l swelling will be min imized 
b y ro ta t ion of e lements a t par t ia l refuel ing in te rva ls . 
T h e fuel-el emeu t-to-gri u - ; . . i to c l amps and va r i ab le 

orifices of each e l e m e n t a r e a c t u a t e d b y ex te rna l m e c h -
an i sms t h a t h a v e dr ive s h a f t s above each e l e m e n t 
t h r o u g h t h e t o p access plug. 

E a c h s t a n d a r d fue l e l emen t con ta ins 271 fue l rods . 
T h e fue l rods consist of a n n u l a r ( P u - U ) 0 2 pe l le t s 
wi th in a 310 s ta in less steel c ladding a b o u t 20 mil 
th ick . U p p e r a n d lower axial b l a n k e t s a r e contained"1 

in t h e ends of t h e fue l rods a n d consis t of dep le t ed UO* 
pellets . T h e b l anke t e l emen t s each h a v e 127 rods of 
larger d i a m e t e r t h a t conta in dep le ted U 0 2 pel lets . 

T h e fue l - rod design condi t ions include a m a x i m u m 
t e m p e r a t u r e of 700 C (1292 F ) a t mid - th i ckness of t h e 
fue l c ladding ( including ho t - spo t fac tors ) , a c ladding 
th ickness ra t io of 1.15, a n d a " s m e a r e d " fue l dens i ty 
w i t h i n t h e c l add ing of 80 pe rcen t of theore t i ca l dens i ty . 
T h e m a x i m u m design b u r n u p was chosen t o be 100,000 
M w d / t o n n e , a n d t h e m a x i m u m l inear r a t i n g (with 10 
p e r c e n t overpower) is 13.8 k w / f t . T h e s e design 
p a r a m e t e r s were selected a f t e r eva lua t ion of exis t ing 
i r rad ia t ion d a t a a n d a re wi th in t he r ange n o w p l anned 
t o be t e s t e d in t h e A E C ' s F a s t F l u x T e s t Facility-
( F F T F ) a n d in t h e L M F B R d e m o n s t r a t i o n p l a n t 
p rog rams . 

T h e fue l rods a re v e n t e d t o equal ize in t e rna l gas 
pressure t o t h a t of t he r eac to r coolan t ou ts ide t he rod . 
T h i s e l imina tes t he need for a rod des igned t o p r e v e n t 
c ladding c reep collapse a n d will p rov ide a d e m o n s t r a t e d 
basis fo r r educ ing c ladding th ickness in l a t e r designs in 
o rde r to increase p l u t o n i u m p roduc t ion t h r o u g h b e t t e r 
convers ion ra t io . R a d i a t i o n m o n i t o r s on t h e v e n t 
l ines leading to t h e he l ium pur i f ica t ion sy s t em provide 
m e a n s for de t ec t ing a n y leaks in t h e fue l rods . T h e 
fue l e l ements con ta in charcoal-fi l led fission-product 
de lay t r a p s in each of t h e fue l rods a n d also a single 
second-s tage t r a p in t he inle t end of t h e fue l e l emen t , as 
shown in F ig . 2. T h e s e t r a p s a re well cooled a n d de lay 
t h e passage of t h e volat i le a n d gaseous fission p r o d u c t s 
long enough to minimize s u b s e q u e n t h e a t release. 
T h e a r r a n g e m e n t pe rmi t s a d e q u a t e t r a p p i n g for t he 
life of t h e e l e m e n t even w i t h severa l leaking rods in an 
e l emen t . H e l i u m en te r ing such a leak has , of course, 
no effect on r eac to r opera t ion , a n d since t h e flow of v e n t 

Fig. 2 Section through GCFR fuel-element in le t 
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system gas f r o m t h e e lement t r a p s is s w e p t b y a purge 
gas flow through the grid pla te connec tor into the l ines 
to the he l ium purif icat ion sys tems, the main loop can be 
mainta ined a t v e r y low ac t iv i ty levels even wi th a 
number of leaking rods. 

T h e sur face of t h e fuel-rod c ladding is roughened to 
increase (double) the hea t - t r ans fe r coefficient and t h u s 
reduce t h e t e m p e r a t u r e d rop in t h e film. T h e local 
friction fac tor is approx ima te ly t r ip led by th is sur face 
roughening on p a r t of the fuel rod . 

A flow-control orifice will be used in each fuel a n d 
blanket e lement to ma in t a in a high mixed-mean r eac to r 
coolant ou t l e t t e m p e r a t u r e . On-l ine a d j u s t m e n t mech-
anisms p e r m i t accu ra t e orifice se t t ings to be es tabl ished 
while the p lan t is in opera t ion . T h e four en r i chmen t 
zones in the core lead t o a r a t io of rad ia l m a x i m u m - t o -
average power of 1.30. 

Core loading is conduc ted d u r i n g s h u t d o w n u n d e r 
depressurized condi t ions a n d is ef fec ted b y inser t ing a 
fuel- t ransfer mach ine t h rough the b o t t o m of t h e 
PCRV. T h i s mach ine lowers a n d t r averses fue l in t h e 
vacant space below t h e core to a single exit po r t leading 
to a t r anspo r t i ng cask b e n e a t h t h e vessel s t r u c t u r e [3]. 
Part ial core re loading will occur a t a p p r o x i m a t e l y 
annual in te rva ls , one - th i rd of t h e core being changed 
every year . 

Reac t iv i ty cont ro l is b y 27 rods in the control fue l 
elements, which have cent ra l channels t o a c c o m m o d a t e 
the rods. T h e control - rod dr ives a re loca ted above t h e 
reactor. N o r m a l opera t ion of t h e reac tor , r equ i r ing a 
total r eac t iv i ty swing of $17, including a m i n i m u m $3 
shutdown marg in a t all t imes , is p rov ided b y 21 cont ro l 
rods, each of which is l imi ted for s a f e ty reasons to 
SO.So wor th . T h e six s h u t d o w n rods, each hav ing a 
value of SI.00, fo rm a b a c k u p sys t em capable of inde-
pendently s h u t t i n g down t h e reac to r f r o m a n y ant ic i -
pated opera t ing condi t ions. 

Protect ion of the P C R V liner a n d d u c t s f r o m n e u t r o n 
irradiation is p rov ided b y t h e r m a l shielding. A r o u n d 
the core th is shielding t a k e s t h e fo rm of a rep laceable 
inner layer of s tee l blocks su r rounded b y a n a n n u l a r 
region consis t ing of s tee l cyl inders conta in ing g raph i t e : 
Cooling of t h e radia l shie lding is b y a smal l bypas s f r o m 
the inlet he l ium. 

The concre te p lugs above the s t e a m genera to r s 
incorporate large cent ra l holes for c i rcula tor r emova l 
and smaller su r round ing holes for s t e a m pipes . S t e a m 
generator t u b e plugging can be done ex te rna l ly ; t h e 
main pene t r a t ion closure is r e m o v e d only for comple te 
removal of the s t e a m genera tors . 

The G C F R s t e a m cycle is n o t e w o r t h y in t h a t r e supe r -
heaters are used following t h e c i rculator tu rb ines . 
This, in effect , confers mos t of t h e a d v a n t a g e s of n o r m a l 
reheat and prov ides s t e a m d r y enough t o avoid t h e 
necessity for mois tu re separa t ion in t h e ma in tu rb ine . 

Fig. 3 shows a simplified hea t -ba lance d i ag ram for t h e 
demonstration p l a n t . I n each ma in loop, h o t he l ium 
(at 1007 F ) o u t of t h e r eac to r first r ehea t s t h e s t e a m in a 
resuperheater, a f t e r which t h e hel ium flows into the 
superheater, evapora to r , and economizer sections of t h e 
steam genera tor . I t t h e n passes t h r o u g h a he l ium 
circulator beforg it is r e t u r n e d t o t h e r e a c t o r ^ t 593 F 
(311 C). Tiie^Siain s t e a m flow goes t h r r i u g l i | | b l o w e r 
turbine, is r e t u r n e d to t h e s t e a m generate! : f l 6 be 
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Fig. 3 Simplified heat-balance diagram for GCFR demonstration 
plant. 

r e supe rhea t ed to 925 F , a n d t h e n goes to t h e m a i n 
t u r b i n e . T h e n e t cycle efficiency of 37.6 pe rcen t 
l eads to a n e t electr ic power of 311 M W ( e ) for 875 F , 
2900-psi s t e a m condi t ions a t t h e supe rhea t e r ou t l e t . 
T h e s t e a m condi t ions a t t h e m a i n t u r b i n e t h ro t t l e are 
922 F a n d 1223 psia. F u r t h e r des ign d a t a on t h e 
demons t r a t i on p lan t are given in T a b l e 1. 

Safe ty C o n s i d e r a t i o n s 

A m a j o r ef for t has been placed on s a f e ty s tud ies 
[4] a n d these have con t inued to confirm t h e a d v a n t a g e s 
of he l ium a s a r eac to r coolant . T h e r e are no possible 
change-of -phase p rob lems nor are t h e r e a n y c l add ing -
coolant , fue l - coo lan t , or s t e a m - c o o l a n t react ions t o 
des ign fo r ; engineer ing for overal l sy s t em sa fe ty is, 
the re fo re , eased. 

A n i m p o r t a n t design sa fe ty f e a t u r e of t h e G C F R is 
t h e enclosure of t h e en t i re p r i m a r y coolant sys tem in t h e 
P C R V , t h e r e b y e l imina t ing p r i m a r y coolant duc t s . 
Because of t h e conserva t ive design bases , t h e highly 
r e d u n d a n t pres t ress ing sys tem, and t h e pred ic tab le , 
nonca t a s t roph ic fai lure modes , P C R V s a re considered 
b y m a n y to have des i rable s a f e ty f e a t u r e s [5]. As 
design, cons t ruc t ion , a n d opera t iona l exper ience ac-
c u m u l a t e s w i th t h e 20 P C R V s bo th in th i s coun t ry a n d 
in Europe , wider u n d e r s t a n d i n g and accep tance of 
P C R V s can be expected . 

I n th i s connect ion, t h e close re la t ionship of G C F R 
technology t o H T G R technology is wor th emphas iz ing 
again, especially regard ing t h e P C R V and t h e p r i m a r y 
coolant sys tem. I n G C F R as in t h e H T G R , non-
mechanis t i c gross fa i lure of a P C R V pene t r a t i on closure 
is pos tu l a t ed as a design basis for engineered sa fe ty 
f ea tu res , analogous t o t h e nonmechanis t i c pipe r u p t u r e 
used f o t t h e s a m e purpose in wa t e r reac tors . (Gross 
fa i lure of t h e P C R V , itself, is no t credible.) In t h e 
e v e n t of such a r ap id depressur izat ion, af tercool ing can 
be ma in t a ined b y e i ther t h e ma in or t h e auxi l iary cir-
cula tors [4, 6, 7] . I t should be k e p t in mind t h a t 
inhe ren t ly rel iable pressure co n t a in men t is p rov ided b y 
t h e JPGRV a n d t h a t gross P C R V pene t r a t i on fa i lures 
are 'only -postulated events . 

A design safe ty-Mature is t he direct use of t h e s t e a m 
gene§&£|S | to js royide t h e he l ium circulat ion power 
t h r o u | Ì & r i e s ^ r i v é £ turboci rcula tors . T h e coupl ing 
of thè-- h e a t d u m p ; ^ ^ t h e c i rculator in each loop 



,TABLE 1 300-MW(e) GCFR Demonstration Plant Data 
GENERAL 

Average b r e e d i n g r a t i o 1 . 3 3 

Maximum f u e l b u r n u p , HWd/Te heavy m e t a l 100 ,000 

Net e l e c t r i c a l power , KW(e) 311 

P l a n t e f f i c i e n c y , X 3 7 . 6 

Steam c o n d i t i o n s a t main t u r b i n e 

T h r o t t l e p r e s s u r e , p s i a 1223 

T h r o t t l e t e m p e r a t u r e , *F 922 

Condenser p r e s s u r e , i n Hg, a b s o l u t e 1 .75 

Reac to r c o o l a n t . Helium 

Reac to r c o o l a n t p r e s s u r e , p s i a . . . . . 1250 

Reac to r v e s s e l and p r imary c o n t a i n m e n t PCRV 

i'CRV d i m e n s i o n s , f t 8« diam by 
17 h i g h 

REACTOR 
Reac to r geometry 

Core h e i g h t , i n 3 9 . 2 

Core l e n g t h - t o - d i a m e t e r r a t i o 0 . 5 

A x i a l b l a n k e t l e n g t h , each end , i n 1 7 . 7 

Reac tor s u b a s s e m b l i e s 

S t a n d a r d f u e l e l e m e n t s 9 1 

C o n t r o l f u e l e l e m e n t s 27 

R a d i a l b l a n k e t e l e m e n t s 93 

* Core volume f r a c t i o n s , X 

Fue l 3 0 . 1 

Helium c o o l a n t 4 4 . 6 

C ladd ing ' 1 0 . 0 

S t r u c t u r e 6 . 0 

Caps (box i n t e r s p a c e , c o n t r o l - r o d c h a n n * l ) . . . . 9 . 3 

Reac to r h e a t t r a n s f e r 
Helium t e m p e r a t u r e s 

Reac to r i n l e t , *F (*C) 593 (312) 

Mixed mean o u t l e t , *F (°C) 1007 (541) 

Average power d e n s i t y . W i t / l i t e r of c o r e 238 

Maximum l i n e a r r a c i n g (10X o v e r p o w e r ) , k W / f t . . . . 1 3 . 8 

Ho t - spo t c l a d d i n g t e m p e r a t u r e , *F C C ) 1290 (700) 

R a d i a l max imum- to -average power . . . . . 1 . 3 0 

Ax ia l maxlmum-to-average power r a t i o 1 . 2 0 

Rod s u r f a c e roughen ing 

F r a c t i o n of a c t i v e c o r e l e n g t h r o u g h e n e d , X . . . 75 

Roughening h e a t - t r a n s f e r m u l t i p l i e r . . . . . . . 2 

Roughening f r i c t i o n - f a c t o r m u l t i p l i e r 3 

Maximum h e a t f l u x , B t u / ( h r ) ( f t 2 ) 520 ,000 

Core and a x i a l b l a n k e t power f r a c t i o n , X 9 5 . 5 5 

R a d i a l b l a n k e t power f r a c t i o n , Z . . 4 . 4 5 

Nuc lea r c h a r a c t e r i s t i c s ( n l d c y c l e ) 

F i s s i l e c o r e l o a d i n g ( P u ) , kg 1320 
2 

Average f a s t n e u t r o n f l u x (E > 0 . 1 MeV), n/cm -
2 . 2 x 1 

Reac to r r a t i n g , MU(t) /kg f i s s i l e 0 . 6 0 5 

Doppler c o n s t a n t , TdK/dT (T i n *K) - 0 . 0 0 3 2 

Fue l l i f e t i m e , f u l l - p o w e r dayB 750 

P a r t i a l r e f u e l i n g c y c l e , y r • 1 

Summary ^ 
Fue l e lement 

D i s t a n c e a c r o s s hex f l a t s , e x t e r n a l i n . . . . . . . 6 . 6 4 2 

Element o v e r a l l l e n g t h , i n 118 .25 

Number of r o d s , s t a n d a r d e lement 271 

Rod o u t s i d e d i a m e t e r , i n . . . . 0 . 282 

Rod p i t c h t r i a n g u l a r l a t t i c e , i n 0 . 3 8 6 

Rod c l a d d i n g m a t e r i a l . . 316 SS 

C ladd ing 0 0 / 1 0 1 . 1 5 u 

Fue l m a t e r i a l ?u02~U02 

B l a n k e t e l emen t 

Number of r o d s 127 

Rod o u t s i d e d i a m e t e r , i n 0 .464 

B l a n k e t m a t e r i a l - Dep le ted UO, 

PRIMARY COOLANT SYSTEM 
Number of l o o p s * . . . . . . L 3 ma in , 3 

a u x i l i a r y 
Main he l ium t u r b o c i r c u l a t o r ( each of 3) 

Type . S i n g l e - s t a g e 
a x i a l 

Dr ive Steam c u r b l n e 

P r e s s u r e r i s e , p e l £0 

Brake horsepower (per c i r c u l a t o r ) .. 22 ,300 

Steam g e n e r a t o r s (each of 3) 
Type H e l i c a l c n c e -

th rough 

Heat d u t y , B t u / h r 8 . 4 5 x 10 8 

2 
S u r f a c e a r e a , f t 33 ,400 

Feedwater t e m p e r a t u r e , °F . . . 412 

Steam o u t l e t t e m p e r a t u r e , °F 875 

Steam p r e s s u r e , p e l 2900 

R e s u p e r h e a t e r 

Type H e l i c a l 

Heat d u t y , B t u / h r 1 . 4 7 x 10 8 

S u r f a c e a r e a , f t 2 3600 

Steam t e m p e r a t u r e o u t , *F 925 

A u x i l i a r y h e a t exchanger ( each o f 3) 
Type H e l i c a l , w a t e r 

coo led 

Heat d u t y , B t u / h r . . . . 56 .4 x 1 0 6 

2 
S u r f a c e a r e a , f t 1180 

A u x i l i a r y c i r c u l a t o r (each of 3) 

Type S i n g l e - s t a g e , 

c e n t r i f u g a l 

Dr ive . . . . . . . E l e c t r i c motor 

Brake horsepower (pe r c i r c u l a t o r ) 500 
TURBINE CENERATOR 

Type TC6F-23 

Speed , rpm 3600 

Gross e l e c t r i c a l o u t p u t , MW 316 

SECONDARY CONTAINMENT 
Type . . . . . . . . . . . . . R e i n f o r c e d 

c o n c r e t e 
I n s i d e d i a m e t e r , f t 114 

H e i g h t , f t 176 

Atmosphere Air 

E q u i l i b r i u m p r e s s u r e , acm, a b s o l u t e 2 

i n c r e a s e s t h e r e l i a b i l i t y of c o o l i n g . T h e G C F R t u r -
b o c i r c u l a t o r s a r e s i m i l a r i n c o n c e p t a n d i n m a n y 
d e t a i l s t o t h e H T G R t u r b o c i r c u l a t o r s . 

T h e p r i m a r y s y s t e m is d e s i g n e d t o o p e r a t e w i t h a 
l i m i t e d a m o u n t of s t e a m i n l e a k a g e a n d t h e e f f e c t o n 
r e a c t i v i t y i s n e g a t i v e . 

T h e u s e of p r e s s u r e - e q u a l i z e d f u e l r o d s a l s o h a s 
i m p o r t a n t s a f e t y b e n e f i t s . M o s t i m p o r t a n t i s t h e 
e l i m i n a t i o n of f u e l f a i l u r e m o d e s d u e t o c l a d d i n g c o l l a p s e 
f r o m h i g h e x t e r n a l p r e s s u r e ( a t s t a r t of i r r a d i a t i o n ) o r 
d u e t o c l a d d i n g d e f o r m a t i o n o r r u p t u r e f r o m i n t e r n a l 
fission-gas p r e s s u r e ( l a t e ' . - . r ing i r r a d i a t i o n ) . 
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MHD offers unmatched advantages: high 
thermal efficiency ( 5 0 to 60 percent ) , no air 
pollution other than C0 3 , and no radioactive 
waste. And it may shrink the nation's power 
bill by $ 4 0 billion to $ 1 3 0 billion. Other 
countries, particularly the Soviet Union, are 
investing large efforts in MHD. We are drag-
ging our feet. In light of the fact tha t our 
uranium supply is running out and the breeder 
reactor is still a question mark, we must re-
examine our priorities. 

J . B. DICKS1 

Univers i ty of T e n n e s s e e S p a c e I n s t i t u t e , T u l l a h o m a , T e n n . 

ON June 4, 1971, President Nixon released a message 
to the Congress concerning the energy crisis. The 
main thought of the message was to ask for more money 
for the nuclear breeder reactor. I t is obvious from 
the timetable given, which sets a goal of 1980 for dem-
onstration of the breeder reactor, that such devices 
will not be available in time to alleviate the impending 
uranium shortage discussed in this paper. The pres-
ident, at the same time, argued the necessity of a more-
balanced research and development attack on the 
energy problem and requested an increase in funds 
for the coal-gasification problem. Although this is a 
step in the right direction, it does not go far enough in 
anticipating the role of fossil fuel during the next 60 
years in the U. 8. 

Some important factors were neglected, particularly 
the promise of MHD central power, both techno-
1 Professor of Physics. Mem. A8ME. 
This research sponsored by the Office of Coal Research. U . B. De-
partment of t h e Interior. 

Based on a paper contributed by the ASME Energetics Division. 
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logically and economically. The FY 72 proposed 
budget goes ¡somewhat further in recommending in-
creased expenditures for coal gasification and includes 
$3 million to begin an MHD central-power program. 
This $3-million amount is significant but inadequate 
when compared to the national programs conducted in 
other countries. 

An Old P r i n c i p l e j 

Magnetohydrodynamic power generation is achieved 
when an easily ionized metal, such as potassium or 
cesium, is introduced into high-temperature combus-
tion gas which is expanded to high velocity through a 
nozzle and then directed into a magnetic field with 
properly arranged electrodes and external circuit. 

In this situation, a moving conductor cuts magnetic-
field lines and a useful emf is generated. Although 
this kind of electrical configuration was described by 
Faraday over 100 years ago and was one of the first 
generator configurations invented, the problems as-
sociated with high temperature have prevented its 
application to combustion-gas plasmas until recently. 
Through the use of current high-temperature technol-
ogy and some 10 years of research and development 
in MHD, the state of the art has reached the point 
such that 10 more years of work can produce large power 
plants in the 2000-MW range for practical use. The 
impetus for developing such plants lies in their high 
thermal efficiency, between 50 and 60 percent as com-
pared to 40 percc .t for conventional fossil fuel and 32 
percent for nuclear power plants. This makes MHD-
type steam plants attractive from the standpoint of 
economics, thermal pollution, and air pollution. 

Within the past two years a whole new technical 
situation has arisen within the context of a changing 
social climate, so that the current status of MHD is 
quite different from that set forth in the August, i969, 
issue of MECHANICAL E N G I N E E R I N G [ 5 ] . » No longer 
is the future of MHD technology or any other tech-
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nology a simple estimate of technical feasibility and 
economic benefit.. The public acceptance of power 
plants, the future power-demand curves, the cost of 
power-plant construction, and the effect of all these 
factors on power sources other than M H D must be 

' considered in order to adequately describe the status 
of the technology. The posture of the federal govern-
ment and its organization with respect to central power 
will profoundly affect the future of any technology and 
thus needs to be examined as well. 

It is now, therefore, a good time to review the status 
of MHD central power. A good place to start is at 
the international meeting concerning M H D power 
generation held in Munich, Germany, in April, 1971. 
Of particular interest was the announcement of an 
operating Soviet M H D experimental facility, U-25. 
Extensive Soviet experiments on long-duration pre-
heaters, M H D channels, and other components have 
been performed. Smaller, but significant, experi-
ments on central power components have also been 
constructed in Japan. 

Future of MHD 

The prime question should be: Is the expenditure 
of some $282 million necessary to acquire M H D power-
generation technology a reasonable technical risk in 
which the people of the U. S. can expect a large return 
in the future? If this question can be answered in 
the affirmative, then the discussion will turn to the 
acceptability of M H D power generation from the stand-
point of safety to the public, pollution of the environ-
ment, and other peripheral economic effects to be rea-
sonably expected. Fig. 1 shows a version of the tradi-
tional power-demand curve for the U. S. until the year 
2000. I t is possible to avoid answering questions con-
cerning the competition between M H D fossil-fuel 
Plants and a system of nuclear power plants by merely 
calling attention to the fact that nuclear plants by 
their very nature must be base-load plants and that 
the rest of the power needs might be satisfied largely 
by MHD power plants. Thus, some .30 percent of 
the power plants might be M H D plants with the rest 

r i f -1 Projected power requirements 

Cumulative projected uranium requirements. Fig. 2 

nuclear. Such a power system is not necessarily the, 
optimum one for the country, however. Leaving-
aside for a moment the question of the acceptance of 
the conventional nuclear plant and the breeders by 
the public, it is worthwhile to take a look at thp eco-
nomics of the nuclear system as compared to a system 
where fossil-fuel M H D plants take over a large por-
tion of the power production. 

The lower curve in Fig. 2 shows the projected cost 
of uranium in 1969 dollars if nuclear reactors are put 
into service as estimated from the curve in Fig. 1. This 
is not a realistic cost curve because it assumes that 
uranium is bought at the time it is consumed, which 
is not the usual practice. If we assume that the utilities 
will follow the usual custom of obtaining contracts 
for nuclear fuel for all (30 years) or a large part of the 
lifetime of the reactors, our uranium reserve would be 
committed to fueling reactors as they are built. The 
effect is shown in Fig. 2 for 10, 20, and 30 years of ura-
nium supply committed to the reactor when it is built. 
One sees that the reactors will be priced out of com-
petition after 1986, because the 1969 price of $6.50/Ib 
will have increased by a factor of three to four for new 
reactors. The standard answer from the nuclear es-
tablishment to all who point out this obvious future 
uranium shortage is that additional exploration will 
turn up the required uranium supply. However, any-
one familiar with the current oil and gas situation will 
have grave reservations concerning the assumption 
that mineral resources can always be found when 
needed. 

Another answer—this one from the Atomic Energy 
Commission—is that breeder reactors, when installed, 
will alleviate the uranium supply shortage. But even 
optimistic estimates of a fuel doubling time of 10 years 
in the breeder leads to a prediction that it would re-
quire 30 years to fully install a breeder system that 



Fig. 3 Contrast between savings brought about by MHD from the 
fossil-fuel system predicted in Fig. 1 with an all-fossil-fuel system 
for plants const ructed a f te r 1985. r 

would supply most of the nation's power needs. One 
must add to this 30 years the fact that it will probably 
take at least 10 years to site and build the first genera-
tion of breeders and that the breeder, of course, is not 
developed as yet and may require 10 to 15 years de-
velopment time. We finally come up with the fact 
that it will be 50 years from now before the breeder 
can fully supply the uranium required for a completely 
nuclear central power system in the U. 8. I t is ob-
vious that breeder reactors will not be on the line in 
appreciable numbers before 1995, and that long before 
this time the cost of uranium will have risen by a factor 
of three or four. 

Reduced Power Bill 

The yearly savings in the nation's power bill, if M H D 
fossil-fuel plants were installed beginning in 1985 in-
stead of ordinary fossil-fuel plants, are shown in Fig. 3. 
The upper curve represents the savings to be realized 
if fossil fuel takes over completely from nuclear fuel in 
1985, and the lower curve indicates the savings if the 
split between nuclear and fossil-fuel power generation 
is as shown from the curves in Fig. 1. If M H D central 
power plants of 55 percent efficiency are developed, 
one would expect the savings in the power bill to lie 
somewhere between these two curves. The competi-
tion might very well be effective in lowering the cost 
of nuclear power as well. I t is assumed in making 
these cost estimates that SO, is virtually eliminated 
from the M H D exhaust, regardless of the type of coal 
burned, because of the seed-recovery process. 

u . S. Effort 

Since our 1969 status report, no new M H D facilities 
of significance have been reported in the U. S. Old 
open-cycle facilities at Avco, Stanford, and the Univer-
sity of Tennessee have undergone modifications, and 
*»ultg oí basic research havo boon roported. Tech-
nical progress of note in the U. S. Includes the achieve-
ment of new high thermal efficiency and power density 
oy Avco [1 ] for the special case of a very-low-density 
combustion gas. These parameters are significantly 
Signer than those achieved by any investigator in open-
cycle M H D generators to date. The studies show 
wat high power density and thermal efficiency can be 
obtained without aerodynamic choking at low density. 
*nis work is of more interest to special-purpose gen-

erators than it is for central power where the'density 
must be higher and the velocity much lower than with 
the conditions of the Avco experiments. 

At Stanford University, basic experimental work 
indicates that the conducting-sidewall generators pro-
duce slightly more power than insulated-sidewall gen-
erators running at the same gas conditions [2J. This 
result is also predicted by theoretical work at the Uni-S 

versity of Tennessee Space Institute [3 J. At the Uni-
versity of Tennessee Space Institute, the first genera®;^ 
experiments in which coal and char were directly fired ' 
were reported, but the experimental duration of 12 
sec is only sufficient to show that no difficulties occur 
from ash buildup for this short time [4 J. Contracts 
were granted by the Office of Coal Research to Avco, 
M.I.T., and the University of Tennessee Space Insti-
tute for work on central-power MHD. At Avco and 
the University of Tennessee Space Institute long-
duration facilities are under construction and will 
begin operation in the spring of 1972. These facilities 
should give mtich-needcd data on long-duration opera-
tion, but are relatively small devices because of the 
lack of funding. Government funding in this area is 
approximately $2 million in FY 71 with an expectation 
of S3 million in FY 72. In addition, the work at 
Avco and the University of Tennessee Space Institute 
is also being supported by contributions from the. 
utilities. 

International Status 

By far the most spectacular results were announced 
by the delegation of the Soviet Union when it was stated 
that an announcement had been made in Moscow at 
the 24th Party Conference in March, 1971, t\£t a new 
kind of power plant was in operation on the Moscow 
power network. This plant is the U-25 whose pro-
spective design waa described in MECHANICAL E N -
GINEERING'S August, 1 9 6 9 , issue [5 -8] . Conjecture 
in the U. S. had commonly speculated that this plaqfc 
would begin operation somewhere around November, 
1971, so it appears to be ahead of our original estimates. 
The plant is complete, except for the steam turbine of 
the bottoming unit which would be of no imports nee 
in the experimental plant. A new set of specifications 
for this plant was presented as shown in Table 1. The 
author and several other people from the U. S. had <>. 
opportunity to inspect this plant in conju 

nrf.ion \vji;. 
the Joint IAEA/ENEA International M H D Mai:*,'. 
Group meeting in Moscow in December of 1971. 

The plant's exterior air preheaters consist pres"n»J 
of aluminum oxide, and are heated by natural gas :o».i 
then used to heat the incoming air. Such heaters w>H 
be periodically cycled to provide a continuous flow t-f 
air at 1200 C. Such preheat is necessary in the M H D 
cycle in order to make the combustion products con-
ducting. 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 m operation for some time, though it is not com-
pletely clear for how long they have been operated. 
Others at the High Temperature Institute have been 
cycled for 8000 hr. Fig. 4 shows the M H D ma&net 
enclosing the M H D channel and the accompanying 
diffuser. The combustion chamber is drastically 
smaller than the combustion chambers used with con-
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vehtionol power p l an t s of t h e s a m e size, because of t h e 
. high temperature and pressure . F ig . 5 ind ica tes some-
what the size of t he exper imenta l ins ta l la t ion , showing 
the generator diffuser, d o w n s t r e a m h e a t exchanger , and 
exhaust-cleanup and seed-recovery tower . T h e i r seed-
recovery process is qu i t e successful , as t h e Moscow 
group claims 99.9 percen t seed recovery . O t h e r t ech-
nical t r iumphs in th is p r o g r a m inc lude successful op -
eration of boiler t u b e s for long pe r iods of t ime in a 
potassium-seed combus t ion gas. 

Soviet Effort: $200-milllon Bread Board. I t is in teres t 
In N|>eeulatc on the ra t iona le beh ind t h i s a p p r o a c h by 
the High Tempera tu re I n s t i t u t e t o develop M H D cen-
tral-power technology. T h e a p p r o a c h is all t h e m o r e 
interesting since no large-scale d e v e l o p m e n t in non-

r»Mwimri|ww\w i p ^ M s Ihw hwm utttlnHnkcri Hpfow, t n 
general; r a t h e r t h a n t a k i n g a r evo lu t ionary app roach , 
power technology has c r ep t s lowly y e a r b y y e a r u p t o 
higher powers (13 M W ) a t s l ight ly increas ing efficiency. 
In P ro fesso r Schcindl in ' s m e t h o d a g igant ic exper imenta l 
b read b o a r d h a s been cons t ruc ted . T h e p o w e r - p l a n t 
componen t s a r e widely s e p a r a t e d a n d housed in a l a rge 
bui lding devised so t h a t exper imen ta l changes can b e 
made w i t h ease. Because of t h e p rob lem of rad io-

I ac t iv i ty , i t is n o t possible t o develop nuc lea r p o w e r 
" a long these lines, b u t M H D suffers f r o m n o such l imi ta-

t ions a n d t h e b r e a d - b o a r d a p p r o a c h will give t h e Sov ie t 
Union a n o p t i m u m expe r imen ta l p r o g r a m . F o r ex-

. ample, t h e ques t ion m o s t f r e q u e n t l y asked is, W h a t 
is t h e o p t i m u m channe l design for t h e M H D gener-
a tor , and w h a t is i t s capab i l i ty of endu rance? T h e 
U-25 is so designed t h a t a n u m b e r of t r ia l channe l s 
can b e p laced wi th in i ts m a g n e t a n d t r i ed in succession. 
W e h a v e seen p ic tu res of s u c h channel cons t ruc t ion a n d 

bel ieve t h a t a n u m b e r a l r eady exis t c o n s t r u c t e d wi th 
cold walls, h o t walls , and i n t e r m e d i a t e t e m p e r a t u r e s . 
T h e on ly des ign t h a t we h a v e examined in de ta i l is a 
water -cooled c h a n n e l des igned for F a r a d a y ope ra t i on 
con ta in ing m a n y water-cooled copper hemispher ica l 
e lec t rodes . 

O n e p h o t o g r a p h t h a t we h a v e seen of t hese devices H 

was t h e corner of such a channel shown in a mo t ion 
p ic tu re . I t a p p e a r e d t o b e a s teep-diagonal-wal l design 
w i t h re la t ive ly large insu la to r spacing. W e expect t h a t 
in a d d i t i o n t o t h e diagonal-wal l electrical design, F a r a -
d a y a n d H a l l channe l s will be t r ied as well, so t h a t in 
t h e n e a r f u t u r e t h e H i g h T e m p e r a t u r e I n s t i t u t e will 
h a v e i n fo rma t ion on which channe l works bes t . N o t 
only is t h e M H D channe l r e m o v a b l e in t h i s s e tup , b u t 
o the r c o m p o n e n t s a r e as well. W e expec t t h a t t h e 
conven t iona l m a g n e t will b e rep laced b y a supe rcon-
d u c t i n g m a g n e t a t s o m e t ime . W e h a v e been to ld 
t h a t t h e seed- removal a n d exhaus t - c l eanup device has 
been used a t s o m e o t h e r locat ion. W e were a lso in-
f o r m e d t h a t t h e p e r f o r m a n c e of t h e p r e h e a t e r s w a s no t 
sa t i s fac to ry , and s o m e i m p r o v e m e n t s will be m a d e in 
these devices . 

W e h a v e been to ld t h a t t h e r e a r e 1000 people a t 
work on th i s M H D p r o j e c t a lone, a n d we bel ieve t h a t 
t h e p r o j e c t itself is ski l l ful ly and inte l l igent ly organized 
so t h a t t h e Sov ie t U n i o n will a cqu i r e t h e necessary 
t echno logy f o r cen t ra l power in a sho r t per iod of t i m e 
a t a n o p t i m u m cos t . Ques t ions of e n d u r a n c e a n d 
electr ical efficiency will b e solved in good t ime , a n d t h e 
H i g h T e m p e r a t u r e I n s t i t u t e should b e c o n g r a t u l a t e d 
on i t s ab i l i ty to p u t s u c h a p l a n t in opera t ion so soon. 
I n t h e U . S., because of cos t l imi ta t ion , we a re a t leas t 
five y e a r s a w a y f r o m a p l a n t of t h i s t ype . T h e h a r d -
ware n o t inc luding design cos t is va lued a t $50 million. 
T h e v e r y l a rge auxi l iary oxygen p l a n t would, a d d a 
s u b s t a n t i a l a m o u n t t o th i s . 

West German MHD Program. T h e W e s t G e r m a n y 
open-cycle M H D p r o g r a m is d iv ided i n t o t w o p a r t s . 
O n e g r o u p is a t t h e M a x P l a n c k I n s t i t u t f u r P l a s m a p h y -
sik in G a r c h i n g nea r M u n i c h , wi th i ts work cen tered 
a r o u n d genera to r s des igned for ope ra t ion of t imes less 
t h a n l i h r , a n d is coopera t ing wi th t h e M A N C o r p . of 
Mun ich [9]. M a g n e t o h y d r o d y n a m i c gene ra to r s h a v e 
v e r y qu ick s t a r t i n g charac ter is t ics , a n d wi thou t special 
ef for t can b e b r o u g h t t o fu l l power in less t h a n 1 sec. 
Hume of t he smal le r u t i l i ty companies in W e s t G e r m a n y 

Fig. 4 MHD magnet, channel , and generator diffuser of the Soviet 
Union's U-25 power plant. 
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haust-cleanup and seed-recovery tower of the U-25 power plant. 

are very interested in generators having this character-
istic, as they are now having to buy peak-load power 
from larger utilities for very short times at very high 
rates. I t is also thought by the group in Garching 
that such generators will have utility in fusion power 
plants, especially in the development program for such 
devices. 

The second effort is being conducted or. MHD gen-
erators with operating times greater than 1 hr [10 J. 
This effort is being carried on by cooperation between 
the Institut für Technische Physik in Jülich and the 
Forschungsinstitut des Steinkohlenbergbauvereins, 
Bergbau-Forschung GmbH at Essen. Experiments 
up to 20 hr have been jun with a small MHD channel 
in Jülich. In Essen, work is underway on a unique 
process for inexpensive enrichment of air with oxygen. 
This air-enrichment process could have a profound 
effect on MHD generator systems if it develops as cur-
rently projected from initial work. 

In Garching, the first very-high-magnetic-field MHD 
generator ever built is being tested with magnetic fields 
up to 50 kg (Fig. 6). This work is yielding very im-
portant data in a magnetic-field range that cannot be 
reached by other investigators. The MHD channel 
is of diagonal design at a 45-deg angle similar to those 
that have been investigated previously [4, 11, 12). 
As it is projected that both peaking plants and central 
power plants will operate with superconducting mag-
nets in the range of 50 kg, the results of the Garching 
experiments are of great interest in the field. The 

„ expenditure on development work in West Germany 
is of the order of $2 to S3 million per year. 

The Japanese Effort A very extensive effort directed 

toward open-cycle MHD [13-15] power generation 
with experiments on all phases of M H D central power 
plants is being conducted in Japan. The generator 
channels tested have been largely the segmented Far-
aday design with some work performed on the Hall 
generator configuration as well. A number of pre-
hcater designs have been run with special attention 
paid to the seed buildup that occurs under some worfe-
ing-ga8 conditions in these devices. Methods of im-
proving channel duration and preheatcr operation are 
being investigated presently. The approach in Japan 
to the preheater problem differs from that in the Soviet 
Union in that tubular preheaters are being investi-
gated, rather than the regenerator type. Some prog-
ress has been made in all of these areas. Fig. 7 shows 
the estimated power-demand curve for Japan as given 
in "The Present Status of MHD Power Generation 
in Japan" by the MHD Power Generation Study Team 
and T. Sekiguchi at the University of Tokyo. This 
shows a relatively modest power requirement by the , 
year 2000, approximately equal to that expected by 
the U. S. by the year 1980. I t is very plain that the 
Japanese expect to get uranium from the U. S., as does 
much of the western world. Agreement to furnish 
the western world with uranium for their reactors is 
contained in the June 4 message to Congress by Presi-
dent Nixon when he said "Plant expansions are required 
so that we can meet the growing demands for nuclear 
fuel in the late 1970'e—both in the United States and 
in other nations for which this country is now the prin-
cipal supplier." 

The president is speaking here of the uranium-en-
richment plants; however, we must also supply the 
uranium to be enriched. The Japanese currently view 
MHD as chiefly a peak-load technology. This stems 
from the Japanese economy in which the main source 
of fossil fuel is expensive oil from Indonesia. Thus, 
as in many countries other than the U. S., the burning 
of uranium rather than fossil fuel presents an economic 
advantage. In the U. S., the reverse is true. 

Other Countries. Numerous other open-cycle MHD 

Fig. 6 Exit view of the West German Garching MHO generator. 
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Fig. 7 Japanese power demand. 

efforts exist in o t h e r count r ies , such as t h e l a rge one in 
Poland and t h e beg inn ing of a s ignif icant n a t i o n a l p ro -
gram in C a n a d a . I n t h e Br i t i sh Isles a n d in F r a n c e 
the M H D ef for t has been r educed pa r t i a l ly because of 
the economy a n d pa r t i a l l y because t h e r e fossil-fuel 
power, in general , does n o t h a v e t h e a d v a n t a g e of v e r y 
low fuel costs t h a t i t does i n t h e U . S. 

MHD Status in U. S. W i t h i n r ecen t y e a r s in t h e 
U. S. t he re h a s been l i tera l ly n o cen t ra l -power M H D 
program o the r t h a n t h e smal l ef for ts t h a t could b e 
main ta ined in indus t r ies a n d t h e univers i t ies using 
their own f u n d s to work on cen t ra l power on t h e side. 
T h e v a s t m a j o r i t y of t h e work h a s been in bas ic re -
search on bas ic p h e n o m e n a a n d d e v e l o p m e n t work 
for t h e D e f e n s e D e p a r t m e n t . D u r i n g 1971, f u n d s 
have become ava i l ab le t o s t a r t a m i n i m a l a m o u n t of 
central-power M H D work . T h i s is largely be ing 
funded b y t h e Office of C o a l Resea rch in coopera t ion 
with power companies . T h e la rges t such ef for t is 
under a c o n t r a c t let t o Avco a n d a g r o u p of u t i l i ty 
companies t o work on clean-fuel peak ing p l a n t s w i t h a 
8mall a m o u n t of coa l -burn ing included. T h i s c o n t r a c t 
is of t h e o rde r of m a g n i t u d e of $2.6 mill ion t o b e s p e n t 
over t h r ee yea r s . Add i t iona l a m o u n t s wou ld come 
from Avco a n d t h e associa ted ut i l i t ies . T h e n e x t 
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la rges t c o n t r a c t is wi th t h e Un ive r s i t y of T e n n e s s e e 
S p a c e I n s t i t u t e , wi th $324,000 t o b e s p e n t o v e r o n e 
y e a r on power genera t ion wi th coal a n d c h a r fuels . 
T h i s work inc ludes a smal l inves t iga t ion of chemical 
regenera t ion . Of t h e t o t a l funds , $261,000 is being 
fu rn i shed b y t h e Office of Coa l Resea rch , $50,000 b y , 
t h e Tennessee Val ley A u t h o r i t y , and $30,000 b y t h e 
un ive r s i ty . I t is expected t h a t a c o n t r a c t f o r approx i -
m a t e l y $100,000 p e r y e a r will b e let t o M . I . T . t o per-
f o r m s o m e bas ic research s tud ies a n d t o advise t h e 
Office of Coa l Resea rch . I n a d d i t i o n t o th is , S T D 
C o r p . of Los Angeles m a y receive approx imate ly 
$90,000 t o d i rec t a n d o p e r a t e a m a s t e r c o m p u t e r 
p r o g r a m des igned for M H D power -sys tem analysis . 
A t S t a n f o r d Un ive r s i t y t h e r e will be a research p r o g r a m 
f u n d e d b y t h e E lec t r ic Resea rch Counci l a n d t he 
B u r e a u of Mines . 

Avco, S t a n f o r d , a n d t h e Un ive r s i ty of Tennessee 
Space I n s t i t u t e al l h a v e a long h i s to ry of con t inuous 
research a n d d e v e l o p m e n t on open-cycle M H D power 
genera t ion and h a v e add i t iona l M H D open-cycle lyorjc 
f u n d e d f r o m o t h e r sources . T h e t o t a l c e n t r a l - p < i f r ^ 
p r o g r a m in t h e U . S. is i n a d e q u a t e t o m a k e apprec i - v 

ab le progress in th i s a rea , b u t t h e r e is t h e an t i c ipa t ion 
t h a t add i t iona l m o n e y will b e ava i l ab le in t h e fiscal 
1972 app rop r i a t i on b y Congress and f r o m t h e E lec -
t r ic Resea rch Counci l t o e x p a n d th i s p r o g r a m . As a 
m a t t e r of f ac t , all of t h e e f for t s e n u m e r a t e d h e r e a r e 
p re l imina ry t o a na t iona l p rog ram t o b e agreed u p o n 
b y t h e Office of Coa l Research and t h e E lec t r ic R e -
search Counci l . T h e pa r t i c ipan t s in t h e in i t ia l p ro -
g r a m h a v e p l a n s for such expansion w h e n t h e resources 
a r e m a d e avai lab le . 

I t is v e r y unl ike ly t h a t a decision t o develop p o w e r 
genera t ion a t a m i n i m u m cost will eve r c o m e a b o u t in 
t h e U . S. I t is t h u s impossible for u s to follow t h e 
b r e a d - b o a r d p l an of expe r imen ta t ion t h a t is be ing 
pu r sued a t t h e High T e m p e r a t u r e I n s t i t u t e in Moscow. 
I n genera l , p r o g r a m s in t h e U . S., which do n o t h a v e 
h e a v y s u p p o r t w i th in t h e g o v e r n m e n t , h a v e to s t a r t 
wi th low-level f u n d i n g on re la t ive ly inefficient feasibi l i ty 
d e m o n s t r a t i o n s . As t h e need for t he end p r o d u c t of 
d e v e l o p m e n t n e a r s and becomes m o r e ev iden t , t h e 
pace is s t e p p e d u p a n d e x t r a m o n e y m u s t b e appropr i - * 
a t e d t o m r k e u p for lost t ime. A b e t t e r d e v e l o p m e n t 
p lan is shown in T a b l e 2 where feasibi l i ty of compo-
n e n t s is d e m o n s t r a t e d a t t h e m o r e real ist ic 2 0 - M W size 
f o r M H D power . I n t h e n e x t s tage , over lapp ing some- -

w h a t , is a p i lo t p l a n t t o be des igned to o b t a i n efficiency 
d a t a t h a t c a n be ex t r apo la t ed t o full-size cons t ruc t ion . 
F ina l ly , a 1 0 0 0 - M W p l a n t is inc luded a t twice t h e 



Fig. 8 U.S. effort , still in "spaghe t t i " s tage: University of Tennes-" 
see Space Ins t i tu te ' s coal-burning MHD generator, output 70 kw. 

estimated cost of such plants when they are produced 
T h e n e c e s s i t y o f a development plant of 

1 0 0 0 - M W size has been amply demonstrated by break-
downs, etc. of recently developed large plants in both 
the nuclear and fossil-fuel programs. Detailed esti-
mates of the eventual cost of M H D generator plants 
are 30 percent less than the comparable cost of a fossil-
fuel plant. In comparing the cost of development 
outlined here with other power-development programs 
one should make certain that the other program con-
tains development plants of the 1000-MW size. 

If instead of a program such as the one advocated 
here, the country embarks on several years of basic 
work performed with apparatus of very small size, 
some of the important cost savings from M H D develop-
ment outlined in Table 2 and the accompanying text 
will be lost because of the resulting delay. 

As of February, 1972, the line item in the admin-
istration's budget for M H D development >n central 
power for fiscal 1973 is S2.6 million for work outside 
of the government and $400,000 for wo k in the Bureau 
>f Mines. There is, therefore, some cha ice that a 
government appropriation of $2 6 million will he ,v ail-
able m fiscal 1973 to match with money iained from 
the utilities. 

Important for the future of energy development 
•n the U. S. is the energy study b>. ..g c nducted by 
the Senate Committee Interior aad TnsuL ;* \ffa! s. 
There have been many energy studies instituted during 

e past year, but none has been satisfy tor .y con-
stituted, authoritative, definitive, and suitable from 
i r ndpoint of providing an inform jon br>sis su # 

able f0 new legislation. An cr • ' -«n • 
thnt the development being p»-ese; ' ^ 
unbalanced is evident from the fact that t remens* 
amounts of development are going on in the nuclear 
neld and almost none in the fossil-fuel firM A de-
partment of nationa resources coverinr ti mt; of 
"nergy would be the best solution to the*b«lar>r 
'«n, but many difficulties n 0 . jje V'twner the 

< ' such a lepartment ai I it realizatx.« „ 
m. reased interest in energy on the part of Congres; 
18 a bi ,gnt spot for the future, and we «pect that the 
f
 R' a.-power situation, including M H h , may be p f 0 -
'»undly affected by recent legislation, now in com-

mittee in trod cjd ',/ Senator M alf ! i he Sen.- t 
aid villous members of the H <«• ,f Repress , 

a i m e 1 acquirii national J. Lp i v 
îstnbuti«.a ayP ¡cm. 
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The future of central power is cloudy, with the ura-

nium supply and price difficult to forecast, the breeder 
reactor uncertain in its development time and accep-
tance by the public, the conventional fossil-fuel plant 
now asymptotically approaching its highest efficiency, 
and the cost of power-plant construction steeply risine 
a ong with the price of fossil fuel. All of these con-S 
aitions make the future of central power in the U S 
uncertain, and predictions exceedingly difficult ' I t 
does seem clear, however, that M H D fossil-fuel power 
generation, if acquired, would do several important 
things. I t would provide economic competition for 
the nuclear system, give a possible alternative for rel-
atively pollution-free power production if the breeder 
reactor fails to gain public acceptance, and extend 
ine lifetime of our coal reserves. 
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Approximately two-thirds of the fuet energy, 
chemical or atomic, used to make electric 
power is waste heat. To avoid "thermal pollu-
tion" we can use cooling towers. But there 
may be a better plan: "new-town" applica-
tions with 100 percent temperature control ot 
all living space and office working space. 
W. S. LUSBY1 and E. V. SOMERS' 
Westinghouse Research Laboratories, Pittsburgh, Pa. 

IN EARLY 1970, the Svenska Teknologfdreningen 
(Swedish Association of Engineers and Architects) 
and other Swedish groups sponsored a worldwide idea 
contest: "Engeri till Reapris" or "Energy at Bargain 
Price." I t sought out proper uses in the manufacture 
of electric power for the enormous quantity of residual 
energy now rejected as heat and largely returned to 
the water course selected as a source of cooling water. 
The concepts outlined below were honored by the tech-
nical jury. 

"New-Town" Applications 

The ideal use or uses for the enormous quantity of 
residual energy from steam electric power plants re-
quire large demand, 24 hr per day, 365 days per year. 
Most of the obvious applications use too little energy. 

Also, many uses of energy are available in the winter, 
but not in summer. Thus, finding large-scale valu-
able uses of thermal energy in summer without insult 
to the environment must be a key to developing benefi-
cial uses. 

To get the necessary large scale with sound eco-
nomics, we have been led right back to the source of 
the demand for electric power—the city and its people. 
We propose "new-town" applications with 100 percent 
heating of all living space and office working space. 
By new town, we mean any area where we do not have 
the problem to modify existing buildings, their equip-
ment, and utilities. We include the free-standing 
new town, the new-town-in-town, and satellite towns 
adjacent to existing large cities. 
1 Manager, Marketing and Communications. 
1 Manager, Ecological Systems Research. 
Baaed on a paper Contributed by the A8ME Energetics Division. 

The total energy used in the U. S. for air conditioning 
is roughly equivalent to the total energy used for 
residential and office space heating. Although the 
low-grade energy typically dumped from electric power 
generation is not readily usable for air conditioning, 
it is possible to stop the expansion of steam at a tem-
perature slightly in excess of 94 C and use the residual 
energy to drive an absorption refrigeration system, 
such as a lithium bromide-water system. 

The criterion of minimum heat rate for electric 
power generation should be abandoned in favor of a 
systems approach to the use of fuel energy in an energy 
center in a new town in which the overall system for 
production of electric power and residential and office 
space heating and cooling is optimized. The economic 
results appear promising. Further elaboration will 
show additional benefits as we look at diversified ap-
plications of residual thermal energy, particularly spring 
and fall uses. 

Optimization of an Energy Center 

Central plants providing heat to many residences 
are certainly not new. An excellent example is the 
use of the geothermal hot water in Iceland for the past 
45 years for home heating now serving 81,000 people 
in the vicinity of Reykjavik, described by Bodvardsson 
[1 ].* The costs compared to other sources of energy 
for heating are quite favorable. Bodvardsson's data 
show an average cost of 60 percent compared to the 
cost of similar heating with fuel oil. There are also 
some 60 district heating utilities operating in the U. S. 

For summer cooling, a heat-driven refrigeration 
system is needed to provide chilled water into the homes 
and office space. A lithium bromide-water absorption 
system looks like a good candidate. I t requires hot 
fluid input at about 94 C. This would require energy 
from the energy center at a higher temperature than 
94 C to provide for transmission losses. A turbine 
extraction temperature of about 100 C with good ther-
mal design of the transmission lines should provide for 
transmission losses for a large-size city. The 15.3-km 
line connecting the thermal area at Reykir to the city 
of Reykjavik in Iceland has an average temperature 
drop of only about 3 C. 
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An excellent match exists between the peak power 

demand for home heating in winter and for home cool-
ing in summer. A three-bedroom home in New York 
City or St. Louis might require a peak of 50,000 Btu/hr 
for heating and 24,000 Btu/hr extraction for cooling. 
Since the coefficient of performance (COP)_of a good 
lithium bromide-water refrigeration system is about 
0.5, the summer driving power peak would also be about 
50,000 Btu/hr. 

The compatibility of this approach with the patterns 
emerging in new-town planning should be investigated. 
The typical present approach to planning new towns 
includes the concept of building up the complete town 
starting with many small groupings of perhaps 500 
people in 150 residential units free of through automo-
bile traffic, and is known as a cluster. The town plan 
is built up by analyzing what it is that various-sized 
groups of people need and want in a town, including 
communication, transportation of people and goods, 
waste management services, social facilities, educa-
tion, etc. Perhaps four clusters are grouped together 
to form a neighborhood of 2000 people. Perhaps six 
neighborhoods form a village of 12,000 people. Per-
haps six villages make up a town of 72,000. Perhaps 
six towns make up a city of 400,000 plus. There might 
be one major cultural center for the entire city, one 
high school for each town, a major shopping center 
for eaoh village, etc. 

We envision one energy center producing electric 
power for the entire city or town and providing excess 
electric power for export. Underground transmission 
of energy flows as hot fluid to a substation in each clus-
ter of 150 residential units. Each substation processes 
tho energy and distributes hot fluid in winter and chilled 
ffliiidin summer to each residence, Fig. 1. 

The daily load profile for each substation will show 
typically a peak heating demand in the early morning 
with a dip in the afternoon, or an air conditioning peak 
in the afternoon with a dip in the early morning hours. 
These peaks should be accommodated by providing 
an energy-storage insulated water tank at each sub-
station to "flywheel" the demand. 

S - J J * * ™ 1 * * * year-round home conditioning 
wa substations. 
I " - - i n f i ^ r - V - * * * 

Preliminary estimates show favorable costs compared 
to our present conventional practice for the services 
provided by the substations. The substation system 
must be charged with the value of the electric power 
not generated because of the early extraction of steam, 
as well as the costs of transmitting the hot fluid, pro-
cessing it, and distributing it to the residences. The* 
power not generated because of complete steam extrac-
tion at 100 C would amount to about 15 percent of the 
maximum nominal station rating for a fossil-fuel plant 
or about 26 percent for a typical nuclear power plant. 
Some saving is available from flattening of peak de-
mand by grouping requirements for 150 residences 
into one substation and from fly wheeling. This should 
be conservatively 15 percent. A credit might be taken 
for the dry cooling tower which is eliminated. Each 
substation acts as a small dry cooling tower with a heat 
exchanger discharging unused heat to the air. The 
system of substations ia superior to a central dry cooling 
tower since it distributes the heat dissipation over the 
entire city area. 

Costs chargeable to heating and cooling will be de-
pendent upon site and upon plant design, and will be 
quite variable. Preliminary cost studies indicate hot-
fluid generation costs typically 10 to 18 cents/108 Btu. 
Transmission costs vary between 5 and 30 cents/108 

Btu. Processing and distribution costs might range 
from 15 to 60 cents/109 Btu. Miller et al. (2J have 
made extensive studies of the cost of fluid heat trans-
mission and distribution based on steam heating prac-
tice for the federal Department of Housing and Urban 
Development. 

We have projected cost estimates for an ̂ example 
substation of the energy center for a new town as fol-
lows: 
• Town of 138,000 people, 275 clusters, over 25 sq 

mi 
o Combination-cycle fossil-fuel gas turbine-steam 

turbine 250-M We energy center 
• 150 residential units in cluster, each with 50,000 

Btu/hr 
o Peak total demand at substation of 6.4 X 101 

Btu/hr or 1.9 MW 
• 3|-mi transmission line consisting of 3 mi of 10-

station trunk and I mi of single-substation line 
• 40-acre cluster site 
• Average distribution distance within cluster, 350 

ft. 
Major cost items for one substation are estimated 

at: 
• Transmission-line cost, $24,000 
• Substation cost, $40,000 
• Distribution lines, $133,000. 

Costs are based on excavation and installation of 
piping prior to street paving. The transmission line 
includes thermal insulation. 

The distribution piping system is earth-insulated 
and of low pressure rating to carry water heated below 
90 C from the substation to the homes. This piping 
assumption greatly reduces cost of the distribution 
piping system. Further economy of piping is achieved 

<by alternating the heating and cooling functions on a 
single piping system. This seasonal shift in late spring 
from heating to cooling and in early fall from cooling 
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TABLE 1 Estimated Costs for Example Energy-
Center Substation for Heating and Cooling 

Annualized Costs 
Electric power loss $ 6.0 K/yr 
Transmission $ 3.4 K/yr 
Substation $ 5.6 K/yr 
Distribution $ 19.2 K/yr 
Operation and maintenance $ 0.7 K/yr 
Net total $ 34.9 K/yr 
Cost per residence $233 /yr 
Allowing credit for cooling tower . . .$ 18 /yr 
Cost per residence $215 /yr 

to heating involves transient heat losses that, averaged 
over the year with the steady-state losses of mid-winter 
and mid-summer, arc comparable to those of conven-
tional insulated steam heating systems. 

A dry cooling tower for the combined-cycle 250-MW 
energy center with 50 percent steam turbine at $40/kw 
would be $5,000,000. 

Table 1 shows estimated annualized costs per sub-
station and per residence. 

For comparison, the same residential units equipped 
with individual standard heating and air conditioning 
units exclusive of distribution within the home would 
represent an initial cost to each homeowner of approxi-
mately $1400 at retail and an annualized cost including 
fuel of about $520. If this were restated in basic costs 
for a volume representative of an entire city, the cost 
would be at least $200 per residence. Thus, the esti-
mated costs permit a satisfactory selling price which 
is still quite a bargain to the buyer. For high-rise 
residential or other high-density use, the costs are still 
more favorable. 

For lower density and greater transmission distances, 
the costs are less favorable, but still promising. 

A characteristic of the well-planned new town is de-
sign to minimize cost of infrastructure and lead time 
of costs. I t may be assumed that in a well-planned 
new town there will be an optimized staging plan for 
year-by-year town development and that the system 
of fluid heat distribution with trunk transmission lines 
and branch lines will be coordinated to minimize the 
early-stage financial investment. The complete sys-
tem would not be installed immediately, but section 

« i . 2 Modified water-temperature profile. 
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by section as needed. In the initial stages before the 
energy center has been completed, the first few clusters 
might be served by temporary boilers. 
Other Usos .. . , 

If we go no further than to provide energy centers 
in our new towiis which optimize electric power produc-
tion and living-space temperature control for reduced 
total cost and Jess harsh impact on the physical en-
vironment, we have made good progress. There are, 
however, additional benefits available. 

As Harrison [3 J points out, diversity in our systems 
increases stability. He also urges movement-toward 
recycling and1 closed systems. We should introduce 
additional uses of residual thermal energy for stability 
and balance, as well as for their direct benefits. 

In a general sense, given the availability of large 
quantities of Water in a new town, there is much that 
can be done to improve the quality of living. Many 
of th,e most charming cities of the world owe much of 
their charm to the presence of extensive open water. 
Low-cost, modern earth-moving techniques make crea-
tion and exploitation of lakes, lagoons, and canals prac-
tical in a now town. We can add aesthetic appeal, 
multiply waterfront footage for residential property, 
provide fishing, provide water sports and recreation, 
provide an' extensive heat-sink system, and provide 
bodies of water for commercial use. 

Several electric utilities have made a start in this 
direction by creating artificial ponds for cooling of 
new power-generating facilities, and providing fishing 
and recreational use of ponds as a bonus. 

Heating an,d cooling give us a good balance between 
mid-summer and mid-winter load peaks and leave 
available large quantities of heat in spring and fall. 
The heat energy from conventional heat exchangers 
after full steam expansion can be used to bring a large 
body of water to optimum temperature for aquicul-
ture and hold it there for six to eight months, Fig. 2. 

Fig. 3 Example1 of si te sculpturing for water and energy man-
a g e m e n t 
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Pig. 4 Concept of using thermal energy throughout the year. 

Most fin fish a n d shell fish u n d e r n a t u r a l condi t ions 
live in w a t e r which is, fo r m o s t of t h e yea r , s u b s t a n -
tially too cold for o p t i m u m g rowth ra te . T h e op t imized 
tempera ture profi le shown in F ig . 2, if app l ied for ex-
ample to C h e s a p e a k e B a y w a t e r , could resu l t in ra i s ing 
oysters t o m a r k e t a b l e size in one season in s t ead of 
three or four seasons . 

There is a la rge a n d growing b o d y of knowledge in 
marine a n d f r e sh -wa te r b ionomics p e r t i n e n t t o a q u i -
culture which h a s been largely unexplo i ted t o d a t e . 
There a re m a n y promis ing app l i ca t ion oppo r tun i t i e s 
for shell fish a n d fin fish a q u i c u l t u r e in m a r i n e a n d 
fresh wa te r . T h e s e oppor tun i t i e s include use of selec-
tive breeding to op t imize ease of c u l t u r e a n d m a r k e t -
ability of t h e p r o d u c t . T h e y include select ion of u n -
common species, p e r h a p s f r o m o the r p a r t s of t h e wor ld , 
which h a v e pa r t i cu l a r l y a t t r a c t i v e m a r k e t f ea tu res . 

Oyster f a r m i n g in J a p a n a n d Aus t r a l i a is now large 
scale, b u t p r imi t i ve in t e c h n i q u e a n d v e r y l abor - in ten-
sive. Cons iderab le knowledge of and expe r imen ta l 
techniques for oys te r cu l tu re h a v e been deve loped in 
th» coun t ry [4-6] , b u t t h e y h a v e y e t t o b e ut i l ized on 
a large scale. 

The ear ly small-scale exper imen t s in t h i s c o u n t r y 
are charac ter ized b y improvisa t ion . Oys te rs h a v e 
been grown on " s t r i n g s " of oys t e r shells on wires sus -
pended f rom a spar . T r a y s a r e also f r e q u e n t l y used , 
ext rapola t ing densi t ies a n d yie lds achieved indica tes 
that an oys ter f a r m should yield a n a n n u a l c rop w o r t h 
w u , M ) per acre per y e a r wi th app l ica t ion of energy-
« c r hea t . T h e knowledge ava i l ab le needs to b e 
Put to use wi th a p p r o p r i a t e engineer ing skill a n d cos t 
Management. 

Although m a n y ques t ions concerning op t imiza t ion 
» techniques r ema in u n a n s w e r e d , t h e s u b s t a n t i a l b o d y 
w Knowledge a n d experience in h a n d should s u p p o r t 

¿ S T " * ? 0 y 8 t e r " f a r m i n « P r o j ^ t re ly ing on re-
j u a i t he rma l energy f r o m an energy cen te r fo r o p t i -

2 t n l V a Z ? U 8 8 t e p s o { ° y 8 t e r c u I t u r e m d oys t e r food 
ture 8 a m e W t m e f ° r m a n y t y p e s o f ^ c u l -

The opt imized t e m p e r a t u r e profile s h o w n in F ig . 2 
aiso very a t t r a c t i v e a s a m e a n s of ex t end ing t h e en-

t yment of w a t e r s p o r t s a n d recrea t ion t o six or e ight 
months ins tead of t w o or t h r ee . 

in I t ? t h a t w e can add l i t t le or n o h e a t t o t h e w a t e r 
a - summer , d e p e n d i n g on t h e a m b i e n t t e m p e r a -

icmJr I a V f u i a b I e w a t e r a n d o u r select ion of t h e p re -
tben k ^ m ? 6 r a t u r e ' T h i a o p t i m u m t e m p e r a t u r e is 

Q fteld f o r a s long a s p rac t ica l . T h e a d d i t i o n a l 

/4Z 
h e a t is d i s c h a r g e d t ó t h e a i r as shown in F ig 1 

F i g 3 s h o w s a s c h e m a t i c i l lus t ra t ion of wa te r ex-
p lo i ta t ion m a new t o w n . F ig . 4 i l lus t ra tes t h e con-

cmt t h e y c a j \ F m ° f " — * * ^hrough-
A n i n v e n t o r y of beneficial uses should be developed 

w i t h a s s u r a n c e t h a t n e w - t o w n p lanne i* h a v e a c c e S 
t o th i s s tore . S o m e Otherwise insuff icient uses become 
i m p o r t a n t bonuses t o p rov ide off -peak t h e r m a l load 
M e l t i n g snow f r o m s t r ee t s a n d s idewalks , for e x a m p l e 
c a n n o t s t a n d alone, b u t m a y c o n t r i b u t e a b o n u s in the 
well -planned a n d op t imized n e w t o w n 

S o m e of t h e o t h e r p o t e n t i a l uses r equ i r e s t e a m , s o m e 
requ i re ho t fluid a t s o m e w h a t enhanced t e m p e r a t u r e , 

2 V ^ r l 0 W - g r a d e t h e r m a l ^ e r g y as normal ly 
d ischarged f r o m a s t e a m electr ic power p l a n t 

Uses of s t e a m for i ndus t r i a l process ing combined 
w i t h power gene ra t ion h a v e been d e m o n s t r a t e d t o bo 
a d v a n t a g e o u s , Sewage dis t i l la t ion w i t h s t e a m f r o m 
t h e energy c e n t e r m a y be m a d e a d v a n t a g e o u s wi th 
p r o p e r p lanning; • 

I f g reenhouses a n d / o r p h y t o t r o n s can b e just i f ied 
m t h e n e w t o w n , a smal l economic b o n u s can be 
o b t a i n e d b y h e a t i n g w i t h low-grade t h e r m a l energy 
f r o m t h e ene rgy cen te r . P r e l i m i n a i y s tud i e s show 
t h a t biological processing of sewage can b e accelera ted 
b y ra i s ing t h e t e m p e r a t u r e u s ing low-grade hea t . 
Ga in s of a f a c t o r of 10 a p p e a r reasonable . T h i s m e a n s 
t h a t fo r a g iven p l an t size, t h e t h r o u g h p u t m i g h t be 
increased b y a. f a c t o r pf 10. 

Future Prospects 
E n t r e p r e n e u r s who u n d e r t a k e t o build new t o w n s 

tor hnanc ia l g a m a r e m o r e o f t e n d i sappo in t ed t h a n suc-
cessful . T o q u o t e M r . J o s e p h Ta rave l l a , p res iden t 
of t h e successful Cora l R i d g e Proper t i e s , " N e w t o w n 
bui ld ing should be a p p r o a c h e d w i t h h u m i l i t y . " T h e 
k e y problems-are , an u n d e r e s t i m a t e of t h e ear ly-s tage 
f inancial i n v e s t m e n t , o r a n o v e r e s t i m a t e of t h e pace 

b o t h a n d h 6 n C e P r 0 f i t p o f c e n f c i a 1 ' o r m o r e typica l ly 

Bui ld ing a new t o w n incorpora t ing t h e energy-cen te r 
concep t discussed will worsen t h e p rob l em of ear ly-
s t a g e i n v e s t m e n t . H o w e v e r , t h e na t iona l needs for 
u r b a n d e v e l o p m e n t a n d na tu ra l - r e source m a n a g e m e n t 
h a v e a l r eady resu l ted in t h e ava i lab i l i ty of federa l pro-
g r a m ass i s tance wh ich can lessen t h e risks t o t h e en t re -
p reneur . I t m a y b e h o p e d t h a t new combina t ions of 
federa l a n d p r i v a t e en te rpr i se soon will p e r m i t new-
t o w n deve lopmen t , inc luding real izat ion of these con-
cep t s discussed. . 
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Part 1—Recent A d v a n c e s a n d T r e n d s 

Here's a survey of changes in the field of ra-
diation thermometry over the past decade. 
Considerable advantage has been derived from • 
operating modern photodetectors in selected 
spectral regions, and extension of the low-tem-
perature l imit by use of infrared radiation. 
Highly accurate automatic versions of dis-
appearing-fi lament optical pyrometers have 
been developed for high-temperature applica-
tions. Criteria for selecting wavelength and 
spectral bandwidth appropriate under various 
circumstances are given with special emphasis 
on effects of atmospheric spectral absorption 
and spectral emissivity. 
GENE D. NUTTER1 

Univers i ty of W i s c o n s i n , M a d i s o n , Wise . 

R A D I A T I O N T H E R M O M E T R Y h a s long p layed a v i t a l ro le 
in industr ia l and l abo ra to ry m e a s u r e m e n t of t e m p e r a -
tures. I t is un ique a m o n g t e m p e r a t u r e - m e a s u r e m e n t 
methods in t h a t d i rec t physical c o n t a c t w i t h t h e o b j e c t 
whose t e m p e r a t u r e is be ing measu red is no t r equ i red . 
At very h igh t e m p e r a t u r e s t he re is no a l t e r n a t i v e 
method, s ince c o n t a c t t h e r m o m e t e r s d e g r a d e too r ap id ly 
to be useful , or t hey s imply mel t o r vapor ize . T h i s 
noncontact charac te r i s t i c is, however , a mixed blessing. 
The physical laws t h a t govern t h e behavior of t h e r m a l l y 
emit ted r ad i a t i on a re n o t a lways in concer t w i t h t h e 
desires of those w h o m u s t use t h e r m a l r ad i a t i on as a 
means of m e a s u r i n g t e m p e r a t u r e , a n d in genera l such 
methods requ i re m o r e knowledge on t h e p a r t of t h e 
user t h a n do t h e m e t h o d s of c o n t a c t t h e r m o m e t r y . 

Radiat ion T e m p e r a t u r e S c a l e 

"Radiation t h e r m o m e t r y is based on t h e concep t of 
blackbody rad ia t ion , i l lus t ra ted in F ig . 1, for which 
spectral r a d i a n c e is an exac t ly k n o w n f u n c t i o n of t h e 

1 Assistant Director, Ins t rumenta t ion Sys tems Center . 
Based on a paper contr ibuted by tho ASM 15 Research Commit tee on 
Temj>eraturo Measurement . Th is survey was based on work sup-
Ported by the Pyrometer Ins t rument Co.. Inc., Northvaie . N . J . 
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abso lu t e t e m p e r a t u r e of t h e b l a c k b o d y a s given b y 
t h e P l a n c k r ad i a t i on func t i on . 

NbX = (V-1 X~\ec^T - I)"' (1) 
w h e r e 

A \ = spec t ra l r a d i a n c e ( r a d i a n t power pe r u n i t 
p ro jec ted t a r g e t a r ea per u n i t solid ang le 
per u n i t w a v e l e n g t h in te rva l ) 

AT"»* = spec t r a l r a d i a n c e of a b l a c k b o d y 
Ci = t h e first r a d i a t i o n c o n s t a n t 
C2 = 0 .01438 m - K , t h e second r ad i a t i on c o n s t a n t 
X = w a v e l e n g t h of e l ec t romagne t i c r ad i a t i on 
T = abso lu t e t e m p e r a t u r e of t h e b l ackbody . 

E q u a t i o n (1) is used to def ine t h e I n t e r n a t i o n a l 
P r a c t i c a l T e m p e r a t u r e Scale ( I P T S ) a t t e m p e r a t u r e s 
a b o v e t h e f reez ing t e m p e r a t u r e of gold. L a t e in 1968, 
t h e I P T S was aga in u p d a t e d [1 ]2 a n d is now des igna ted 
I P T S - 6 8 . A s igni f icant c h a n g e in t e r m s of r a d i a t i o n 
t h e r m o m e t r y w a s t h e new v a l u e assigned t o t h e f reez ing 
t e m p e r a t u r e of gold (1064.43 C ± 0 .2 C) , a b o u t 1.4 C 
h igher t h a n t h e p rev ious va lue . T h e v a l u e assigned 
t o C2 w a s changed f r o m 0.01438 to 0.014388 m - K . If 
C i / \ T » 1, P l a n c k ' s r ad i a t i on law m a y be rep laced 
b y t h e m a t h e m a t i c a l l y s impler a p p r o x i m a t e fo rm k n o w n 
as W i e n ' s l aw: 

Nb\ = Cvr-'A-' (2) 

A l t h o u g h e q u a t i o n (1) is u sed t o def ine t h e I P T S , 
t h e accuracy of e q u a t i o n (2) is a d e q u a t e for m o s t 
ca lcu la t ions in t he ana lys i s of r ad ia t ion t h e r m o m e t r y . 

Since a b o u t t h e t u r n of t h e cen tu ry , r a d i o m e t r y h a s 
been employed as a m o a n s of t e m p e r a t u r e m e a s u r e m e n t , 
a n d u n t i l t h e d e v e l o p m e n t a n d widespread app l i ca t i on 
of m o d e r n p h o t o d e t e c t o r s only t w o genera l c lasses 
of r ad ia t ion t h e r m o m e t e r s h a v e been avai lab le . T h e s e 
h a v e been t h e "d i s appea r ing - f i l amen t op t ica l p y r o m -
e t e r , " or mino r v a r i a t i o n s thereof , a n d t h e so-cal led 
" t o t a l - r a d i a t i o n p y r o m e t e r . " 

D i s a p p e a r i n g - F i i a m e n t Opt i ca l P y r o m e t e r 

T h e d i sappea r ing- f i l amen t opt ical p y r o m e t e r h a d 
reached a s t a t e of essent ia l ly comple te d e v e l o p m e n t by 
a b o u t 1920 [2 J, w i t h prac t ica l ly no s igni f icant c h a n g e 
s ince t h e n . I t measures t h e near ly m o n o c h r o m a t i c 
r a d i a n c e of a h i g h - t e m p e r a t u r e source a n d ind ica tes 
t h e t e m p e r a t u r e of a b l ackbody r a d i a t o r h a v i n g t h e 
s a m e spec t ra l rad iance . 
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Iccause it has been, un t i l r ecen t ly , t h e m o s t a c c u r a t e 
Irumcnt with which t o m e a s u r e h igh t e m p e r a t u r e s , 
has been fully deve loped a n d exhaus t ive ly s t u d i e d , 
us been used t o real ize t h e I n t e r n a t i o n a l P r a c t i c a l 

„.ipcrature Scale a t t e m p e r a t u r e s a b o v e t h e f reez ing 
nperature of gold, a n d i t s p roper t i e s a r e ex tens ive ly 
»rted in t he l i t e r a tu re [3, 4 J. U n f o r t u n a t e l y t h e 
rature has been too l i t t le r ead b y t h e users . Al-
wgh the i n s t r u m e n t will n o t b e e l a b o r a t e d u p o n 
n, a brief descr ip t ion will be he lp fu l t o t h o s e n o t 
miliar with i ts cons t ruc t ion and m o d e of ope ra t i on , 
tell as helpful in p rov id ing a b a c k g r o u n d for w h a t 
follow. 
ihc disappear ing-fdament op t i ca l p y r o m e t e r is es-
itially a low-power t e r res t r i a l te lescope in wh ich a 
igstcn-filament v a c u u m l a m p h a s been p laced m 
focal plane of t h e ob j ec t i ve lens. A red glass 

tr is located be tween t h e l a m p a n d t h e eyepiece, 
k the telescope is s igh ted o n a n o b j e c t or " t a r g e t " 

11 Spectrai radiance of a blackbody as a function of wave-
rçth and temperature. 

3000 K (4941 F) 

2000 K (3141 F) 

1000 K (1341 F), 

900 K (1161 F) 

800 K (981 F) 

whose t e m p e r a t u r e is suff ic ient ly h igh t h a t i t glows 
v i s i b l y — t h e l o w r t c m p e r a t u r e l imi t on t h i s t y p e of py-
r o m e t e r is 700 t o 800 C, d e p e n d i n g on severa l f a c t o r s — 
t h e i m a g e of t h e t a r g e t is f o r m e d in t h e s a m e p l ane 
as t h e l a m p filament. T o t h e observer , v iewing t h r o u g h 
t h e eyepiece a n d red filter, t h e magni f ied i m a g e of t h e 
l a m p filament is seen supe r imposed on t h e image of 
t h e t a r g e t . B y a d j u s t i n g t h e c u r r e n t t h r o u g h t h e 
l a m p filament, t h e l uminance , or b r igh tness , of t h e l a m p 
filament m a y be a d j u s t e d t o m a t c h t h a t of t h e 
t a r g e t . Because t h e i m a g e is nea r ly m o n o c h r o m a t i c 
r ed (nomina l ly 0.65 /¿m), no color d i f ference is seen 
be tween t h e l a m p filament and t h e t a rge t , and t he fila-
m e n t seems to " d i s a p p e a r " a g a i n s t t h e backg round 
of t h e t a r g e t . U n d e r t h e s e condi t ions , t h e p y r o m e t e r 
is said t o be p h o t o m e t r i c a l l y " m a t c h e d . " B y viewing a 
b l a c k b o d y a t va r ious k n o w n t e m p e r a t u r e s [3] t h e py -
r o m e t e r l a m p c u r r e n t can be ca l ib ra ted a s a func t ion of 
b l a c k b o d y t e m p e r a t u r e . F o r t a r g e t t e m p e r a t u r e s above 
1300 or 1400 C a n e u t r a l " g r a y " abso rb ing glass filter 
is p laced be tween t h e p y r o m e t e r l a m p a n d t h e ob jec t ive 
lens. T h i s h a s t h e ef fec t of p rov id ing a h igher range 
for t h e p y r o m e t e r . M o s t such p y r o m e t e r s a r e equ ipped 
w i t h t w o or m o r e such filters to e x t e n d t he i r r ange t o 
a n y desired u p p e r l imi t . 

Tota l -Rad ia t ion P y r o m e t e r 

T h e " i d e a l " t o t a l - r a d i a t i o n p y r o m e t e r would measu re 
t h e r a d i a n c e of a t a rge t , i.e., 

e(X)Nb(\, T)d\ (3) 

w h e r e e(A) is t h e spec t ra l emiss iv i ty of t h e hea t ed sur -
face , a n d will be discussed in m o r e de ta i l in a la te r 
sec t ion. F o r a b l ackbody , w h e r e e = 1, 

Nb = r Nb(\, T)d\ = — T* 
Jo * 

(4) 
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T h e signal S f r o m a to t a l - r ad ia t ion p y r o m e t e r is 
d e p e n d e n t u p o n t h e d i f ference be tween a p p r o x i m a t e l y 
t h e f o u r t h power of t h e abso lu t e t e m p e r a t u r e of t h e 
t a r g e t a n d a p p r o x i m a t e l y t h e fou r th power of t h e 
abso lu t e t e m p e r a t u r e of t he de tec to r . T h u s t h e t yp i ca l 
lower useful l imi t for to ta l - r ad ia t ion p y r o m e t e r s is 
a p p r o x i m a t e l y 100 C, a l though some are used below 
t h a t t e m p e r a t u r e . S u c h i n s t r u m e n t s h a v e been s tud ied 
in g r e a t de ta i l a n d a rc well descr ibed in t h e l i t e r a tu re 
[5, G|. F o r purjxxses of t h e p resen t discussion, it is 

suff ic ient to no te t h a t t h e s ignal d e p e n d s u p o n t he 



radiance of t h e t a r g e t a f t e r it h a s been a t t e n u a t e d b y 
' t m o s p h c r i c t r a n s m i t t a n c e , 3a(X), Fig- V 1 a n d t h e t r a n s -
mi t t ance of t h e opt ica l sys t em, 30(X), a s well a-s modif ied 
bv t he respons iv i ty of t h e t h e r m a l de tec to r , /¿(X). 

I n v i r tua l ly all cases t h e t e r m to t a l - r ad i a t i on p y r o m -
eter is t o a cons iderable e x t e n t a misnomer . E n e r g y 
absorbed b y t h e de t ec to r is conve r t ed to hea t , caus ing 
the absorber t e m p e r a t u r e to rise a b o v e t h a t of i ts su r -
roundings un t i l t h e r a t e of r a d i a n t h e a t i n p u t to t h e 
de tec tor is equa l to t h e r a t e of h e a t loss f r o m t h e de-
tec tor by m e a n s of conduc t ion , convect ion , a n d r a d i a -
tion T h e signal u l t ima te ly d e p e n d s u p o n t h e t e m p e r a -
t u r e of t h e de tec to r , which is the re fo re classified as a 
" t h e r m a l d e t e c t o r . " T h e signal ( a f t e r correct ion for 
the effect of a m b i e n t t e m p e r a t u r e ) will be p ropor t i ona l 
to t h e in tegra l of t h e p r o d u c t of a n u m b e r of t e r m s 
t h a t a rc f u n c t i o n s of wave leng th , i.e., 

S(T) ~ r €(x)Ar 6 (x , :r )3 a (x )3o(x)t f (x)</x (5) 
Jo 

S(T) = erTn (°) 
T h e p r i m a r y app l i ca t ion for such p y r o m e t e r s h a s 

been a t t e m p e r a t u r e s below t h a t to which t h e d isap-
peariug-filament opt ica l p y r o m e t e r was appl icable , or 
where a u t o m a t i c recording or control l ing of t e m p e r a t u r e 
was essential . I n c o m m o n prac t i ce [7, S] t h e va lue of 
€ r and t h e va lue of n a r e d e t e r m i n e d for each i n s t ru -
m e n t a n d each app l i ca t ion in a res t r i c ted t e m p e r a t u r e 
r an -e . Because of i t s ve ry b r o a d spec t ra l b a n d p a s s , 
such a n i n s t r u m e n t c a n n o t be expec ted t o exhib i t a 

» Transmittal»™ varies approximately as an exponential funct ion of 
nath " e n « t h « n d humidi ty, and is substant ial ly greater a t shor ter 
distances! Nevertheless, the dominant absorption bands are very 
much apparent even a t a distance of 1 m. 

Fig. 2 Atmospheric spectra l t r ansmi t t ance a t sea p l over a 0 
percent relative humidity. Adapted f rom Wolfe [22, pp. 252-254] . 

h igh degree of r eproduc ib i l i ty if c i t he r «(X) or 30(X) is 
v a r i a b l e in "some po r t i ons of t h e s p e c t r u m . Va r i a t i ons 
in 3„(X) a rc o rd inar i ly min imized by r educ ing t h e t a r g e t 
d i s t ance as m u c h a s possible. 

New C l a s s of R a d i a t i o n T h e r m o m e t e r s 
I t should be clear t h a t w i th in t h e t w o classes of in-

s t r u m e n t s descr ibed, indus t r i a l and l abo ra to ry appl ica-
t i o n s h a v e n o t h a d access t o r ad i a t i on t h e r m o m e t e r s 
t h a t can measu re t e m p e r a t u r e w i t h reasonab ly high 
accu racy a n d t h a t a r e also capab l e of b o t h m e a s u r i n g 
a n d record ing over m o s t of t h e t e m p e r a t u r e r a n g e im-
p o r t a n t in i ndus t ry . Since t h e a d v e n t of m o d e r n 
pho tode teo to rs , t h a t p i c tu re h a s begun to change , w i t h 
rap id progress h a v i n g been m a d e in t h e p a s t 15 years . 

T h e in i t i a l c h a n g e c a m e p r imar i ly w i t h t h e app l i ca -
t i on of pho tomul t ip l i e r s in place of t h e eye J -11 ] , 
and in a u t o m a t i n g [12, 13] t h e d i s a p p c a n n g - f i l a m c n t 
op t ica l p y r o m e t e r . O n e such i n s t r u m e n t deve loped 
b v t h e aut hor [14 ] is descr ibed in a p rev ious publ ica t ion . 
H i g h resolut ion is a t t a i n e d wi th t h i s i n s t r u m e n t and ¡in 
ind ica t ion of i ts accuracy [15], t oge the r w i t h t h e accu-
racy of rea l iza t ion of t h e I P T S [10], is shown in l a b l e 
1 * 

A b o u t half of t h e u n c e r t a i n t y of t h e a u t o m a t i c op t i ca l 
p y r o m e t e r as ind ica ted in T a b l e 1 is d u e to ins tab i l i ty 
in t h e p y r o m e t e r l a m p [17, IS], and m o s t of t h e r cma in -
4 Based on a preliminary analysis by Lewis and Ko^kowsici [IS]. 
Effective wavelength is determined with an uncer ta inty of 0.2 nm. 
Cal ibrat ion d r i f t rate for a typical pyrometer lam, , « about 0.01 
C / h r b u t may vary substant ia l ly f rom one lamp to another . I lie 
upper pa r t of the table shows the results of a recent i n t e r c o m p a n y 
o s t r ip- lamp calibrations among four national labora ones, as pre-
sented by Lee et al. [10]. Max imum est imated uncertaint ies a t the 
temperatures tabula ted varied among the par t ic ipat ing laboratories. 
T h e range of the es t imated values is given in the table. 
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TASLE la International Comparison of Strip-Lamp Calibrations on IPTS-63 

| Temperature CC) 1064 1100 1200 1300 1400 1500 

C O . 0 9 , 1 2 . 1 1 - 1 5 . 1 2 , 1 7 . 1 6 , 2 0 . 1 9 , 2 2 . 2 2 , 2 5 . 2 5 , 2 9 . 2 9 , 4 3 .54-1 .8 Estimated 
U n c e r t a i n t y 

^^ABLE lb Typical Uncertainty of Initial Calibration of Automatic Optical Pyrometers on IPTS-68 at 
the 95 Pcrcent Confidence Level 

Range R a n g e 1 

T e m p e r a t u r e C O SCO 1 0 6 4 1 2 3 5 

IPTS unce r t a in ty 
. 1 2 .15 (NBS) C O .5 . 1 2 .15 

Pyrometer instabil i ty C O .5 .4 .4 

Transfe r e r ror (°C) .2 .2 . 21 

Maximum e r ro r (°C) 1 .2 .7 .8 

Range 2 Range 3 Range 4 

1.2 1.2 1.6 

" . 3 2 1 .5 2 .4 

1 .3 1 .4 1 .6 

.4 .5 .5 

1.6 2 . 0 3 . 4 4 . 5 5.8 5.7 8.7 

i„g uncertainty is associated wi th t h e IPTS. Quinn 
and Lee (19] have recent ly developed v a c u u m tungs ten-
strip lamps hav ing long- term cal ibrat ion ins tabi l i ty n o | 
greater t h a n 0.1 C / 1 0 0 0 hr , a b o u t a fac tor of a h u n d r e d 
improvement over present ly used pyromete r lamps . 
The extent to which th i s improvemen t can be incor-
porated into pyromete r l amps is y e t to be de te rmined . 

Automatic opt ical py romete r s of t h e t y p e described 
operate a t t h e convent ional wave leng th of 0.65 n m . 
However, t hey can be easily a d a p t e d for use a t a n y 
wavelength t h r o u g h o u t t h e visible, nea r u l t ravio le t , 
and very near inf rared por t ions of t h e spec t rum. 1 he 
choice of 0.65 in t h e foregoing ins tance was predi-
cated on t h e convent ional use of t h a t wavelength for 
purposes of d i sappearmg-f i lament opt ical py romete r s 
(and the availabil i ty of h igh-accuracy cal ibrat ion a t t h a t 
wavelength), wi th t h e consequent l imi ta t ion t h a t i ts 
range of opera t ion is restr ic ted t o rad iance t e m p e r a t u r e s 
above approximate ly 800 C (Fig. 1). However , in an 
earlier paper [12] by t h e au tho r , i t was pointed o u t 
that for lower t empe ra tu r e s ( the t e m p e r a t u r e r a n g e ot 
greatest industr ia l in teres t ) , commercial ly avai lab le de-
tectors opera t ing in t h e infrared could provide subs t an -
tial advantage . A t a b o u t t h e s ame t ime, Reyno lds 
[20] discussed t h e significance of benefi ts t h a t would 
accrue in t e r m s of reducing t h e influence of emissivi ty 
errors a t low t empe ra tu r e s (200 to 500 C) by ope ra t ing 
a radiation t h e r m o m e t e r in t h e near inf rared . I h c 
reason for th is will be developed later in th i s art icle. 

As will be seen, t h e deve lopment of accu ra t e r ad ia t ion 
thermometers ordinari ly depends upon t h e use of a 
narrow spectral bandwid th . T h e deve lopment of high-
quality interference filters [21], typ ica l examples ot 
which are i l lus t ra ted in Fig . 3, is therefore a key f ac to r 
in the evolution of t h e new generat ion of rat i lat ion the r -
mometers. T h i s h a s t aken place concurrent ly wi th t h e 
development of sol id-s tate electronics and of a wide 
range of pho tode tec to rs [22] su i tab le for use m var ious 

Fig 3 Typical examples of commercially available interference 
filters. Adapted from Wolfe [22, pp. 299-306]. 
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Fig. 4 I n f r a red d e t e c t o r s o f spec ia l i n t e r e s t i n rad¿t¡on t h e r -
mometry Hg-Cd-Te curve courtesy of Honeywell, Inc. Pyroelectnc-
d e t e c t o r c u f v e c o u r t e s y o f Barnes Eng inee r i ng Co. O the r c u r v e s 
adapted f r o m W o l f e [ 2 2 , pp . 473-499J . 

por t ions of t h e i n f r a r e d s p e c t r u m . T y p i c a l e x a m p l e s 
of p h o t o d c t c c t o r s of i n t e r e s t in i n f r a r e d - r a d i a t i o n t h c r -
mo ine t rv a r c s h o w n in F i g . 4. 

I n f r a r e d - r a d i a t i o n t h e r m o m e t e r s m e a s u r i n g lower 
t e m p e r a t u r e s , b u t w i t h p e r f o r m a n c e capab i l i t i e s o t h e r -
wise s imi la r t o t h o s e of a u t o m a t i c op t i ca l p y r o m e t e r s , 
are t echnolog ica l ly feasible . H o w e v e r , e v e n t h e s im-
plest op t i ca l c o m p o n e n t s m a d e of i n f r a r e d - t r a n s m i t t i n g 
m a t e r i a l s s u i t a b l e for such use, s o m e of t h e m o r e com-
mon of wh ich a r e i l l u s t r a t e d in F ig . 5, a r e r e l a t i ve ly ex-
pensive . T h e i r cos t r e p r e s e n t s a s ign i f ican t i m p e d i -
m e n t t o t h e d e v e l o p m e n t of s u c h i n s t r u m e n t s o n a 
commerc ia l ly ava i l ab l e b a s i s a t a n economica l ly a t t r a c -
t ive pr ice . A c o m p a r i s o n of t h e cos t of i n f r a r e d o p t i -
cal s y s t e m s m a d e of t h e v a r i o u s a v a i l a b l e m a t e r i a l s ai d 
h a v i n g c o m p a r a b l e p e r f o r m a n c e a t se lec ted w a v e l e n g t h s 
is unwie ldy , a t bes t . Y e t a r o u g h e s t i m a t e c a n b e 
m a d e b y c o m p a r i n g t h e cos t of commerc i a l l y a v a i l a b l e 
w indows—25 m m d i a m e t e r b y 6 m m th ick w i t h good-
op t i ca l -qua l i tv s u r f a c e s — w i t h t h e cos t of s imi la r win-
dows m a d e c - g p c ^ n a l i t y op t i ca l glass. T h e r a t i o s 
appea r in p a r e n t h e s e s in F ig . 5. ( N o a t t e m p t w a s 

Fig. 5 Spec t ra l t r a n s m i t t a n c e o f i n f r a red o p t i c a l m a t e n a i s n o m -
inal ly 2 m m t h i c k , t h a t are o f p rac t . ca l i n t e res t t o m f r a r e d - r a d ^ 
t ion t h e r m o m e t r y . A g r o u p of i n f r a r e d - t r a n s m . t t . n g g. j s s e s vnot 
shown here) has a l so been deve loped ; t h e i r t r a n s m . s ^ o r c u r v e s 
typ ica l l y l ie be tween those of f used s i l i ca a n d sapph i re^ Ap-
prox imate cos t re la t i ve t o op t i ca l - qua l i t y g lass is i n d i c a t e d i n 
parenthes ies . 

ARSENIC TRISULFIDE (10-20) 

.MAGNESIUM FLUORIDE (10-40) 

CALCIUM FLUORIDE 
(20-50) 

m a d e t o inc lude a compar i son of t h e cos t of a m i r r o r 
op t i ca l s y s t e m . ) T h i s a c c o u n t s in l a rge m e a s u r e for 
t h e r e l a t i ve ly s imp le op t i ca l s y s t e m s p r e s e n t l y e m -
p loyed in m o s t i n f r a r e d - r a d i a t i o n t h e r m o m e t e r s , w i t h 
t h e c o r r e s p o n d i n g p e n a l t y in t e r m s of a c c u r a c y , size-of-
s o u r c e e f f ec t [14), a n d long- t e rm r e p e a t a b i l i t y r e l a t i v e 
t o t h a t of a u t o m a t i c op t i ca l p y r o m e t e r s . 

I t is s t i l l n o t poss ib le t o des ign a g e n e r a l - p u r p o s e 
r a d i a t i o n t h e r m o m e t e r t h a t will " s o l v e al l of t h e p r o b -
l e m s , " a n d t h e r e a r e stil l p r o b l e m s fo r w h i c h no solu-
t i o n h a s y e t a p p e a r e d . H o w e v e r , l a rge n u m b e r s of 
p rev ious ly i n t r a c t a b l e p r o b l e m s h a v e a l r e a d y y ie lded , 
in w h o l e or in la rge p a r t , t o t h e n e w des igns , a n d m o r e 
p rog re s s is t o b e expec t ed . I t s h o u l d b e p o i n t e d o u t 
t h a t t h e n e w i n s t r u m e n t s h a v e t h e i r s h o r t c o m i n g s ; 
n o t all of t h e m l ive u p t o t h e i r expec t a t i ons , a s i t u a t i o n 
t h a t is n o t su rp r i s i ng in a n y n e w t e c h n o l o g y . 

O n e p o t e n t i a l p r o b l e m a r e a lies in o v e r d e p e n d e n c e 
u p o n t h e r e p e a t a b i l i t y of t h e spec t r a l r e s p o n s i v i t y of 

•de t ec to r s . A c o m m o n p rac t i ce is t o a s s u m e t h a t t h e 
on ly s ign i f ican t f a c t o r a f f e c t i n g t h e r e p r o d u c i b i l i t y of 
t h e d e t e c t o r s p e c t r a l r e spons iv i ty is t h e d e t e c t o r t e m -
p e r a t u r e , in w h i c h case r egu l a t i on of t h e d e t e c t o r a m b i -
e n t t e m p e r a t u r e wou ld se rve t o m a i n t a i n i ts c a l i b r a t i o n 
inde f in i t e ly . T h e c o n s t r a i n t s t h a t a p p l y t o t h i s as-
s u m p t i o n a r e in need of c lar i f ica t ion . A n o t h e r signifi-
c a n t p r o b l e m lies in t h e i n a d e q u a t e a t t e n t i o n b e i n g 
g iven b y i n f r a r e d - r a d i a t i o n - t h c r m o m e t e r des igne r s t o 
r e d u c i n g t h e s ize-of-source e f fec t [14], wh ich can lead 
t o v e r y l a rge e r ro r s in t e m p e r a t u r e m e a s u r e m e n t . 
M i s a p p l i c a t i o n of m e a s u r e m e n t t e c h n i q u e is also a 
s ign i f ican t p r o b l e m , especial ly w h e r e b r o a d s p e c t r a l 
b a n d p a s s a n d low t a r g e t t e m p e r a t u r e s a r e i n v o l v e d . 

I n f l u e n c e of R a d i a t i o n Laws in S e l e c t i o n a n d A p p l i c a t i o n 

W h i l e m i s a p p l i c a t i o n h a s b e e n a ser ious a n d ch ron ic 
p r o b l e m in t h e field of r a d i a t i o n t h e r m o m e t r y fo r m a n y 
y e a r s t h e o p p o r t u n i t y for m i s a p p l i c a t i o n h a s n e v e r been 
g r e a t e r t h a n a t p r e s e n t , w i t h so m a n y n e w possibi l i t ies 
[23-26] f r o m w h i c h a choice m u s t b e m a d e . I t is 
t h e r e f o r e a p p r o p r i a t e t o e x a m i n e s o m e of t h e u n d e r l y i n g 
bas ic p h y s i c s of r a d i a t i o n t h e r m o m e t r y , t o g e t h e r w i t h 
pert t cha rac t e r i s t i c s of m a t e r i a l s a n d c o m p o n e n t s 
a v a . »Me ' o t he i n s t r u m e n t des igner . 

f h- i is t y p i c a l l y c o n f r o n t e d w i t h a n app l i ca t ion 
in v ieh h e t e m p e r a t u r e , t a r g e t m a t e r i a l , t a r g e t size, 
an i »ossibly t h e r e sponse t i m e a r e a l r e a d y p resc r ibed , 
a s v " t he a t m o s p h e r e l y ing b e t w e e n t h e r a d i a t i o 
t . o m e t e r a n d t h e t a r g e t . T h e m o s t f p . • 

tit t o se lec t first a r e u sua l ly wav h a t . 
' p e c t i a i u i i i w i d t h . T h e r e a s o n fo r t h i s is 
be low . .. 

Emissivity Effects. T h e g r e a t e s t s ingle p rob lem m rad ia -
t i on t h e r m o m e t r y is t h a t n o rea l m a t e r i a l r a d i a t e s a s a 
b l a c k b o d - . W h e r e a s a b l a c k b o d : a! o rbs all radi : . -
t i on inc id t t on i t , a r ea l b o d y wi1 ' -< A o«n , a b s o r b 
some , a n d , if i t s d i m e n s i o n s a r e . e n o u g h 
t r a n s m i t some. T h i s is s t a t e d i n a u c a u y by l . ic 
express i " 

P* n * 

^ h e r e 
P x = t h e f r a c t i o n o. i-ic.ui >t s p 

t h a t is re f lec ted 

J ) 

' r a l r a d i a t i o n 



a x = (ho f rac t ion of inc ident spec t ra l r ad i a t i on 
t h a t i* abso rbed 

^ _ 11,„ f rac t ion of incident, spcc t ra l r ad ia t ion t h a t 
is t r a n s m i t t e d . 

Kirchhoff's law tells us t h a t for t h e r m o d y n a m i c equ i -
librium to be possible 

a x = €X (8) 

which, when s u b s t i t u t e d in to e q u a t i o n (7), g ives 

Px + €X + 3x = 1 ( 9 ) 

Unless specifically s t a t e d otherwise , t h e r e m a i n d e r 
of this paper will deal w i t h t h e case w h e r e 3X = 0, i.e., 
opaque solids a n d l iquids. T h e t e m p e r a t u r e of i n t e r e s t 
will be a s sumed to be u n i f o r m f r o m t h e s u r f a c e t o a 
depth a t least suf f ic ien t to a s su re t o t a l a b s o r p t i o n . 
(This is no t strict ly val id . A t least a smal l t e m p e r a t u r e 
gradient normal t o t h e su r f ace exis ts when t h e r e is a 
net flow of r ad i a t i on f rom the sur face . ) 

In the in ter ior of an o p a q u e b o d y , a p h o t o n " s e e s " 
itself as s u r r o u n d e d b y a pe r f ec t abso rbe r , i.e., a p h o t o n 
will be abso rbed before i t can go v e r y f a r . H e n c e , 
blackbody cond i t ions p reva i l (27] a n d t h e b o d y b e h a v e s 
as if it were filled wi th b l a c k b o d y r ad i a t i on . V e r y 
near the b o u n d a r y , 3X c a n n o t be a s sumed t o b e zero ; 
however, whi le t h e reason is no t i m m e d i a t e l y obv ious , 
radiation a r r iv ing a t t h e su r f ace is, in f ac t , b l a c k b o d y 
radiation cha rac te r i s t i c of t h e in ter ior of t h e b o d y , ne-
glecting t he smal l t e m p e r a t u r e g r ad i en t men t ioned above . 
A fract ion px of t h e r ad i a t i on is in t e rna l ly re f lec ted 
[28] and t h e r e m a i n i n g f r a c t i o n ex is e m i t t e d , i.e., 

fx + Px = 1 (10) 

Ns = <xAT»x(X. T) = X, Tr) (11) 

where T, is d e n n e d to be t h e " spec t r a l - r ad i ance t e m -
perature" a t w a v e l e n g t h X. 

Selection of Optimum Wavelength. S i n c e t h e p y r o m e t e r 
measures Nx r a t h e r t h a n NbX} i t will i nd i ca t e a spec t r a l -
radiance t e m p e r a t u r e T, lower t h a n t h e t e m p e r a t u r e T 
by an a m o u n t A T, s u c h t h a t 

1 1 X . (12) 

Assuming W i e n ' s l aw to hold , i t fol lows t h a t for m o d -
erately smal l va lues of A71 

XT7*. 
AT ~ — — In ex 

Ca 
(13) 

from which t he effects of wave leng th , t e m p e r a t u r e , a n d 
enjissivity on t h e t e m p e r a t u r e correc t ion a r e clearly 
evident. 

I t is useful for several purposes t o express t h e f u n c t i o n 
in equat ion (11) as a power of T 

tfx = €Xtf6X(X, T) = €x aoT" 

w h e r e cr0 is an a r b i t r a r y cons tan t . 
W h e r e W i e n ' s law appl ies 

C2 n = 
XT 

( 1 4 ) 

( 1 5 ) 

T h e inf luence of *x on T m a y be ob ta ined f rom equa -
t ion (14) b y d i f f e ren t i a t ion : 

dT 
T n €X 

(16) 

While t he m a n n e r of o b t a i n i n g e q u a t i o n (10) is di f fer-
ent t han is usual ly employed , t h i s s o m e w h a t m e c h a -
nistic a p p r o a c h clarifies t h e re la t ionship be tween b lack -
body rad ia t ion , spcc t ra l emiss iv i ty , and spec t ra l reflec-
tance. 

By t he a r g u m e n t p reced ing e q u a t i o n (10), i t can b e 
seen t h a t t h e spec t ra l r ad iance of a real m a t e r i a l ( n o n -
blackbody) a t t e m p e r a t u r e T can be expressed for 
perfectly m o n o c h r o m a t i c r a d i a t i o n as 

F r o m e q u a t i o n (1G), to min imize t h e unce r t a in ty in 
T, i t is necessary t o min imize t h e abso lu te va lue of (1 /n ) 
0 ' W e x ) . 1» t h e absence of de ta i led knowledge of ex, 
i t is clearly des i rab le to h a v e n a s large as possible, which 
requ i res XT to be as smal l a s possible. Since. T h a s 
a l r e ady been p re sumed to be prescr ibed, i t r ema ins to 
choose X as smal l ;is possible. 

U n d e r s o m e c i rcumstances , <fcx/cx may be known to 
be so smal l a t s o m e longer wave l eng th as to over r ide t he 
ef fec t of 1 / n . T h e r e a r c en t i re classes of mater ia ls , such 
as ce r ta in commonly used t y p e s of p las t ics [22, p. 325], 
t h a t exhib i t charac te r i s t ica l ly h igh absorp t ion , and con-
sequen t ly high emiss iv i ty , in cer ta in spec t ra l regions. 
T h i s p rov ides a bas is for select ion of cer ta in wave leng ths 
for c o m m o n use in r ad ia t ion t h e r m o m e t r y and is dis-
cussed by D e W i t t and I le rn icz [29]. 

In t h e case of a t m o s p h e r i c t r a n s m i t t a n c e , t he a rgu-
m e n t is exac t ly ana logous to t h a t for emissivi ty , and 
3X r ep laced cx in e q u a t i o n (16). E x c e p t u n d e r special 
c i r cums tances t h e n , a t m o s p h e r i c effects a re also mini-
mized b y keep ing X as smal l as possible. T h e presence 
of a t m o s p h e r i c " w i n d o w s " a n d a b s o r p t i o n b a n d s gives 
ve ry p ronounced effects in t h e i n f r a r e d , F ig . 2. 

Influence of Spectral Bandwidth. W i t h t h e e x c e p t i o n of 
t h e discussion of t h e t o t a l - r ad i a t i on py romete r , t h e 
foregoing ana lys i s h a s m a d e t h e s impl i fy ing assumpt ion 
t h a t ideal ly m o n o c h r o m a t i c r ad ia t ion is being used. 
I n a n y r ad i a t i on t h e r m o m e t e r , however , t h e r ad i an t 
power received by t h e de t ec to r is d e p e n d e n t upon t h e 
spec t ra l b a n d w i d t h . F o r exac t ly m o n o c h r o m a t i c radi-
a t ion , t h e spec t ra l b a n d w i d t h is zero and t h e de tec tor 
would receive no rad ia t ion . F o r ve ry na r row spec ral 
b a n d w i d t h , t h e r a d i a n t power received by t h e devector 
is p ropor t iona l to t h e spcc t ra l b a n d w i d t h ; in general, the 
wider t h e spec t ra l b a n d w i d t h , t h e grea te r t h e a m o u n t of 
r a d i a n t power ava i l ab le to t h e de tec to r . 

A mode ra t e ly h igh r a d i a n t - p o w e r i n p u t to t he detec-
to r is general ly des i rab le t o m a i n t a i n a high signal- to-
noise ra t io f r o m t h e de t ec to r . T h i s pe rmi t s t h e resolu-
t ion of smal l t e m p e r a t u r e differences, opera t ion a t 
lower t a r g e t t e m p e r a t u r e s , a n d f a s t e r response. I t can 
b e accompl i shed by us ing a wide spec t ra l b a n d w i d t h , a 
v e r y c o m m o n pract ice , especially in t he m a n u f a c t u r e 
of inexpens ive rad ia t ion t h e r m o m e t e r s . However , the 
use of a w ide spec t ra l b a n d w i d t h t e n d s t o deg rade t h e 
accuracy a n d r epea t ab i l i t y of rad ia t ion t h e r m o m e t e r s , 
a n d should be u n d e r t a k e n wi th d u e cau t ion . 

F o r l inear de t ec to r s (in which t he signal output , is 
d i rec t ly p ropor t iona l t o t h e r a d i a n t signal inpu t ) ol 
t h e t y p e s ordinar i ly used in rad ia t ion the rmomete r s , 
t h e s ignal gene ra ted b y t h e de t ec to r is descr ibed as in 
e q u a t i o n (5) 



S(T) = i U «(X)3fl(X)tf>(X, r)3„(X)tf(X)dX (17) 

where ft is t h e solid angle of t a rge t rad ia t ion reccivod a t 
the de tec to r and A is t h e de tec tor area . 3<,(X) It (X) 
is zero for all values of X except those in t h e passband 
between X, and X2, so t h e upper and lower l imits of t h e 
integral m a y be replaced by X2 and X,, respect ively . I n 
in terpre t ing t h e de tec to r response, i t m u s t be. recalled 
that t he signal S(T) is originally ca l ibra ted wi th refer-
ence to a b lackbody for which t h e t e m p e r a t u r e is as-
sumed to be known over the range of interes t , u n d e r 
condit ions in which «(X) and 3a(X) a re taken t o be un i ty . 
When the radia t ion t h e r m o m e t e r is used to measure t h e 

. t empera tu re T of a hea ted sur face hav ing a spcc t ra l 
emissivity «(X) th rough a n a tmosphere hav ing a spec-
tral t r a n s m i t t a n c e 3a(X), i t will respond w i t h a signal 
S(T,) as if i t were sighted on a b lackbody a t a lower 
spectra l - radiance t e m p e r a t u r e Tr in the absence of t h e 
per turb ing a tmosphere , i.e., 

S(Tr) = OA f ' i m i X W X , T)30(X)ii(X)dX (18) 
J x i 

=nA r m ^ m ^ (19) 
Jx , 

T h e theory of nar row-spec t ra l -bandwidth opt ica l 
py rome t ry is fully developed, as discussed by Kost -
kowski and Lee |3], t e rms of the mem« effect ive wave-
length Xr(7\ Tr) on the assumpt ion t h a t a t least the 
relative va lue of t h e p roduc t <(X) 3„(X) is known. (In 
optical py rome t ry 3a(X) is usual ly a ssumed to be uni ty . ) 
T h e mean effect ive wavelength is defined t o be t h a t 
wavelength (or those wavelengths) for which t h e inte-
grands in equa t ions (18) and (19) have the s ame value . 
Since t h e in tegrands may be renrioved f rom t h e in tegra l 
and equa ted a t Xi( i t follows t h a t 

e(\e)\(K)Nb(\e, T) = Nb(\e, Tr) (20) 

Assuming t h e applicabil i ty of Wien ' s law, equa t ion (2) 
may be subs t i tu ted in to equa t ion (20) to give 

A . = " K*e)3a(X,)] • (21) 

To de te rmine the t e m p e r a t u r e *OTT Vne measured 
spect ra l - radiance t e m p e r a t u r e Tr, i t is seen f r o m equa-
t i o n (21) to be necessary t o know t h e va lue of K, as well 
as t h e va lue of e(K)3a(K)- F r o m equa t ions (18) and 
(19) and the defini t ion of mean effective wavelength , 
it is clear tha t the va lue (or values) of Xe depends on 
t h e funct ional form of €(X)3„(X), a s well as on the two 
t empe ra tu r e s T and Tr. T h e funct ional form of e(X) 
3„(X) is s t rongly affected by a tmospher ic absorp t ion 
in the infrared and may vary great ly as a func t ion of 
wavelength , bo th wi th absolu te humid i ty a n d wi th 
d is tance between t h e radia t ion t h e r m o m e t e r and the. 
target . For t h e mean effective wavelength t o be well 
defined it is necessary c i ther to res t r ic t t h e spec t ra l 
band to one of the " w i n d o w s " in the a tmosphere , Fig. 2, 
where the t ransmission is ve ry nearly un i ty and is 
independen t of wavelength , or t o use a sufficiently small 
d is tance t h a t a tmospher i c absorp t ion can be assured t o 
be negligible. T h i s assures t h a t t h e measured spect ra l -
radiance t e m p e r a t u r e will be a func t ion only of proper-
t ies of t h e ta rge t , e(X) and T, and n o t of t h e a tmosphere . 

m 
E q u a t i o n (21) is n o t o f t en used in its exact fo rm in 

common appl icat ions, even when t h e spect ra l emissiv-
i ty is known, since t o do so would requ i re a tedious 
numerica l in tegra t ion of equa t ions (18) and (19). I t is 
common prac t ice to de te rmine Xe only for t h e case in 
which t h e t a rge t is a b lackbody, since th is can bo done 
by t h e m a n u f a c t u r e r and is usual ly val id for t h e life 
of t h e i n s t rumen t . T h a t va lue of X£ is t hen used in 
equa t ion (21), toge ther wi th t h e spectral emissivi ty a t 
the s ame wavelength . B o t h Xe and t ( \ t ) a re then a p -
prox imate values t h a t approach thei r t r u e va lues a s 
t h e spectral b a n d w i d t h becomes nar row. For a broad 
bandpass , t h e approx imat ion m a y bo so poor a s to 
become essentially meaningless; one t h e n ordinar i ly 
resorts to an empirical cal ibrat ion such as is done wi th 
to ta l - rad ia t ion pyrometers , equa t ion (0). 

I t is to be concluded t h a t t h e spectral b a n d w i d t h 
should be k e p t as na r row as t h e avai lable r a d i a n t en-
ergy permi ts , a n d care should be exercised to avoid 
spectral regions likely to be influenced by a tmospher ic 
absorp t ion . Similarly, a spectral region in which t h e 
spect ra l emissivi ty t ends t o be high and cons tan t , both 
as a funct ion of t ime and of wave length , is t o be pre-
ferred. 

Combinations of Atmospheric Windows and Detectors Suitable for 
Common Use. An examina t ion of Fig. 2 reveals a g roup 
of " w i n d o w s " in the a tmosphere , i.e., spectral regions 
in which t h e atmosphere, is highly t ransparent , under 
o rd inary condit ions. One such window exists th rough-
o u t t h e visible spec t rum, whore photomul l ip l iors a re 
generally appl icable . One near 1 urn is convenient ly 
located with respect t o t h e op t imum response region for 
silicon detectors . Another , which s o m e w h a t surpris-
ingly does n o t seem to have found much appl ica t ion as 
yet , is in the neighborhood of l.G nm, where intrinsic 
photoconduc t ion in ge rman ium is very good. A fou r th 
and especially s ignif icant region is f rom a b o u t 2.0 t o 
a b o u t 2.4 A»m, where lead sulfide is nea r o p t i m u m . A 
f i f th region is f rom 3.4 to 4.2 n m in which a. filtered in-
d ium arsenide, lead selenide, or m e r c u r y - c a d m i u m -
tclluride de tec to r could be used. A region f rom a b o u t 
9.5 to a b o u t 11.0 pm is especially t r anspa ren t , and 
can be used wi th a filtered t he rma l detec tor . T h e r e 
are var ious o ther nar row windows t h a t can be employed 
for special applicat ions, since it is possible to use optical 
filters of nar row spectral bandwid th . S t rong absorj>-
t ion b a n d s due t o water vapor and carbon dioxide pre-
clude use a",most entirely from 2.0 to 2.8 /»m, f rom 4.2 
to about, 4.4 /im, and especially f rom 5.5 t o abou t 
7.3 f im, unless special precaut ions a re t aken to remove 
these gases. 

Subsurface Temperature Measurement in Partially Transparent 
Media. I t was assumed, in going from equation (9) to 
(10), tha t the material whose temperature is to be 
measured would be taken to be sufficiently thick that 
it could be treated as opaque. For good electrical 
conductors such as metals, only a very small depth is 
required to achieve this condition. For a partially 
transparent medium exhibiting selective absorption 
(such as glass or plastic), however, the requisite depth 
to achieve essentially total absorption varies with wave-
length. By careful selection of wavelength, it is possi-
ble to infer the temperature of the material a t depths 
t ha t are a function of the selected wavelength. The 



pftthlem is m a d e s igni f icant ly m o r e compl ica ted by t h e 
presence of t e m p e r a t u r e g r a d i e n t s and s c a t t e r i n g cha r -
acteristics wi th in t he ma te r i a l . T h e theore t ica l t r e a t -
ment of t he problem was in i t ia ted by M e M a h o n [:i0] 
:,ri«l Gardon a n d a s u m m a r y of t h e historical de-
v . • :".t prese: ; : s t a t u s o'J of t h e theory was 
recently given by I V W i t t a n d l lornie. : ;>i>}. 

D e t e c t o r Stability. W a r n k e ("Jo] has m a d e a q u a l i t a t i v e 
comparison of t he su i t ab i l i ty of va r ious d e t e c t o r s for 
puliation t h e r m o m e t r y in t e rms of the i r s t ab i l i ty . Sili-
con was t he only otic s t a t e d to be su i tab le for use in t h e 
(|-c mode (o ther t h a n t he rma l de tec to rs , for which t h e 
response t ime is genera l ly inconven ien t ly long for 
chopping), and it requi red compensa t i on for a m b i e n t -
teniperature va r i a t ions . T h e o t h e r d e t e c t o r s all h a d 
to he operated in t he a -c m o d e us ing c h o p p e d r ad i a t i on 
input to avoid d -c d r i f t p roblems, a n d all r equ i red com-
pensation for a m b i e n t - t e m p e r a t u r e va r i a t ions . Lead 
sulfide was descr ibed as being so unstable, t h a t it shou ld 
not be used without, a qu i ck and conven i en t m e a n s of 
calibration such as a bui l t - in l a m p or b l ackbody source . 

Warnke's appra i sa l w a s unde r t he a s s u m p t i o n t h a t 
the detector itself would be ca l ib ra ted , a n d did n o t 
.apply to t h e d e t e c t o r s w h e n used a s null de t ec to r s . 
When used as null de tec to r s , t he key f ac to r s a r e t h e 
detectivity and the response t i m e . W i t h respec t t o 
response t ime, all of t h e " q u a n t u m " d e t e c t o r s a r e v e r y 
fast, ranging f rom less t h a n a microsccond for I n S b to 
about a millisecond for PbS . " T h e r m a l " de tec tors , in-
cluding the rmis to r bo lomete r s a n d thermopi les , h a v e 
response t imes general ly of t he order of a few millisec-
onds to a second or more . 

Values of Spectral de t ec t iv i ty D*\ fo r va r ious in f ra red 
detectors cu r ren t ly of in t e re s t to in f r a red - rad ia t ion 
thermometry a r e shown in Fig. 4. Only d e t e c t o r s 
suitable for ope ra t ion a t room t e m p e r a t u r e , i.e., w i t h 
the detector itself a t r o o m t e m p e r a t u r e , a r e shown, b u t 
only because t h e expense a n d inconvenience of appl ica-
tion of cryogenically cooled de t ec to r s has, to d a t e , pre-
cluded their widespread use in r ad ia t ion t h e r m o m e t r y . 
Ii appears highly likely t h a t app l i ca t ions will deve lop 
where the add i t iona l expense a n d inconvenience a r e 
justified, and it is p robab ly only a m a t t e r of t ime before 
cryogenically cooled d e t e c t o r s a re op t iona l ly ava i l ab le 
for a variety of r ad i a t i on t h e r m o m e t e r s . 

Values of D* x a re no t shown in F ig . 4 for d e t e c t o r s 
operv -r in t he visible and u l t rav io le t s p e c t r u m , where 
photomultipui r t u b e s a re mos t commonly used. P h o t o -
multipliers h a v e spec t ra l de tec t iv i t ies typ ica l ly a b o u t 
AO orders of magnitude, h igher t h a n t h e h ighes t s h o w n 

111 Fig. 4. T h e y m a y be used to cons iderab le a d v a n -
c e for h i g h - t e m p e r a t u r e t a rge t s , where suff ic ient 
radiant power is ava i l ab le t o p e r m i t use of a sho r t e r 
wavelength. A b o v e a b o u t 1000 C , p h o t o m u l t i p l i e r s 
•re likely to be a b e t t e r choice t h a n in f ra red de tec to r s . 
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In recent years, environmental mangement has 
been a popular business for actual and con-
templated diversification. But there are a 
number of problem areas confronting prospec-
tive new entrants into this growing market . 
Here's a t imely look at the existing dangers 
as well as the opportunities that they will face. 

t e r r y w . r o t h e r m e l 
Arthur D. Little, Inc. , C a m b r i d g e , M a s s . 

BY NOW c o m p a n i e s w h i c h h a v e e n t e r e d t h e e n v i r o n -
mental m a n a g e m e n t bus iness a n d m o s t of t h o s e w h i c h 

w a t c h e d i t w i t h i n t e r e s t h a v e d i scove red t h a t i t s 
i >• i'.ihjv* a n d g r o w t h h a v e n o t b e e n e q u a l t o t h e 
promises impl ic i t in i t s press . C e r t a i n l y , t h e n a t i o n a l 
¡dilution p r o b l e m h a s n o t been b r o u g h t u n d e r c o n t r o l 
w y e t , a n d i t is n o t go ing t o be so lved v e r y qu i ck ly in 

future . O n t h e o t h e r h a n d , i t is j u s t a s c e r t a i n 
'hat social conce rn f o r a b e t t e r e n v i r o n m e n t is n o t 
"ung to d i s s ipa t e l ike l as t y e a r ' s f ad . T h e r e m a y b e 
{(>ni|)orary lapses in t h e p r e s su re fo r t h e a b a t e m e n t of 
Pollution. T h e r e m a y be pe r iods of r e a c t i o n b e c a u s e 
°f heavy cos t s a n d sacr i f ices r e q u i r e d t o fulf i l l e n v i r o n -
mental p rograms , b u t t h e e m p h a s i s shou ld r e t u r n a s in a 

r'es of h e a r t b e a t s a n d c o n t i n u e un t i l t h e s i t u a t i o n is 
'"»ally unde r con t ro l . 

Meanwhile, s o m e c o m m o n d a n g e r s h a v e b e c o m e 
aPparent fo r t h e e n t r a n t i n t o t h e po l lu t ion con t ro l 
• ^ k e t . D i r ec t i ons fo r m o r e p ro f i t ab l e p a r t i c i p a t i o n 
a r e also becoming c lear . P i t f a l l s a n d o p p o r t u n i t i e s in 
N* areas of a c t i v i t y a r e d i scussed h e r e a n d s u m m a r i z e d 
" Table 1. 

B»*xl a paper contributed by the ASME Management Division. 

Where Are the Pitfalls. . . 
. . . in t h e N a t u r e of Control P rob l ems? 

Defining Pollution. W e a r e st i l l s ea rch ing for a b e t t e r 
d e f i n i t i o n of po l lu t ion a n d for a b e t t e r process of i den -
t i f y i n g specif ic p o l l u t a n t s . E v e n if a general de f in i t ion 
of po l lu t ion w e r e a d o p t e d , t h e a c t u a l i den t i f i ca t ion of 
p o l l u t a n t s would sti l l be i nh ib i t ed by o u r ab i l i ty , or in-
ab i l i t y , t o sc ient i f ica l ly u n d e r s t a n d the i r fu l l e f f ec t s o r 
t o p r o v e t h e i r n e g a t i v e i m p a c t . 

Changing Standards and Criteria. M a r k e t s in e n v i r o n -
m e n t a l m a n a g e m e n t will n o t t r u l y blossom unt i l t h e 
p o l l u t i o n l a w s t h a t a r e n o w on t h e b o o k s a t leas t begin 
t o b e c o m e e n f o r c e d . E n f o r c e m e n t , on t h e o t h e r h a n d , 
r e q u i r e s t h a t suf f ic ien t c r i t e r i a a n d s t a n d a r d s by w h i c h 
t o m e a s u r e , j u d g e , m a n a g e , a n d cont ro l pol lu t ion b e 
e s t ab l i shed . C u s t o m e r s fo r po l lu t ion contro l s y s t e m s 
will b e h e s i t a n t to p u r c h a s e p r o p e r e q u i p m e n t un t i l 
t h e s t a n d a r d s of e n f o r c e m e n t a r e k n o w n . T h o s e s t a n -
d a r d s a r e d i f f i cu l t t o e s t ab l i sh unt i l t he r e a r e b e t t e r 
c r i t e r i a by w h i c h t o m e a s u r e po l lu t ion cont ro l o r def ine a 
de s i r ab l e e n v i r o n m e n t . T h e s e c r i t e r ia , in t u r n , c a n n o t 
be f u r ' d e v e l o p e d unt i l rea l i s t ic pr ior i t ies a r e p laced 
u p o n h e a l t h , c o n s e r v a t i o n , economics , a n d aes the t i c s . 
F i n a l l y , t he se c r i t e r i a cann> t be c lear ly def ined u n t i l 
f u r t h e r r e sea rch ha ou t l ined t h e n a t u r e of c o n t a m i n a n t s , 
t h e m e a n s b y w h i c h t o m e a s u r e t h e m , a n d t h e t ech-
n i q u e s by w h i c h t o con t ro l t h e m . 

. . . in Commerc ia l i z ing t he P roduc t? 

The Hi me-Grown Pro fuct. A n a t u r a l p h e n o m e n o n of t h e 
evo lv ing po l lu t ion con t ro l bus iness h a s been t h e d e -
v e l o p m e n t of n e w p r o d u c t a n d p r o c e d u r e s by m a n u -
f a c t u r i n g c o m p a n i e s t o í o lve ' he i r o w n po l lu t ion p r o b -
l e m s . T h e d a i ge r point in t h i s n a t u r a l c o r p o r a t e p r o -
cess -1 >" . í o t lie in a s s i g n m e n t of t he se p r o b l e m s t o 
i n t e r n a l e n g i n e e r i n g s ta f f s , because t h e y a r e o f t e n t h e 
o n e s w h o a r e in t h e b e s t pos i t ion t o ¡íolve t h o s e p r o b l e m s . 
T h e d a n g e r , however , lies in o v e r e s t i m a t i n g t h e com-
p e t i t i v e capab i l i t i e s of t h e s y s t e m t h a t h a s b e e n d e -
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vcloped, t h e genera l i ty of i t s app l ica t ion , a n d t h e ease 
wi th wh ich the, sy s t em could bo sold t o ou t s ide pa r t i e s . 

T h e f i rs t ques t ion t h a t m u s t bo a sked of an in te rna l ly 
developed sys t em is j u s t how i t c o m p a r e s to s y s t e m s 
a l ready in t h e m a r k e t p l a c e . One. should n o t unde r -
es t ima te t h e psychological i n v e s t m e n t which i n t e rna l 
inven tors h a v e wi th the i r dev ice or s y s t e m . T h e en-
v i ronmenta l field has been well t r a ined to s u s p e c t 
claims m a d e for con t ro l s y s t e m s which a r e as y e t un -
proven. I t is i m p o r t a n t to insure t h a t in t e rna l ly de-
veloped sys tems a r e fully t e s t e d and t h a t t he theore t i ca l 
extrapolat ibn of p e r f o r m a n c e to s imi lar ins ta l l a t ions 
be a t least pa r t i a l ly verif ied be fo re commerc ia l i za t ion 
is pursued. A f t e r all, these s y s t e m s can b e in te rna l ly 
justified on t h e bas is of t h e sav ings t h e y lend to a 
company ' s pol lut ion contro l p rob lems . I t is q u i t e a n -
other th ing to p u t f u r t h e r m o n e y in to the i r d e v e l o p m e n t 
for an ou t s ide m a r k e t . 

Does a Product Evor Sell Itself? I t is o n e of t h e c u r i o s i t i e s 
of emerging m a r k e t s for new technologies (like pol lu t ion 
control) t h a t so m u c h m o n e y is inves ted in research 
and d e v e l o p m e n t a n d t h a t so l i t t le is o f t e n d e v o t e d to 
commercializing t h e f inal p r o d u c t . F o r those w h o work 
on t he m a r k e t i n g or commerc ia l d e v e l o p m e n t side, 
this i rony is all t oo clear. F o r t h o s e w h o a r e on 
the research a n d d e v e l o p m e n t side, i t is wise to 
review t h e o the r s ide of t h e p ic ture . I n m a r k e t i n g 
to the e n v i r o n m e n t a l m a n a g e m e n t business , t h e mis-
take of u n d e r e s t i m a t i n g t h e re la t ive i m p o r t a n c e of 
marke t ing m a y b e cri t ical . I n m a r k e t s cal l ing for 

new technologies , t h e i m p o r t a n c e of h a v i n g a good 
p r o d u c t is, of course, p a r a m o u n t . W i t h o u t a good 
or super io r p roduc t , a n e w e n t r a n t in to t h e bus iness 
is a t a ser ious d i s a d v a n t a g e . W i t h o u t a t least a com-
petitive; sa les .effort, successful new e n t r y is s imply n o t 
possible. 

in t h e C h a r a c t e r of C u s t o m e r s ? 

Anothor Cost of Doing Business. O n e of t h e first c h a n g e s 
impl ied in t h e pol lu t ion control m o v e m e n t t h a t had t o 
b e a c c e p t e d w a s t h a t i t was going to be necessary d e s p i t e 
t h e f a c t t h a t t h e r e is no i nhe ren t prof i t in m o s t pol-
lu t ion cont ro l s i tua t ions . I n d u s t r y is no t used t o p u t -
t i n g monies , pa r t i cu la r ly i n v e s t m e n t monies , i n t o en-
deavo r s t h a t a r e no t prof i t - re la ted . W h e r e a s genera l 
c o r p o r a t e psychology w a s slow t o accep t pol lu t ion 
contro l a s a f u t u r e cost of do ing business , t h e r e is 
cons iderab le indica t ion t h a t m o s t h a v e accep t ed i t 
b y t h i s t ime. . T o t h o s e w h o a r c in te res ted in en t e r ing 
t h e pol lu t ion cont ro l bus iness wi th p ro f i t ab le p roduc t s , 
i t is good to r e m e m b e r t h a t even t h o u g h t h e c u s t o m e r 
m a y , b y th i s t ime, h a v e accep ted pol lu t ion contro l as a 
l eg i t ima te cos t of do ing business, h e still t h i n k s of i t as 
n o n p r o d u c t i v e . 

Municipal versus Industrial. If pol lut ion m a r k e t s were 
def ined to inc lude a t least a ir pol lu t ion cont ro l , w a t e r 
a n d w a s t e t r e a t m e n t , a n d solid w a s t e m a n a g e m e n t , 
t h e bu lk of t h e monies s p e n t in these a r eas wou ld lie 
in munic ipa l or munic ipa l ly re la ted m a r k e t s . Solid 
w a s t e m a n a g e m e n t is largely a bus iness of munic ipa l 

TABLE 1 Summary of Problem Areas and Areas of Opportunity in Entering the 
Environmental Management Business 

Areas Problems or Pitfalls Opportunities for Profit 

?-oblem-related 

B) Product-related 

C) Customer-related 

D) Market-related 

E) Competition-related 

F) Timing related 

i ! 

i : 

Identificati n c poi< .¡anis 
Definition ol iteria 
Setting ^f standai J s 

Compa »erior lane 
Proprit -'an 'e 
Professional ci -'¡bilit 

A cost of doin^ be* — 
Municipal versus indur -ial 
Specialty versus full service 

Product visibility 
Customer specialization 
Heavy marketing investment 

Strengths of current suppliers 
Strengths of .\.iure suppliers 
R&D suppliers 

Mixed legjstativ; i „ord 
Mixed enforcement recorc 
Availability of r. oniea 

i Developing met I jdologies and 
technologies to solve problems 
of p >llutic n control 

Do^' . r ' T . on , Lrformance in 
com, c i on t o r ' etitive 

if r 

Mtei. i "> the special needs ci 
each c-St ~ i )U|> 

Commitment to an eypen ve effort 
ma? 2t :Mgandtev nical backup 

! Intel., m« • •« c e a n d 
m. i :t. - - ^ i ingand 
pote I«; ^ompetiti 

° *fts• ' *o t. e cs of 
s o c h .oany <o «v, '«- d 
he c u t e r ' - a o iv to pay 



.,<1, cbllecÉih SUMI «lisgosal. Total expenditures for 
!,lCr alfil waste treatment still include a majority of 

ttl,¡cip:»l monies for water and sewage treatment 
¡.«lilies. Air pollution control, on the other hand, 

primarily an industrial market, but one. segment of 
I (he electric power industry—is closely related to 
muncipal services. _ 

This large m u n i c i p a l o r pub l ic - sec to r m a r k e t is im-
r t a I , t to an u n d e r s t a n d i n g of t h e p r o b l e m s of e n t e r i n g 

,l„. env i ronmenta l m a n a g e m e n t f ie ld . T h o s e c o m -
.,.„,i««s which h a v e n o t se rved m u n i c i p a l m a r k e t s in 
,!,<• past n iav e i t h e r be u n a w a r e of t h e requ i s i t e s of s e r v -
,, f that m a r k e t o r d e d i c a t e d t o s t a y i n g a t a r m ' s l e n g t h 
fro,n it,. T h e rea l i t i es of t h e m u n i c i p a l m a r k e t p l a c e 
;n ,Y be a m a j o r l iu rd le for a new e n t r a n t i n t o t h e 
business, but a v o i d i n g t h e m u n i c i p a l m a r k e t r e m o v e s 
,|;„.M> po ten t ia l f r om an e n v i r o n m e n t a l m a n a g e m e n t 
vriiíure. i n shor t , m u n i c i p a l m a r k e t s a r e o f t e n la rger 
hut usually less p ro f i t ab l e t h a n i ndus t r i a l m a r k e t s . 

Specialized versus Full-Service Customer Needs . T h e r e h a s 
I,,vi! a g rowing t r e n d t o w a r d t h e provis ion of a full 
line of p r o d u c t s a n d services , or a " s y s t e m s c a p a b i l i t y , " 
i„ the e n v i r o n m e n t a l m a n a g e m e n t bus iness . T h i s 
m nd reflects t h e f r e q u e n t need of m u n i c i p a l i t i e s a n d 
industry for a s s i s t a n c e in u n d e r s t a n d i n g t h e n e w e r 
jtollution cont ro l p r o b l e m s a n d t h e r a n g e of a l t e r n a t i v e 
measures for t h e i r so lu t ion . I n m u n i c i p a l m a r k e t s , 
this need is m e t t o a l a rge deg ree by t h e r e l i ance of 
municipalities u p o n t h e a d v i c e of c o n s u l t i n g eng inee r ing 
linns. T h e consu l t i ng eng inee r ing f i rms , in t u r n , d r a w 
ii|x»n m a n u f a c t u r e r s for p a r t i c u l a r c o m p o n e n t s e f a n 
overall s y s t e m des ign . 

To b e t t e r u n d e r s t a n d t h e i m p a c t of a need for ,u l l 
service a t t h i s t i m e á n d t o u n d e r s t a n d t h e p r o b a b l e 
development of t h e m a r k e t in t h e f u t u r e , i t is also well 
to watch a n o t h e r d e v e l o p m e n t in t he i ndus t r i a l m a r k e t . 
Particularly in these t i m e s w h e n t h e General engineer? g 

-ft's are ' low on work t h e r e is a g rowing d r i v e te s d 
• iiciency in ' indus t ry w i t h r e g a r d t o ' i t s o w n polh t i t 
problems. T h u s , m a V ^ c o i n p a n i c s a l r e a d y h a v e c a p a -
bilities t o a n a l y z e th-. ir po l lu t ion con t ro l need1 t o 
-ifsigu a c a p a b l e con t ro l s y s t e m , a n d t o def ine ¡equip-
¡»wilt specific "long 

in t rms ( ' V ^ w u i i i . . . h e r í - a v e m a n y d i i t a u n c o » 
b ; v.i'en r s}>e-(;iaiized-eni;,ry a p p r o a c h v e r s u s a ' y : ' - d 

>ro(lu<-t-line and s y s t e m s ; a p p r o a c h t o t h e m a r k e r ' 
most m a r k e t s , t h e profit 's a s soc ia t ed w i t h specia l ! y. 
i ' -uducts .a re ' 'usua l ly h igher . I n t h e e n v i r c n m o a U l -
"uunagement bus iness , t h e s a m e is t r u e . O f t e n , h o w -
ever, more p ro f i t s m a y c o m e f r o m t h e p rov i s ion of 
associated se rv ices t h a n f r o m t h e sa le of t r a d i t i o n a l 
'-•trdware, p rov id ing t h o s e se rv ices r e q u i r e a b r o a d e r 
'••-Oiiuct l ine f r o m which t o solve t h e c u s t o m e r ' s p i o b -
tems. A l t h o u g h t h i s a p p r o a c h m a y i n v o l v e a n u m b e r 
* Products of m a r g i n a l p ro f i t ab i l i ty , t h e overa l l v a l u e 

providing a fu l l p r o d u c t l ine a n d s y s t e m s c a p a b i l i t y 
®ay jus t i fy i t . 

• . in t h e M a r k e t i n g P rocess? 

PjiiJuct Visibility. T h e e n v i r o n m e n t a l m a n a g e m e n t 
'»arkotplace h a s w h a t m i g h t b e t e r m e d a " h i g h noise 
Wei." P r o d u c t s now ava i l ab l e on t h e m a r k e t p l a c e 

t r ad i t iona l t echnolog ies t yp i ca l l y sold a s o f f - the -
shfclf e q u i p m e n t b y e s t ab l i shed c o m p a u i e s . A s t e c h -

m . 
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nologies a r e t r a d i t i o n a l and d i f ferences be tween com-
p e t i t i v e p r o d u c t s a r e smal l , t h e di f ferences tha t do exist 
tend t o b e c o m e exagge ra t ed . As a resul t , a new en-
t r a n t in to t h e business , w h o h a s a n hones t improve-
m e n t o v e r ex i s t ing po l lu t ion contro l sys tems , c a n n o t be 
a s s u r e d t h a t t h e a d v a n t a g e s of his sy s t em will be rec-
ogn ized in t h e d i n of c o m p e t i t i v e c la ims. 

N o po l lu t ion con t ro l s y s t e m h a s been known to sell 
i tself . I n a d d i t i o n t o c o n t e n d i n g wi th t h e high pi tch 
of c o m p e t i t i v e c la ims, t h e new p r o d u c e r m u s t convince 
expe r i enced p r a c t i t i o n e r s in t h e field who h a v e learned 
t o b e susp ic ious of a n y new sys t em which c la ims sub-
s t a n t i a l i m p r o v e m e n t ove r ex is t ing sy s t ems . T o dea l 
w i t h t h e p r o m o t i o n a l noise level, t h e new suppl ier 
m u s t pe r severe in g e t t i n g h i s message t h r o u g h t o t h e 
c u s t o m e r a n d a d o r n h i s m a r k e t i n g p i tch wi th subs t ance , 
e.g. , a c t u a l f a c t s a n d f igures on p e r f o r m a n c e . T o 
a c h i e v e c red ib i l i ty , t h e n e w supp l i e r m u s t e n d e a v o r to 
p r o v e his s y s t e m ' s capab i l i t i e s t o a skep t i ca l profes-
s ional c o m m u n i t y . I n s h o r t , t h i s m a r k e t i n g process 
t a k e s cons ide rab l e t ime , m o n e y , a n d ef for t . 

Whence the Riflh! Staff? O n e a l t e r n a t i v e to e n t e r i n g t h e 
e n v i r o n m e n t a l m a n a g e m e n t bu mess is to deve lop b o t h 
t e c h n i c a l a n d m a r k e t i n g capab i l i t i e s in te rna l ly . If t he 
e f f o r t is a l r e a d y bu i l t 011 i n t e rna l p r o d u c t d e v e l o p m e n t s , 
t h e n t h e core for a t echn ica l e f fo r t is a l r e a d y in-house. 
T h e m a j o r p r o b l e m < hen a e s in i m d i n g t he r igh t people 
t o commerc ia l i ze the vei«U e If t he co rpora t ion hits 
" p s y c h o l o g i c a l " p r e ' ¡ems w i t h a d j u s t i n g t o t h e differ-
ences b e t w e e n i ts p re sen t bunnies« and t h e env i ron-
m e n t a l m a n a g e m e n t bus iness , t hen t h e commerc ia l i -
z a t i o n a l t e r n a t i v e s ' i n c l u d e l icensing, jo in t v e n t u r e , 01 
acqu i s i t ion . L icens ing obv ious ly leaves a co rpora t ion 
m o r e o u t of t h e , bus ines s t h a n in i t w i th only a 
t o k e n rea l i za t ion of p ro f i t s a n d r e l a t i onsh ip wi th t he 
final m a r k e t . J o i n t v c n t u K , whi le o f fe r ing t he po-
t '-ut ial b e n e f i t of c o m p l e m e n t a r y c o r p o r a t e capabi l i t ies , 
;.jes invo lve 1 b e d i f f icu l t ies of ag ree ing on m u t u a l goals 

' i u t w e e i i v e n t u r e p a r t n e r s a n d l imi t ing t he hor izons of 
iudividi iM-ciIor ts in t h e f u t u r e . 

Acqu i s i t i on in th-> e n v i r o n m e n t a l m a n a g e m e n t busi-
nes s r equ i r e s a se lec t ive search f<>. a t t r a c t i ve c o m p a n i e s 
f r o m ' a list which h a s a l r e a d y been heav i ly picked over . 
T h e r e is a 'special p r o b l e m of a c c o m m o d a t i n g t h e k i n d s 
of ¿ r g a n t i :!ich a r now i vhe «. rvir^nniei i t*! 
bus iness w i t h tliosb w h i c n a r e ty pically consider ing 
e n t r y i n t o it . F o r t h e veny . reasons t h a t acqu is i t ions 
s e e m a t t r a c t i v e , t h e r e a r e asWci . ; t eu problems. ' hile 
t h e m a r k e t i n g i " ; ^ f c u e e of exi u n g c o m p a n i e s m a y be 
the i r a4tr.'i.ctlijn, Loir lesser . xper ien. • v i ih researcu 
a n d di 'veiop' .ncii t ca r r i es w i t h i t . f in implied- d i f rence 
m . staff uud a t t i t u d e s , f h e ^ c d i f fe rences o i :e r '« - .nous 
p r o f l c i i i s t o a co ' r j '^r&k n m r h a g e . Also, t h e a d d i t i o n 
of m a r k c U n g inteU'jgcnca or. p r o d u c t lines t h r o u g h 
acqu i s i t ion is fnn .a - r i iy a m e a n s of b u y i n g «¡me, a n d 
t h e benef i t s t h e r e f r o m a r e t e m p o r a r y c o m p a r c u t o t h e 
a l t e r n a t i v e of i n t e rna l deve lop ne i i t . W i t h t he en-
v i r o n m e n t a l m a n a g e m e n t b u s m e n t h u s far , b u y i n g 
t i m e h a s n o t been aU t h a t impoivanc . in i t may be 
m e r e c r i t i ca l n o V . 

. . . in the Cha, -aster of the Competition? 
Their Weaknesses and StrenB ths . A s a l r e a d y n o t e d , t h e 

t r a d i t i o n a l s t r e n g t h s of ex is t ing compan ie s Ml the en-



i ron men tal m a n a g e m e n t business lie in the i r knowledge 
of t he p rob lems of the i r cus tomers , the i r pe r sona 
famil iar i ty w i t h purchas ing and engineer ing s ta f fs , a n d 
(heir ab i l i ty t o a d a p t a piece of off- the-shelf e q u i p m e n t 
t 0 a specific s i tua t ion . Typ ica l weaknesses of these 
companies lie in t heir financial resources, the i r r e s ea r ch 
and d e v e l o p m e n t act ivi t ies , a n d the i r capab i l i t y for 
developing new technologies needed to cont ro l po l lu t ion . 
T o meet tbese compet i to r s , t h e new e n t r a n t m u s chal-
lenge the i r m a r k e t i n g prowess a n d a t leas t equa l the i r 
technica l -product sys tems . T o b e a t t h e m , one m u s t 
have a super ior p r o d u c t a n d a t leas t equa l t he i r m a r k e t -

i n L « t s Entrenched Companies. T h e new e n t r a n t 
is a l s o advised to k e e p his compe t i t i ve eyes o n o t h e r 
companies t h a t c a n be expec ted t o e n t e r th i s bus iness 
in the fu tu re . T h u s , w h a t m a y a p p e a r t o b e a com-
peti t ive a d v a n t a g e now m a y become less o a n ad -
van tage a s more compan ie s en te r t h e m a r k e t p l a c e . 
Thus , the. foregoing descr ip t ion of typ ica l advan t ages -
and d i s advan t ages of t h e new e n t r a n t is a t r a n s i t i o n a l 
one depend ing u p o n t h e in roads m a d e b y n e w e r a n d 
more technica l ly based compe t i t o r s . 

. . . in T i m i n g ? 
The Legislative Record to Date. I n rev iewing Pol lut ion 

regula t ion in t h i s coun t ry , one m u s t r e m e m b e r t h a t 
until 10 y e a r s ago the exis tence of a pol lut ion p a r a m e t e r 
in co rpo ra t e dec i s ion-making w a s u n k n o w n . Simi lar ly , 
the g o v e r n m e n t a l m a c h i n e r y necessa ry t o u n d e r s t a n d , 
regula te , and enforce po l lu t ion cont ro l w a s p rac t ica l ly 
nonexis ten t . W h a t h a s been seen is t h e d e v e l o p m e n t 
of a comple te ly n e w g o v e r n m e n t a l s y s t e m t o h a n d l e a n 
ent i re ly new social issue in a ve ry sho r t t i m e If t h e r e 
has been a large a m o u n t of inefficiency, r epe t i t ion , a n d 
mis t aken m a n a g e m e n t in t h e e f for t , i t m u s t b e u n d e r -
s tood in t h i s l igh t . . 

W h i l e t h a t is n o t a n excuse for m i s s p e n t monies , 
i l l-advised laws, a n d s h o r t s i g h t e d regu la t ion s u c h 
problems will c o n t i n u e as t h e po l lu t ion e f f o r t b o t h 
b roadens a n d d r a w s closer t o en fo rcemen t . T h e r e h a s 
been a s h o r t a g e of knowledgeab le m a n p o w e r to ad -
mini >- t hese laws in* t h e p a s t , a n d t h e r e will be so 
for s : ne üime. T h e r e h a s also been a lack of u n d e r -
s tand ing of t h e n a t u r e of pol lu t ion , a lack of t h e a b h t y 
to pay for t h e con t ro l of i t , and a lack of t h e poh t i ca 
sense needed for e f fec t ive e n f o r c e m e n t - c o n d i t i o n s t h a t 
will con t inue to i m p e d e progress in t h e f u t u r e . 

T h e r e a r e h o p e f u l s igns t h a t a t leas t o n e a spec t of 
the s i tua t ion is beg inn ing U> change . A s m a n y new 
area of social concern, t h e ear l ier y e a r s a r c c h a r a c t e r e d 
by exaggerated pos i t ions on e i the r side, r h u s , con-
serva t ion-minded p r o p h e t s a n d indus t ry ' apo log i s t* ihave 
exhaus ted m u c h of t he i r use fu lness T h e r e is a g rowing 
awareness of b o t h t h e need t o d o s o m e t h m g a b o u t 
pol lut ion and t h e h igh social cost involved m con t ro l l ing 
it. W i t h more inte l l igent app rec i a t i on of t h e s e p rac -
ticalit ies by b o t h sides, i m p r o v e d legis la t iom m o r e 
sensi t ive enforcement , a n d m o r e responsible po l lu t ion 
contro l prac t ice is beginning t o deve lop . 

Where Might the Profits B e . . . 
in Solv ing Po l lu t ion P r o b l e m s ? 

T h e r e a r c m a n y pol lut ion p rob lems for w h i c h t h e r e 

a r c no s a t i s f ac to ry answers . M a j o r e f f o r t s a r e u n d e r -
way t o solve t h e m , a n d s o m e c a u d a t e t echnolog ies 
a r c n o w a p p a r e n t . T h i s does no t c o n t r a d i c t t h e com-
m o n o b s e r v a t i o n t h a t t h e t echno logy t o Handle m o s t 
of ou r c u r r e n t pol lut ion p rob lems is ava i l ab l e a n d t h a t 
t h e l imi t ing fac to r s a re m a n p o w e r , o rgan iza t ion , a n d 
economics . W i t h t h e r e m i n d e r t h a t n o new techno logy 
will sell itself a n d t h a t p e r f o r m a n c e h a s t o be p roved , 
t h e d e v e l o p m e n t of a new t echno logy t o h a n d l e u n -
solved po l lu t ion p r o b l e m s is a leading a v e n u e to prof i t s . 

. . . in D o c u m e n t i n g P r o d u c t C a p a b i l i t i e s ? 

W h a t t r a d i t i o n a l suppl ie rs in t h i s bus iness typ ica l ly 
lack is a h e a l t h y d e v e l o p m e n t b u d g e t . I t is t h i s dis-
a d v a n t a g e of p r e s e n t suppl ie rs t h a t new e n t r a n t s can 
capi ta l ize u p o n w i t h the i r o w n techn ica l soph i s t i ca t ion . 
T o t h e degree t h a t a new suppl ie r can deve lop new 
technologies , can d o c u m e n t pe r fo rmance , a n d can 
i m p l e m e n t successful app l i ca t ion , t h e prof i t s usual ly 
associa ted w i t h q u a l i t y p r o d u c t s a n d qua l i t y b a c k u p 
m a y bo real ized. 

• i' • 
. . . in M a t c h i n g C u s t o m e r N e e d s ? 

As in m o s t indus t r ia l - se rv ice m a r k e t s , a p rof i t ab le 
r o u t e to p r o p r i e t a r y a d v a n t a g e is t o deve lop a s t r o n g 
m a r k e t i n g sens i t iv i ty to t h e specific app l i ca t ion p rob-
l ems of c u s t o m e r indus t r ies . I t is in th i s a r ea of cus-
t o m e r service a n d intel l igence t h a t t h e p resen t suppl iers 
of po l lu t ion cont ro l p r o d u c t s en joy t he i r m a r k e t lever-
age, a n d i t is in t h i s a r e a t h a t new e n t r a n t s can also 
ach ieve prof i t ab le pa r t i c ipa t ion . 

. . . in A c q u i r i n g M a r k e t i n g C o m p e t e n c e ? 
As successful m a r k e t p e n e t r a t i o n c a n n o t b e assured 

b y a good p r o d u c t alone, p ro f i t ab le pa r t i c ipa t i on m 
t h e e n v i r o n m e n t a l m a n a g e m e n t bus iness is p r o b a b l y 
foreclosed w i t h o u t i n f o r m e d m a r k e t i n g intel l igence. 
T h e sources of t h i s intel l igence m a y h e m a c o m p a n y s 
i n t e rna l knowledge of i t s own indus t r i a l processes, m 
t h e h i r ing of personnel w i t h b a c k g r o u n d in t h e env i ron-
m e n t a l m a n a g e m e n t business , or in t h e acquis i t ion of 
compan ie s w i t h es tab l i shed m a r k e t t ies . 

in Explo i t ing C o m p e t i t i v e I n t e l l i g e n c e ? 
" i n a d d i t i o n t o t h e d e v e l o p m e n t of a good p r o d u c t 
a n d t h e d e v e l o p m e n t of a n in fo rmed sales staff , a n o t h e r 
tool for bu i ld ing a successful pol lut ion cont ro l v e n t u r e 
is a s t r a t eg i c s t u d y of compe t i t i on . A f t e r t h e new-
e n t r a n t has done his h o m e w o r k on t h e re la t ive s t r e n g t h s 
of h i s i n t e n d e d compe t i t ion , he can t h e n b e t t e r max i -
mize his own t h r u s t in t h e m a r k e t p l a c e by fol lowing 
competition i n to p roven m a r k e t s wh ich a r e p ro f i t ab le 
( a n d which can s t a n d a n o t h e r suppl ier ) , b y o u t f l a n k i n g 
compe t i t i on in to new a reas of o p p o r t u n i t y , b y explo i t ing 
re la t ive co rpo ra t e s t r eng ths , and b y m a t c h i n g compe t i -
t ion in a r eas w h e r e h e a d - t o - h e a d confl ict is i nev i t ab le . 

. . . in B e i n g R e a d y a t t h e R igh t T i m e ? 
A t t h e r a t e t h a t t h e po l lu t ion cont ro l m o v e m e n t 

t h r e a t e n s t o accelera te , i t h a s been t h e concern of 
m a n y t h a t i t is t o o l a t e t o begin a n e f fec t ive d r ive in to 
t h i s m a r k e t p l a c e . As na t i ona l p rogress h a s n o t k e p t 
u p w i t h n a t i o n a l ambi t ion , however , i t is n o t y e t t oo 
l a t e T h e r e is stiU t i m e t o t a k e t h e t i m e t o d o i t r i gh t . 
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Here's a look at some recently developed 
techniques tha t compensate tor unknown 
variations in emissivity, removing such effects 
as a source of error in radiation thermometry . 

GENE D. NUTTER1 

Univers i ty of W i s c o n s i n , M a d i s o n , Wise . 

IT IS common pract ice in indus t r ia l r ad ia t ion t h e r -
m o m e t r y e i t he r t o use t he r ad iance t e m p e r a t u r e wi th -
out cor . K- or *o app iy « .correct ion for a measu red or 
assumed va lue of emiss ivi ty appl icable t o t h e p r o b l e m 
at hand . Fig. <>. Special f i l ters a r e available, for opt ical 
pyromete r s t o m a k e t h e m " d i r e c t - r e a d i n g " for m a t e -
rials hav ing a spec t ra l emiss ivi ty of a b o u t 0.4 a t 0.t>f> 
Mm. These a re especially convenient, in ce r t a in s tee l -
mill applicat ions- M o s t o t h e r t y p e s of a u t o m a t i c 
py rome te r s discussed in P a r t 1 p rov ide an a d j u s t m e n t 
for emissivi ty to m a k e t h e i n s t r u m e n t d i rec t - read ing , 
assuming t h a t th(vemissivity is known. 

A l though useful emissivity d a t a a re o f t e n diff icult 
to ob ta in , t h e hea t - t r ans fe r p rob lems assoc ia ted w i t h 
t he explora t ion of space caused t h e genera t ion ot a 
large q u a n t i t y of such d a t a . A special p ro j ec t h a s 
been u n d e r t a k e n a t t h e The rmophys i ca l P rope r t i e s 
Research C e n t e r at. P u r d u e Univers i ty t o cri t ically 
eva lua t e and ca t a log as much of t h a t and o t h e r relat ed 
d a t a as possible. T h e d a t a t h u s gene ra ted for rad ia -
t ive p roper t i e s , such as emissivity, h a v e j u s t begun 

' Assistant Director. Ins t rumenta t ion Sys tems Center 
Base«] on a , , a ,« r contr ibuted by the AS.MK Research Comnnt tee on 
Tempera ture Measurement . Th is survey was based on work sup-
ported by the Pyrometer Ins t rument Co.. Inc.. Northvale. N. J . 

t o become avai lable [29, 33-3512 and should be of con-
s iderab le aid t o those involved in appl ied r a d i a t i o n 
t h e r m o m e t r y . However , while d a t a f r o m t h e l i te r -
a t u r e can be a useful guide, t hey a re o f t e n l i t t le m o r e 
t h a n t h a t , and f r o m t h e v iewpoint of appl ied r a d i a t i o n 
t h e r m o m e t r y , t h e "emiss iv i ty p r o b l e m " r ema ins a 
v e r y t h o r n y One. 

S i m u l a t e d B l a c k b o d i e s 

T h e m o s t cer ta in m e t h o d of avoid ing t h e p r o b l e m of 
emiss ivi ty effects is t o c r e a t e a cav i ty in t h e .surface of 
t h e t a r g e t , t h e . s h a p e and d imens ions of which can be. 
designed t o giye a n effect ive emiss ivi ty of ve ry near ly 
u n i t y . T h i s is a near ly ideal so lu t ion where, t h e met hod 
is appl icab le ; u n f o r t u n a t e l y , in m o s t ins tances of 
indus t r ia l in te res t , it is n o t , a l t h o u g h it is c o m m o n 
prac t ice in research and d e v e l o p m e n t l a b o r a t o r y ap-
pl icat ions. Because of the i r f u n d a m e n t a l i m p o r t a n c e 
in t h e r m a l - r a d i a t i o n physics , t h e design and effect ive 
emissivi t ies of £>lackbody cavi t ies h a v e received con-
s iderable s t u d y in t h e p a s t few years . A s u b s t a n t i a l 
b o d y of useful l i t e r a tu r e is n o w ava i lab le , recen t ly 
rev iewed b y B e d f o r d [30), in which t h e effect ive 
emissivi t ies of a n u m b e r of cav i ty geomet r i e s of in t e re s t 
in engineer ing app l ica t ions h a v e been well es tabl ished. 
A l though mos t s t ud i e s assume pe r f ec t ly diffuse in t e r io r 
surfaces , e f fec t ive emissivi t ies h a v e also been ca l cu la t ed 
¿or some cavi t ies hav ing specula r surfaces . 

Rat io P y r o m e t e r s 

A second m e t h o d t h a t has been used ex tens ive ly w i t h 
l imi ted success [20, 37-39) is t h a t employed b y t h e 
" r a t i o p y r o m e t e r . " In t h e ra t io p y r o m e t e r , t h e 
a s sumpt ion is m a d e t h a t t h e target, h a s t h e s a m e 
emiss iv i ty a t t w o wavelengths . T h e r a d i a n c e ra t io 
R is t h e n measured a t those two w a v e l e n g t h s a n d is a 

' Number» in brackets designate inferences u t end of article as well 
as References a t end of l ' a r t 1 of the article. 
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funct ion of t h e t e m p e r a t u r e of t h e t a r g e t . 

R = 
É(X2) W 

_c» / 1 i \ 
5 y x,y 

e (22) 

If t h e two emiss iv i t ies h a v e t h e s a m e va lue , e(Ai)/ 
t(X2) cancels o u t in e q u a t i o n (22) a n d t h e r a t i o is in-
dependent of t h e emiss ivi ty . If t h e emiss iv i ty r a t i o 
is d i f ferent f r o m u n i t y (it usua l ly is a t leas t s o m e w h a t 
different) , t h e resu l t ing e r ro r t e n d s t o be large. If 
the two spec t r a l b a n d w i d t h s a r e n o t n a r r o w , t h e 
effective w a v e l e n g t h s Xi and X2 a r e no t well def ined, 

Fig. ' _ r e t ov spectral emissivity. Relative amount by which 
the oose-ved spectral-radiance tempera ture 7> has been reduced 
by the e f fec t of spectral emissivity presented a s a funct ion of \Tr. 
Values are based on exact computat ion from the Planck radiation 
distribution. 

— { 

a n d a n y e r ro r in t he w a v e l e n g t h r a t i o is magnif ied 
because of i t s large exponen t . T h e . t e m p e r a t u r e 
ind ica ted by th i s kind of p y r o m e t e r is culled a ra t io 
t e m p e r a t u r e , a n d it a s sumes equa l spect ral emissivit ies. 
If t h e emiss iv i ty r a t i o is suff ic ient ly reproducib le , it 
m a y be " c a l i b r a t e d o u t " of t h e i n s t r u m e n t read ing . 
R a t i o p y r o m e t e r s a r e inheren t ly less sens i t ive t h a n 
m o n o c h r o m a t i c p y r o m e t e r s , so t he i r app l ica t ion t e n d s 
t o b e a t t h e h igher t e m p e r a t u r e s . I n s p i t e of i t s 
l imi ta t ions , t h e m e t h o d has found s o m e p r a c t i c a l 
app l i ca t ion in t h e s tee l i n d u s t r y [30]. E r r o r s in 
r a t i o p y r o m e t e r s h a v e been discussed b y Ems l i e a n d 
B l a u [371,1 'yat t [38], a n d A c k e r m a n [26 J. 

R e f l e c t i n g H e m i s p h e r e s 

A m e t h o d deve loped b y L a n d and B a r b e r [-10], 
a n d improved b y P a t t i s o n [41], cons is ts of cover ing 
t h e h e a t e d su r f ace wi th a h ighly ref lec t ing hemisphere . 
M u l t i p l e ref lect ions wi th in t h e h e m i s p h e r e increase 
t h e rad iance of t h e su r face such t h a t r ad ia t ion Emerg-
ing f rom an a p e r t u r e in t he hemisphere is nea r ly b lack-
b o d y rad ia t ion . Of all ava i l ab le m e t h o d s of r a d i a t i o n 
t h e r m o m e t r y o t h e r t h a n t h e use of b lackbodies , t h i s 
m e t h o d is general ly t h e least, inf luenced b y t h e presence 
of e x t r a n e o u s r ad ia t ion . For su r faces h a v i n g a low 
t h e r m a l conduc t iv i ty , however , t h e r e is a slight c h a n g e 
in su r face t e m p e r a t u r e (when t h e hemisphe re is in 
place) because t h e hemisphe re c h a n g e s t h e i r r ad ia t ion 
on t h e sur face . W h e n appl ied t o a d i f fuse su r f ace of 
spec t r a l emiss iv i ty €X, t h e ef fect ive emiss iv i ty of a cir-
cu la r a p e r t u r e of d i a m e t e r d in a t r u n c a t e d hemisphe re 
of r ad ius r can be ca lcu la ted exact ly , F ig . 7. Assuming 
t h a t t he hemisphe re has an i n t e rna l spec t r a l specu la r re -
flectance px, and h a s i t s cen te r on t h e h e a t e d su r f ace 
a n d i t s edge a d i s t ance S above t h e sur face , t h e c i rcular 
a p e r t u r e v iewed a long an axis t h r o u g h t h e cen te r of 
t h e hemisphe re will h a v e an effect ive spec t r a l emiss ivi ty 

w h e r e 

1 - (1 - <A)PA(1 ~ F ) 

'•-[•(îMé 

( 2 3 ) 

(24) 

Ref l ec t i on of Rad ia t i on f r o m a H e a t e d S o u r c e a t 
Known T e m p e r a t u r e 

A m e t h o d t h a t is s imi lar in pr inciple (use of re f lec ted 
r ad iance t o deve lop t h e a p p r o p r i a t e b l a c k b o d y r a d -
iance f r o m a specu la r sur face) has been descr ibed by 
Fus t i c [42] a n d b y T i n g w a l d t [43J. In th i s m e t h o d , 
t h e r ad ia t ion f r o m a b l ackbody is ref lected f rom t h e 
h e a t e d specu la r sur face . T h e s u m of t h e ref lec ted 
b l a c k b o d y rad ia t ion a n d that, e m i t t e d b y t h e specu la r 
su r f ace is t h e n measured . W h e n t h e t e m p e r a t u r e of 
t h e b l a c k b o d y is a d j u s t e d t o be equa l t o t h a t of t h e 
specu la r sur face , t h e r ad iance of t h e b l a c k b o d y is t he 
same, a s t h e reflected p lus e m i t t e d rad iance of t h e 
specu la r sur face . T h i s m e t h o d , as ide f r o m i t s in-
convenience , suffers s o m e w h a t f r o m t h e requirement , 
for a high degree of specu la r i ty . It. dot 's not work 
pa r t i c idu r ly well for specular sur faces of low emiss iv i ty 
w h e n t he r ad iance of the b l a c k b o d y is t he dominan t 
c o m p o n e n t m e a s u r e d by t he rad ia t ion t h e r m o m e t e r . 



Fig. 7 Effective emissivity is enhanced by multiple ref lect ions f rom a hemispherical mirror. 
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High accuracy is needed in t h e r ad iance compar i son 
to avoid significant e r ro r s u n d e r t h o s e condi t ions . 

Another m e t h o d tha t is s imi lar in pr inciple t o t h o s e 
described in t h e foregoing h a s been r e p o r t e d by Ivelsall 
[44J. In th i s m e t h o d , a h e a t e d p l a t e is p laced j u s t 
illy. su r face (2 t o 5 cm dis tance) , and a 
raiuation t h e r m o m e t e r ( P b S d e t e c t o r in t h e case c i ted) 
compares t h e rad ia t ion f r o m a region on t h e u p p e r 
surface of t h e reference h e a t e r wi th t h e r ad i a t i on f r o m 
the lower su r face of t h e re ference h e a t e r a f t e r it h a s 
been reflected f rom the t e s t sur face . T h e p l a t e t e m -
perature is a d j u s t e d unt i l t h e rad ia t ion d e t e c t e d f r o m 
the two sources is equa l , at. which t ime t h e t e s t - s u r f a c e 
temperature is equa l t o t h e p l a t e t e m p e r a t u r e . T h i s 
instrument has func t ioned reasonab ly well fo r i t s 
intended purposes , no t ab ly t h a t of achieving a u t o -
matic emiss ivi ty compensa t ion for sur faces h a v i n g a 
low and va r i ab le emissivi ty. Kclsal l o b t a i n e d ac-
curacies of ± 10 C a t 200 C for sur faces h a v i n g emis-
sivities g r e a t e r t h a n 0.2. 

Methods D e p e n d e n t u p o n P o l a r i z a t i o n of R a d i a t i o n 

A comple te ly d i f fe ren t a p p r o a c h t o t h e p rob lem of 
emissivity c o m p e n s a t i o n was deve loped b y T i n g w a l d t 
and M a g d e b u r g [45J, in which t h e p rope r t i e s of op t i ca l 
polarization w e r e employed . T h e t e m p e r a t u r e of a 
strip of specular ly ref lect ing t u n g s t e n w a s o b t a i n e d by 
j lie use of t h e F resne l f o r m u l a for descr ib ing t h e po l a r -
j*'d c o m p o n e n t s of reflect ion f r o m a s m o o t h meta l l ic 
surface. F o r t h e special case of r ad i a t i on inc iden t 

a s m o o t h su r face a t 45 deg , t h e c o m p o n e n t of re -
flectivity p, cor responding t o polar ized r a d i a t i o n nor -

m a l t o t h e p l ane of incidence and t h e component . pp 

para l l e l t o t h e p l ane of incidence a r c r e l a t e d by 

PP = Ps2 (25) 

Using a n a r r o w - s p e c t r a l - b a n d w i d t h r ad ia t ion t h e r -
m o m e t e r w i t h a polar iz ing f i l ter , t h e ra t io of Np(\, T) 
t o Ns{\, T) was measu red , f rom which a v a l u e WJUS 

ca lcu la ted for t h e spec t ra l emissivi ty . F r o m a d i rec t 
m e a s u r e m e n t of t h e spec t ra l - r ad iance t e m p e r a t u r e 
Tr f r o m t h e s a m e posi t ion and f r o m t h e re la t ionship 
N„(\, Tr) = txN>(\, T), t h e t e m p e r a t u r e T m a y t h u s 
b e d e t e r m i n e d . 

I t w a s necessary t o («e lude e x t r a n e o u s r a d i a t i o n 
in t h i s m e a s u r e m e n t , and high accuracy was r equ i r ed 
in t h e m e a s u r e m e n t of rad iance . T i n g w a l d t a n d 
M a g d e b u r g o b t a i n e d va lues of «(A) f rom severa l mea -
s u r e m e n t s in which t h e devia t ion a m o n g t h e va lues w a s 
n o t more t h a n 1 p e r c e n t , and for which t h e m e a n v a l u e s 
agreed well w i th t h e bes t ava i lab le d a t a f r o m o t h e r 
sources, fa l l ing be tween va lues found b y D e V o s a n d 
L a r r a b e e . 

I n a m o r e recen t deve lopmen t , M u r r a y [401 h a s 
appl ied a va r i a t ion of t he po lar iza t ion m e t h o d t o 
ma te r i a l s hav ing d i f fuse surfaces. Whi le succeed ing 
t o a high degree in achieving a rad ia t ion t h e r m o m e t e r 
whose read ings a r e i n d e p e n d e n t of t h e target , emiss iv i ty , 
t h e sys t em, a s p resen t ly used, r equ i res close p r o x i m i t y 
t o ' t h e t a r g e t . I t also sha res t h e cha rac te r i s t i c of t h e 
T i n g w a l d t a n d M a g d e b u r g a p p r o a c h in t h a t it. d e p e n d s 
o n viewing t h e t a r g e t f rom a d i rec t ion in which t h e 
e m i t t e d r ad i a t i on is polar ized, b u t is n o t r e s t r i c t ed t o 
t h e 45 deg angle . Unpola r i zed r ad i a t i on e m i t t e d b y a 
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.,;•« polarized at least t o son»* extent upon 
.•• <1 from t h<* s o m e w h a t di f fuse target su r -

.-unipiment is t he re fore somewhat 

|..,!.,; i... li r:i«li:il I..II j.- o ..ilipti lur.uUuv t.o ii ,e e:niil.ed 
|Nilu|?<ed rad ia t ion . 'J'he sum of r ad ia t ion f r o m b o t h 
I lie b lackbody re ference source ami t h e t a rge t is v iewed 
by a de tec to r a f t e r t h e rad ia t ion has been passed 
through a r o t a t i n g polar iz ing filter. T h e d e t e c t o r 
signal conta ins b o t h an a-c component , and a d -c com-
ponent. A m p l i t u d e of t h e a-c component , is p r o p o r -
tional to 

( * „ - < .0 (7 ' " -77 1 ) cos 20 (20) 

where e„ and t s a r e t he emissivi t ies of t h e target, su r face 
for radiat ion polar ized parallel and pe rpend icu la r to 
the plane of incidence, T is t he target, t e m p e r a t u r e , 
Tt is t he b l ackbody reference t e m p e r a t u r e , n — C-/\T, 
and*0 is t he angle be tween t he }>laue of t ransmiss ion 
of the polarizing t i l ter a n d t h e p lane of incidence. 
Rotation of I h e polar iz ing f i l ter a t 10 l l z t hus p r o d u c e s 
a 20-1 lz s ine-wave o u t p u t , t he a m p l i t u d e of which 
goes to zero when t h e b l ackbody reference has t h e 
same t e m p e r a t u r e a s tin; t a r g e t . 1'or t h e given a p -
plication, t h e b l ackbody t e m p e r a t u r e is measu red 
independently by a c o n t a c t t h e r m o m e t e r . H i g h reso-
lution of target, t e m p e r a t u r e requi res keep ing t h e off-
null signal large; — e„ the re fo re , is k e p t as large a s 
practical, which requ i res v iewing f rom a large angle 
olY-normal. T h e i n s t r u m e n t has been t e s t e d on 
materials wi th va ry ing su r f ace finishes and wi th emis-
sivity ranging f r o m 0.0f> t o 0.47, wi th a m e a n e r r o r of 
about ± 2 percent of t h e abso lu t e t e m p e r a t u r e , over 
a t emperal lire range f r o m a b o u t 150 t o 450 C. G e o m e -
try-dependent. s y s t e m a t i c e r ro r s of a few degrees a r e 
not presently well unde r s tood a n d a re u n d e r s t u d y . 

M e a s u r e m e n t of A b s o r p t i v i t y Ra t io 

Another m e t h o d recen t ly r epo r t ed for r educ ing 
errors due t o emiss ivi ty effects is a new a p p r o a c h b y 
DeWitt. a n d Ivunz [47], 

who combined rad iance t e m -
peratures measu red wi th two monochroma t i c - r ad i a t i on 
thermometers ope ra t i ng a t d i f fe ren t wave l eng ths w i t h 
a measured va lue of t h e emiss ivi ty ra t io a t t h o s e t w o 
wavelengths. T h i s is done b y i r rad ia t ing t h e t a r g e t 
with lasers o p e r a t i n g first a t Ai and t h e n X2, and measu r -
ing in each case a m o m e n t a r y incre;ise in target, t e m -
perature at. a t h i rd wave leng th . T h e jussumption is 
then made t h a t t he ra t io of t h e increase in t a r g e t 
h'inperature, measured in a t h i rd spec t ra l region 
and corrected for t h e laser power rat io , is equa l t o t h e 
ratio of t h e absorp t iv i t i e s a t t h e two wave leng ths \ \ 
and \ i t and hence t o t h e ra t io of t h e t w o emissivit ics. 
The method h a s only been appl ied to t h i n - t u n g s t e n -
s ,rip lamps, where a significant t e m p e r a t u r e rise 
could be ob ta ined , a n d it r e m a i n s t o be d e t e r m i n e d 

what ex t en t t h e m e t h o d is appl icable t o t h i ck pieces 
01 material . A re la ted m e t h o d involv ing t h e measure -
ment of t h e spect ra l - ref lec tance ra t io a t two w a v e -
' | , | lgths also shows p romise a n d h a s been s u m m a r i z e d 
by Bramson [48]. ' 

inclusion 

^ is a p p a r e n t t h a t u n d e r t h e influence of chang ing 

technology, o v e r t he past. 10 t o 15 yea r s rad ia t ion 
the rmomet ry , has u n d e r g o n e a renaissance that is 
still in p rogress in t e r m s of ant<.m;iii«.n and aei ieving 
h•.<»;•.tv.t i,«,••...• »,«•> \ .i.-.i\iiu-;,ivj;-.i«> <,vr>v.\.. '«v.»"; |> 
bom« applied I,o howr- i .-mperal.un- ii««-s<8ur'*ThH;!>. using 
i n f r a r ed rad ia t ion . Of t he remain ing p r o b l e m s t o be 
solved, significant, i n roads a r e now being m a d e in t h e 
d e v e l o p m e n t of i n s t r u m e n t s in which t h e effect of 
emiss iv i ty and emissivi ty va r i a t i ons of u n k n o w n mag-
n i t u d e a r e being reduced or, unde r special c i rcum-
s tances , essent ia l ly e l imina ted . T h e effect, of e r r o r s 
d u e to rad ia t ion reflected f rom e x t r a n e o u s sources is 
s imilar ly yielding lo progress , I hough uppnrei i l ly 
more by accident, t han by design. T h e ou t look for 
f u r t h e r d e v e l o p m e n t s in these problem a reas is en-
couraging. 

In a n a r e a in which misappl ica t ion of i n s t r u m e n t a -
tion h a s been a chronic p rob l em, even when I he choice 
was be tween only two basic t y p e s of r ad ia t ion t h e r -
momete r s , t he o p p o r t u n i t y for misappl ica t ion has 
developed a p a c e wi th t he op|M>rlunity for improved 
rad ia t ion t h e r m o m e t r y . In f u t u r e app l ica t ions , t h e 
engineer or scient is t will need I o be s u b s t a n t i a l l y 
more knowledgeable in t h e bas ic physics of r ad i a t i on 
t h e r m o m e t r y than has been t h e case in tin; pas t , b o t h 
t o t a k e a d v a n t a g e of new technology a n d t o avoid 
expens ive er rors . 
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Ten years from now, at least 100 mil l ion more 
l-C engines will have been built. Pending the 
development of a substitute, a radical change 
in engine design is imperative if atmospheric 
pollution is ever to be cleared up. This should 
be one of the goals of future versions of the 
Clean Air Act. 

L . D . C O N T A 1 

Universi ty of R h o d e I s l a n d , K i n g s t o n , R. I. 

T H E I M A G E of t h e in t e rna l -combus t ion eng ine has 
changed in recen t y e a r s f rom t h a t of a bene fac to r of 
mankind to a m a j o r villain in t h e ecological war s . B u t 
since th i s engine powers m o s t of t he m o v e m e n t of goods 
¡us well as people—rai l roads , t ruck ing , in land mar ine , 
much ocean sh ipp ing , and t h e m o v e m e n t of fluids 
through p ipe l ines—el imina t ing or even ser iously cur -
tailing i ts use c a n n o t even b e con templa t ed un t i l ade-
quate Subs t i tu tes h a v e been p rov ided . 

Poss ib le S u b s t i t u t e s 

T h e set. of possible s u b s t i t u t e s for t he conven t iona l 
automobile engine is re la t ive ly large, a n d all of i t s m e m -

'Dean . College of Engineering; Professor. Mechanical Engineering 
"Cpwtmeiit. , _ , , 
leseti on a I»ai>er contributed by the A S M E Diesel and G a s Engine 
l'ower Division. 

bers h a v e been looked a t wi th va ry ing degrees of e f fo r t 
and in tens i ty . T h e se t includes, a m o n g o thers , con-
t i nuous -combus t ion engines following t h e I l a n k i n e 
( s team engine) , B r a y ton (gas t u rb ine ) , or S t i r l ing 
cycles; electric d r ives powered by ba t t e r i e s , fue l cells, 
o r m o r e exotic thermoelec t r ic , pho tovo l ta ic , or t h e r m -
ionic dev ices ; and va r ious hybr ids involv ing combina -
t ions of t w o or more ind iv idua l sys tems . 

T h e D e p a r t m e n t of H e a l t h , E d u c a t i o n a n d Wel fa re , 
t h r o u g h t he N a t i o n a l Air Pol lu t ion Con t ro l A d m i n i s t r a -
t ion , has f u n d e d severa l s tud ies t o examine compre-
hens ively a n d e v a l u a t e possible a l t e r n a t i v e power sys-
t ems , t o i den t i fy those t h a t hold t h e m o s t promise , 
a n d t o m a k e r e c o m m e n d a t i o n s concern ing add i t iona l 
needed research and d e v e l o p m e n t . Ki rk and D a w s o n 2 

s u m m a r i z e d t h e s e s tud ies as well as t h o s e of o the r gov-
e r n m e n t agencies a n d indust rial l abora tor ies in a p a p e r 
p resen ted a t t h e 19G9 W i n t e r A n n u a l M e e t i n g of 
A S M E . T h e y ident i f ied t h e mos t p romis ing possibili-
t ies for va r ious classes of vehicles, b u t ind ica ted t h a t 
f o r passenger -ca r use only t he s t e a m engine, gas t u r b i n e , 
and h i g h - t e m p e r a t u r e a lka l i -me ta l ba t t e r i e s hold a n y 
real promise . St i r l ing-cycle engines were a d d e d as 
a n o t h e r possibili ty for b u s or t r u c k appl ica t ions . 

S o m e o the r po ten t i a l con tende r s o f t en discussed in 
t h e popu la r press were ruled ou t on t h e basis of cost , 
weight , life, or avai labi l i ty of cr i t ical ma te r i a l s . 
A m o n g these were t h e s i lve r -z inc b a t t e r y , which suffers 
f r o m high cost , limit ed cycle life, a n d t h e f ac t t h a t t he 

».Kirk, R., and Dawson, D., "Low Pollution Engines: Government 
Perspectives on Unconventional Engines for Vehicles,M A S M E 
Paper No. 69-WA/APC-5. 
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,„111.- ..ii11ill:ii pil»wu«;i ;tiii of s i lver w m n d p r o v a l e b a t -
, , ! r i l o r oiilv a sma l l po r t i on of lIn- a n n u a l a u t o m o -
llil,. p r o d u c t i o n , a n d t h e f u r l cell in i ts v a r i o u s f o r m s , 
.,11 (,f wh ich a r c h e a v y , expens ive , a n d c a n n o t y e t u t i l i ze 

««silv a v a i l a b l e fuels . 
Among t h e a lkal i m e t a l b a t t e r i e s l i s ted as f a v o r a b l e , 

,he l i t h i u m - c h l o r i n e a n d s o d i u m - s u l f u r pa i r s h a v e re-
ceived t h e m o s t a t t e n t i o n . T h e s e must o p e r a t e at. 
h i u h t e m p e r a t u r e s (1100 a n d 500 K r e spec t ive ly ) , a m 
„resent s e r ious d i f f icu l t ies wi th respect t o s a t e t y a n d 
s t a r t - up . T h e a u t h o r s l ist t h e s e as poss ib i l i t ies for 
long- te rm app l i ca t i on w h i c h t h e y d e f i n e a s 10 or m o r e 
years f r o m t h e i n a u g u r a t i o n of a se r ious resea rch a n d 
deve lopmen t e f f o r t . T h u s , o n l y t h e s t e a m e n g i n e a n d 
gas t u r b i n e a r e s e r ious c o n t e n d e r s o v e r t h e n e x t s e v e r a l 

'V( I U i a r d l y n e e d s t o b e sa id t h a t t h e u s e of b a t t e r y -
powered a u t o m o b i l e s wou ld n o t e l i m i n a t e p o l l u t i o n 
Juo to c o m b u s t i o n , b u t w o u l d r a t h e r s h i f t i t f r o m t h e 
engine t o t h e c e n t r a l p o w e r p l a n t . The. r e su l t would 
be a s h i f t in t h e n a t u r e of t h e p o l l u t a n t s , f r o m u n b u r n e d 
h y d r o c a r b o n s t o s u l f u r d i o x i d e fo r e x a m p l e , b u t m i g h t 
not e f fec t a s u b s t a n t i a l overa l l i m p r o v e m e n t . If n u -
clear p o w e r p l a n t s a r e cons ide red , t h e n t h e r m a l a n d 
rad ioac t ive po l lu t ion a r e p r o d u c e d , w i t h t h e r m a l pol lu-
tion p r o b a b l y t h e m o s t d i f f i cu l t t o con t ro l . W h i l e t h e 
centra l s t a t i o n c a n o p e r a t e a t a h ighe r e f h c i e n c y t h a n 
the a u t o m o b i l e eng ine , t h e p r o d u c t of t h e long l ine of 
efficiencies f r o m c e n t r a l p o w e r s t a t i o n t h r o u g h t r a n s -
mission l ines, t r a n s f o r m e r s , b a t t e r y c h a r g e r s b a t t e r y 
d ischarge , a n d m o t o r a n d c o n t r o l s w o u l d p r o b a b l y b e 
less, or a t l eas t n o g r e a t e r , t h a n t h a t of t h e i n d i v i d u a l 

engine. 

S e r i o u s C o n t e n d e r s 
Of t h e t w o se r ious c o n t e n d e r s o v e r a r e a s o n a b l y s h o r t 

t ime s p a n , t h e s t e a m e n g i n e a n d the, ga s t u r b i n e , t h e 
t u r b i n e ha s rece ived b y f a r t h e m o s t a t t e n t i o n . 

Gas Turbine. T h i s d e v i c e , i n l a r g e - p o w e r - o u t p u t 
uni t s , h a s t a k e n ove r t h e a i r w a y s , a n d has m a d e in-
roads i n t o t h e m a r i n e and- . s t a t iona ry p o w e r p l a n t Holds. 
In s p i t e of i n t e n s i v e w o r k b y t he m a j o r a u t o m o b i l e c o m -
panies a n d by s e v e r a l o t h e r e n g i n e bui dors i t h a s n o t 
been success fu l in t h e a u t o m o b i l e field a n d is j u s t be 
g inning t o a p p e a r in h e a v y t r u c k a n d b u s a p p l i c a t i o n s . 
T h e r e a p p e a r t o b e s e v e r a l r e a s o n s w h y t h i s is so 

T h e gas t u r b i n e , l ike m o s t p r i m e m o v e r s o t h e r t h a n 
t h e c o m b u s t i o n eng ine , is i n h e r e n t l y a high-POU(T-
o u t p u t dev ice , While t h e p a s s e n g e r a u t o m o b i l e r e q u i r e s 
only a m o d e s t p o w e r s o u r c e - a n d , hope lu l l y , I s av< -
age horsepower will d e m i s e in t h e fut ure . 1 Iw lug 
o u t p u t of t h e t u r b i n e resu l t* f r o m .Us necessar i ly h igh 
r o t a t i v e speed . An a t t e m p t t o bu i l d smal l ga s t u r b i n e 
p l a n t s resu l t s in smal l flow pas sages which a r e d i f f i cu l t 
t o m a n u f a c t u r e wi th t h e nece s sa ry prec is ion , a n d w h i c n 
suffer f r o m b o u n d a r y - l a y e r e f fec ts . T u r b i n e s a r e also 
inheren t ly c o n s t a n t - l o a d , c o n s t a n t - s p e e d e n g i n e s a n d 
do n o t o p e r a t e well or eff icient ly ove r t h e e x t r e m e r a n g e 
of l oads a n d speeds d e m a n d e d b y t h e a u t o m o b i l e . 1' u r -
t h e r m o r e , b o t h m a t e r i a l s cos t s a n d m a n u f a c t u r i n g 
cos t s a r e s u b s t a n t i a l l y h i g h e r for t h e t u r b i n e t h a n fo r 
t h e engine , a n d few of t h e peop l e i n v o l v e d in t h e s e 
p r o b l e m s p r e d i c t a m a j o r c h a n g e in th i s s i t u a t i o n . 

O n e of t h e n i a j o r a d v a n t a g e s a t t r i b u t e d t o t h e a u t o -

m o t i v e UliVHi.e v.y iU-: «• miiipieir-: 
s p e a k of on ly o n e m o v i n g p a r t . T h i s is h f a l l acy wi . - i . 
a p p l i e d t o p;isstU.ger-car use . T h e r e g e n e r a t o r , a neces-
s a r y a p p e n d a g e of t h e ga s t u r b i n e for a u t o m o t i v e u se , 
is a c o m p l i c a t e d a n d expens ive a d d i t i o n . F u r t h e r -
m o r e , t h e m a i n p o w e r t r a i n of t h e m o d e r n i n t e r n a l -
c o m b u s t i o n eng ine , whi le i t m a y a p p e a r compl ica ted , , 
is a h igh ly d e p e n d a b l e a n d t r o u b l e - f r e e u n i t wh ich g e n -
era l ly o p e r a t e s , w i t h o u t m a j o r repa i r , for t h e l n e ol t h e 
veh ic le . 

T h e m a n y p r o b l e m s e n c o u n t e r e d b y t h e pub l i c w i t h 
a u t o m o b i l e , r e p a i r s a n d m a i n t e n a n c e a r e n e a r l y all a s -
s o c i a t e d wit h t h e r u n n i n g gea r , w h i c h a n y r o a d veh i c l e 
m u s t have., a n d wit h t h e m a n y a u x i l i a r y m o t o r s , v a l v e s 
swi t ches , ign i t ion s y s t e m , con t ro l s , e tc . wh ich a r e f o u n d 
in g r e a t e r p r o f u s i o n in t h e ga s t u r b i n e plant, t h a n in 
t h e p r e s e n t a u t o m o b i l e power p l a n t . T h u s , i t ; is u n -
rea l i s t ic t o e x p e c t f ewer t r o u b l e s a n d lower m a i n t e -
n a n c e cos t s w i t h a ga s t u r b i n e p l a n t , s i m p l y b e c a u s e t he 
bas i c power u n i t is long- l ived a n d t roub le - f r ee . 

Steam Engine. T h e a u t o m o t i v e s t e a m e n g i n e ha s on ly 
r ecen t l y b e e n s u b j e c t e d t o fa i r ly i n t ens ive r e sea rch a n d 
d e v e l o p m e n t , a n d is in a r e l a t ive ly u n d e r d e v e l o p e d 
s t a t e c o m p a r e d w i t h t h e i n t e r n a l - C o m b u s t i o n e n g i n e 
a n d gas t u r b i n e . H o w e v e r , i t t o o su f fe r s f r o m s o m e 
s e r i o u s h a n d i c a p s w h i c h will b e d i f f icul t o r imposs ib le 
t o o v e r c o m e . , , , 

A c t u a l l y , s t e a m power p l a n t s a n t e d a t e i n t e r n a l -
c o m b u s t i o n engines , a n d the i r t h e o r y a n d p r a c t i c e are. 
well d e v e l o p e d a n d well u n d e r s t o o d . I t h a s long b e e n 
k n o w n , for e x a m p l e , t h a t t h e e f f i c i e n c y of a s m a l l s im-
ple s t e a m p l a n t is exceeding ly poo r . L a r g e m o d e r n 
s t e a m p o w e r p l a n t s h a v e eff iciencies which equa l or a r e 
s l i gh t l y b e t t e r t h a n t h o s e of good m o d e r n diesel eng ines , 
b u t t h e s e good eff iciencies a r e a c h i e v e d b y t h e use of 
e x t r e m e t e m p e r a t u r e s a n d p ressu res , a n d b y t h e a d d i -
t i o n t o t h e p l a n t of aux i l i a ry e q u i p m e n t a n d cyc le c o m -
p l i ca t i ons w h i c h a r e o n l y poss ible in v e r y l a r g e p l a n t s . 
I n an a u t o m o t i v e s t e a m eng ine , t h e s e c o m p l i c a t i o n s 
a r e imposs ib le , a n d h i g h t e m p e r a t u r e s a n d p re s su re s 
c r e a t e l u b r i c a t i o n a n d o t h e r p r o b l e m s . 

I t s e e m s un l ike ly t h e n t h a t t h e s e p l a n t s could a p -
p r o a c h t h e m o d e r n c o m b u s t i o n eng ine in e c o n o m y . 
S u p p o r t e r s of s t e a m ca r s h a v e m a d e c l a ims of good 
efficiencies, b u t t h e r e is a d e a r t h of t e s t d a t a s u p p o r t i n g 
t h e s e c la ims , a n d i t is d i f f icu l t t o see h o w t h e y c o u l d 

^ B o t h T h e cos t a n d w e i g h t of t h e s t e a m p l a n t a r e a lso 
u n f a v o r a b l e c o m p a r e d w i t h t h e c u r r e n t eng ine . O n -
oral M o t o r s ' e x p e r i m e n t a l s t e a m eng ine , lor e x a m p l e , 
w a s 450 lb h e a v i e r a n d d e l i v e r e d one-ha l f t h e ho r se -
p o w e r of t h e c o n v e n t i o n a l eng ine which it r ep l aced . 

O t h e r p r o b l e m s w i t h R a n k i n e - c y c l e p l a n t s a r e f r eez -
i n g if w a t e r is u sed a s t h e w o r k i n g subs t a n c e , a n d t e m -
p e r a t u r e l im i t a t i ons w h i c h will r e su l t in p o o r e r e c o n o m y 
if o t h e r fluids n o w in s i g h t a r e e m p l o y e d . 

Internal-Combustion Engine. I t s e e m s c lear , t h e n , t h a t t h e 
i n t e r n a l - c o m b u s t i o n eng ine is s u p e r i o r , a n d is l ikely 
t o r e m a i n supe r io r , t o a n y p o t e n t i a l c o m p e t i t o r m n e a r l y 
e v e r y r e spec t e x c e p t e x h a u s t po l lu t ion . 1' u r t h e r m o r e , 
e v e n t h o u g h t h e g a s t u r b i n e , t h e s t e a m o n g m e or a 
b a t t e r y - p o w e r e d s y s t e m m a y s o m e d a y b e s u i t a b l e for 
a t l eas t s o m e classes of a u t o m o t i v e vehic les , t h e r e is 
a t t h e p r e s e n t t i m e , n o r e p l a c e m e n t su f f i c i en t ly well 



developed to become commerc ia l ly feasible wi thin t h e 
next several years . 

It seems ex t remely unl ikely , therefore , that 10 yea r s 
from now more t h a n 10 pe rcen t of new-car p roduc t ion 

£ will be powered by engines o the r t h a n rec iprocat ing 
combustion engines. T h i s means tha t we will surely 
build at least 100 million in terna l -combust ion engines 
over the next 10 yea rs , and that, we will con t i nue to 
operate th is n u m b e r of engines for several yea r s beyond 
that . Since these engines have mil yet been bui l t , it, 
seems u n m i s t a k a b l y clear t h a t t he kind of air we b r e a t h 
10 to b") yea r s f rom now will depend more o n ' h o w we 
build these engines t han on a n y t h i n g else we do in t he 
automot ive pollution lield. T h u s , ins tead of a b a n d o n -
ing s u p p o r t fo r in te rna l -combus t ion research, as t h e 
government agencies a re doing in the d r ive for non-
conventional power p lan t s , we should be m a k i n g a 
major effor t to improve t he in te rna l -combus t ion engine 
note, before t hose millions of engines a re bui l t . 

M o d i f i c a t i o n s 

( ' an t he in te rna l -combus t ion engine, in fac t , be m a d e 
relatively clean? Let. us look at- the d i rec t ions in which 
we might go to ach ieve t his goal. 

T h e first requi rement is a m a j o r change in design 
objective. For at least t h e pas t 30 yea r s engines have 
been op t imized with respect to high specific power o u t -
put, smooth opera t ion , and rapid response to t h r o t t l e 
changes. Fuel economy has been given li t t le a t t e n -
tion and , unti l recent ly , exhaust, emissions, none. In 
the current a t t e m p t s to p roduce cleaner engines, l i t t le 
if any compromise in pe r fo rmance has been al lowed, 
although fuel economy has been p e r m i t t e d t o deter i -
orate s ignif icant ly . In m y opinion, p roposed clean-
air s t a n d a r d s can only b e m e t if th is ob j ec t i ve is g iven 
top pr ior i ty , and all o t h e r p a r a m e t e r s compromised 
as may be necessary to a t t a i n t h e m a j o r goal. Clear ly, 
this may m a k e engines rougher and less responsive, 
and cars less f u n to dr ive. However , b r ea th ing clean 
air is f u n too, a n d , m o r e i m p o r t a n t , is necessary if we 
are to s t a y al ive in t he increasingly conges ted cities of 
tomorrow. 

What specific d i rec t ions m a y we t a k e in t he pursu i t 
of cleaner engines? 

Reduce Eng ine S ize , P o w e r O u t p u t . P r o b a b l y t h e s i m p l e s t 
step is t o reduce engine size and power o u t p u t . A 
low-horsepower engine bu rns less fuel per mile, and , 
since it can be bu i l t to b u r n it as comple te ly as a large 
"'iigine. will p roduce less pollution per vehicle mile. 
The horsepower race has been just if ied for y e a r s on t h e 
basis of increased s a f e ty , i.e., ex t ra power ava i l ab le 
'<> get ou t of a t i g h t spo t . S ta t i s t i c s a c c u m u l a t e d over 
the years have d e m o n s t r a t e d t h a t t he oppos i te is t rue, 
and insurance, compan ie s a r e n o w charg ing a higher 
premium for " m u s c l e " cars . Since even a full-sized 
car uses only a b o u t 3 5 h p when cruis ing a t t u r n p i k e 
•speeu, 100 h p should be a d e q u a t e for all no rmal pur -
poses. 

Improve C a r b u r e t o r s a n d M a n i f o l d s . B e y o n d a r e d u c t i o n i n 
pugine size?, several relat ively minor engine modif ica-
'">u.s can be employed t o reduce emissions. I m p r o v e d 
carburetors and mani fo ld ing t o reduce va r i a t ions in 
mixture r a t i o f rom cyl inder t o cy l inder will p e r m i t 
'°uner overal l mixtures , and hence more comple te com-

bas t ion . C o m b u s t i o n - c h a m b e r conf igura t ion changes 
d i rec ted t oward reduc ing s u r f a c e - v o l u m e ra t ios a n d 
e l imina t ing quench regions can h a v e a beneficial effect . 
T h e s e m e t h o d s h a v e been pursued by engine designers, 
b u t wi thin limits. Rich mix tu res b u r n b e t t e r and 
s m o o t h e r than lean ones and can be, and are , used to 
cover poor ca rbure to r , manifo ld , and combus t ion -
o h a m b e r designs with a resul t ing adver se effect, on 
emissions. S ty l ing also imposes cons t ra in t s . Lou-
hood profiles, for example , leave insufficient room for 
a really good ca rbure to r . T h u s , p e r f o r m a n c e and 
s ty l ing con t inue to be given g rea te r cons idera t ion t h a n 
comple te combust ion. 

Eliminate Lead in Gasoline. Lead c o m p o u n d s increase t he 
hyd roca rbon con t en t of exhaus t gases bo th d i rec t ly 
a n d as a resul t of lead-induced engine depos i t s which 
increase wi th t ime. Mos t of t he solid par t ic les in t h e 
engine exhaus t arc- lead compounds , and if, as seems 
inevi table , pa r t i cu la tes are res t r ic ted by law in t h e 
fu tu re , t he el iminat ion of lead will be a lmos t m a n d a t o r y . 
P robab ly t he m a j o r a d v a n t a g e of lead-free fuel , how-
ever, will be to make possible long-lived exhaus t ca t -
a ly t ic conver te rs which will essential ly e l imina te un-
bu rned hydroca rbons f rom t h e exhaus t . T h e t rouble -
free life of exhaus t -mani fo ld r eac to r s and exhaus t -gas 
recirculat ion s y s t e m s will also be ex tended by tin; use 
of lead-fri t! fuel. 

A g r ea t deal of mis informat ion has been c i rcu la ted 
concerning t he cost, of lead e l iminat ion . T h e l i tera-
tu re , bo th technical a n d popu la r , a b o u n d s wi th est i-
m a t e s of t he high cost, of rebui lding refineries to p roduce 
h igh-octane lead-free fuel and of t he increased cost of 
th is fuel to t he consumer . S t a t e m e n t s a r e also m a d e 
t o t he effect t h a t such gasol ine will increase r a t h e r t h a n 
decrease smog fo rma t ion . All of t hese e s t i m a t e s a r e 
based on the a s s u m p t i o n t h a t o c t a n e n m h b e r s will re-
main a t p resen t levels, and , w i t h o u t lead, w ill be main-
t a ined by t h e add i t ion of large a m o u n t s of a r o m a t i c 
c o m p o u n d s to t h e gasoline. 

Actua l ly , all t h a t needs t o be done is t o reduce or 
r e m o v e t h e lead, le t t h e o c t a n e n u m b e r decrease, and 
lower t he compress ion ra t ios of new engines to t h e po in t 
w h e r e t h e un leaded fuel will not cause de tona t i on . 
Obvious ly , h igh-oc tane fuel will still be needed for t h e 
h igh-compress ion-ra t io engines now on t h e road , b u t 
only a f r ac t ion of current, engines h a v e th i s requi re-
m e n t a n d these will g radua l ly be replaced. M a n y 
ca rs now us ing h igh-oc tane high-lead gasoline d o no t 
requ i re th i s fuel and t h e concomi tan t expense ; an edu-
ca t iona l c ampa ign emphas iz ing th i s fac t would reduce 
subs t an t i a l l y t he use of such fuel. 

Lowering engine compress ion rat ios, of course, will 
somewha t decrease t h e efficiency a n d specific o u t p u t 
o f ' eng ines , b u t t h e loss will be more t h a n compensa t ed 
if to ta l engine horsepower is reduced as sugges ted in 
tilt! foregoing. Compress ion ra t ios h a v e increased 
f rom app rox ima te ly 0 to 10 over t he p a s t 30 years , wi th 
no i m p r o v e m e n t in miles per gal lon; t h e increased effi-
ciency of t h e engine has been cancelled by overpower ing , 
w i t h a resul t ing low load fac to r du r ing all normal dr iv-
ing. 

F r o m t h e po in t of v iew of t h e consumer , compres -
sion ra t ios :ulu oc t ane n u m b e r s have been, for s o m e 
t ime , b e y o n d t he economic l imit . Assuming t h a t an 



fuel economy and a cleaner exhaust . 

•JSfW in c o m p r e s s i o n r a t i o f r o m 8 . 5 t o 10 will cor -
r e s n o u d ( o t h e d i f f e rence b e t w e e n r e g u l a r a n d p re -
„ m u e t h e t heo re t i c a l i nc rease in e f f ic iency-duo t o 
nc eased Compress ion r a t i o is a b o u t , p e r c e n t , h , to 

"be I n c r e a s e in fue l cos t a t c u r r e n t p n e c s » m o r e t h a n 

10 p e r c e n t . 

e c o n o m y a n d t h e u s e of a t h r o t t l e l e s s i n t a k e m a n i f o l d , 
" m a k e s poss ible t h e s i m p l e r f u r l - i n j e c t i o n sys -
t e m . A l t h o u g h t h e p r inc ip les of s t r a t . h e d - c h a r g e o p e r -
a t i o n h a v e been k n o w n for m a n y y e a r s , se r ious w o r k 
o n t h e m e t h o d h a s o n l y r ecen t l y b e e n u n d e r t a k e n b y 
eng ine b u i l d e r s , a n d even n o w on ly o p e n - c h a m b e r >sys-
tems h a v e b e e n ser ious ly i n v e s t i g a t e d . T h e p r o b l e m 
of m a i n t a i n i n g m i x t u r e r a t i o i m b a l a n c e of t h e r i g h t 
£ n d a n d in t h e p r o p e r p laces in an o p e n c h a m b e r u n d e r 
al l l oads a n d speeds is i ndeed di f f icul t , a n d o n l y p a r t i a l 

success h a s been o b t a i n e d t h u s fa r . 
T h i s a u t h o r h a s d e m o n s t r a t e d in t h e eng inee r ing 

l a b o r a t o r i e s a t t h e U n i v e r s i t y of R o c h e s t e r t h a t s t r a t i -

Drastic Modi f ica t ions 
T h e m o d i f i c a t i o n s m e n t i o n e d t h u s f a r h a v e b e e n 

re la t ive ly m i n o r a n d h a v e a , re ,u lv b e e n p u r s u e d a t 
least t o s o m e e x t e n t , b y eng ine b u . d e r s l f ugl . p e r 
fo r ,nance w e r e d r o p p e d a s a m a j o r o b j e c t i v e t h e y « m i d 
b e p u s h e d m u c h f u r t h e r w i t h si,II g r e a t e r h ^ 

Fuel-Injection System. O n e such mei i sure wotlhI to- he 
subst i t u t ion of a fuel - in jec t ion s y s t e m f o r . I 
Fue l i n j e c t i o n would l , ave m a n y 
a m o n g which a re a more u n i f o r m a n d h e c I an J j 
overa l l a i r - f u e l r a t i o a n d t h e a b . h t y t o c u t off fut 1 tow 
comple t e ly d u r i n g dece l e r a t i on , a pe r iod chu-ing ^ ; 
c o m b u s t i o n is p a r t i c u l a r l y poor , O n e o t - J " 
d i f f icul t ies w i t h p r o d u c i n g a s i m p l e fuel-ini c U r n s y s _ _ _ _ _ _ _ 
t e m for t h e s p a r k - i g n i t i o n eng ine is t h e necessi ty t o _ ^ i j ' 

m e t e r a n d con t ro l b o t h air a n d fuel flow jf ; 
c o m b u s t i b l e m i x t u r e , ^ h . s p r o b l e m . s c h m u i a t e d t ^ 
a n o t h e r m a j o r c h a n g e is e m p l o y e d , i.e., t h e u se of s t r a t _ _ ' 

of spa rk - ign i t i on e n g i n e s h a s ce r t a in w W l o w n ^ _ _ 
v a n t a g e s , chief a m o n g wlucl i a i e m b j 
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liisl-eharge o p e r a t i o n in a p r o - c h a m b e r eng ine is rel-
atively easy t o ach ieve a n d t h a t impres s ive p a r t - l o a d 
economies a r e possible . I n c o n v e r s a t i o n s w i t h a u t o -
motive eng ineers , hdweve r , he h a s r e p e a t e d l y b e e n 
told that, t h i s m e t h o d is u n a c c e p t a b l e b e c a u s e t h e t w o -
chamber s y s t e m will r e su l t iii s o m e sacr i f ice in p o w e r 
o u t p u t . , , , 

The t i m e h a s now c o m e when p e r f o r m a n c e must b e 
s a c r i f i c e d in o r d e r t o o p t i m i z e o the r , m o r e r e l e v a n t p a -
ramet ers, s u c h a s fue l e c o n o m y and a c lean e x h a u s t . A l -
though no se r ious a t t e m p t s were m a d e in m y l a b o r a t o r y 
to opt imize or even m e a s u r e e x h a u s t emiss ions f r o m 
a d iv ided -chamber s t r a t i f i e d - c h a r g e engine , t h e f a c t 
that lean m i x t u r e s a r e b u r n e d a n d t h a t u n d e r p a r t -
load cond i t ions t h e cy l inder wal ls can b e b l a n k e t e d 
by pure a i r would l ead o n e t o expec t r e l a t ive ly low 
hydrocarbon emiss ions . I be l ieve t h a t se r ious w o r k 
oil this s y s t e m would p r o d u c e impres s ive resu l t s . I n -
cidentally, ev idence is a c c u m u l a t i n g wh ich shows t h a t 
pre-chainber diesel eng ines h a v e c leaner e x h a u s t s t h a n 
open-chamber eng ines . 

Other Modifications. O t h e r d r a s t i c eng ine mod i f i ca t ions 
arc also possible, a l t h o u g h m o r e extensive, d e v e l o p -
ment work wou ld b e r e q u i r e d t o d e m o n s t r a t e t h e i r 
worth, if a n y , in t h e po l lu t ion b a t t l e . A m o n g t h e s e 
arc va r i ab l e -compress ion - ra t io engines , t u n e d - m a n i -
fold engines, sonic-t lirot t l e d - i n t a k c - v a l v c engines , a n d 
various hyb r id s . 

Diesel Engine a s a S u b s t i t u t e 

T h e diesel eng ine m a y also' b e a r e a s o n a b l e c a n d i d a t e 
as a r e p l a c e m e n t for t h e s p | r k - i g n i t i o n eng ine in pa s -
senger vehic les . T h i s eng ine lias a l r e a d y t a k e n o v e r 
the t ruck a n d b u s fields, a n d ' i s f i n d i n g s o m e u s e in t a x i 
and passenger -car app l i ca t ions . A l t h o u g h i t h a s t h e 
reputation a m o n g t h e gene ra l pub l i c of p r o d u c i n g s m o k e 
and obnoxious odors , t h e b e s t c u r r e n t diesel eng ines 
are ac tua l ly v e r y good a n d can p r o b a b l y a l r e a d y m e e t 
the 197.") C l e a n Air A c t s t a n d a r d s . T h e y suf fer f r o m 
higher noise levels, g r e a t e r roughness , a n d lower spe-
cific out put, t h a n current , pas senge r -ca r engines , b u t t h e y 
compensate b y p r o v i d i n g b e t t e r e c o n o m y a n d g r e a t e r 
reliability. Aga in , s a t i s f a c t o r y emiss ion levels will 
cost s o m e t h i n g in poWer and s m o o t h n e s s , a n d t h e diesel 
engine m a y p r o v i d e t!he b e s t a l l - a round so lu t ion . 

Discussion 

What p r o g r e s s h a v e t h e a u t o m o b i l e c o m p a n i e s m a d e 
to da te? A good dea l , a c tua l l y , for c u r r e n t p r o d u c -
tion engines p r o d u c e only about , o n e - q u a r t e r of t h e u n -
burned h y d r o c a r b o n s a n d c a r b o n m o n o x i d e of u n c o n -
trolled engines . T h i s i m p r o v e m e n t h a s been p r o d u c e d , 
however, a t t h e cos t of inc reased fuel c o n s u m p t i o n 
and increased m a i n t e n a n c e p rob l ems in a n e f fo r t t o 
preserve p e r f o r m a n c e a t unneces sa ry levels. 

T h e w r i t e r h a s a l w a y s s t rong ly be l ieved t h a t r egu-
latory agenc ies s h o u l d only set, p e r f o r m a n c e specif ica-
tions, and shou ld g ive e q u i p m e n t des igners a f r ee h a n d 
'» their choice of h o w t h e s t a n d a r d s a r e t o b e m e t . 
However, o b s e r v a t i o n s in t h e eng ine po l lu t ion field 
clearly show t h i s a t t i t u d e is n o t s o u n d , for t h e eng ine 
builders a r e c lear ly w o r k i n g t o p re se rve p e r f o r m a n c e 
and let e c o n o m y a n d re l iab i l i ty d e t e r i o r a t e . T h i s 
feeling is re inforced b y t h e r e c e n t i n t e r e s t of o n e m a n u -

f a c t u r e r in t h e W a n k e l eng ine for pa«ser.ur-r-car i^ ' - . 
M o s t a u t h o r i t i e s be l ieve t h a t , b e c a u s e of i t s h ighe r 
c o m b u s t i o n - c h a m b e r sur face- t .o -vo lume r a t i o a n d b e -
c a u s e i ts b l o w b y gases go d i r ec t l y t.o t h e exhaust. , t h e 
W a n k e l eng ine will b e i n h e r e n t l y d i r t i e r t h a n t h e re-
c i p r o c a t i n g engine . I t does , however , h a v e a High 
p o w e r o u t p u t per u n i t v o l u m e , a n d t h e r e f o r e a l lows 
room for add -on pol lu t ion con t ro l dev ices w i t h o u t de -
c reas ing power or c h a n g i n g t h e car s ty l ing . T h u s , 
c o n t i n u e d h igh p e r f o r m a n c e a n d s ty l ing , r a t h e r t h a n 
an i nhe ren t l y clean eng ine or a n eff ic ient engine , a p -
pea r t o b e m a j o r o b j e c t i v e s of t h e p r o g r a m . 

T h e a b o v e does n o t m e a n t h a t t h e m a n a g e r s of t h e 
a u t o m o b i l e i n d u s t r y a r e ogres w h o wish t o poison us all . 
T h e y a r e a s conce rned a s a n y o n e w i t h t h e q u a l i t y of 
t h e a i r w e b r e a t h e . T h e y a rc , howeve r , e n g a g e d in a 
h ighly c o m p e t i t i v e bus iness , a n d the i r p e r f o r m a n c e 
is j udged b y t h e prof i t a n d loss s t a t e m e n t a n d t h e rec-
o rd of t h e c o r p o r a t i o n ' s s t ock 011 t h e m a r k e t . T h e y 
g e t no b rown ie p o i n t s on t h e f inancia l pages of The 
Wall Street Journal for a c lean e x h a u s t . C lea r ly , on ly 
s t a n d a r d s se t b y s o m e o n e ou t s ide t h e i n d u s t r y a n d a n 
e n f o r c e m e n t s y s t e m which r equ i r e s compl i ance b y all 
m a n u f a c t u r e r s can p r o d u c e t h e des i red resul t s . 

T h e federa l g o v e r n m e n t is, of course , now do ing t h i s 
t h r o u g h t h e va r ious c lean a i r a c t s and will u n d o u b t e d l y 
do m o r e as f u t u r e n e e d s b e c o m e m o r e c lear . I n d r a w -
ing u p f u t u r e legis la t ion, m e m b e r s of t h e Congre s s 
shou ld g ive cons ide ra t ion t o t h e fol lowing m a t t e r s : 

• Emiss ion s t a n d a r d s m u s t b e s t r i c t enough t o p ro-
d u c e t h e des i red r e su l t , b u t no t more r e s t r i c t ive t h a n 
is necessa ry or possible , or economica l ly s o u n d . 
Spec i fy ing , for example , a n u n a t t a i n a b l e c o m b i n a t i o n 
of u n b u r n e d h y d r o c a r b o n s a n d oxides of n i t r o g e n wpu ld 
c i t h e r m a k e t h e l aw u n e n f o r c e a b l e or ru l e all r ec ip ro-
ca t ing -eng ine -d r iven c a r s off t h e road w h e n no rep lace-
m e n t is ava i l ab le . S imi la r ly , fo rc ing a n inc reased pos t 
of s e v e r a l h u n d r e d do l l a r s per veh ic le t o r e d u c e pol lu-
t a n t s t o w i t h i n a f ew pe rcen t of c o m p l e t e e l imina t ion 
m a y h a v e a m u c h lower cos t -e f fec t iveness t h a n s p e n d -
ing t h e s a m e m o n e y (wh ich comes u l t i m a t e l y f r o m t h e 
sa ipe consumer s ) t o r e d u c e power p l a n t or i n d u s t r i a l 
p o l l u t a n t s t o a lower level. 

• R e s t r i c t i o n s , in a d d i t i o n t o e x h a u s t po l lu t ion levels, 
»liquid b e imposed in o rde r t o i n s u r e t h a t , t h e c leaner 
exhaust , is n o t o b t a i n e d a t t h e e x p e n s e of fue l c o n s u m p -
t ion a n d veh ic le cos t , w i t h p e r f o r m a n c e a n d s ty l i ng 
i m p n i n e . T h e s e res t r i c t ions m i g h t t a k e tin- fo rm of a 
h o r s e p o w e r l im i t a t i on or a s t eep ly g r a d u a t e d t ax on 
p o w e r , a n d a l im i t a t i on or s t e e p t a x 011 lead c o n t e n t 
a long wi th a r e s t r i c t i on on o c t a n e n u m b e r t o hold t h e 
cos t of fue l dowm. 
• 1 A d d i t i o n a l r e sea rch a n d d e v e l o p m e n t will b e 

n e e d e d t o p r o v i d e t h e d a t a necessa ry t o s e t r e a s o n a b l e 
s t a n d a r d s a n d t o deve lop eng ines t o m e e t t h e s e s t a n -
d a r d s . T h e r e a r e m a n y c o m p e t e n t l abo ra to r i e s wil l ing 
t o u n d e r t a k e t h e - t a s k s if f u n d s a r e m a d e ava i l ab l e . 
If most, of t h e g o v e r n m e n t resources ava i l ab l e t o re-
d u c e au tomot ive? air po l lu t ion a r e d i r ec t ed t o w a r d 
f ind ing r e p l a c e m e n t s for t h e r ec ip roca t ing i n t e r n a l -
c o m b u s t i o n engine , a n d l i t t l e o r n o n e m a d e a v a i l a b l e 
t o i m p r o v e i t , t h e air we b r e a t h e 10 y e a r s f r o m now will 
h a v e bene f i t ed v e r y l i t t l e i ndeed f r o m t h e e x p e n d i t u r e 
of t h e s e f u n d s . 
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There has been a new source of energy every 
30 to 40 years. The most recent is nuclear. 
By the century's end it could be solar energy 
to supplement both nuclear energy and the 
dwindling supplies of natural gas, oil, and 
coal. In addition to power and heat, this 
primal energy source—aided by chemistry and 
other resources—could produce fuels and 
lubricants for mobile equipment , rubber, plas-
tics, and other petrochemicals. 

LEON P. GAUCHER 
C o n s u l t a n t , F ishki l l , N. Y. 

HAD IT not been for an a b u n d a n c e of fossil fue ls— 
coal, oil, and n a t u r a l gas—we m i g h t t o d a y h a v e a 
solar-energy economy j u s t as effect ive and efficient as 
our fossil-fuel e conomy . If need had forced m a n to 
devote t he phenomena l ingenui ty and invent iveness 
which he has d isplayed in t h e p a s t 150 y e a r s t o t h e 
development of devices for t he ut i l izat ion of solar energy 
instead of fossil fuels , we migh t , t oday , h a v e huge 
solar-energy p l a n t s a n d complexes, s imilar to o u r 
oil-refinerv and chemical complexes, where t h e s u n ' s 
energy would be collected, concen t ra t ed , and s tored to 
produce not only electr ic power, b u t a whole hos t of 
other th ings . 

As it is, however , solar energy is so d i f fuse a n d 
in te rmi t ten t when it reaches t h e e a r t h t h a t it is un -
likely to be used extensively a s long as fossil fuels r ema in 
abundan t and readi ly accessible worldwide. 

1 Numbers in brackets designate References a t end of article. 
Based on a paper contributed by the A 8 M E Solar Energy Applica-
tions Group . 

T h e large a m o u n t of a r ea requi red t o collect solar 
energy and t he cost of t h e collection, s torage , a n d con-
version e q u i p m e n t involved p reven t t he wirlespread use 
of solar hea te r s , solar houses, solar cookers, solar 
e v a p o r a t o r s and dosal inators , solar power genera tors , 
etc. , as long as fossil fuels a rc ava i lab le t o d o t h e s a m e 
j o b au toma t i ca l l y , n igh t a n d day , w i t h o u t c loud 
in te r ference . 

Now, though , w e a r e beginning t o become m o r e a n d 
m o r e a w a r e of t h e f a c t t h a t th i s b o u n t y of fossil fue l s 
c a n n o t las t . 

N e e d f o r S o l a r E n e r g y 

I n 1965, seven y e a r s ago, a t t h e Solar E n e r g y 
Socie ty mee t ing in Phoenix , Ariz. , t h e a u t h o r p resen ted 
t he g r a p h [1 ]1 which is shown in Fig. 1. 

Fig. 1 
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NATURAL GAS 

LIQUID FUELS DOMESTIC OIL AND NATURAL GAS LIQUIDS 

HYOROEI FCTRIC POWER 
ENERGY CONSUMPTION 
IN THE UNITED STATES 

NUCLEAR POWER 
VERTICAL SCALE 

1= TEN QUADRILLION BTU 
= 9.67 TRILLION CU FT OF NATURAL GAS 
= 1.7 BILLION BBL OF CRUDE 

(4.7 MILLION BBL/DAY) 
= 382 MILLION TONS OF COAL 
= 2930 BILLION KWH 

SOLAR POWER OH 7? 

HYDRO 
GENERATED V/ITH COA 

GENERATED WITH OIL AND GAS 
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T h i s g r a p h s h o w e d t h a t 3 0 t o 50 y e a r s f r o m n o w a 
new large s o u r c e of e n e r g y will b e n e e d e d t o s u p p l e m e n t 
nuclear e n e r g y a n d t h e w o r l d ' s d w i n d l i n g s u p p l y of 
fossil fue ls . I t w a s sugges t ed t h e n t h a t t h i s n e w la rge 
source of e n e r g y m i g h t v e r y well b e so la r e n e r g y . 

I t w a s also s u g g e s t e d t h e n t h a t t h i s l a rge a m o u n t 
of ene rgy m i g h t " b e col lec ted a n d c o n c e n t r a t e d w i t h 
satel l i tes a n d t h e n t r a n s m i t t e d t o t h e e a r t h in con-
cen t r a t ed b e a m s of se lec ted w a v e l e n g t h s t o m i n i m i z e 
diffusion a n d m a s k i n g b y t h e a t m o s p h e r e . " 

I t w a s p o i n t e d o u t t h a t a l l t h e e n e r g y t h a t w a s b e i n g 
consumed in t h e U . S . a t t h e t i m e cou ld be co l lec ted 
from t h e s u n w i t h a s ingle sa te l l i t e o n l y 21.5 mi in 
d iamete r . 

Chronological Development 

T h i s g r a p h h a s also b e e n used in l ec tu re t o u r s m a d e by 
the a u t h o r fo r v a r i o u s i n s t i t u t i ons . F o r conven ience , 
a modi f ica t ion of t h i s s a m e g r a p h w a s u s e d — o n e w h e r e 
the va r ious s e g m e n t s a r e r e p l o t t e d , st i l l t o sca le a n d in 
propor t ion w i t h e a c h o t h e r , b u t in a h o r i z o n t a l pos i t ion 
as shown in Fig. 2 [2]. 

In F ig . 2, t h e v a r i o u s sources of e n e r g y a re a r r a n g e d 
in t h e o r d e r in w h i c h t h e y w e r e d e v e l o p e d chronolog i -
cally, a n d t h i s g r a p h s h o w s v e r y c lear ly t h a t t h i s 
coun t ry h a s deve loped a new source of e n e r g y e v e r y 
30 or 4 0 yea r s . 

F i r s t , a f t e r wood, w ind , a n d w a t e r wheels , i t w a s 
coal. A l t h o u g h coal s t a r t e d be ing u sed in 1780 o r so, 
it was n o t un t i l 1870, a f t e r t h e d e v e l o p m e n t of seve ra l 
of t h e m o r e m o d e r n e n e r g y - c o n s u m i n g m a c h i n e s s u c h 
as s t e a m engines , locomot ives , c o t t o n gins , l a thes , e tc . , 
t h a t coal b e c a m e i m p o r t a n t . 

G a s c a m e n e x t , in 1816, b u t t h i s t o o d i d n o t b e c o m e 

i m p o r t a n t u n t i l m a n y y e a r s l a t e r w h e n in 1930 n a t u r a l 
g a s b e g a n b e i n g p i p e d long d i s t a n c e s t o m a r k e t . , 

Oil w a s d i scove red in 1859, b u t i t d id n o t b e c o m e a n 
i m p o r t a n t i t e m of c o m m e r c e u n t i l 1919 w h e n t h e se l f -
s t a r t e r w a s i n v e n t e d a n d t h e m a s s p r o d u c t i o n of in -
t e r n a l - c o m b u s t i o n e n g i n e s b e g a n . 

T h e n e x t n e w s o u r c e of e n e r g y w a s h y d r o e l e c t r i c 
power in 1890. T h i s h a d t o a w a i t t h e i n v e n t i o n a n d 
d e v e l o p m e n t of e lec t r i c power g e n e r a t o r s w h i c h be-
c a m e c o m m e r c i a l w i t h t h e b u i l d i n g of t h e first s t e a m -
e lec t r i c power p l a n t in N e w Y o r k C i t y in 1883. T h e 
b o t t o m s e g m e n t in Fig . 2 s h o w s h o w t h e t o t a l e lec t r i c 
p o w e r g e n e r a t i o n h a s g r o w n s ince t h e n . 

F o l l o w i n g t h e d e v e l o p m e n t of h y d r o e l e c t r i c p o w e r 
g e n e r a t i o n , o v e r half a c e n t u r y e lapsed be fo re a n o t h e r 
n e w s o u r c e of e n e r g y w a s d i s c o v e r e d — n u c l e a r fission. 
T h i s b e c a m e c o m m e r c i a l w i t h t h e bu i ld ing of t h e first 
p r o t o t y p e p l a n t in S h i p p i n g p o r t , P a . , in 1957. 

N o w , if h i s t o ry c o n t i n u e s t o r e p e a t i tself , i t is q u i t e 
r e a s o n a b l e t o e x p e c t t h a t a n o t h e r l a rge s o u r c e of e n e r g y 
will begin t o m a k e itself f e l t a r o u n d t h e y e a r 2000, j u s t 
a b o u t 30 y e a r s f r o m n o w . T h i s cou ld b e fus ion , o r 
s o m e o t h e r source of e n e r g y t h a t h a s n o t y e t been d i s -
cove red , b u t , a s w e sa id before , i t could m o s t l ikely b e 
so la r e n e r g y . 

Still Up to Date 

N e w d a t a , a n a l y z e d a s t h e y a p p e a r e d , i n d i c a t e t h a t 
e x c e p t fo r a s l igh t ly h igher c o n s u m p t i o n of oil t h a n 
w a s p r e d i c t e d t h e s e g r a p h s a r e j u s t a s good t o d a y a s 
t h e y w e r e s e v e n y e a r s ago . A s a m a t t e r of f ac t , a s p r e -
d ic t ions , t h e y a r e n o w even b e t t e r t h a n t h e y w e r e s e v e n 
y e a r s a g o b e c a u s e t h e y h a v e n o w been re in fo rced b y s u r -
v i v i n g s e v e n whole y e a r s of change . 

IR.oo IPSO 1900 
L ... 
Fig. 2 Energy consumption, chronologically, in the U.S. 
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thai a rc now seven y e a r s closer to t h e t ime when solar 
energy will be needed a n d seven y e a r s closer to t he t i m e 
when we must, u n d e r t a k e t he vas t a m o u n t of research 
and deve lopment work t h a t m u s t be done before solar 
energy can t a k e its proper place a m o n g t h e o t h e r la rge 
sources of energy . 

Solar P lan t s a n d C o m p l e x e s of t h e F u t u r e 

A great deal of work will h a v e to be done to develop 
large sa te l l i te solar collection and t ransmiss ion sys tems, 
for example, a n d for t he deve lopmen t of large sophist i -
cated solar energy complexes such as t he one t h a t is 
shown in Fig. 3, complexes which can p roduce no t only 
solar jxiwer but also t he syn the t i c l iquid fuels and t h e 
lubr icants t h a t we shall con t inue to need to run a i r c r a f t 
and o the r mobile e q u i p m e n t a n d t h e rubbe r , plastics, 
and o the r pe t rochemica ls t h a t have become essent ia l 
to our way of life. 

In a p lant such as this, concen t r a t ed solar b e a m s (or, 
bet ter y e t , microwaves of selected wave lengths ) which 
are received con t inuous ly f rom a series of satel l i tes 
will be separa ted in to va r ious beams, each of which , 
a f te r f u r t h e r concen t ra t ion a n d modif ica t ion, will be 
directed to t he process where i t will do t h e m o s t good: 
one t o a photoelec t r ic p l an t t o be conver ted d i rec t ly 
tu electric power, a n o t h e r to a photochemica l p l a n t fo r 
the p roduc t ion of chemicals to s to re solar ene rgy or 
for o the r uses, one to solar fu rnaces or solar ponds for 
the p roduc t ion of hea t for processing purposes , and 
others for more specific purposes such as t h e dissocia-
tion of wa te r (wi th t he aid of a ca t a lys t no t y e t dis-
covered) to produce hydrogen and oxygen which can 
be used as fuel for fuel cells in homes or as r aw mate r ia l s 
for t he m a n u f a c t u r e of fertil izers, syn the t i c h y d r o -
carbons, a n d chemicals such as rubbe r , plastics, fibers, 
solvents, etc. , a s shown in Fig. 3. 

do th i s can be ob t a ined , as shown, by t he par t ia l oxida-
tion of ca rbonaceous mater ia ls , by t he dissociat ion of 
ca rbona tes , or, in t h e ext reme, by t h e ex t r ac t ion of 
ca rbon d ,ox.de f rom the a t m o s p h e r e to be l eac ted 
wi th hydrogen t h a t has b - n * f c r t h r . di<i_ 
sociat ion of wa te r . Such a s tep would be t he u l t ima te N 

in recycling, when t h e CO, a n d t he wate r t h a t a re 
produced in combus t ion a re recycled back to p roduce 
more fuel . 1 

So o f t e n we hear people say t h a t once our fossil 
tuels a r e exhaus ted they c a n n o t be replaced. T h i s of 
course ,s no t t rue . W e can m a k e h y d r o c a r b o n s o u t 
of old shoes if we have to, and in t he u l t imate , if we 
have to we can m a k e fuels o u t of t he flue gases t h a t 
a re produced when we b u r n t h a t fuel. 

R&D Requ i r ed 

A few of the m a n y i m p o r t a n t a r eas of research and 
deve lopmen t t h a t m u s t be pursued t o p repare our -
selves for t he t ime when we shall run o u t of fossil fuels 
a r e : 

Hydrogénat ion of C a r b o n Monoxide 

In a complex such as th is , t h e hydrogéna t ion of 
carbon monoxide—a process t h a t is a l r e ady well 
known—can be used to p roduce h y d r o c a r b o n s a n d 
chemicals s imilar to those t h a t we use t o d a y . T h e 
hydrogen a n d ca rbon monoxide t h a t a re requi red to 

Fig. 3 Solar energy complex. 
m 
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• Long-distance power transmission 
• Improvements in heat pumps 
• Photochemical reactions 
• Photoelectric convertors 
• Catalytic dissociation of water 
• Large satel l i te solar collectors 
• Solar-spectrum-to-micro wave convertors. 

Because solar complexes such as t h a t shown in Fig 
3 will h a v e to be located in largo un inhab i t ed a reas of 
t h e world, deser t s and t h e like, we m u s t learn how to 
t r a n s m i t electrical ene rgy over long dis tance* more 
effect ively, pe rhaps w i t h o u t wires. 

W e should also effect i m p r o v e m e n t s in hea t p u m p s 
so t h a t these can be used to s u p p l e m e n t t he sun for 
t h e hea t ing and air condi t ioning of homes and o the r 
bui ldings. Also, we mos t assuredly mus t do a lot 
more work on t he s t u d y of photochemical react ions in 
which m a y lie t he solut ion to the problem of s to r ing 
solar energy . 

W e should , of course, cont inue the i m p r o v e m e n t of 
solar cells and of thermoelec t r ic and thermionic devices 
for t he d i rec t conversion of solar energy to electr ici ty. 
Also, we m u s t improve t he me thods and t h e cost of 
producing , s tor ing, and t r anspor t ing hydrogen a n d 
oxygen so t h a t these can be used in fuel cells in homes 
and also in t he m a n u f a c t u r e of chemicals and s y n t h e t i c 
l iquid fuels as we described before. 

In addi t ion , a g rea t deal of work needs to be done on 
t h e deve lopmen t of large satel l i te solar collection a n d 
t ransmiss ion sys tems. T h i s idea was first sugges ted 
by t he a u t h o r in 1965 [1 ], a n d it has since been ex-
panded upon and shown to bo feasible, even wi th pres-
e n t technology, by Glaser 13-7]. T h e sa te l l i te solar 
collectors may be composed of solar cells which can be 
coupled direct ly t o d - c - t o - m i c r o w a v e conver to rs , as 
Glaser has suggested, or t he collectors m a y be s imple 
mirror-l ike parabalo id devices focused on laser-like 
conver to r s or on a conversion sys tem cons is t ing of a 
d y n a m i c R a n k i n e - t y p e genera to r coupled t o K lys t ron -
t y p e conver tors . 

O t h e r th ings t h a t a re requ i red a r e ma te r i a l s t h a t a r e 
selective absorbers of solar q u a n t a , c h e a p lens-like 
solar concent ra tors , a n d c h e a p a u t o m a t i c m o v e m e n t s 



so that. solar collectors can bo m a d e to follow t h e sun , 
all to m a k e solar-collector work ing t e m p e r a t u r e s h igh 
enough t o genera te s t e a m u n d e r pressure for conven-
t iona l tu rbogenera to r s . 

In addi t ion , we need to develop photochemica l reac-
t ions which can be used to p roduce c o m p o u n d s to s tore 
solar energy» Compounds which can be b u r n e d or dis-
socia ted when needed. Such c o m p o u n d s m i g h t also 
be used to h a n d l e and t r a n s p o r t hyd rogen a n d oxygen 
in solid or liquid fo rms more convenien t ly . 

A g rea t deal of work h a s been done on t h e use of t h e 
sun and acreage to produce , t h r o u g h photosynthes i s , 
wood and o the r vege ta t ion which can be used as fue l 
d i rec t ly or as a source of alcohols (l iquid fuel) . M o r e 
combus t ib le ma te r i a l can p robab ly be m a d e w i t h t h e 
s a m e acreage, if a photochemica l reac t ion more r ap id 
and more efficient t h a n pho tosyn thes i s is used. Se-
lected chemicals in so lu t ion exposed to t h e s u n in solar 
ponds to fo rm solid p rec ip i ta tes a re envisaged. 

G o v e r n m e n t S u p p o r t C r u c i a l 

W o r k di rec ted t oward s y s t e m s such as these will 
be ext remely expensive and obviously c a n n o t be ex-
pected to be suppor t ed th rough prof i t m o t i v a t i o n 
alone. I t s imply m u s t be s u p p o r t e d by t h e govern-
m e n t s of t h e world, j u s t as a tomic energy Was, as a 
r e su l t of long-range vis ionary p lann ing . 

T h e problem before us t o d a y , therefore , is t o promote, 
awareness of t he u l t i m a t e need for solar energy and to 
enl is t t h e ass is tance of those w h o are in a posi t ion t o 
a l locate f u n d s and facil i t ies for t he s u p p o r t of t h e large 
a m o u n t of research t h a t m u s t b e d o n e t o p repa re for 
t h i s solar era . 

Energy S t u d i e s in P r o g r e s s 

Because t h e U . S. gove rnmen t h a s a l r eady become 
v e r y seriously concerned a b o u t t h e energy p ic tu re of 
t h e i m m e d i a t e fu tu re , as a resu l t of cer ta in local shor t -
ages of coal and n a t u r a l gas, power b rownou t s , nuc l ea r -
power -p lan t delays, etc. , t he re a re several energy s tud ies 
t h a t a r e now u n d e r w a y or proposed by va r ious agencies 
of t he gove rnmen t . T h e s e a r e : 

McCracken Fuels Committee. T h e M c C r a c k e n 2 C o m -
mi t t ee s t u d y , which is be ing m a d e for t h e execut ive 
office of t he pres ident , will r epo r t on a large n u m b e r of 
specific i t ems : nuc lear fas t -breeder reactors , nuc lear 
s t imula t ion of gas reserves, o t h e r means of i m p r o v i n g 
gas reserves and supp ly , S 0 2 r emova l technology, n a v a l 
pe t ro leum reserves policy, w a y s to s t i m u l a t e coal pro-
duct ion , s t imula t ion of oil recovery, oil and gas leasing 
on t he ou te r con t inen ta l shelf, t he Alaska oil pipeline, 
coal gasif icat ion, oil shale, oil f rom u r b a n refuse , a n d 
geothermal s t e a m — n o t a word a b o u t solar energy . 

Department of the Interior Studies. T h r e e energy s tud i e s 
a r e being m a d e u n d e r t h e auspices of t h e D e p a r t m e n t 
of t he In ter ior . One is an in-house s t u d y and a n o t h e r 
is t he U . S. energy out look s t u d y which is be ing m a d e 
by t h e Na t iona l Pe t ro l eum Counci l . T h e o the r is t h e 
N a t i o n a l E n e r g y Policy S t u d y which is be ing m a d e b y 
a c o m m i t t e e of business r epresen ta t ives u n d e r t h e 
c h a i r m a n s h i p of D r . J o h n J . M c K c t t a of t h e Un ive r s i ty 
of Texas . 

» Dr. Paul W. McCracken is chairman of the Council of Economic 
Advisers. 
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Bills in Congress. In addi t ion to th«-se s tud ies a l r eady 
in progress, t he S e n a t e has favorab ly r epor t ed o u t of 
c o m m i t t e e a resolut ion, Resolut ion 45, which empowers 
t he C o m m i t t e e on In te r ior and Insu la r Affairs , in co-
opera t ion with several o the r agencies of t he govern-
m e n t , to m a k e a major energy s t u d y to be comple ted in 
IS mon ths . T h i s resolut ion, sponsored b y S e n a t e s 
R a n d o l p h ( D - W . Va.) a n d J a c k s o n ( D - W a s h . ) , is a .sub-
s t i t u t e for t he N a t i o n a l Fuels a n d E n e r g y Commiss ion 
policy review which failed t o pass in t he last Congress . 

T h e p roponen t s of Resolu t ion 45 h a v e urged t h a t a 
h ighly qualif ied staff be ob ta ined to m a k e th i s study., 
and S e n a t o r J a c k s o n has suggested t h a t it be d i rec ted 
b y S. D a v i d F reeman , who was t he d i rec tor of t he energy 
policy staff in t h e p res iden t ' s Office of Science and 
Technology . T h i s office is con t inuous ly s t u d y i n g 
energy supp ly and policy m a t t e r s a n d has con t r ibu ted 
mate r i a l ly to t h e M c C r a c k e n C o m m i t t e e work . 

House bill H R - 2 5 8 a n d o thers s imilar to it p ropose 
t h e e s t ab l i shment of a commiss ion on fuels and energy. 
T h i s is a r e in t roduc t ion of t h e proposal t h a t was covered 
by S.4092 which died in c o m m i t t e e last y e a r . T h e r e 
has been no act ion y e t on th is measure . 

A n o t h e r s t u d y of in teres t is t h a t which is being m a d e 
for t he N a t i o n a l Science F o u n d a t i o n on t h e " G r o w t h 
and D e m a n d for E n e r g y " by t h e R a n d C o r p . T h e 
Na t iona l Science F o u n d a t i o n is also sponsor ing a s t u d y 
on " E n v i r o n m e n t and Techno logy Asses smen t " by 
t h e Oak Ridge N a t i o n a l L a b o r a t o r y . 

T h r o u g h pa r t i c ipa t ion in s tud i e s of th i s k ind a n d 
t h r o u g h par t i c ipa t ion in congressional hea r ings on t h e 
sub jec t , we should t a k e a d v a n t a g e of eve ry oppor -
t u n i t y t o see t h a t solar energy is no t over looked . 

A n o t h e r t ime ly o p p o r t u n i t y t o p r o m o t e research 
a n d deve lopmen t work in t he field p resen t s itself as a 
resu l t of t h e c u t b a c k s t h a t a re now occur r ing in de -
fense, aerospace, and nuclear-energy research. T h e s e 
c u t b a c k s a r e releasing no t only a large n u m b e r of 
sc ient is ts and engineers , b u t also a large n u m b e r of re-
search facil i t ies t h a t a re a l ready admi rab ly sui ted to 
do some of t he sophis t ica ted work t h a t is requi red in 
t h e solar energy field. 

So far , except for t h e s u p p o r t of t h e work t h a t h a s 
been done on solar cells, thermionics , a n d thermoelec-
t r i c devices for t h e space and defense agencies, t hè 
a m o u n t of money t h a t h a s been a l located t o solar re-
search has been negligible. 

W h a t is needed, of course, is an "Off ice of Solar 
E n e r g y R e s e a r c h " like t h e Office of Coal Research , or 
b e t t e r ye t , a "So la r E n e r g y C o m m i s s i o n " like t h e 
A t o m i c E n e r g y Commiss ion . 
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Energy requirements and availabil i ty of energy 
supplies are subjects of increasing interest. 
Here is a briefing on U. S. energy require-
ments as related to total world requirements, 
on the sources of energy consumed in the U. S.f 
the end uses of energy consumed in the U. S., 
and predictions as to the rate of increase in 
U. S. energy consumption. 

FRANK A. RITCHINGS1 

Ebasco Services Inc., New York, N. Y. 

IN 1958, with a world popula t ion of a b o u t 2 .9 billion 
people, t h e t o t a l energy consumpt ion of t h e h u m a n 
race was equivalent to consuming a b o u t 3700 million 
metr ic t ons of coal. T h a t energy was provided 54 
percent by solid fuels, pr imar i ly coal ; 30 pe rcen t by 
liquid fuels, pr imar i ly oil; 14 pe rcen t by gas fuels, 
pr imar i ly na tu ra l gas; a n d 2 percen t by h y d r o and 
nuclear sources combined , b u t essential ly hyd ro . 

In 1968, with a world popula t ion of a b o u t 3.5 billion 
people, t he t o t a l energy consumpt ion was equa l to 
consuming a b o u t 6000 million me t r i c t ons of coal. 
T h r e e fac t s a re of in te res t : 

1 D u r i n g t he 10-vear period 1958-1968 t h e world 
populat ion increased by a b o u t 21 percent . However , 
the to ta l world energy consumpt ion increased by 62 
percent . T h i s m e a n s t h a t energy consumpt ion per 
cap i ta increased near ly 3 5 pe rcen t in j u s t 10 years . 

2 D u r i n g t h a t 10-year period, t he re h a v e been 
significant changes in t h e sources of energy used. T h e 
ne t effect of t h i s chang ing p a t t e r n of energy use is 
shown in Fig. 1. Solid fuels decreased f r o m 54 t o 38 

•Vice-President. Mem. ASME. 
Based on a paj>er contributed by the ASM E Energetics Division. 

percen t of to ta l energy consumpt ion , liquid fuels in-
creased f rom 30 to 40 percent , and gaseous fuels f r o m 
14 to 20 percent . H y d r o and nuc lear combined re-
ma ined in t h e range of 2 to 3 percent . 

3. T h e use of all raw-energy sources increased in 
abso lu te quan t i t i e s . For solid fuels, 38 pe rcen t of 
6016 million tons in 1968 represents 15 pe rcen t g r e a t e r 
t o n n a g e t h a n 54 pe rcen t of 3711 million met r i c t o n s in 
1958. Similar ly, t h e consumpt ion of l iquid fuels in-
creased by 118 percent , gaseous fuels by 130 percen t , 
and hyd ro and nuclear combined by 80 percent . 

Worldwide , t he decreas ing dependence on solid fuels 
a n d t h e increasing dependence on l iquid and gaseous 
fuels ind ica tes t h e preference for t h e fuels mos t con-
ven i en t to t r a n s p o r t and use. T h i s s a m e p a t t e r n is 
ev iden t in t h e U . S. 

I t is also ev iden t t h a t t h e h u m a n race h a s a t r e -
m e n d o u s need for energy in all f o rms and t h a t improve-
m e n t s in world economies a n d in s t a n d a r d s of l iving a r e 
re la ted t o energy consumpt ion . F u r t h e r , t h e bulk of 
o u r energy need is t o d a y m e t by t a p p i n g our nonre -
newable resources of coal, oil, a n d gas. Whi le we h a v e 
t r e m e n d o u s wor ldwide reserves of these fuels, ou r 
reserves a r e no t infinite. 

Fig. 1 World energy consumpt ion , millions of metr ic t o n s coal 
equivalent . 
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Per Capita 
Consumption 

(Kg Coal Equivalent) 
mnui.ii mi»1" - w n i " 

United States 10,331 
Western Europe { 3,312 
U.S.S.R. I \ 4,058 
Japan -2,515 
World Average 1,727 
South America i 653 
Far East ex. Japan r 182 
Africa 294 

Percent of 
World Energy World 
Consumption Population 

34 6 \ 
19 10 
16 7 \ 
4 3 M 
2 4 ü 
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2 10 
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Average World Energy Consumpt ion 

Whi le t h e 1968 a v e r a g e wor ld ene rgy c o n s u m p t i o n 
was t h e equ iva len t of c o n s u m i n g 1727 kg of coal pe r 
capi ta , t h e r e a r e t r e m e n d o u s d i f ferences in t o t a l ene rgy 
c o n s u m p t i o n , even a m o n g t h e coun t r i e s w e cons ider 
highly indus t r ia l i zed a n d deve loped . T a b l e 1 illus-
t r a t e s t h e d i f ferences for a few a r e a s a n d ind ica t e s t h a t 
t he U . S. has t h e l a rges t per c a p i t a ene rgy a p p e t i t e . 

T h e pe r c a p i t a e n e r g y c o n s u m p t i o n in t h e U. S . is 
a b o u t six t i m e s t h e wor ld ave rage , t h r e e t i m e s t h e 
ave rage for W e s t e r n E u r o p e , a n d f r o m 35 t o 55 t i m e s 
t he ave rage fo r t h e less deve loped a r e a s of A f r i c a a n d 
the F a r E a s t , exc lud ing J a p a n . 

T h e U . S., w i t h a b o u t 6 p e r c e n t of wor ld p o p u l a t i o n , 
consumes 34 pe r cen t of wor ld ene rgy . T h e U . S., t o -
ge ther w i t h W e s t e r n E u r o p e a n d t h e U . S . S . R . , w i t h a 
combined p o p u l a t i o n less t h a n 25 pe r cen t of wor ld 
to ta l , a c c o u n t for a b o u t 70 p e r c e n t of wor ld e n e r g y 
consumpt ion . 

I t is ev iden t f r om the se d a t a t h a t indus t r i a l i za t ion , 
economic well-being, a n d genera l s t a n d a r d of l iv ing a r e 
direct ly re la ted t o ene rgy use per cap i t a . J u s t imagine 
the t r e m e n d o u s increase in wor ld ene rgy r e q u i r e m e n t s 
if s t a n d a r d s of l iv ing in t h e u n d e v e l o p e d coun t r i e s 
could be ra i sed . T h i s is a s ign i f ican t poli t ical , eco-
nomic, a n d engineer ing chal lenge . 

U. S. Energy Consumpt ion 

Fig. 1 ind ica tes tha t d u r i n g t h e 10-year per iod 1958-
1968 world energy c o n s u m p t i o n increased b y 02 per-
cent . D u r i n g th i s per iod, t o t a l a n n u a l ene rgy con-
sumpt ion in t h e U. S. increased by 50.5 pe rcen t , Fig. 2. 

A t t h e s a m e t ime, o u r G N P , expressed in c o n s t a n t 
1958 dol lars , increased a b o u t 58 pe rcen t . O u r p o p u l a -
tion increased only 15.5 pe rcen t , r e su l t ing in a n in-
crease in ene rgy c o n s u m p t i o n per c a p i t a of 30 .5 pe r cen t . 

O u r popu la t i on is c u r r e n t l y increas ing a t t h e r a t e 
of a b o u t 1.3 pe rcen t per yea r , o u r t o t a l energy con-
sumpt ion is increas ing a t t h e r a t e of a b o u t 4 .2 p e r c e n t 
P<T yi-ai, a n d ene rgy c o n s u m p t i o n p e r c a p i t a is in-
creasing a t a b o u t 2.7 p e r c e n t per y e a r . 

T h e conc lus ion : E n e r g y c o n s u m p t i o n is closely re-
l a t ed t o t h e t o t a l v a l u e of all g o o d s a n d services pro-
d u c e d in t h e U. S . ; i t is r e l a t e d t o a n d is a v i ta l in-
g red ien t of o u r economic g rowth , o u r per c a p i t a in-
come, a n d t h e e n h a n c e m e n t of o u r s t a n d a r d of l iving. 

T h e f a c t t h a t ene rgy is a f u n d a m e n t a l necess i ty of 
o u r e c o n o m y on ly becomes a p p a r e n t t o t h e a v e r a g e 
ci t izen w h e n h e is d e p r i v e d of i ts benef i t s , such a s 
d u r i n g a n e lect r ic power fa i lure , or s h o r t a g e of gas or 
oil f o r h e a t i n g purposes , or s h o r t a g e of gasol ine for his 
a u t o m o b i l e . T e m p o r a r y i n t e r r u p t i o n s t o ene rgy sup-
plies h a v e been so i n f r e q u e n t in t h e p a s t a n d of such 
s h o r t d u r a t i o n t h a t few people real ize t h a t o u r e c o n o m y 
is rea l ly d e p e n d e n t o n an a b u n d a n t s u p p l y of r a w -
e n e r g y resources a t r e a s o n a b l e cost . 

Fig. 2 U.S. energy consumption, percent change, 1968 vs. 1958. 
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D u r i n g 10r>0, tin- U. S. consumed a b o u t 45,000 tr i l -
lion B t u , F ig . 3. Dur ing t he decade of t h e 1960s 
energy consumpt ion increased by a b o u t 50 percent , 
so t h a t in 1970 to t a l U. S. consumpt ion of energy in-
creased to OS,000 trillion B t u annua l ly . W e expect 
t h a t to ta l ene rgy consumpt ion will con t inue t o increase 
du r ing t he 1970s at abou t t he same r a t e as in t h e second 
half of t he 1900s, a s suming no serious economic reces-
sion, so t h a t b y 19S0 our t o t a l annua l consumpt ion will 
be a t t h e r a t e of 104,000 trillion B t u , or a b o u t 53 percen t 
g rea te r t h a n in 1970. 

I t seems reasonable t h a t some d a y our r a t e of in-
crease in energy consumpt ion , in economic g rowth , 
and in va lue of goods and services p roduced will begin 
to slow down. S o m e d a y , we should begin to a p p r o a c h 
sa tu ra t ion in t he i m p r o v e m e n t of ou r s t a n d a r d of 
living. N o one h a s a crys ta l ball, however , t h a t can 
predic t when , or even if, t h i s will occur . B u t d u r i n g 
t he decade of t h e 1980s our r a t e of a n n u a l increase in 
energy consumpt ion is expected to s lacken. T o t a l U. S. 
energy consumpt ion in 1990 will be 147,000 tri l l ion 
B t u , or a b o u t 40 percen t greater t h a n in 1980, b u t even 
HO ou r 1990 energy needs will be more t h a n doub le t h e 
needs ac tua l ly recorded for 1970. 

M a n y th ings m i g h t occur t h a t could dras t ica l ly a l te r 
these predic t ions of f u t u r e to ta l energy consumpt ion , 
b o t h in t he U . S. and worldwide. All energy c o n s u m p -
t ion affects ou r e n v i r o n m e n t . In t h e pas t , ou r en-
v i r o n m e n t had a g rea te r capaci ty to m a i n t a i n itself 
t h a n we had to inf luence i t s n a t u r a l ba lance by our in-
dus t r ia l and consumer-or iented act ivi t ies . T h e b y -
p roduc t s of energy consumpt ion include t h e d ischarge 
of t he p roduc t s of combus t ion in to our a t m o s p h e r e 
and t h e discharge of hea t in to t he a t m o s p h e r e a n d in to 
our w a t e r resources. W i t h our increasing popu la t ion 
and our increasing energy consumpt ion for comfor t , 
indus t r ia l uses, t r anspo r t a t i on , electr ic power genera-
t ion , a n d o t h e r purposes , we m u s t now m a n a g e a n d 
conserve our env i ronmen ta l resources. T h i s is t h e 
t h r u s t of e n v i r o n m e n t a l legislation. 

O u r predic t ions for 1980 and 1990 a s sume t h a t 
m e t h o d s and pract ices will be developed and a d o p t e d 
to m a n a g e o u r e n v i r o n m e n t w i t h o u t cu rb ing t he in-

Flg. 3 Actual U.S. energy consumption for 1960 and 1970 plus 
predictions for 1980 and 1990. 
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crease» in to ta l energy consumpt ion . T h e s e pred ic t ions 
also a s sume t h a t t h rough intensif ied exp lora t ion t h e 
n a t u r a l resources will be found , developed, explo i ted , 
and t r a n s p o r t e d t o s u p p o r t t h e to ta l energy needs of 
t h e c o u n t r y . 

Fig. 3 also i l lus t ra tes t he m a j o r sources of energy a n d 
t h e chang ing consumer preferences for energy sources. s 

Nuclea r sources provided an insignif icant a m o u n t 
of t h e t o t a l energy needs in 1900 (so small it is no t even 
shown on t h e ba r ) and only a b o u t 1 percent in 1970. 
W e pred ic t a rapid increase in t h e use of nuclear energy , 
pr imar i ly for electr ic power genera t ion , and expec t 
t h a t nuc lear will p rov ide a b o u t 9 percen t of to ta l U . S. 
energy consumed in 1980 and 20 pe rcen t in 1990. I t is 
largely t h e increase in nuc lear t h a t a ccoun t s for t h e 
decreas ing percen tages of energy t o be provided b y 
gas, oil, a n d coal d u r i n g t h e next two decades a n d be-
yond . 

Energy R e s o u r c e s 

T h i s p a t t e r n of chang ing use of ou r raw-energy re-
sources h a s been a n d will con t i nue t o be caused p a r t l y 
by consumer preference a n d p a r t l y by economics, 
which in t u r n is af fec ted by ava i lab i l i ty a n d cos t of t h e 
m a r k e t a b l e reserves. T h e consumer h a s ind ica ted a 
def ini te preference for t h e more conven ien t energy 
sources, i.e., gas a n d oil a s compared t o coal. As o u r 
indigenous resources of fossil fuels a re consumed , we 
can expec t t h e prices of those fuels to increase d u e to 
t h e no rma l re la t ionships of supp ly and d e m a n d . T h i s 
will increasingly m a k e nuclear energy an economic 
raw-energy source, pr imar i ly for electr ic powpr genera-
t ion. 

D o no t be misled, however , by these decl in ing per-
cen tages of energy consumpt ion shown on th i s c h a r t . 
T h e a c t u a l consumpt ion of all fossil fuels will increase 
each yea r . M e a s u r e d in t ons of coal , 13 p e r c e n t of 
147,000 tri l l ion B t u in 1990 is a b o u t 40 pe rcen t more 
coal t h a n t h e t o n n a g e represen ted by 20 pe rcen t of 
68,000 tri l l ion B t u in 1970. F o r l iquid fuels, 38 per-
cen t of 147,000 trillion B t u in 1990 is a b o u t 90 pe rcen t 
more t h a n t he a m o u n t of oil r ep resen ted by 43 pe rcen t 
of a s ,000 trillion B t u in 1970. For gas, t h e 1990 con-
sumpt ion will be a b o u t 75 pe rcen t m o r e t h a n t h e 1970 
consumpt ion , even though , in 1990, gas will r epresen t 
only 26 percen t of to ta l energy r e q u i r e m e n t s as com-
pared to 32 percen t in 1970. 

Coal. T h e increase of 40 percen t in coal require-
m e n t s in t h e shor t span of t h e nex t 20 y e a r s indica tes 
t he m a g n i t u d e of t h e j o b a h e a d in open ing u p new 
mines a n d developing new min ing techniques , a n d t h e 
m a g n i t u d e of t he coal t r a n s p o r t a t i o n problem. 

I n t h e U . S. we h a v e several hund red yea r s of coal 
reserves a t t he p resen t r a t e of use; however , m a n y of 
these reserves can only be exploited a t costs f a r h igher 
t h a n t h e cost of mining coal t o d a y , A s w e exploi t 
t h e less favorable reserves, coal cos ts will increase . 
Coal t r anspo r t a t i on costs will increase. T h e cos t of 
e q u i p m e n t required to mi t iga te t h e d i scharge of p a r -
t i cu la te a n d gaseous p roduc t s of c o m b u s t i o n in to t h e 
a t m o s p h e r e to ma in t a in our air q u a l i t y will, in effect , 
r epresen t an increase in t he cost of coal t o t h e u l t i m a t e 
consumer These increas ing cos ts largely a c c o u n t 
for l he livirtening of coal energy as a pe r cen t age .of t o t a l 



T h e va lues on (his cha r t indica te a c u m u l a t i v e 1970 
t o 1990 r equ i r emen t of 12,000 million tons of coal plus 
152 billion bbl of oil p lus 000 trillion cu f t of na tu ra l gas. 

Nuclear Fuel. T h e t r e m e n d o u s increase in nuclear 
energy indica tes t he need for an accelera ted explora-
t ion p rogram to locate economical ly ob t a inab l e reserves 
of u r a n i u m a n d o the r fissionable mate r ia l s . O u r s 

present ly known U. S. reserves of u r a n i u m a r e es-
t i m a t e d t o be a d e q u a t e only th rough a b o u t 1981; how-
ever, the need for nuclear fuel will c r ea t e an ex tens ive 
explora t ion p rog ram. T h e reserves of fissionable 
nuc lear fuel requi red will be s ignif icant ly af fec ted 
when the breeder reac tor becomes a commercia l rea l i ty , 
p robab ly by t he mid-1980s. 

T h e h is tory of t he p a s t indicates, for all fuels, t h a t 
t h e a m o u n t of proven reserves is a d i rec t func t ion of 
t he a m o u n t of explora t ion . 

A l though t he problems of f u t u r e supp ly a r e t re -
mendous , these pro jec t ions of f u t u r e energy consump-
tion a s sume t h a t t he requi red reserves will be ava i lab le 
e i the r by U. S. product ion or by i m p o r t s f rom o t h e r 
wor ldwide sources. 

U. S. Raw-Energy C o n s u m p t i o n a n d S o u r c e s 

H o w do we use t he energy we consume? Fig. 4 
oil needs are imported. T h e huge reserves r epor t ed shows t he b reakdown in to m a j o r use ca tegor ies (house-
available in Alaska are only equal to a b o u t t h r e e yea r s ' hold and commercial , indust r ia l , t r a n s p o r t a t i o n , and 
wupply a t the 1970 r a t e of consumpt ion . T h i s ex- electric genera t ion) as a pe rcen tage of t h e t o t a l energy 
ample alone indicates t he r a t e a t which new oil reserves consumpt ion each year . H e r e 100 pe rcen t equa l s 
must he discovered and proven t h r o u g h an accelera ted 45,000 trillion B t u in 1900, increas ing to 147,000 tril-
exploration program. lion in 1990 as shown in Fig. 3. 

Gas. Our U .S . proven gas reserves of a b o u t 291 tri l l ion Fig. 5 i l lus t ra tes t he pe rcen tage of r a w ene rgy pro-
cu ft are only equal to a b o u t 13.3 yea r s ' supp ly a t t h e v ided by t he several t y p e s of fuel resources f<<r each 
1970 rate of consumpt ion (as aga ins t 20 t imes in 1960), of these m a j o r use categories. Only 1970 a n d 1990 
and there are probable add i t iona l reserves equa l to 21 a re shown to avoid m a k i n g t h e c h a r t s t oo compl ica ted 
or more t imes t he 1970 consumpt ion . and to i l lus t ra te a reasonab ly long- te rm t r end of 20 A : 

In recent years, the annua l r a t e of new discoveries years . Coal , oil, and gas a r e t h e pr incipal raw-energy 
of oil and gas has been less t h a n our a n n u a l r a t e of con- sources for d i rec t use in t h e household , commercia l , 
sumption, resulting in decreasing reserves- to-produc- and industr ia l marke t s . T o d a y coal is an insignif icant 
tion ratios. con t r ibu to r t o household and commercia l energy use. 

An increase of 90 percent in annua l oil consumpt ion T h i s m a r k e t is served pr imar i ly by gas and oil because 
and 75 percent in annua l gas consumpt ion d u r i n g t h e of consumer preference for t he convenience of these 
next 20 years certainly indicates t h e m a g n i t u d e of t h e fuels . W e expect th i s s i t ua t ion will con t inue i n t o t h e 
exploration program requi red b o t h in t h e U . S. and f u t u r e . 
worldwide to locate new reserves a n d develop new F o r indus t r ia l use, coal is a s ignif icant energy source, 
wells and t ranspor ta t ion techniques . b u t provides oply a b o u t 28 pe rcen t of indus t r ia l raw-

Fli. 8 Raw-energy sources for major consuming uses. 
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Fig. 4 Major user sectors of U.S. raw-energy consumption.. 

energy and the, reduced r a t e of increase in coal t o n n a g e 
requirements in the fu tu re . 

Oil. Our proven U. S. oil reserves of a b o u t 39 billion 
barrels are only equal to a b o u t 11.8 yea r s ' supp ly a t 
the 1970 consumption r a t e (as aga ins t 12 t imes in 
I960). There a re " p r o b a b l e " add i t iona l reserves (ex-
cluding Alaska) equal to perhaps 100 years ' supp ly a t 
the 1970 consumption ra te . A b o u t 25 pe rcen t of ou r 
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Fig. 6 Total energy consumption by U.S. census divisions. 

energy needs t o d a y and will decrease to a b o u t 22 per-
cent of indus t r ia l needs by 1990. A b o u t 75 pe rcen t of 
indus t r ia l raw-energy needs a re furn ished by pe t ro leum 
produc ts , gas and oil, and we expect t h a t th i s p a t t e r n 
will con t inue in to t he f u t u r e . 

T h e s e va lues represen t only t he gas, oil, a n d coal 
consumed direct ly by t he household, commercia l , a n d 
indus t r ia l m a r k e t s . 

Fig. 5 also shows t h a t pract ical ly all r aw-energy re-
q u i r e m e n t s for t r a n s p o r t a t i o n a re provided by oil 
p roduc ts , w i th a ve ry minor percen tage fu rn i shed by 
n a t u r a l gas. W e expec t th is s i tua t ion to con t inue into 
t he foreseeable f u t u r e , because t he re is no indicat ion 
today t h a t t h e in te rna l -combus t ion engine will no t re-
main t h e p r i m a r y source of mo t ive power . 

C o n s u m p t i o n of fuel energy for t h e p roduc t ion of 
electric power is, however , bo th in te res t ing a n d d r a -
mat ic . T o d a y , 46 percen t of electr ic power is p roduced 
by coal, 12 pe rcen t by oil, 25 pe rcen t by n a t u r a l gas, 
15 percent, by hydro , a n d only 2 percen t or less by 
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nuclear energy. By 1990, however , nuc lear sources 
will a c c o u n t for 49 percen t of electric energy p roduced , 
h y d r o will a ccoun t for only a b o u t 7 percent , a n d t h e 
consumpt ion of gas, oil, and coal for e lect r ic power 
genera t ion by coal will decrease d rama t i ca l l y . T h e 
pe rcen tage genera t ion by coal will decrease f rom 46 
to 21 pe rcen t , oil f rom 12 to 9 percent , and gas f r o m s 

25 to 14 percen t . 
T h e s e chang ing pa t t e rns , t h e increasing rel iance on 

nuc lear and t he decreas ing rel iance on fossil fuels and 
w a t e r power, a re based s imply on economics . T h e 
electr ic power indus t ry has no preference for a n y t y p e 
of fuel . I t will use w h a t e v e r raw-energy source is 
t he m o s t economic to p roduce electric |>ower and energy 
a t t he lowest possible cost . 

As the avai labi l i ty of fossil fuels decreases a n d t he 
cos t of fossil fuels increases, i t will become more a n d 
m o r e economic to use nuclear energy for electr ic power 
genera t ion . 

W a t e r power will become a less i m p o r t a n t source 
of electric power, s imply because our more a d v a n -
t ageous hyd ro si tes h a v e a l r eady been uti l ized. 

E v e n t h o u g h t h e pe rcen tage pa r t i c ipa t ion of these 
fuels in electric power genera t ion will decrease, i t is 
ev iden t t h a t t h e abso lu te q u a n t i t i e s of coal, oil, and 
gas required for electr ic genera t ion will increase sub-
s tan t ia l ly . F o r example , consider coal : 21 percen t of 
60,000 tri l l ion B t u in 1990 is 70 percen t more coal t h a n 
is r epresen ted by 46 percen t of 16,000 tri l l ion B t u in 
1970. T h e s a m e t y p e of compar ison for oil a n d gas 
ind ica tes t h a t d u r i n g t h e nex t 20 y e a r s t h e a n n u a l con-
s u m p t i o n of oil for electr ic power genera t ion will in -
crease by 180 percent , and gas by 110 percen t . ^ 

I t is clear t h a t We a r e on t h e threshold of t h e nuc lear 
era . I n t h e nex t 20 years , nuc lear energy will increase 
f rom less t h a n 2 pe rcen t to a b o u t 49 j>ercent of energy 
needs for electr ic power produc t ion , while a t t h e s a m e 
t i m e cus tomer preference will increase e lectr ic energy 
f r o m 24 to 40 pe rcen t of t h e t o t a l ene rgy consumed in 
t he U . S. annua l ly . T h e n e t e f fec t is t h a t d u r i n g t h e 
next 20 yea rs , nuclear energy will increase f r o m less 
t h a n 1 percen t to a b o u t 20 pe rcen t of t o t a l U . S. raw-
ene rgy needs. 

Energy-Use P a t t e r n s 

Unt i l recent ly , few d a t a h a d been publ i shed t o show 
how m u c h of ou r to ta l a n n u a l energy was consumed in 
d i f fe ren t p a r t s of t he coun t ry . T h e B u r e a u of Mines , • 
in 1970, publ i shed such d a t a ( I n f o r m a t i o n C i rcu la r 
IC8434) for t he yea r s 1960 and 1965. 

Fig. 6, der ived f rom t h a t r epo r t b u t with all va lue s 
rounded o u t for s implici ty , ind ica tes t he energy-use 
p a t t e r n by U . S. census divisions for 1960 a n d 1965. 
T a b l e 2 lists t h e s t a t e s included in each census divis ion 
t o assis t in u n d e r s t a n d i n g th i s a n d Figs. 7 a n d 8. 

T h e s e ene rgy-consumpt ion va lues include all energy 
for all purposes . T h e y include t he d i rec t use of fuels, 
as well as t h e fuels energy consumed in t h e gene ra t ion 
of electr ic power . 

F ig . 6 indica tes t h a t , broadly , energy c o n s u m p t i o n 
is popula t ion- re la ted . See also T a b l e 3. Whi le , in 
general , energy consumpt ion is popu la t ion-re la ted, it 
is ev iden t t h a t t he re a re i m p o r t a n t d i f ferences a m o n g 
t h e several census divisions, p robab ly re la ted t o t h e 
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Fig. 7 Per capi ta energy consumpt ion by U.S. c e n s u s divisions. 

differences in the n a t u r e of t he economic ac t iv i ty , al-
though a clear p a t t e r n is no t ev iden t f rom these s t a t i s -
tics. 

Fig. G also indicates t he increase in energy c o n s u m p -
tion in each census division be tween 1960 a n d 1965. 
The total energy consumpt ion in each division and t h e 
rate of increase in energy d e m a n d in each division 
give a clear indicat ion of where energy resources m u s t 
bo delivered for use, and consequent ly t h e expans ion 
required in facilities for t r a n s p o r t a t i o n of fuels f r o m 
areas of origin to areas of use, in facil i t ies for s to rage 
nnd distr ibution of fuels, and in t h e energy companies ' 
marketing efforts. 

For example, be tween 1960 a n d 1965, ene rgy con-
sumption in t he N e w E n g l a n d division increased f r o m 
2000 to 2300 trillion B t u , or only 15 percent . T h e in-
crease was 15 percent or less in t h e W e s t N o r t h C e n t r a l 
nnd Pacific Main land divisions. I n all o t h e r divisions, 
the increase was a b o u t 20 pe rcen t o r more, r ang ing u p 
to 27 percent in t he S o u t h A t l a n t i c and 33 percen t in 
the East S o u t h Cen t r a l divisions. 

Per Capita Consumption. 
Fig. 7 i l lus t ra tes t he per cap i t a 

consumption of energy in 1960 and 1965. T h e lowest 
per capita energy consumpt ion is in t he N e w E n g l a n d 
division and in t he Sou th A t l a n t i c division, compr is ing 
the states of Florida, Georgia , N o r t h and S o u t h C a r o -
lina, Virginia and Wes t Virginia, M a r y l a n d , and Dela -
ware. These areas have no s ignif icant ind igenous 
resources of gas or oil, and except for W e s t Virginia 
have no significant reserves of coal. 

The highest per cap i ta consumpt ion is in t h e W e s t 
South Centra l division, compris ing Arkansas , Louis iana, 

TABLE 3 1965 Population and Energy-
Consumption Percentages for U.S. 
Census E 

Division 
New England 
Middle Atlantic 
fast North Central 
West North Central 
South Atlantic 
East South Cent ml 
Wost South Cenlftil 
Mountain 

I S 
i n r 

• H O I 

)ivisions 

Population, Energy, 
Percent Percent 

6 4 
18 16 
20 22 
8 M 

16 11 
/ • 7 

10 16 

S u m m a r y 

F r o m these d a t a and predic t ions it seems ev iden t 
t h a t : 

1 T o t a l energy consumpt ion is re la ted t o popula t ion 
g rowth , a n d in t he U. S. is increasing a t a r a t e of a b o u t 
t h r e e t imes t h a t of popu la t ion . 

2 C o n s u m p t i o n of energy, in all forms, is a v i t a l 
ingred ien t in ou r economic g rowth , in t h e con t inu ing 
i m p r o v e m e n t in our s t a n d a r d of living, and in increasing 
income per cap i ta . 

3 C o n s u m p t i o n of energy presen ts env i ronmen ta l 
problems, b u t m e a n s will be found to control t he en-
v i ronmen ta l impac t w i t h o u t h a v i n g to reduce our ap-
pe t i t e for energy . 

4 T h e energy Bources t h a t will be used and t h e 
f o r m in which energy is used a re re la ted to technological 
deve lopments , t he avai labi l i ty of fuel resources, a n d 
consumer preferences . I t is expected t h a t all of t hese 
f ac to r s will resu l t in electr ic power becoming an ever 
larger source of energy to t he u l t ima te consumer in t h e 
decades a h e a d . 

— n 

TABLE 4 Percentages of Census-Division Total 
Consumption of Energy Sources 

1965 Percentage 
Water 

Coal Oil Gas Power 

New England 12 78 8 2 
Middle Atlantic 30 51 16 3 
East North Central 42 33 25 — 

West North Central 16 43 38 3 
South Atlantic 32 50 16 2 
Lust South Atlantic 39 31 25 5 
Wosl South Central 1 39 60 — 

Mountain 14 37 39 10 

* 

L 3 4 - i 
Fig. 0 Total energy consumpt ion for selected c e n s u s divisions, 
1965, pe rcen tage by sources . 

O k l a h o m a , and Texas , t h e a r ea hav ing t h e bulk of ou r 
U . S. reserves of gas a n d oil, p robab ly a b o u t 75 percen t 
or more . 

Signif icant ly , t h e energy consumpt ion per c a p i t a 
in t h e a reas hav ing s u b s t a n t i a l reserves of gas and oil 
is more t h a n twice t h a t of a reas def icient in fuel re-
serves. 

T a b l e 4 is a s u m m a r y of t he 1965 sources of energy 
consumed in each census division in t e r m s of pe rcen tage 
of t he t o t a l c o n s u m p t i o n for t h a t division. 
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Part 2—-Power Production with Small Solar Engines 

Ik.— 

Theoretically, sunlight can supply all the elec-
tric power we need. Over 100 mill ion acres of 
unoccupied public lands in five of our south-
western states are bathed in solar radiation 
sufficient to produce (us ing conservative con-
version factors) 6.7 x 1013 kwh annually. 
This is 40 t imes the present total annual pro 
duction. Small solar engines and generators 
can now be built for about $ 1 0 0 0 / k w com-
pared with $ 2 0 0 / k w in large conventional in-
stal lat ions—an appreciable difference. But 
the cost is low enough and the rewards of 
success great enough to justify further re-
search and exploration. 

FARRINGTON DANIELS' 
Solar Energy Labora to ry , Univers i ty of Wiscons in , 
Madison, Wise. 

T H E R E h a v e boon m a n y technica l ly successful , b u t 
economically unsuccessful , a t t e m p t s to ob ta in useful 
power f rom heat engines o p e r a t e d by t h e sun. T h e y 
include t h e use of bo th flat-plate and foeusing col lectors 
and ope ra t ing fluids such as s t eam, hot a i r , and organic 
anfl inorganic vapor s . 

Silicon pho tovo l t a i c cells a r e t he s implest conver te r s 
of sunl ight in to electric jiower. T h e y h a v e been offec-

' Ret ween the t ime thin article was written and the time of publi-
cation we were informed of the death of Dr. Daniels, on June 23, 
1972, following an extended illness. 
Baaed on a paj>er contributed by the A S M E Solar Energy Applica-
tions Group. 

t ive in t he explora t ion of ou te r space , bu t t hey a r e ex-
pensive-, cost ing now a b o u t $50,00©/k\y> C a d m i u m 
sulf ide pho tovo l ta ic cells a re cheaper , but t h e y a r e less 
efficient t han the silicon cells, and t h e y st i l l cost s eve ra l 
t h o u s a n d dol lars per k i lowat t . T h e cos t of e lect r ic 
power in large ins ta l la t ions is less t h a n $ 2 0 0 / k w . I t is 
believed t h a t small solar engines and gene ra to r s can be 
bu i l t for a c o m p a r a b l e con t inuous-opera t ion cos t of 
a b o u t $ 1 0 0 0 / k w . T h i s cost is low enough to j u s t i f y 
research and f u r t h e r s t u d y . 

Fract ional -ki lowat t s t e a m engines a re ineff icient , b u t 
smal l St i r l ing hot-a i r engines of good efficiency h a v e 
been developed 11-3J.2 T h e y involve no w a t e r p r o b -
lems and could b< bui l t and t e s t ed quick ly w i t h o u t 
large capi ta l inves tment 

As a general rule, small engines are avoided because 
of t h e larger capi ta l cost and labor cos t pe r un i t of 
power . In t he p resen t case, t he engines have, t o be 
smal l -because t he focus ing col lectors a re l imi ted to smal l 
size d u e to t h e f ac t t h a t t h e y m u s t be moved con t inu -
ously to t r a ck t he sun. T h e need for solar engines is 
u r g e n t because of t he impend ing s h o r t a g e of power , t he 
increase in popula t ion and overc rowding of ou r cities, 
and the need to reduce t he pol lu t ion of our a i r . 

So la r Col lec to r s 

S t a t i o n a r y flat-plate col lectors of solar rad ia t ion a r e 
cheaper t h a n focusing collectors, a m ! they ut i l ize b o t h 
d i f fuse and d i rec t rad ia t ion . Because they a r e s t a -
t i ona ry , they can be large in a r ea ami t h u s o p e r a t e large 
engines. However , t h e y d o not ordinar i ly give t e m -
p e r a t u r e s above 100 C , which l imits t h e eng ines t o 
r a t h e r low efficiencies, and cooling is di f f icul t . T h e 
large a rea of t h e h e a t e d t r a n s p a r e n t covers of t he collec-
to r l eads to large hea t losses. 
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s p u n a l u m i n u m sheila A «'»•'» th i ckness did not give 
suf l ie i t t i t ly Sharp focus. W i t h a large cap i t a l i nves tmen t 
($120,000), t he focusing collectors eould be s t a m p e d ou t 
of shee t Aluminum or iron-like au tomobi l e bodies . 
T h e y would be cheaper a n d l ighter and su i t ab le for 
easy pack ing a n d sh ipp ing , and they would p robab ly 
give b e t t e r focusing. S 

E n g i n e s 

Ericsson o p e r a t e d a small solar St i r l ing hot -a i r en-
gine 100 yea r s ago. 

1-arbor (1 j, a t t h e Univers i ty of Flor ida , has o p e r a t e d 
a i-kw S t i r l ing hot -a i r engine r e m a d e f r o m a small 
i n t e rna l -combus t ion engine used for ope ra t ing a lawn-
mower . H e m e a s u r e d a 10 pe rcen t efficiency »" going 
f rom solar r ad i a t i on to mechanica l ene rgy . These 
eng ines could probably be mass -produced at a cost of 
a b o u t $15 cach . _ _ . . . 

Beale |2J, a t t h e Univers i ty of Ohio, has demon-
s t r a t e d a small f ree-pis ton St i r l ing engine of good nlti-
e ieney. , . „ 

Eib l ing a n d Fiukels te in |.'i| d e m o n s t r a t e d a small 
St i r l ing engine provided with a quart'/, window so t h a t 
t h e h e a t f r o m the foeused rad ia t ion is l iberated ,ns.de 
t h e engine, t h u s avoid ing t h e " b o t t l e n e c k of a slow 
h e a t t r ans f e r across t h e end of t he head of t he engine. 
cyl inder . , r 

T h e v ibra t ion of t h e engine , m o u n t e d over t h e focus-
ing collector, is qu i t e v io lent . M o s t of t he St i r l ing 
engines need to be s t a r t e d by hand , which is a ser ious 
h a n d i c a p in a r e m o t e a rea . T h e s e diff icult ies can 
p robab ly be overcome. . 

T h e r e is a possibil i ty of deve lop ing ho t -a i r t u r b i n e s 
or high-boil ing v a p o r t u r b i n e s which will o p e r a t e a t 
t e m p e r a ! ui ' s over 200 deg. T h e focusing co l o r s 
can del iver heat- to a t a rge t wi th an efhciency of a b o u t 
05 jiere.ent and ra i se t he t e m p e r a t u r e to a b o u t ;>00 (. on 
a target, about 3 in. in d i ame te r . 



Fig. 1 Solar engines, pump, and water reservoirs operating larger water turbine and dynamo. 
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Track ing t h e Sun 

Several a u t o m a t i c or s e m i a u t o m a t i c devices h a v e 
been developed for keep ing t h e sun l igh t focused on a n 
engine. T h e y involve t h e r m a l expans ion a n d con t r ac -
tion of a lever b y sun l igh t and shade , photocel l ope ra -
tion of an electric moto r , a control led leak, a c lockwork 
mechanism, or a fal l ing-weight p e n d u l u m a n d escape-
ment wheel . 

A promis ing dev iee for t r ack ing has been deve loped 
by Choudr i |4 l in which t w o bel lows a c t u a t e a cable 
wound a round t he cent ra l axle of t he equa to r i a l m o u n t -
ing. T h e bellows a re filled wi th w a t e r at t w o d i f fe ren t 
levels. T h e rat e of t l im ing is cont rolled by t h e hea t ing 
of alcohol by t h e sun , which increases t he v a p o r pressure 
and a c t u a t e s a bellows which s h u t s off t h e flow of wa te r . 

T h e best approach would be an equa to r i a l mount ing 
point ing nor th wi th a counterpoise a t tiie t o p of the. 
collector. I t falls to t he posit ion a t the b o t t o m at. a 
r a t e (equal to t h e sun ' s movemen t ) which is cont ro l led 
by an escapement wheel and p e n d u l u m . S o m e t i m e 
be tween sunset and sunrise, an ope ra to r t r ave l s over 
t he assembly of collectors and r o t a t e s t he collector ISO 
deg f rom facing west to facing eas t . In c e r t a in a reas of 
t h e world where labor is cheap, it, m i g h t be economical 
to avoid the capi ta l cost of an a u t o m a t i c t r a c k i n g de-
vice and keep t he collectors facing t he sun by m a n u a l 
opera t ion , going f rom one collector to m a n y o t h e r s in a 
r epe t i t ive p a t h . 

T h e solar engines can ope ra t e w a t e r p u m p s or t hey 
can run e lectr ic d y n a m o s for charg ing s t a n d a r d a u t o -
mobi le s to rage ba t t e r i e s . T h e y can be charged indi-
vidual ly and d i s c h a r g e ! in series to give a higher vo l t -
age . T h e r e a r e compl ica t ions in keep ing m a n y small 
gene ra to r s of d i f fer ing speeds connec ted t oge the r . 

C o s t s 
A 6 - f t col lector , wi th an a r ea of 27,000 sq e m , in t e r -

cep ts 38,000 c a l / m i n when t h e normal solar r ad ia t ion 
in tens i ty is 1.4 langley. A t 65 percent efficiency, it 
del ivers 25,000 c a l / m i n or 1.5 million c a l / h r t o a smal l 
t a r g e t and easily p roduces a t e m p e r a t u r e of over 400 C . 
T h i s a m o u n t s t o 1.8 k w of hea t , which at a 15 pe rcen t 
engine efficiency p roduces mechanica l p o w e r / a t 0.27 
kw. F u r t h e r conversion in an electric g e n e r a t o r a t 75 
pe rcen t efficiency gives 0.20 kw of electr ical power a n d 
1.6 kwh of electr ical energy in S h r of sun l igh t . 

If a collector and t r ack ing device cost S25 (for m a t e -
rials only) , an engine cos t s . $15 (mass -produced) , a n d 
an electr ic g e n e r a t o r $20 (similar t o an au tomobi l e 
gene ra to r ) , t h e to ta l cap i ta l cost for a ¿-kw u n i t would 
be $60. T h i s a m o u n t s to $300 /kw cap i ta l i n v e s t m e n t 
c o m p a r e d to $200 for large conven t iona l power p l an t s , 
b u t t h e solar i nves tmen t p roduces k i l owa t t -hou r s only 
whi le t h e sun is shining, a n d t o p u t th i s on a c o m p a r a b l e 
basis wi th fuel-f i red power p lan t s , t h e cost of $300 
should be mul t ip l ied by a fac to r of 2 or 3 depend ing on 
t h e load f ac to r of t h e convent iona l power p l an t . Con-
sidering labor cos ts and o t h e r f ac to r s , an e s t i m a t e of 
$ 1 0 0 0 / k w would seem to be reasonable^ 

Assuming con t inuous opera t ion of 8760 hr du r ing t he 
yea r and deprec ia t ion and interest charges of 10 pe rcen t 
per yea r , t h e cap i t a l cost is 10,000ff/8760 or a b o u t 
1.1 ¿ / k w h . If a man is pa id $1 an hou r for t he morn ing 
a d j u s t m e n t of t he col lectors and he services 200 collec-
tors per hour and they p roduce electr ical power for 8 In-
ducing t he d a y , t h e ope ra t i ng labor cos t is ( 1 0 0 ^ / 2 0 0 / 
5 X 8 = ^ / k w h . On t h e basis of these a s sumpt ions , 
electr ical power m i g h t b e p roduced a t a cost of a b o u t 
l.lff + 0.3^ or 1.4ff /kwh. In some areas , t h e labor 
cos ts wou ld b e much less t h a n $ l / h r a n d 0 . 3 ^ / k w h . 
In indust r ia l ized count r ies , on t h e o t h e r h a n d , t h e labor 
cos ts m i g h t b e t h r e e t imes a s m u c h . T h e a s s u m p t i o n 
t h a t one m a n would b e ab le to service only 200 col lectors 
pe r hou r is pure ly a r b i t r a r y . 



Small eng ines a n d g e n e r a t o r s a r e inefficient, a n d cosi ly. 
\ I -kw uni t cos t s nea r ly a s m u c h a s a 1-kw u n i t . T h e 
focusing col lec tors h a v e t o b e smal l for p rac t i ca l m a -
nipulat ion, but p e r h a p s severa l col lec tors can o p e r a t e a 
single la rge eng ine or elect ric gene ra to r . 

According t o o n e p lan , each eng ine could o p e r a t e a 
small p u m p a n d lift w a t e r f r o m a lower reservoi r t o a 
higher reservoi r , f r o m which i t wou ld run back a n d 
operate a large« w a t e r t u r b i n e a n d electr ic g e n e r a t o r . 
One c a n i m a g i n e a s i te on t h e s ide of a hill w i t h t h e 
reservoirs m a d e b y d igg ing t w o d i t c h e s a t 10- or 20-f t d i f -
ference in level a n d l in ing t h e m w i t h c h e a p b l ack po ly-
ethylene shee ts , or b e t t e r w i th b u t y l r u b b e r shee t s . If 
a hill is not ava i l ab le , a hole 10 f t d e e p can b e d u g in t h e 
ground w i t h t h e e x c a v a t e d e a r t h used t o f o r m a pool for 
the h igher r e se rvo i r . T h e t u r b i n e a n d g e n e r a t o r 
would b e n e a r t h e b o t t o m of t h e hole j u s t a b o v e tl ie 
wa te r level . T h e p l an is shown in F ig . 1. If hv«> 
kw engines a n d p u m p s a r e e q u i p p e d wi th g a r d e n hose 
leading t o t h e t w o reservoirs , each c a n ra ise 5 X 10 lb 
of w a t e r per h o u r or S00 I b / m i n t o a h e i g h t of 10 f t . 
Th i s a m o u n t s theore t i ca l ly t o 13 cu f t of w a t e r per 
m i n u t e per p u m p , or t o a t o t a l of 05 cu f t of w a t e r per 
m i n u t e w i th all f ive p u m p s ope ra t i ng . S ince t h e smal l 
p u m p s a r e ineff icient , t h e v o l u m e will b e less t h a n 0.> 
cu ft If t h e r e t e n t i o n t i m e in a reservoi r is 1 n u n , a 
reservoir of 6 5 cu f t wou ld b e suf f ic ien t . T h i s c a n b e 
visual ized a s a c i rcu la r pool 6* f t in d i a m e t e r a n d 2 f t 
deep a t t he b o t t o m of t h e ho le in t h e g r o u n d . I t m u s t 
be e m p h a s i z e d t h a t in t h e b a r r e n c o u n t r y w h e r e t h e s e 
small eng ines m i g h t b e i n t r o d u c e d , w a t e r is ve ry diffi-
cult t o obt a in a n d keep . 

A second possibi l i ty is t o s to re h e a t in l a rge c e n t r a l 
u n d e r g r o u n d insu la ted pebb le or g rave l b e d s (or b locks 
of ce ramics ) a n d b r ing in s t r e a m s of h e a t e d a i r b y pass -
ing it t h r o u g h smal l p e b b l e b e d s or b lack h o n e y c o m b 
ceramic s t r u c t u r e s a t t h e focus of each focus ing collec-
tor . T h e r e could b e t w o of t he se pebb l e b e d s , o n e 
col lect ing hea t f r o m t h e smal l col lec tors whi le t h e o t h e r 
p rev ious ly h e a t e d pebb l e b e d wou ld h a v e cold a i r b l o w n 
th rough it t o s u p p l y h e a t for o p e r a t i n g a s ingle large 

" Again , t a k i n g five so l a r col lec tors each de l iver ing 
25 000 eal of h e a t pe r m i n u t e t o t h e t a r g e t a t .»00 O 
gives 125,000 c a l / m i n . I t wou ld b e diff icul t t o t r a n s -
port th i s hot air t h r o u g h long wel l - insu la ted PH>™ " .Uv 
out h a v i n g severe h e a t losses. T o t r a n s p o r t 125^000 
cal of hea t per minut e w i th cold a i r h e a t e d t o .>00 O 
wou ld r e q u i r e an airf low of a b o u t 35 c f m . If t h e peb-
ble b e d s were a l t e r n a t e d every h o u r , a s t o r a g e c a p a c i t y 
of 7 5 million cal would b e r e q u i r e d . T h i s could b e 
suppl ied bv 30 l i ter (1.1 cu f t ) of m a g n e s i u m oxide 
spheres or g rave l w i t h 33 p e r c e n t vo id spaces d e n s i t y 
M g O = 3 . 0 5 - 1 g e e " ' sp . h t . = 0.209 c a l / d a y ) cooled 

f rom 500 (leg. . , 
I n s t e a d of us ing t w o pebb le b e d s for col lec t ing a n d 

us ing t h e h e a t , i t would b e p r e f e r ab l e t o use only o n e 
and t o inse r t a large h e a t pipe which would o p e r a t e a 
h i g h - t e m p e r a t u r e v a p o r t u r b i n e as i nd i ca t ed m I ' ig. Z. 
T h e n cold a i r wou ld no t h a v e t o b e p u m p e d t h r o u g h t h e 
h e a t e d pebb l e b e d . I t m a y b e di f f icul t t o r e m o v e h e a t 
fas t enough f r o m t h e p e b b l e bed t h r o u g h t h e h e a t p ipe . 

Storage of Power 
If 65 cu f t of space is r e q u i r e d for a w a t e r r ese rvo i r 

J. Hr.it pipe ' 
K. llir.ti boiling liquid 
I. V.ipor 
M. V.ipor turbine 
N. Air condenser 
O. Condensed vapor 
P. Thermal chimney 
Q. Weight to rotate focusing 

collcctor 

Fig. 2 Solar hea t e r s 500 C with air s t ream storing hea t in pebble 
bed. Heat pipe vaporizing liquid to opera te vapor engine. 

a t an e l eva t i on of 10 f t t o s to re 1 k w of p o w e r for 1 min, 
93,000 cu f t w o u l d b e r e q u i r e d t o s t o r e it for 24 hr . 
T h i s is t oo la rge a reservoi r t o b e p rac t i ca l . 

F o r t h e s t o r a g e of h e a t in pebb l e b e d s as p rev ious ly 
desc r ibed , i t w o u l d t a k e a v o l u m e of 1.1 c u ft t o s t o r e a 
k i l o w a t t - h o u r of elect ric power or 7.7 mill ion cal of h e a t , 
a s s u m i n g an eng ine of 15 p e r c e n t eff iciency a n d y i d y -
n a m o of 75 p e r c e n t eff iciency, or abou t 27 cu f t t o s t o r e 

24 k w h of power . 
S t o r a g e b a t t e r i e s m a y b e o p e r a t e d b y t h e 0 .2-kw <l-c 

d y n a m o s a t t a c h e d t o t h e S t i r l ing e n g i n e s on each focus -
ing solar co l lec tor . S t a n d a r d l e a d - a c i d s t o r a g e b a t -
t e r i es a r e ava i lab le , b u t a longer- l ived a n d hence 
c h e a p e r s t o r a g e b a t t e r y is n e e d e d . E x p l o r a t i o n of a 
h o m o g e n e o u s r e d u c t i o n - o x i d a t i o n s t o r a g e - b a t t e r y fuel 
cell is u n d e r w a y . 

A n o t h e r w a y of s to r ing power is t o p r o d u c e h y d r o g e n 
b y t h e e lec t ro lys is of w a t e r us ing t h e smal l d - e d y n a m o s . 
T h e t echno logy of t h i s h ighly efficient o p e r a t i o n h a s 
b e e n ful ly d e v e l o p e d . T h e h y d r o g e n can b e u s e d for 
o p e r a t i n g i n t e r n a l - c o m b u s t i o n eng ines or i t c a n b e used 
wi th a 00 p e r c e n t eff iciency in fuel cells. I t c a n b e 
s t o r e d in reservo i r s a n d t r a n s p o r t e d t h r o u g h pipel ines . 
P e r h a p s t h e p ipe l ines now c a r r y i n g n a t u r a l gas c a n b e 
used for c a r r y i n g h y d r o g e n w h e n in t h e f u t u r e t h e re-
se rves of n a t u r a l gas b e c o m e e x h a u s t e d R e s e a r c h 
s h o u l d b e d i rec ted t o w a r d f ind ing a chemica l which « i l l 
t a k e u p h y d r o g e n rovers ibly for s t o r a g e a n d t r a n s p o r -
t a t i o n . 
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We are racing through fossil fuels approach-
ing l imits of hydroelectric availabil i ty, and 
creating miniature suns. It is t ime to ask: 
Are obsessions concerning transmissible en-
ergy Plug-in convenience, "economics ot: 
s c a l e " and conventionality retarding direct 
and effective use of solar energy? Here are 
some related thoughts and observations. 

HAROLD R. HAY 
" I F M A N ' S i n g e n u i t y t h r o u g h t h e y e a r s h a d been , 

d i r ec ted t o t h e u t i l i za t ion ot solar « ^ J * » * * 
t o t h e d e v e l o p m e n t of dev ices t o c o n s u m e fossil f ue l s 
U s q u i t e conce ivab le that , we m i g h t t o d a y h a v e a so ar 

economy ju s , a s e f f ec t ive a n d o f f i c e « as , o u r o ^ -
fue l e c o n o m y . U l t i m a t e l y , m a n will p r o b a b l y b e 

d r i v e n t o t u r n t o t h e s u n " [1] . ' 
D ing t h e seven y e a r s s ince t he se c h a l l c n g m g 

t h o u g l a p p e a r e d in a s u r v e y of t h e e n e r g y resources 
„ T o f u t u i e e n v i r o n m e n t a l d e t e r i o r a t i o n ! . , * m e r g e d 
the. i m p e t u s toward so la r o r i e n t a t i o n , b u t a s y e t t h e r e 
litis been no m a j o r a d v a n c e in t h a t d i rec t ion 

I n m a r k e d contrast , to m a n , n a t u r e hrn. b e e n a n effi-
cient. g a t h e r e r a n d user of low-level solar e n e r g y f o r 
eons of t ime . H y d r o e l e c t r i c p o w e r fossd f u e s h a b r t -
abi l i ty of po la r coun t r i e s , a n d much of l i fe in all . U 
f o r m s a r e c o n s c i e n c e s of r a d i a t i o n col lect ion b y 
e " « r a t i n g a n d circulat ing oceans . I n fac t , a m m a l h f e 

entions Group. 

as wo k n o w it. o w e s i t s ex i s t ence a n d d e v e l o p m e n t t o 
a d a p t a t i o n t o low-level so la r effects . W h e n n m m a l 
l ife l e f t t h e r e l a t i ve ly c o n s t a n t t e m p e r a t u r e of t h e 
s e a - a n d i t S ' U V - m t o r i n K e f f e c t - a d a p t at ton w a s re-
q u i r e d for t h e wide d i u r n a l t e m p e r a t u r e r ange , d r y i n g 
winds , a n d b r o a d e r r a d i a t i o n s p e c t r u m . C o n v e n t e , , 
r o c k s f o r m e d p r o t e c t i v e roof s a n d wal ls winch se rved 
a s r a d i a t i o n sh ie lds a n d o f fe red , t h r o u g h h e a t c a p a c i t > , 
l ower d a y t i m e a n d h ighe r n i g h t t i m e t e m p e r a t r u e s 
T h i s a d a p t a t i o n , w h e n r e d i s c o v e r e d b y m a n , r e su l t ed 
in a h igh degree of t h e r m a l c o n t r o l in houses m a d e of 
e a r t h , s t o n e ? o r b r i cks . M a n ' s u l t i m a t e a c h i e v e m e n t 
w i t h c a p a c i t y i n s u l a t i o n w a s in t h e p y r a m i d s t h e 
c e n t e r s of wh ich h a v e n e a r l y c o n s t a n t t e m p e r a t u r e 

t h r o u g h o u t t h e yea r . . . . 
T o r e d u c e c o n s t r u c t i o n cos t s of c a p a c i t y i n su l a t i on , 

a wa te r - she l l s t r u c t u r e is u n d e r in ve s t , g a l l o n ; i t h a s 
poss ib i l i t ies fo r t h e r m a l c o m f o r t c o m p a r a b l e t o t h a t 
p r o t e c t i n g l ife in t h e s ea a n d in a m n i o t i c f l u id s . 

S e a - e m e r g i n g a n i m a l l i fe f o u n d w h i t e r o c k s cooler 
b o t h d a y and n i g h t t h a n b l a c k o n e s ; t h u s l i fe b e c a m e 
r e s p o n s i v e t o e f f ec t s of r a d i a t i o n a b s o r p t i o n Teflec o , 
a n d emiss ion . T h i s r e spons ivenes s w a s ™ 
fo rced u p o n m a n ' s w a l k i n g on, o r p i c k i n g u p , s t o n e s 
e v e n t u X , d e v e l o p e d b l a c k - s u r f a c e a b s o r b e r s a n d 
w h i t e - s u r f a c e r e f l ec to r s of n e a r - p e r f < . t e f f i c i e n c y 
T h e s e were genera l ly app l i ed o v e r c o n v e n t i o n a l m a t e -
r i a l s of h igh t h e r m a l c o n d u c t i v i t y ; t h e i m p r e s s i o n Igrew 
t h a t s u b s u r f a c e t h e r m a l e f fec t s c o r r e s p o n d e d t o s u r -

f a C C C o t a n y ; o u r e m e r g i n g s ea life m a y h a v e t a k e n r e f -
u s e u n d e r b l a c k , s p u m a c e o u s vo lcan ic r o c k s a n d f o u n d 
Z m cooler d a ¿ mul n i g h t t h a n n e a r b y - h U e P u m e^ 
D a t a a r e insuf f ic ien t , b u t o b s e r v a t i o n s i n d i c a t e t h a t 
t h e r m a l e f fec t s u n d e r i n s u l a t i n g m a t e r i a l s m a y b e t h e 
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Part 3—Solar Radiation: Some Implications and Adaptations 



,,|)|i«)sil«' of r x p r e t a t i o n s based on s u r f a c e abso rp t ion 
;„„| reflect ion. 

The d u a l i t y of "hot black cool w h i t e " and of "cool 
black warm w h i t e " m a y be general ized as fol lows: 

f n d e r s t rong insolat ion, t he su r faces of b lack m a t e -
rials of high t h e r m a l c o n d u c t a n c e and s to r age t e n d 
! ' • ho t , tl«4 su r faces of whi te ma te r i a l s t e n d t o b e 
cooler, and cor responding t he rma l effects exist be low 
ihe sur face ; reverse effects t end t o exist, below w hi te 
and black p a r t i c u l a t e or f ibrous insu la t ing mate r ia l s . 

On t h e deser t is land of Lanza ro t e , in t h e Cana r i e s , 
watermelons, g rapes , t oma toes , onions , and p o t a t o e s 
¡ire grown wi th an annua l ra infa l l of only G in. pe r yea r . 
There is no i r r igat ion. Since t h e 17,30-1730 volcanic 
eruptions, Lanza ro t e f a r m e r s h a v e covered b a r r e n 
soil with 4 in. of tlu» b lackes t c inders avai lable , a n d 
in consequence h a v e expor ted crops f rom p l a n t s which 
could not have s p r o u t e d on t h e d r y uncove red fields. 
Acting pr imar i ly a s a mulch , t h e low-densi ty c inde r s 
a(so collect s ignif icant q u a n t i t i e s of dew, which is t rans-
ferred to t he unde r ly ing soil by a mechan i sm not y e t 
clear, but possibly one of d o w n w a r d dis t i l la t ion (2J. 
Soil t e m p e r a t u r e s r emain low u n d e r t he in su la t ing 
cinders— p e r h a p s owing in p a r t to a "cool-black e f fec t . " 
Coolness and lack of capi l la r i ty to move mo i s tu re to 
the surface seem t o explain t he except ional ly low evap -
oration f r o m soil below the c inders . 

Cool Black 

Discussion of t he cool-black effect caused G r e e k 
agricultural expe r t s to consider it t h e first s u b s t a n t i a l 
justification for t he 2000-year-old p rac t i ce in T h e s s a l y 
of burning wheat f ields soon a f t e r ear ly s u m m e r ha rve s t . 
Throughout t he world agr icu l tu ra l special is ts h a v e 
deplored th i s p rac t ice of b u r n i n g s t r aw , yet t he ob-
jections ci ted (des t ruc t ion of soil bac te r i a , loss of s t em 
and leaf n i t rogen , and was tage of a soil cond i t ioner ) 
«ere found inval id upon f u r t h e r s t u d y . R e t a i n i n g 
validity wi th in s o m e regions is t h e need for t he s t r a w 
in erosion-control, and i t s possible indus t r ia l or low-
Rrade fodder use. 

The Greek agr icu l tu ra l i s t s had been puzzled b y 
earlier emergence , fas te r g rowth , a n d greener color 
"l plants in rows where s t r a w had been piled m o r e 
thickly prior to bu rn ing . Fer t i l iz ing ef fec ts were dis-
un i t ed because t he soil was n o t def ic ient in ash min -
frals. Soil mo i s tu re re ta ined b y a cool-black effect 
°f insulating ash could accoun t for t h e g rowth differ-
ences. Ano the r solar r ad i a t i on phenomenon , how-
ler , was also involved. T h e i m p a c t force of ear ly fall 
fains c rushes t h e insu la t ing ash to a t h e r m a l l y con-
ductive p igmen t . Act ing as a r ad ia t ion absorbe r , 
'his black pigment causes u n d e r l y i n g soil to b e w a r m e r 
during cool wea the r . In na tu re , the re fo re , benef i t s 
"'ay accrue f r o m bo th ho t -b lack a n d cool-black effects . 

Suppor t ing d a t a for t he cool-black effect s t e m f r o m 
•Wra l i an s tud ies showing t h a t d a r k ca t t l e exposed to 
trong insolat ion h a v e lower rec ta l t e m p e r a t u r e s t h a n 
''«'iter colored an ima l s (31. T h e exp lana t ion a p p e a r s 

be t he f o u r t h - p o w e r r ad i a t i on l aw: Al though t h e 
"kick ha i r t i p s of sheep had su r f ace t e m p e r a t u r e s of 

F, r e rad ia t ion a n d induced convec t ion d i s s ipa ted 
lilp surface h e a t a n d se rved as an " a u t o m a t i c compon-
^ ' n g m e c h a n i s m " 14}. 

W i t h n a t i v e wisdom der ived f rom a thousand y e a r s 
in t he ho t tes t de se r t iu t he world, t he T u a r e g t r ibe in 
t h e , S a h a r a wears a thick b lue or black ou te r garment, 
over wh i t e c o t t o n u n d e r g a r m e n t s . N o m a d s of t h e 
Arab ian de se r t l ive u n d e r a cool b r o w n or b lack t e n t 
which excludes inf i l t ra t ion of hea t -gene ra t ing sftlar 
r ad ia t ion . T h e da rk color of t h e goa t - or camel-hai r 
t e n t r e su l t s f rom an ima l a d a p t a t i o n for surv iva l u n d e r 
in tense solar r ad i a t i on . 

W a r m Whi te 

T o a c c o u n t for t h e wh i t e Aus t ra l i an Catt le hav ing 
h igher b o d y t e m p e r a t u r e s , a w a r m - w h i t e effect is pos-
t u l a t e d on t he p remise t ha t t hough GO percen t or more 
of incoming rad ia t ion might, be ref lected and a n o t h e r 
por t ion absorbed and r e r a d i a t e d at t he ha i r t ips, t h e 
r ema inde r is reflected f rom hai r to ha i r in a down-
ward course. R a d i â t ion conve r t ed to heat while within 
t he insu la t ing ha i r or upon reach ing t he skin would 
ac t to raise b o d y t e m p e r a t u r e . If is common pract ice 
in h o t d r y count r ies to s l augh te r , in ear ly summer , 
those y o u n g goa t s h a v i n g much whi te colorat ion. 
W h i t e an ima l s a re m o r e p r o n e to sun scald du r ing 
s u m m e r mont lis t h a n a re dark-co lored ones. 

In t h e Arctic, t h e heat -col lec t ing effect of whi te 
u n i f o r m s resembl ing fu r was inconclusively r epo r t ed 
b y f h é mi l i t a ry . A whi t e syn the t i c pile on a black 
b a c k i n g w a s covered by a wh i t e t r an s lucen t film to 
p r e v e n t w ind spil lage of hea t f r o m be tween t he whi te 
fibers. R a d i a t i o n b e a t gain was not r e p o r t e d , nor was 
it. clear if reflect ion a n d absorp t ion of body-hea t rad ia -
tion accoun ted for t he improved efficiency over the 
s t a n d a r d un i fo rm. I n th i s un i fo rm, t e m p e r a t u r e s 
d r o p p e d f rom 90.5 to 86 .5 F in 50 min ve r sus 120 nun 
for t h e whi te un i fo rm (5J. E x p e r i m e n t s with b i rds 
showed a reduced metabo l i sm resu l t ing f rom i r radia-
tion of whi te p lumage ; in these tests , b lack p lumage 
had à g rea te r effect. [0J. v 

I n S c a n d i n a v i a n countr ies , low a m b i e n t t empe r -
a t u r e s a r e coun te red with c lo th ing which leaves t h e 
h a n d s a n d h e a d as r ecep to r s for UV r a d i a t i o n vi tal to 
a c t i v a t e p recursors for v i t a m i n D needed for bohe 
g rowth . L igh t reflect ion inward t o t he skin th rough 
t he ha i r of " t o w h e a d " chi ldren, possibly supp lemen ted 
by a Tiber op t ic effect , m a y assure requ i red UV absorp-
t ion for b o n e development . . Once t h i s lias been a t -
t a ined , i t is no t unusua l for no r the rn E u r o p e a n s to 
deve lop m o d e r a t e h a i r p igmen ta t i on , which may again 
be lost a t an a d v a n c e d .age when bone weakness t e n d s 
to occur . Appl ied to t he d o m i n a n t whi te colorat ion 
of Arct ic animals , t h i s t heory would somewhat, reduce 
t h e i m p o r t a n c e of whi te as represen t ing a d a p t a t i o n 
for p ro t ec t i ve colorat ion. 

O n e c a n also specu la te a l x m t p igmenta t ion as a 
genet ic a d a p t a t i o n to solar rad ia t ion in the tropics. 
T h e r e , t he ha i r of people sub jec t ed to s t rong insola-
t ion is normal ly blaCk. I n p a r t , th i s m a y be to keep 
t h e head cool; over less h i r su te por t ions of t he body , 
it m a y act t o par t ia l ly abso rb and diss ipate rad ia t ion . 
As a h e a t collector, b lack skin is con t ra ind ica ted , b u t 
it serves as a U V screen t o p reven t skin cancer . T o 
offset t h e high t h e r m a l load induced by pro tec t ive 
p igmen ta t i on , b lack skin m a y h a v e more evapora t ive 
cooling p rov ided b y a grea te r n u m b e r or ac t iv i ty of 



, „ , „ , g h m d s pe r unit of a r e a t h a n " " r t l „ - r ly 

hivx. mpi r .uu i - w , j h igh-dens i ty ag-

(• i l f m O ool<o or s imi lar mate r ia l s . boose 
t X r l "« ol<- weaves m a y I,.- " ' a n denser 

M M , t o r colored fabr ics for h o t d r y regions . 
T ^ s imul taneous ly uses ref lectors 
J Z b rs for h u m a n comfor t . S t o n e houses a r e 
n'liiited whi te to elTect ref lect ive insula t ion . B lack 

; leusitv s tone a r o u n d t he window open ,ng as we 
, bin laver of black c inders in lieu of a l awn a r e u sed 

^ h e a t ga in a n d glare f r o m r , f l ee t ed r ad . a -
,, h n o n t r a s t ' l a c k of a d a p t a b i l i t y b y n e w c o m e r s 

,0 desert regions causes unnecessary d i scomfor t a n d 

expense. 

Nega t ive Energy 

" rgy in to bea t t o p r o d u c e cooling. N a t u r e is 

S g S & f e M s & t and s tore s u m m e r t hey collect and 

S f e r j s c t s s a s s 
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105 1- T h e n a fan coil is ade ( ,na te un t i l t e m p e r a t u r e s 
rise over 110 F , whe reupon addi t iona l use of a r o o -
p o I M l b lower will assure c o m f o r t d u r i n g pe r iods of re l -
S v low dew po in t . High dew po in t s wi th tern-
p o n i t u r e s of 100 K requ i re use of b o t h the fan coil a m i 
t h e |M>nd blower |7, SI. 

T h e fan-coil uni t t r ans f e r s room hea t to wa te r o r 
¿ u l a t i l í in th ree ponds which fo rm the ceiling roo. 
of t e Phoenix room. T h e air blower ,s needed. esp,--
cially d u r i n g hot humid per iods win,» 
loss is minimal and evapora t ion » r e t a r d ' - d 1 e six 
a d a p t a t i o n s to na tu ra l forces a re used to deve lop . 
flexible n a t u r a l air condi t ion ing sys tem requi r ing o > 
pi i i íi mal s u p p l e m e n t a r y energy and dev,c<* m 
d ry reg ions—hone where c o m f o r t s t a n d a r d s a r e no t 

c<t na r row as those in t h e U . S . 
P rev ious e f for t s to use n a t u r a l forces wi th c o m m o n -

place bui ld ing cons t ruc t ion failed to p rdy .de economic 
h e a t i n g and cooling. N a t u r a l a ir condi t ion ing calls 
for unconven t iona l bu i ld ing design. Ce ihng-pond 
economics a r e m a d e favorab le by deduc t i ng n o r m a l 
c e i M d roof costs f rom those of t h e p o n d s and mov-
,ble n ^ l a t i o n . T h e bas ic a rch i t ec tu ra l s t y l e « n-

•d igenous to ar id regions t h r o u g h o u t <1 o d - be 
resu l t of t h o u s a n d s of y e a r s of m a n ' s a d a p t a t i o n t o a 

^ X l S l - ; « increased ' t he feasibi l i ty 
' „ , c , nomic us,, of solar r ad ia t ion . M o s t of - r b e r 
fo rms of insulat ion would h a v e t o be hermet ica l ly 

t o prevent, mo i s tu re u p t a k e and ,ss of .nsu a g 
! va lue if used over ponds or exposed to n 

lisbed s a n d w i c h - p a n e l t echnology us ing cel lular p U s t ,cs 
< and highly desirable t y p e s of c o n d -
i t i on—inc lud ing exter ior t h e r m a l insula t ion fcnd ... 

J t h e u n d e r l y i n g b lack l iner for r ad ia t ion . a b i -
t ó n a n d for roof w a t e r p r o o f i n g m a y be of t h e bi n s 

T e d in o rde r of increasing cost and res is tance t o de-
l a t i o n by solar i r r ad ia t ion : po lye thy ene pol -
v iny lch lof ide , and po lyv .ny l f luor idc (PV1-). A con 
S t y of improved fo rmu la t i ons and new resins as-
s u ™ b e t t e r film life and economics for m a n y appl .ca-
t ions of solar r ad ia t ion . 

Sola r Sti l ls a n d Wa te r H e a t e r s 
T h e m o s t sa t i s fac to ry exper ience w i . h so lar sti l ls 

U, d a t e has bee, , w i t b glass-covered t y p e s developed 
100 yea r s ago. Do-spitc cons iderab le research » r,--
c e n t yea r s , t he re has been no i m p r o v e m e n t m yield a n d 
oüly a minor r educ t ion in cons t ruc t ion costs: None-
t h d e s s , solar st i l ls r emain t h e cheapes t m e a » for de-
sa l t ing q u a n t i t i e s of less t h a n 50,000 gal of sa l ine wate r 
^ r d a y in a reas of reasonable sunsh ine . I n d u c t i o n 
S of a b o u t » . S O per 1000 gal p roduced m a com-
m u n i t y Still resul ts , in subs t an t . a l p a r t ffoma Ingh 
capi ta l i nves tmen t . Such a sys t em, which f r equen t ! ) 
occupies land b e t t e r used for o the r purposes , neces-
s i t a tes d u a l p ip ing for dis t i l led w a t e r and f o r , a second 
supp ly t o m e e t n o n p o t a b l e needs. I t r e su l t s ,n serious 
X of a cost ly p roduc t . Faced w i t h such d i ^ 
advan t ages , u s e of solar stills has been severe ly c.r-

C U R e c e n t i y i t was p roposed t h a t t h e ini t ial cos t of solar 



Fig. 1 Plastic rooftop solar still for desalination of water. 

P L A S T I C c o v e e . 

F O ft M O U N T -
I N G A M D P C M . O U U T I M G 

6 P L I N B 

O L A C K . P L A S T I C S O U K * . 
£ » T I U L S A S T W ' 

2 K M B R A C I E 

3USf»CWDCp FRJESW 

D 
INSULATION! 

desalination migh t bo fully offset by using a still for 
the ceiling and roof of a bui ld ing [i)j. M o d u l a r si ills, 
producing to 30 ga l / sq f t / y e a r of dis t i l led wa te r , 
would be placed be tween ceiling beams ; th is would 
simplify t he leveling to ob ta in shallow br ine d e p t h s 
conducive to high yield. Insu la t ion unde r tin- si ill, 
also essenlial for high yield, would fo rm the ceiling. 
Several still des igns a re avai lable with costs approx i -
mating those of convent iona l roofs. Plast ic pipes a n d 
linings would be used not only for t he stills b u t also 
for br inging sal ine w a t e r to t he bui ld ing and for con-
ducting concen t r a t ed br ine away in a sewerage sys t em. 

Plastic is t he p re fe r red cover m a t e r i a l for roof stills. 
The inherent s a f e ty h a z a r d s of glass almost prec lude 
its extensive use on roofs in densely popu la t ed areas . 
Even with cost ly f raming , which would m a k e it un -
economic for desa l ina t ion , s o m e b reakage of glass m u s t 
I* expected d u r i n g cons t ruc t ion , use, and m a i n t e -
nance. Glass s h a r d s m i g h t pierce t he solar-still l iners 
and cause flooding of an under ly ing room. Bui ld ing 
codes and insurance ra tes could prove res t r ic t ive for 
glass-covered roof st ills. 

I'ig. I i l lus t ra tes a new solar-stil l design tha t is a d a p t -
a'»le as a roof and is expec ted to correct m a n y s h o r t -
comings of p rev ious st ills. T h e rigid basin , of molded 
'•lack AIpS resin, would be s u p p o r t e d by 2- by 4-in. 
'»races be tween ceiling beams . T h e t r a n s p a r e n t cover 
film is shown fas tened in S -c lamps engaging p r o t r u -
sions and seals on t he s ides of t he stills. Seals of ad -
jacent sti l ls would be p a r t s of an ext rus ion cover ing 
'ho beam and wa te rp roof ing t h e roof. T h e weight 

the centcr-susjHMidcd condensa t e collector con t r i b -
to t h e v a p o r seal and shapes t h e V-cover so t h a t 

distillate d r a i n s to t h e collector. S t r e t ch ing t h e cover 
''Khter a t one end produces slope for d ra inage of con-
wnsato and of ra in . E a c h is r emoved in t u b i n g s l ipped 
°ver port ions of t h e collector and each is conduc ted to 
^parate s torage . 

A d v a n t a g e s of t h i s design, o t h e r t h a n e l iminat ing 
glass-cover haza rds , inc lude : 

• P ré fabr ica t ion 
• Quick assembly 
• E a s e of access to t he basin for annua l cleaning 

of sal ts , if r equ i red 
• Cover replaceabi l i ty , if c leaning or pa tch ing is 

needed 
• M i n i m a l vapor leakage a t seals 1 

• Divis ion of t h e cover in to two panels , t h e r e b y 
reduc ing wind flutter and film embr i t Moment. ' 

Accidental cover d a m a g e would, a t mos t , allow r a i n 
t o d r a in in to t h e condensa t e collector. Annua l in-
spect ion and servicing cha rges might offset t h e lower 
capi ta l cost and in teres t resu l t ing f rom cred i t ing usua l 
ceiling a n d roof costs . P r o d u c t - w a t e r costs a r e n o t 
expected to differ g rea t ly f rom those of desa l ina t ion 
a t a c o m m u n i t y dis t i l la t ion p lan t . 

P rev ious economic ana lyses of solar sti l ls h a v i n g 
covers of 10-ft-wide 4-mil P V F used film prices r a n g i n g 
f r o m 27.0 to 44.3 ¿ / s q f t . T h e s e included high charges 
for special w id th and th ickness , for s a n d b l a s t i n g one 
s ide t o p roduce we t t ab i l i ty , a n d for s h i p m e n t t o dis-
tant . islands. W i t h 54-in-wide 1.5-miI u n t r e a t e d lilm 
cost ing only 3 t o 3.5 ¿ / s q f t , 2-mil th ickness is a b o u t 
4 a n d 4-mil P V F should sell for 8 ¿ / s q f t if a sub -
s t an t i a l m a r k e t for th is th ickness develops. A new 
liquid we t tab i l i ty t rea tment . 2 —successful ly used qn 
plas t ic greenhouse covers—is claimed to last t he life 
of t h e plas t ic and t o ' c o s t less t h a n 0.5 ¿ / s q f t appl ied. 
On a wholesale basis, t he price of 4 .5 or 8.5 ¿ / s q f t 
of fse ts t h e longer ave rage life ob ta inab le with single-
s t r e n g t h B-qua l i t y glass cos t ing 16 to 20 ¿ / s q ft a n d 
h a v i n g h igher packing , t r a n s p o r t , and b reakage charges. 

S a n d b l a s t e d 4-mil P V F has given four to five y e a r s 
of service in large solar stills of a design which t e n d e d 
1 Sun Clear, a product of Solar Suastill, Inc., Selauket. N. V. 
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a 5 S i w a i . 

i s , 1 * » * s s ^ fe 

^ X T i m i f f i " « » m a n n e r in which solar s t i l k 
. . K w^to hea te rs , and n a t u r a l a ir condi t ion ing ccdmg 
solar w ® e r iiearc j M o v a b l c insu la t ion pane l s 

S S S f r o m these energy col lectors , 
C i r " c h n o l o g y , and in te rchangeab le pa r t s , can 

produce cold wa te r :uul ice. 

Yakh-cha l s . „ 
W e are r eminded in a well-qualified 

a b s c a s s » R s a 

whenever possible t he an imals prefer red t h e n o r m 

t i i L n . L w i « * 

sur faces a re ind i rec t d a y t i m e h e a t s inks b u t also 11 a t 
black fully Shaded, nor the r ly o r ien ted walls achieve 
s u i t e t e m p e r a t u r e s h igher t h a n those of .the sur -

r < ^ S a i i 1 c , ! n d i t i o n , , , g of rooms b y 
t ion t o t he cold sky h a s no t been s tud ied to t h e e x t e n t 

cl " e m s jus t i f ied. Al though ,1«. lowest t e m p e r -
re in a cloudless sky is cons t an t l y chang ing i t s d a y -

^ , s t ,n, th i s change d id not v a r y grea t ly d u r i n g 
" ,0 . per iod of t h e d a y f rom CO deg above hor izon 

rt t h e locat ion of t h e s tudies . S t r u c t u r e s w i t h windows 
' Z S t o t a k e a d v a n t a g e of this^cold s m k 
m i z c h e a t load in p o l a r - o n e n t e d rooms. C a r e » mid 
p r o b a b l y b o needed t o p r e v e n t excessive mgh t t tm . . 

C 0 'Archae»logical ev idence exists t h a t t h o u s a n d s of 
y e a r s a g " " f c e walls" were bui l t in t h e desqr t s of t h e 
Midd le E a s t . T h e s e were m u d walls t u n n i n g e a s t - w e s t , 
S I o n t he n o r t h side in which wa te r was f r o * , , 
b y noc tu rna l r ad ia t ion . K n o w n as >akh-ch. s 1 U. 
" 1141 these devices a r e still used in r e m o t e p a r t s I 
I r a n The i r anc ien t s h a p e s va r i ed f r o m smgle «aUs 
t o three-s ided high walls wi th t he e a s t - w e s t wall five 
toX l eng th of t he end walls b u i l t a t r igh t angles 

toIIntil 15 yea r s ago, yakh-cha l s of d i f fe ren t shape, 
p rov ided ice h ' r T e h r a n . ' These, wore <iartU w^Hs 
6 f t th ick a t t h e base and t a p e r e d to h m. t 2 t .W H 
in he igh t . F r e q u e n t l y , two to four p a r a lei « ^ 4 *> 

700 t in l eng th h a d end walls of lower he igh t . Dls-

f r o z e n in to larger b locks b y p o u r m g o n ,ce w t f e r . M 



llimtgb freezing t empera tu re s and snow occur in T e h r a n , 
I hose were not essential for t h e process; to ma in ta in 
ice clari ty, snow was removed and separate ly used 
(early in the HiOOs) for sherbets . M o d e r n f indings 
indicate that yakh-chal efficiency might be somewhat, 
improved if the south-facing wall were made black and 
its northerly sur face m a d e reflective. 

Possibly as a technological consequence of Aryan 
invasions, ice was made by night-sky radiat ion in 
Calcutta a la t i tude slightly south of the t ip of Florida. 
Observation of frozen dew drops on tha tch roofs and 
leaves may have justified the first, ice product ion in 
Calcutta where no o the r local ice had been seen and 
where humid i ty is not usual ly conducive to s t rong 
nocturnal cooling. Only the ice s torage t echn iques 
were similar to the I ran ian procedures. Tropica l 
rains and the higher sun elevation may Have precluded 
use of t h e " ice walls." 

Reports f rom 1775 to l«S7.r> indicate t h a t f rom Cal-
cutta nor thward to Al lahabad t renches were d u g 2 f t 
deep and allowed to d ry . T h e n insulat ion—such ;is 
sugar cane, corn stalks, or s t raw (a "b lack- looking" 
kind was " reckoned be t t e r for the purpose than wheat 
straw")—was added to within 0 in. of g round level. 
From December to mid -Februa ry winds were carefully 
observed. When they came gently f rom the nor thwes t 
(oven though warmer than the more humid prevail ing 
¡iir), unglazed shallow pla tes were placed in the t renches. 
Water was added in the plates to a dep th expected to 
freeze, f requent ly 0 .5 in., somet imes 1.5 in. Evapora -
tive cooling lowered water t empera tu re to a point where, 
radiation caused freezing. Ice crys ta ls appear ing 
in some plates wore thrown across the o ther plates as 
nucleation. 

Ice was made in this manner when air t empera tu re s 
were M or 47 F. T h e ice was carried to pits , pounded 
to a mass, watered, and frozen into a solid block. Wi th 
the surface insulated and fu r the r covered by a t ha t ched 
building, the ice lasted into t h e summer months . Some 
factories produced 120 tons per season; o thers m a d e 
as much as 10 tons per night. T h a t t h e economics 

3 Yakh-chal: Conical building (center) s tores, below ground 
level, ice blocks cu t f rom trough dug in ground and filled, in winter, 
with water tha t f reezes during the night. Mud-brick wall (left back-
ground), built immediately south of trough, shields t rough from 
sun (15] . 

W.J.S not ve ry favorable is indicated by the sale of I c e 
f rom the U. S., b rough t by ship in 1N33 ¡15].' | 

I n bo th I r a n and India, nocturnal ice-product J m 
techniques have been generally forgotten. IMasta 
insulation, perhaps in the form of fixed roof ponds a',,d 
movable covering panels, can improve the ancient 
techniques, l iven where ice cannot, be obtained, radia-
tion can cool shallow roof ponds IT> K or more b e l o w -

early morn ing t empera tu re . Th i s cool water mav !»«• 
na tura l ly circulated by thermosiphon action around 
under lying food chests to serve as the bes t subst i tute 
for ice refr igerat ion in developing countries; Thermo-
siphonic recirculation of roof-pond water cooled noc-
tu rna l ly and covered in the day t ime by movable in-
sulat ion might be adap t ed , in pa r t s of the U. S., for 
s to rage of vegetable crops. T h e same, movable in-
sulat ion can result in ano ther space being heated. 

S tudies are underway to de te rmine those areas which 
have cl imates favor ing roof top appl iances for na tura l 
air Conditioning, wa te r hea t ing and cooling, desalina-
tion, and ice product ion. Present plastics make these 
processes feasible for use in some cl imatic regions to-
day . Exper ience gained in these areas, aided by fur-
ther improvements in plastics and by addi t ional sttidies 
of d iurnal energy forces, will ex tend t h e range of ap-
plicabil i ty. 

Extens ive use of radiation-collect ing and -dissipat ing 
devices in t h e American southwes t is closer to realiza-
t ion. T h e disposition of the people, the need for new 
housing and cit ies, and t h e search by m a j o r companies 
for new m a r k e t s may finally accelerate use of na tura l 
energy forces. 
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Thermal discharges to the environment are 
common to fossil- and nuclear-fueled central 
power stations. Air discharges, too, are com-
mon—signi f icant quantit ies of particulates 
and gases from fossil-fueled systems, small 
quantities of radioactive gases from n u c l e a r — 
and each type of system has an impact upon 
its environs. Each of these problems is miti-
gated by offshore siting of bulk power facili-
ties. Offshore sit ing also offers such distinct 
advantages as thermal enhancement of the 
waters to increase recreational and commer-
cial values, and, ;a very important considera-
tion along our west coast, earthquake-isolation 
of the bulk power facility. Not a practiced 
art, offshore siting brings with it new design 
considerations suqh as collision-avoidance and 
sea-driven platform motion effects on huge 
rotating turbines. 

JOHN F. HOLMES and CHARLES R. FINK 
Sanders Nuc lea r Corp. , N a s h u a , N. H. 

A M O N O r e c o m m e n d a t i o n s ' for p r io r i ty research m a d e 
the E n e r g y Policy S ta l i of t he Office of Science a n d 

Technology is s t u d y of a d v a n c e d hulk-power- fac i l i ty 
siting pract ices , specifically t h a t 810,000,000 t o 
$¿0,000,000 be expended in offshore s i t ing s tud i e s a n d 
development. T h i s should ind ica te t h a t such s i t i ng is 

^ d on a paper contributed by the ASME Energetics Division. 
Rlrciric Po,per and the Environment, Energy Policy Stiiff, Office of 

^•ence and Technology, Executive Office of the President, Aug. 1970, 
P. 44. 

not rou t ine ly accompl ished . Opt iona l t e c h n i q u e s ' in-
c lude : (a) islands, .existent and m a n - m a d e ; (b) b o t t ó m -
m o u n t e d p lants , floated to sito and s u b m e r g e d or con-
s t r u c t e d in s i tu ; and (r) floating p l a t fo rms , t uned a n d 
u n - t u n e d . E a c h has a d v o c a t e s and il is p r o b a b l e t h a t 
each is a bes t so lu t ion in some cer ta in specific e i rcum-
HI aiice. 

'Hie f loa t ing-p la t fo rm techn ique is I he subjec t of th i s 
art icle. I t is s h o w n in Fig. 1 wi th a lOOO-MVV(e) 
r eac to r power p lan t . A d v a n t a g e s inc lude: 

1 C o n s t r u c t i o n of t h e hull a n d power - sys t em p la t -
f o r m is r epea ted ly accompl ished by a skil led, s t ab le 
s h i p y a r d workforce . 

2 Docks ide ins ta l la t ion of t he power sy s t em is also 
accompl i shed on a r e p e a t e d basis by a t r a ined , s t ab le 

Fig. 1 Tuned-spherical-platform offshore bulk power facility. 
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W A V £ F O R C E S E X E R T E D O N S P H E R E 

„f enhprical buoys of d i f fe rent mass distri-Fig.2 Comparison of spherical ou^y* 
butions. 

' t V bulW p o w e r ^ « ¿ ^ t 

t r a n s p o r t a b l e ; it can_ b e ^ e d to, ^ ^ ^ 

^ r i ^ r j T i o ^ improvemen t s , 

C t P r o b l e m s pecul iar t o the floating p la t for m include: 

f t long) do n o t 

forces 

r r r ^ r ^ r r ^ n u n . t . 

not excessive. . u , . iM i P | 1 

The opt imal ly " o n c o m p l i a n t ^ a t f o ™ . 

W h e n used wi th » » " ^ T ^ » C t o r a l roll f re-
p l a t f o r m can be u n e d t o h a v e a ^ ^ 
f l " " " C y u s g\ roscopic forces of conse-
conce ivable w a v . s , nu. k , l s ., r (. m m l -
<,uence a r e o l immatcd an d m ^ ° t h o 

t ^ ' n f S t ^ r Ì c e l ^ i o n a n d dece le rano . ! 

/SO 
ì f l .« ve r t i ca l axis a r c un i fo rmly ev idenced a s 

b u o \ a n t - f o r ^ e changes eiiually appl ied abound t h e c.r-
cumfe rence of t h e sys tem. 

T u n e d S p h e r i c a l P l a t f o r m , , • , 

f ro<-f loa t ingspher ica l b o d y : 
1 It. h a s a cen te r of mass whose locat ion is d e t e r -

m i n e d by t he sy s t em f a b r i c a t o r / d e s i g n e r . 
9 It lets a fired cen te r of ro ta t ion , 
i » t of r o t a t i o n , t he m e t a cen te r , r e m a n » 

a t t he g e o m e t n c cen te r of t he s p h e r e n p n f t a of bow 

' " f t Oj^ratf l inheren t ly t h r o u g h , i.e., a r e vec tored or d , r ee l ed 
t h r o u g h , t he cen te r of r o t a t i o n . 

bu lk power facil i t ies. T h e sequence of ske t ch , s in 1 »g. 

' '2 K ^ & y ^ floating sphe re wi th i t . weight mmsMsm 
wmmm S t ^ ^ t S i K S f i p s j 
'' a e n e uhmt on es tab l i sh ing a r igh t ing m o m e n t . 1 ig-

SSSKSUi—« • r " - « g S 

I S i i l i s s 
' the distance^if d i sp lacement is t h e r igh t ing a r m and t h e 

u n b a l a n c e d weight is t h e r « . f o r c e . ^ 

def ined by (1) 

w h e r e / is t h e sy s t em pola r m o m e n t of ine r t i a , K is t h e 

roll s t i f fness , a n d 

/ = 
Wr* 

g 

K = Wl 

(2) 

(3) 

t i ona l c o n s t a n t ( 3 2 . . t t / s e c ; , * 
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„liilfonn is, in p a r t . d e t e r m i n e d by i ts pe r iod of oscil la-
'¡„n; tha t t liis is largely d e t e r m i n e d l»y m a s s d i s t r i b u -
l i d n ' i s i l lus lni1 . i l IIV c o m p a r i n g tin« p o l a r m o m e n t s of 
iiu*rtia of sect ions (<»). ('»)• a n d (r) in Fig. 2 . (F ig . 2(e) 
assumes t h e shell weight t o h e c o n c e n t r a t e d 111 a n a n -
u U | : i r r ing on t h e d i a m e t e r of t h e s p h e r e ; a s n o t e d 
previously, 2(a) d i s t r i b u t e s shell weight u n i f o r m l y a n d 
2(b) c o n c e n t r a t e s it a t a po in t , m u c h l ike ba l l a s t . ) 
Moments of i ne r t i a a r e 

/3f l = 21KrV">g 0 0 

U = IV'VK (*) 

i 2 ( = i r , -V2g 

Sect ions 2 (a ) a n d 2 ( r ) desc r ibe m e t a s t a b l e con f igu ra -
tions. i .e. . s y s t e m s which a r e s t a b l e in a n y a t - r e s t posi-
tion. T h i s d e r i v e s because no right ing m o m e n t s can b e 
generated; c e n t e r s of m a s s a r e co inc iden t w i th met a 
centers. H o w e v e r , a bu lk p o w e r fac i l i ty m u s t neces-
sarily b e s t a b l e in b u t o n e pos i t i on ; h e n c e a c o n f i g u r a -
t ion ' subs tan t ia l ly l ike 2(b) can b e e x p e c t e d t o evo lve . 
Such a c o n f i g u r a t i o n is s h o w n in Fig. 2(d) r e s p o n d i n g t o 
wave forces imposed u p o n it . A m u c h - e x a g g e r a t e d 
wave-front s lope is used to i l lus t r a t e forces a c t i n g on a 
ballasted ( t u n e d ) sphere . N o t e tha t t h e spher ica l 
platform h a s not rol led in r e sponse t o t h e w a v e f r o n t . 
The w a v e f ron t h a s caused t h e c e n t e r of s y s t e m b u o y -
ancy t o move , but t h e c e n t e r s of s y s t e m m a s s a n d r o t a -
tion r e m a i n f ixed; a s a resul t , t h e s y s t e m is t r a n s l a t e d 
vertically a n d ho r i zon ta l l y b u t not r o t a t i o n a l l y . T h i s 
in par t is t h e case for t h e spher ica l p l a t f o r m . A n o n -
spherical b o d y , e.g. , a b o a t o r b a r g e hul l , wou ld n o t 
react s imi la r ly t o t he pass ing w a v e f r o n t . T h e sh i f t in 
center -of -buoyancy locat ion w o u l d b e a c c o m p a n i e d by a 
shift in t h e m e t a c e n t e r a n d hence in t h e m e t a - c e n t e r - t o -
center-of-mass d i s t a n c e ; roll would resu l t . 

In t h e i n t e n d e d a p p l i c a t i o n , a long pe r iod of spher ica l -
platform osci l la t ion is des i red . T h i s p e r m i t s t h e p la t -
form t o act a s a " l o w - p a s s " f i l ter of imposed w a v e 
forces. T h e p l a t f o r m , h a v i n g a m a n - a d j u s t e d n a t u r a l 
frequency longer t h a n t h e fo rc ing f r e q u e n c y of n a t u r e -
adjusted waves , will, a s a consequence , fail t o b e exc i ted , 
i.e., ro l led, by t h e m . P la t f o r m ' s t a b i l i t y will h a v e been 
achieved t h r o u g h : 

1 Select ion of a plat f o r m s h a p e h a v i n g a f ixed c e n t e r 
of rota t ion. 

2 A d j u s t m e n t of t he s y s t e m c e n t e r of m a s s such t h a t 
desired roll s t i f fness ( r igh t ing m o m e n t ) exists . 

Co inc iden t a d j u s t m e n t of t h e s y s t e m m a s s ele-
ments such t ha t t h e s y s t e m po la r m o m e n t of i n e r t i a a n d 
roll s t i f fness define a s y s t e m h a v i n g a n a t u r a l f r e q u e n c y 
not exci ted by seas t o sea s t a t e #S. 

Spherical-Platform Load ings 

Hull is comba t t e d in an o f f shore float ing bu lk- j iowor-
faeilitv p l a t f o r m t o ease p l a t f o r m c o m p l i a n c y con-
straints, t o r e d u c e g y r o s c o p i c force* o n t u r l u n e -
Ronerator s y s t e m s , a n d to m i n i m i z e m e c h a n i c a l loud* o n 
»loiiringH mid p o w e r Inumni i ss ion lines. 

Wave height a n d s lope a r e t h e fo rc ing f u n c t i o n s o n 
«he p l a t f o r m . T h e s e a r e de f ined by Fig«. S a n d 4. 
SiRiiificantly, a s i t u a t i o n is desc r ibed which i nd i ca t e s 
tl.at a p l a t f o r m h a v i n g a n a t u r a l i>ermd of a b o u t 10 sec 
would be v i r t u a l l y uimlTi-cted by s e a s t o sea s l a t e S. 

/ OG 

R e f e r e n c e - D e s i g n T u n e d - P l a t f o r m Nuc lea r Power Plant 

A lOOO-MW(o) t l inod-spherieal-plat forni o f f shore 
floating bu lk nuc lear power fac i l i ty , a s an example , 
hick's I he a d d i t i o n a l complex i ty of sy s t em design tha t 
wou ld b e i n t r o d u c e d by an eve r -chang ing o n - b o a r d 
fossrl-fuel s u p p l y . 

A bo i l ing -wa te r r eac to r s y s t e m would b e compr i sed 
genera l ly a s in T a b l e 1. X p r essuri zed -wa te r r eac to r 
wou ld h a v e a s imi la r t o t a l weight wi th c o m p o n e n t 
d i s t r i b u t i o n as in T a b l e 2. 

A c o n c e p t u a l l a y o u t of t h e p re s su r i zed -wa te r s y s t e m 
is p r e s e n t e d in Fig. n ; a m a s s - d i s t r i b u t i o n a p p r o x i m a -
t ion ; is s h o w n in Fig. 0. E n c l o s e d - s y s t e m v o l u m e is 
1 3 M cu f t ; a 3 0 0 4 t - d i a s p h e r e weighing 0 0 M lb houses 
t h e power s y s t e m . T o t a l bu lk -powcr - fac i l i ty we igh t ia 

Fig . 3 . M a x i m u m spec t ra of ocean waves. 
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Fig. 4 M a x i m u m s lope ang le of wave. 
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TABLE 2 Pressurized-Water Reactor System 
TABLE 1 Boiling-Water Reactor System 

W e i g h t 
(Mil l ions of P o u n d s ) W e i g h t 

(Mil l ions of P o u n d s ) 
S u b s y s t e m 

_ 13.0 X 105 f t ' - k t o n ( l l ) 
~~ 32 f t / s e c 1 

= 0.43 X 108 f t - ton-sec 2 

T h e u n d a m p e d osci l la t ion of a c o m p o u n d p e n d u l u m is 

descr ibed by th i s equa t ion : 

¡ e + WL sin 0 = 0 ( 1 2 > 

Fig. 6 Approximate m a s s distribution, 
Fig. 5 Conceptual layout of a 1000-MW(e) pressurized-water re-

actor. 1 — • 
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H 

Ss 

• - # + w ; ° = o 

Therefore t he equa t ion of mot ion in roil is 

9 + '< T 9 = 0 
' r 

(13) 

( H ) 

Integrat ion of th i s e q u a t i o n be tween 0 a n d 2 yie lds a 
natural per iod of oscil lat ion 

and a f r equency in roll of 

- 2l Û 

(W 

(16) 

As previously no ted , I r = 0.43 X 10H f t - ton-sec 2 a n d 
Kr = 8f> X 10» X 14 = 1.10 X 106 f t - t o n ( the weight of 
the sy s t em t imes t h e d i s t ance be tween t h e m e t a cen te r 
and t he cen te r of mass ) . T h u s t h e n a t u r a l pe r iod a n d 
frequency in roll a re 

Tr = 40.4 sec 

/ , „ = 0.02Ô Hz 

(17) 
(18) 

Consider now the mot ion of t he p l a t fo rm with viscous 
damping and forced v ib ra t ion . P rev ious exper imen ta l 
work has shown t h a t t he r a t i o of v iscous d a m p i n g to 
critical d a m p i n g is r/rc = 0.3. T h e ampl i f i ca t ion 
factor ( the ra t io of t h e o u t p u t angu la r d i sp lacement to 
the input angu la r forcing func t ion) as a f u n c t i o n of t h e 

where I is t h e c o m p o u n d momen t of iner t ia , l ' o r smal l 
angles of r o t a t i o n , sip 0 equa l s 0 (in rad ians ) so t h a t 

r a t io of t h e forcing f r equency / to the na tu ra l roll f re-
quency fT is shown in Fig. 7. T h e forcing f r equency 
ve r sus angu la r d i sp lacement is o b t a i n e d f rom Fig. 4. 
Us ing these t w o figures, one ob t a in s t he p la t fo rm a n g u -
lar roil response ve r sus forcing f requency shown in Fig. 
8. 

E x a m i n a t i o n of Fig. 8 leads one to t he following con-
clusions: 

1 T h e m a x i m u m roll angle of the plat fo rm is 2.8 d e g 
for a n y possible fo rc ing f requency . 

2 U n d e r sea-s ta te -8 condi t ions , an ext remely ra re 
p h e n o m e n o n , t he m a x i m u m p l a t f o r m roll would be 
~ 2 . 0 deg. For such waves t o be possible requ i res a 
long fe tch a n d deep wate r . Ac tua l ly , in near ly all off-
sho re ins ta l la t ions , t h e m a x i m u m possible soa s t a t e is G. 

3 U n d e r sea rst.ate-G condi t ions , t he m a x i m u m p la t -
fo rm roll would no t exceed 0.5 deg. 

T h u s it m a y be seen t h a t t he feasibil i ty of a non-
rollLng t u n e d p l a t fo rm as a nuc lear -power-p lan t s i te can 
be shown ma thema t i ca l ly . E x p e r i m e n t a l work on 
smiill models has d e m o n s t r a t e d th i s expected result . 

Refe rence -Des ign Heave R e s p o n s e to Sea S t a t e 1 

T h e n a t u r a l .heave f r equency /''„i, of t he reference de-
sign is c o m p u t e d to b e 0.134 Hz. Assuming the r a t i o of 
v iscous d a m p i n g t6 cri t ical d a m p i n g to b e 0.3, Fig. 0 
m a y be appl ied to es tabl ish tin- ampl i f ica t ion factor . 
T h e forcing func t ion for ver t ica l d isp lacement is 
o b t a i n e d f r o m Fig. 3. Us ing sea-s ta te -8 condi t ions, t he 
p l a t f o r m heave responses in ver t ica l d isplacement as a 
f u n c t i o n of wave f r equency a r e as shown in Fig. 9. 

I t is s ignif icant to n o t e t h a t u n d e r sea-s ta te-8 condi-
t ions , m a x i m u m w a v e doub l e - amp l i t ude d isp lacement 

Fig. 7 Roll amplification versus forcing frequency/natural fre-
quency. 

Fig. 8 Platform maximum roll angles versus forcing frequency. 

FORCING FREQUENCY OVAVE FREQUENCY). H i 
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W u a l s 7 0 f t ; U * doub l , , a m p l i t u d e of t h . - p ia t i J™> j* « 
f t , o r a 7 - f t di.splac.-mc-.it o n e i t h e r s.d.- of th.- s l . i t . c 

" T h . - ' m a j o r s ign i f i cance of l.cav.- r e s p o n s e is th.- g -
l o a d s t h a t such m o t i o n i m p a r t s to t h e . d a t t o r n i a n d . 
e q u i p m e n t . T l i c a c c e l e r a t i o n e x p e r i e n c e d b j t in . 
p l a t f o r m is 

. , , a = -Oo ic 2 s i " w L 

at. m a x i m u m i t e r a t i o n fo r a n y f o r c i n g f r e q u e n c y 

sin i d = 1. T l , u s 

SEA STATE 8 

Where «• c i u a l s 2 / , / i s t h e f o r c i n g f r e q u e n c y , a n d « , is t h e 
m a x i m u m s h i g l e a n i p l i ^ i e of p l a t f o r m r e s p o n s e at the. 

t 0 S S Ä p l o t t e d in 1-ig, o, fo r ^ W » . 
m ; l x i m R a t i o n s « e r e d e r i v e ^ l i b a r e 

r eac t o r / t u r b i n e - g e n e r at o r e q u i p m e n t . 

C o n c l u s i o n s 
P r o b l e m s c o m m o n t o t u n e d a n d n o n - t u n e d p l a t f o r m s 

e v i d e n t . T h e s e p r o b l e m s inc lude : 
1 M o o r i n g : A g i m b a l e d b r id l e m o o r which v a l o r s 

" S c o l l i s i o n a v o i d a n c e : L i g h t e d b u o y s , b g h t e d 

S U r ^ r ' c ^ u r o l : M u l t i p l e - h u l l des igns , m u l t i -
pi . ̂ c o m p a r ' t m e n t a ^ ^ des ign . e g > - a b s o r b , , , g n . a t e -

r i : v l a t a n d be low w a t e r l ine e t c 

n u m b e r o g , l m v „ s t r ( , i m „f I , r idges 

sphe r i ca l p l a t f o r m h a s > | ( 1 ! „ l s 
s t r a t e d t o a t t e n u a t e f o r c ^ o f ^ . ^ ^ , 

r r t " V X Ä acTom, . . . shed « t o l e r ab l e . : 1 u r t n i x , . . . sea-wnll 
s ign i f i can t s i te p r e p a r a .on . e g . , d ^ e « ^ 
c o n s t r u c t i o n at a " o n . u u d î / c . > d p r ce- ^ ^ 
s y s t e m ndgl . t r .H,u.re 10 t o 2 0 M eu > u o ^ ^ ^ 
a t t e n u a t o r a , , 

S.-,,000 tons. » M - , o n „ . „ „ v a l e n t 

S S S ' - - o l d less cost ly-

0.1 
F O R C I N G F R E Q U E N C Y . H I 

Pig. 9 Platform heave response a s a funct ion of sea state, 

F i , l 0 Maximum accélération experience* by P - f o r m under 

sea-state-8 conditions. 

* Arroaixtce l>aiiU. M»V »«I-•»• 



The "e lectr ics" are coming, or will be, if the 
l-C engine finds the price of its fabulous 
s u c c e s s - c l e a n i n g up its massive pollution 
of the ambient a i r - t o o steep to pay. Now 
undergoing a feverish rash of development , 
the electrics will then get a second chance 
Here's a report on a GM Corvair converted 
into a test bed for battery-electr ic propulsion. 

H. R. A. SCHAEPER' and ERICH A. FARBER! 

U n i v e r s i t y of F l o r i d a , G a i n e s v i l l e , Fla . 

R E C E N T d e v e l o p m e n t s in h igh-cur ren t -powcr t ransis-
t o r s and si l icon-control led rect i f iers combined » . t h » 
new genera t ion of h igh-energy d c c t r o c h e m . c a l sys t ems 
s , ich as t h e l i t h i u m - s u l f u r b a t t e r y h a v e b r o u g h t t h e 

A S M E 8o.ar Energy App l i ed 

tions Group. 

Fig. 1 The electric Corvair. • 



Vlrr.tr'H-" i n t o f™*»s afc*«» : < s a n r fTeetive m o a n s t o 

lir|Kin po l lu t ion a b a t e m e n t . 
The imin<*diate interest . of t h e d«-sign eng inee r is 

(JW'n,f"rr «•»> d e t e r m i n e t h e technica l p r o b l e m s assoe ia t ed 
vith tlif d e v e l o p m e n t of e lec t r ic vehic les for m o d e r n 
„riwin t ra l l i r . In o r d e r t o e v a l u a t e t h e vehic le r equ i r e -
m.nts. convers ion el l ie ieney, c o m p o n e n t re l iab i l i ty , a n d 
^Hic sa fe ty c o m m e n s u r a t e w i t h cos t , size, a n d we igh t , 
it production model ea r , a G M C o r v a i r , w a s c o n v e r t e d 
into ft t e s t bed for b a t t e r y - e l e c t r i c p ropu l s ion , F ig . 1 . 

Major Electric Components 

Traction Motor and Transmiss ion. T h e t e s t - b e d v e h i c l e i s a 
1962 C o r v a i r M o n z a 900 . T h e i n t e r n a l - c o m b u s t i o n 
engine h a s been r e m o v e d a n d rep laced , F ig . 2 , b y a 
four-pole 32-v 3 0 0 - a m p s h u n t - w o u n d d - c m o t o r , w h i c h 
is directly coup l ed t o t h e or iginal fou r - speed m a n u a l 
transmission. 

The p u r p o s e of t h i s s h u n t m a c h i n e wi th s e p a r a t e he ld 
excitation is t o p r o v i d e r e g e n e r a t i v e - b r a k i n g c a p a b i l i t y . 
This al lows t h e r ecove ry of p a r t of t h e k ine t i c e n e r g y 
of the m o v i n g vehic le d u r i n g dece le ra t ion a n d i t s 
storage in t h e b a t t e r i e s . D u r i n g h e a v y s t o p - a n d - g o 
service, s u c h a s in c i ty d r iv ing , r e g e n e r a t i v e b r a k i n g 
can ex tend t h e vehic le ' s r a n g e b y a s m u c h a s 2 5 p e r -
cent. T h e m o t o r speed is con t ro l l ed b y s w i t c h i n g t h e 
propulsion b a t t e r y b a n k in para l le l -ser ies s t e p s t o p ro -
duce 12, 24, a n d 30 v . T h e s h u n t field is exc i ted w i t h a 
separate 3G-v b a t t e r y . 

Battery System. T h e r e a ro t w o b a t t e r y s y s t e m s , F ig . 3, 
used in t h e e lect r ic C o r v a i r , n a m e l y : a swi t chab le -
voltage p ropu l s ion b a t t e r y a n d a smal l e r fixed-voltage 
field-excitation b a t t e r y w h i c h also fu rn i shes t h e p o w e r 
for t h e con t ro l c i rcui ts . B o t h b a t t e r i e s a r e of t h e 
vented n i c k e l - c a d m i u m t y p e . 

Propulsion Battery. T h e t r a c t i o n b a t t e r y cons i s t s of 
three b a n k s , 12 v each . E v e r y b a n k c o n t a i n s 2 0 cells 
in series-parallel , t h u s a t o t a l of 60 cells a r e used . T h e 
maximum b a t t e r y v o l t a g e is 36 v a t 8 0 - a m p - h r c a -
pacity. 

Field-excitation Battery. T h e field-excitation s y s t e m con-
sists of a 36 -v 2 4 - a m p - h r - c a p a c i t y N i - C d b a t t e r y b a n k . 

Fig. 3 
F 

Diagram of bat tery switching sys tem. 

. V f ^ 
LHL 

* w 

r ^ 
Fig. 2 .Engine c o m p a r t m e n t . 

I t p r o v i d e s a c o n s t a n t field c u r r e n t t o t h e propuls ion 
m o t o r a n d a lso power s all t h e con t ro l c i rcu i t s a n d t h e 
or ig ina l e lec t r ic s y s t e m of t h e c a r b y t h e use of a d - c -
t o - d - c t r a n s i s t o r power c o n v e r t e r t o g e n e r a t e t h e 12 v 
for t h e h e a d l i g h t s , w ipe r s , h o r n , r ad io , and o t h e r 
accessories . T h e a d v a n t a g e of m a t c h i n g t h e field-
b a t t e r y v o l t a g e w i t h t h e p ropu l s ion b a t t e r y lies in t h e 
f a c t t h a t b o t h c a n b e c h a r g e d s i m u l t a n e o u s l y in paral le l 
b y t h e s a m e c o n s t a n t - v o l t a g e b a t t e r y cha rge r , F ig . 3. 

Charger. P r o p e r v o l t a g e r egu l a t i on of t h e cha rge r po-
t e n t i a l is i m p o r t a n t t o t h e cell l i fe of t h e b a t t e r y . T o o 
h igh a v o l t a g e will l e ad t o excess ive h y d r o g e n genera -
t ion , p r o f u s e gass ing, s p e w i n g of e lec t ro ly te , over -
h e a t i n g , a n d e v e n t u a l t h e r m a l r u n a w a y , r e su l t ing u l t i -
m a t e l y in i r revers ib le d a m a g e t o t h e b a t t e r y . T o o 
low a v o l t a g e will c a u s e cell i m b a l a n c e r equ i r i ng ca-
p a c i t y r econd i t i on ing . 

T h e o p t i m u m cell v o l t a g e u n d e r c h a r g e is 1.5 v a t 
7 5 F . T h u s fo r t h e 36-v C o r v a i r b a t t e r y t h e cha rge r 
v o l t a g e is m a i n t a i n e d a t 4 5 v e lec t ron ica l ly , F ig . 4 b y 
m e a n s of a Zener r e f e r e n c e d i o d e a n d s i l icon-contro l led 
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rectifiers, Kg. 5. The charger has been deigned to 
fu rn i sh 30 a m p , yielding 1350 w of power t * t h e b a t , b a t t o r i c s c o n n c c t c d c i t h c r in 

speed t r ansmiss ion will p rov ide 12 s t eps m speed. acceiera . V . b r o u g h t to a 

i S A S i b ^ t S Z & S i n T S S ^ ^ S U — t h e 
series-parallel , a n d all in series. F i r s t , t w o b a n k s in t h e control c i rcui t is t h e series 
parallel p rov ide 12 v . ^ ^ ^ ^ T - ^ J u ^ o ^ o ^ ba t t e r i e s w h e n t h e charger 
nectcd in series wi th t h e f i rs t t w o still m p a n u i e n i s energized. A t t h e s a m e t i m e t h e field cxci-
nal ly , all b a n k s a r e in series, p rov id ing 36 v for t h e a l s Q c o n n c c t e d t o t h c 4 5 - v b u s vo l t age 
m o t o r a m a t u r e . . __. n f t u p r har i i e r B a t t e r y swi tch ing t a k e s p lace a u t o -

s s k k b 
w i t h o u t sho r t i ng o u t t he indiv idual b a t t e r y b a n k s , J c n m a d ^ t o a c c 0 m m o d a t e a l t e r n a t e 

F , g T h e field-excitation vo l t age is c o n s e n t ^ P o = c s of o u r ' t e s t -bed 
T h e exc i ta t ion c u r r e n t ^ ' ^ ^ T research a n d d e v e l o p m e n t is carr ied o u t in ou r 
in t u r n will c h a n g e t h e di rect ion of m o t o r r o t a t i o n , vemcie^ es * U n i v ^ r s i t 0 f F lo r ida . 
sh i f t ing t h e vehic le electrically in to reverse d r ive . bo la r e n e r g y i ^ o o r a * 

u— 

Fig. 4 Charge voltage versus cell temperature. 
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5 Circuit diagram of electronic battery charger. 
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Fig. 7 D i a g r a m o f c o n t r o l c i r c u i t . 

Emphasis h a s been placed on t h e St i r l ing-cycle solar J 
engines coupled t o d -c gene ra to r s t o r echa rge t h e Cor -
vair. F ig . 8 shows a ¿ - h p ho t - a i r engine w i t h a 5-ffc . . 
sokr c o l l e c t o r a n d a d - c g e n e r a t o r . F i g . 9 p r e s e n t s Fig. 9 1-hp solar engine on test stand. 

Fig. 8 Vi» -hp Stirling-cycle solar engine, 



Fig. 10 Speed-power curves. 

,l L ft 3 i s 

Fig. 11 Vehicle speed versus driving distance. 

TABLE 1 Speed-Power Profile Obtained at40-psi 
Tire Pressure 

Speed 
Gear m P h 

i 

1st 2 6 

2nd 3 6 

3rd 4 5 

4th 5 5 

a 1 -hp solar engine wh ich will b e used in c o n j u n c t i o n 
w i t h t h e Corva i r for comple te ly pol lu t ion-f ree power-
p roduc t ion a n d ba t t e ry - cha rg ing . 

Test Results 
T h e electric C o r v a i r h a s repea ted ly b ^ n d n v e n over 

a t e s t d i s t ance of 4 mi on a level r o a d A t t h e oe-
g i n n i n g o f each r u n t h e ba t t e r i e s were M f r c t o g e d , 
a n d were recharged i m m e d i a t e l y a f t e r c a c h ^ t d n v ^ 

T h e m a x i m u m a t t a i n e d speed w a s 58 m p h T h e 
speed -power profi le in T a b l e 1 was o b t a i n e d a t a t i r e 

P ~ n l T n S t e r s t a r t i n g c u r r e n t was a p p r o x i m a t e l y 
1200 a m p , b u t would d r o p rap id ly a s t h e vehic le bu i l t 
u p speed , l r igs . 10 a n d 11. 

A Principal Difficulty 
T h e pr incipal opera t iona l diff icul ty in d r iv ing t h e 

electr ic C o r v a i r w a s t h e g radua l r is ing t e m p e r a t u r e of 
t h e propuls ion b a t t e r y combined w i t h i t s r educed ca -
pac i t y u n d e r ve ry h igh discharge c u r r e n t s 

A t t h e end of t h r ee consecu t ive r u n s t h e oleetrol>t<. 
temperature was a t 178 F , clearly ind ica t ing t h a t t h e 
c u r r e n t dens i ty of t h e propuls ion b a t t e r y was m u c h too 
h i K h . F u r t h e r m o r e , t h e ava i l ab le capac i ty a t h igh 
c u r r e n t r a t e s reduces apprec i ab ly , such t h a t a t ve ry 
h i g h 10-min d i scha rge r a t e s only 65 pe rcen t of t he to ta l 

c apac i t y is a t t a i n a b l e . T h e res t is los t m h e a t . 
If t h e b a t t e r y - t e m p e r a t u r e b u i l d u p is a l lowed t o 

c o n t i n u e t h e e lec t rode s epa ra to r s will b e r u i n e d b y d i s -
in t eg ra t i on of t h e ce l lophane gas ba r r i e r I n addi t ion^ 
t h e nickel h y d r o x i d e of t h e pos i t ive p l a t e s will be^ de-
h y d r a t e d a n d c o n v e r t e d in to nickel oxide, wh ich is 
e lec t rochcmical ly irreversible. . . . . o 

T h e r e f o r e , because of t h e r m a l r u n a w a y condi t ions , a 
• n i c k e l - c a d m i u m b a t t e r y should n o t b e d i scharged above 

t h e 1-hr r a t e . F u r t h e r m o r e , provis ions m u s t be m a d e 
t o ven t i l a t e t h e b a t t e r y cells t o r e m o v e t h e h e a t ettcc-
t ive ly . 
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Extreme consequences of air pollution could 
be: another ice age, mel t ing polar ice caps, 
massive carcinogenic UV radiation. Govern-

| ment, industry, and the public must make the 
effort and pay the price to reverse the rising 
pollution down to a rational m i n i m u m . 

R. K. SWARTMAN,1 VINH HA,2 MICHEL JULIEN, ' 
and D. J . WHITNEY2 

University of Western Ontario, London, Ontario, Canada 

MAN HAS l ived on t h e e a r t h for m a n y t h o u s a n d s of 
years and h a s p roved t o b e a ve ry successful species. 
He has p ro l i fe ra ted t h r o u g h o u t t h e p lane t , s u b j u g a t e d 
other species to his o w n use, a n d re leased on t h e e a r t h 
new m a n - m a d e processes which m a t c h t h e i n t ens i ty 
and scope of n a t u r a l ones. N o w m a n finds reason t o 
question his success, because t h e ve ry power t h a t h e 
has exer ted on t h e r e s t of n a t u r e t h r e a t e n s his own 
Hurvival. 
1 Associate Professor. Mem. A S M E . 
' Graduate S tuden t . 
' Hesearch Assistant. _ , 
B«scd on a paper contr ibuted by the A S M E Solar Energy Applica-
tions Group. 

U r b a n i z a t i o n and indus t r i a l i za t ion a r e two of t h e 
m o s t s igni f icant a n d d y n a m i c p h e n o m e n a of t h e t w e n t i -
e t h c e n t u r y . T h e i r consequences , b o t h good a n d bad , 
a r c be ing exper ienced t h r o u g h o u t society. M o r e a n d 
m o r e m a n is beg inn ing t o t a k e a h a r d if s o m e w h a t 
b lea ry -eyed look a t t h e u rban ized e n v i r o n m e n t in which 
h e lives. F r e q u e n t l y his bui ld ings a re covered wi th 
gr ime, h is r ivers d a r k e n e d a n d t u rg id w i t h was tes , and 
his a i r t h i ckened wi th s t r ange corrosive part icles . 

Pol lu t ion is a p red ic t ab le resu l t of t he t endency of 
h u m a n s to congrega te . M a n h a s con t inua l ly pol luted 
one of his bas ic n e e d s — t h e a t m o s p h e r e . T w o m a j o r 
c o n t r i b u t i o n s t o air pol lut ion a r e f rom t h e smokes t acks 
of i n d u s t r y a n d t h e e x h a u s t p ipes of au tomobi les . 

T h e pub l i c usual ly considers t h e aes the t ic , economic, 
a n d h e a l t h effects of air pol lu t ion. T h e presence of 
s m o k e a n d smog d i m s t h e s u n a n d sky , which of fends 
t h e aes the t i c sense. I n j u r y t o vege ta t ion and live-
s tock , corrosion a n d soiling of mate r ia l s a n d s t ruc tu res , 
a n d depress ion of p rope r ty va lues a r e examples of eco-
nomic d a m a g e caused by air pol lu t ion. A more signifi-
c a n t effect , t h o u g h , is t h e effect u p o n h u m a n hea l th . 
C i r c u m s t a n t i a l ev idence suggests t h a t a ir pol lut ion is a 
c o n t r i b u t o r y cause of t h e high cancer r a t e found in 
u r b a n a reas . R a s p i n g coughs , s m a r t i n g eyes, nausea , 
a n d i r r i tab i l i ty a r e a m o n g t h e lesser s y m p t o m s a t t r i b -
u t e d t o air pol lut ion. 

i Ù W-J w-i-J W- - j 
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i—The Pollution of Our Solar Energy 



Perhaps t h e m o s t t e r r i fy ing effect of a ir pol lu t ion is 
l i ever men t ioned . W h a t if t h e concen t ra t ion of air 
pollution were to become so dense t h a t t h e ^ t e m p e r a -
u e f t h e e a r t h was af fec ted? G r e a t e r reflec ion of 

t e incoming solar r ad ia t ion could lead t o a n o t h e r ice 
Z H c a r t o n dioxide were carelessly al lowed to bui ld 
up in t he a t m o s p h e r e and abso rb t h e l o ^ a v e t e r -
r est rial rad ia t ion , t he consequence m i g h t be a t e m -
perature rise capable of me l t ing t h e polar ice caps . 
' Chemical reac t ions a r e k n o w n t h a t can r emove t h e 
ozone in t h e uppe r a tmosphe re , a n d t ins process, if 
carried far enough , could resu l t in mos t m u g th ings 
tolng roasted to d e a t h as more u l t rav io le t r ad i a t i on 

rea< lied t h e ea r t h . ... 
T h e s e examples a r e ex t remes which we hope w.l 

never h a p p e n , b u t t hey could well become real i ty > 
man cont inues to pol lu te t he solar rad ia t ion In all 
likelihood, air pol lut ion can neve r b e ent i re ly elimi-
nated b u t it can a n d m u s t b e reduced f r o m i t s p resen t 
levels' T h e ques t ion is whe the r g o v e r n m e n t a l ins t i tu -
t ions , ' i ndus t ry , a n d t h e publ ic a r e willing t o m a k e t h e 
effort a n d p a y t h e price-

Effects of Solar Radiation 
As solar r ad ia t ion falls on t h e e a r t h app rox ima te ly 

35 pe rcen t is screened o u t by t h e a t m o s p h e r e in reflec-
tion or s c a t t e r i n g back in to space Owing to t h e very 
s t rong abso rp t ion by 0 2 , N 2 , O, i s , and O , u p t o .J000 
angs t roms, t he solar s p e c t r u m is v e r y s h a r p l y t e rmi -
na ted T h e res t of t h e solar rad ia t ion is a b s o r b e d a n d 
used in h e a t i n g t h e lower a tmosphe re , m a i n t a i n i n g 
t he e a r t h t e m p e r a t u r e , a n d p rov id ing t h e energy for 
some a t m o s p h e r i c a n d biological processes. As t h e 
ea r th is in s t e a d y s t a t e wi th respec t t o space, i t reradi-
a t e s all t h i s energy t h r o u g h o u t a b road range of wave -
lengths wi th a f l a t m a x i m u m a t 12 microns [ 1 1 - I n 

• Nunilicm in brockets desiRnaU- ltcferences a t end of article. 

t h i s r a n g e of t he s p e c t r u m , wa te r v a p o r ami c a r b o n 
dioxide in t he a t m o s p h e r e a b s o r b s .g .uf icant -
of r ad ia t ion , f o r m i n g a roof a b o v e t h e su r face of t h e 
e a r t h which func t i ons as does t h e roof of glass o y r a 
g reenhouse . . As a resu l t , t h e e a r t h ;s p ro«» ' ed m 
t h e t e r r ib l e ex t r emes "f b e a t a n d cold t h a t t he s u r f a . e 
of an airless p l ane t experiences. 

I t is solar energy wh ich provides t he r m « 
of t h e w a t e r cycle: e v a p o r a t i n g t h e wa te r , Id t ing he 
v a p o r in clouds, t h e n depos i t ing it as r a m or snow f r o m 
w h e r e i t will flow b a c k to be e v a p o r a t e d aga in . An-
o the r con t r i bu t ion of solar energy is in t he genera urn 
of winds t h a t a r e an i m p o r t a n t p a r t of t h e S n i p e r . -
t u re - regu la t ing s y s t e m of t h e ea r t h . Solar energy is 

also s to red in* t h e very high a t m o s p h e r e - < - r t i l 
energy which dai ly var ies t h e magne t i c held of t lu. 

C a r i n ' t h e process of pho tosyn thes i s [I , p. 04] p l an t s 
use r a d i a n t energy f r o m the sun t o c o n v e r t ca rbon di-
oxide a n d w a t e r in to c a r b o h y d r a t e s , a t t h e sartie t ime 
releasing oxygen in to t h e a tmosphe re . W h e n p l an t 

I ma te r i a l s decompose or a r e ea ten by an imals , t he pro-
cess is reversed . Oxygen is used to conve r t ca rbo-

h y d r a t e s in to energy p lus ca rbon dioxide a n d wate r . 
Annua l ly , a b o u t 110 billion t o n s of ca rbon diox.de a re 
evolved in pho tosyn thes i s . T h i s is roughly •> pe rcen t 
of t h e ca rbon dioxide in t h e a t m o s p h e r e . U n d e r nor-
mal cond i t ions t h e a m o u n t s of ca rbon d ioxide .and oxy-
gen in t h e a t m o s p h e r e r emain approx ima te ly in equi-
l ib r ium f r o m yea r t o yea r . T h e ac tual a m o u n t of solar 
energy d ive r t ed in to l iv ing sys t ems is small in re la t ion 
to t h e e a r t h ' s t o t a l energy budge t . Only a b o u t one-
t e n t h of 1 p e r c e n t of t h e energy received f rom the 
sun b y t h e e a r t h is fixed in pho tosyn thes i s . T h e pro-
duc t ion of fossil fuels also is based on t h e ca rbon cycle. 

I n t h e a t m o s p h e r e »no m a j o r pho tochemica l reac-
t ion occurs : High-energy rad ia t ion f r o m t h e sun reac ts 
wi th oxygen . A t he igh t s a b o v e 50 mi oxygen exists 
a l m o s t exclusively in t h e m o n a t o m i c fo rm. D r o p p i n g 
t o lower levels t h e condi t ions b e c o m e f avo rab l e tor 
t h e f o r m a t i o n of t r i a t omic oxygen or ozone [2 J 1 he 
region of g rea te s t ozone concen t r a t i on is r epor t ed to be 
b e t w e e n 10 and 20 mi. T h e pr incipal molecular air 
c o n s t i t u e n t s - c a r b o n dioxide, n i t rogen, oxygen, and 
w a t e r - a r e all t r a n s p a r e n t t o t h e visible and u l t rav io le t 
r ad ia t ion down t o a t least 2000 A. T h e ozone layer 
is a filter for t h i s u l t r av io le t r ad ia t ion , which , it no t 
s t o p p e d , could ru in all vegetable and an imal life. 

As a m a t t e r of f a c t solar rad ia t ion has d i c t a t e d t h e 
ac t ions and h a b i t s of life on ea r th , s ince it p rov ides t he 
l ight by which we see a n d by means of p h o t o s y n t h e s i s 
t h e food we e a t a n d t h e oxygen we b r e a t h e . Besides, 
sunsh ine h a s m a n y beneficial ef fects for t h e h e a l t h ; one 
of t h e bes t k n o w n is t h e p roduc t ion of v i t a m i n 1) which 
is essential for t h e abso rp t ion and me tabo l i sm of cal-
c ium. 

Atmospheric Pollutants 
T h e m a j o r air po l lu tan t s , m o s t r e su l t ing f rom t h e 

combus t ion of fossil fuels , a r e ca rbon monoxide , su l tu r 
a n d i ts oxides, n i t rogen oxides, h y d r o c a r b o n s a n d solid 



|i;irli« l«'s, a m m o n i a , hydrogen sulf ide, mid a ldehydes . 
01 these. t he aninioii ia, hydrogen sulf ide, a n d c a r b o n 

im.noxide a re t r a n s p a r e n t to solar r ad i a t i on as well as 
to long-wayo terrestr ia l r ad ia t ion . C a r b o n monox ide 
¡s emitted in large q u a n t i t i e s by incomple te c o m b u s -
tion of fossil fuels ; however , it docs n o t seem t o accu-
mulate in t he a t m o s p h e r e . T h e m e c h a n i s m of r emova l 
is not known b u t i t is p robab ly a biological process 
[2, p. 1 3 4 l j . H y d r o g e n sulf ide a n d a m m o n i a a r e 
removed f rom t h e a t m o s p h e r e in ra in a n d by a b s o r p -
tion a t moist sur faces . 

It is t h e visible and u l t rav io le t r ad i a t i on which en-
tors the pol luted lower a t m o s p h e r e wi th in 1 | mi of sea 
level t h a t in i t ia tes t h e photochemica l r eac t ions w i t h 
nir pollutants . 

Sulfur, which occurs as an i m p u r i t y in fossil fuels , 
is among t h e m o s t t roub lesome of t h e air po l lu tan t s . 
Although t h e r e a r e na tu ra l sources of su l fu r dioxide, 
such as volcanic gases, more t h a n SO p e r c e n t is esti-
mated to come f r o m t h e combus t ion of fuels t h a t con-
tain su l fur . S u l f u r dioxide m a y f o r m su l fu r i c ac id , 
which o f t en becomes associa ted wi th a tmosphe r i c ae ro -
sols, or it m a y reac t f u r t h e r to f o r m a m m o n i u m sul-
fate. A typical l i fe t ime in t he a t m o s p h e r e is one week 
[:{). Su l fu r exhib i t s m o d e r a t e absorp t ion in t h e u l t r a -
violet. end of t he spec t ra l range. T h i s r ad ia t ion does 
not represent suff icient energy to d i s r u p t a bond in t he 
molecule, and i t m u s t be a s sumed t h a t ini t ial ly only 
activated molecules a r e c rea ted . T h e s e energized 
molecules m a y e i ther r e v e r t to the i r original s t a t e , dis-
sipating t he absorbed energy , or t hey m a y reac t wi th 
surrounding molecules. In t h e a tmosphe re , where 
oxygen concen t ra t ion is h igher in compar ison to s u l f u r 
dioxide, ozone a n d su l fu r t r ioxide a r e t h e p roduc t s . 
It is possible, however , that, su l fu r c o m p o u n d s a r e ac-
cumulating in a layer of su l fa te par t ic les in t h e s t r a t o -
sphere. T h e mechan i sm of fo rmat ion , i ts effects, a n d 
its relation to m a n - m a d e emissions a re no t clear . T h e s e 
fino part icles could h a v e an effect on rad ia t ion f rom 
the upper a tmosphe re , the reby a f fec t ing m e a n global 
temperatures [4]. 

Nitrogen oxides occur na tu ra l ly in t he a t m o s p h e r e 
as nitrous oxide, N O , a m i nit rogen dioxide, N()2 . T h e 
production of n i t rogen oxides in combus t ion is highly 
sensitive to t e m p e r a t u r e , i t is par t icu la r ly likely to 
r-Milt. f rom t h e explos ive i n t e r m i t t e n t combus t ion t a k -
">K place in t he in t e rna l -combus t ion engine. N i t r o u s 
"xiile is t h e m o s t p lent i fu l a t 0 .25 p p m a n d is re la t ively 
inert. Ni t rogen dioxide is a s t rong absorber of u l t r a -
v'iolet r ad ia t ion a n d t r iggers off pho tochemica l reac-
tions t h a t p r o d u c e s m o g [3 J. The re fo re , in t h e a t m o -
sphere, where t h e oxygen-n i t rogen dioxide r a t i o is ve ry 
kfge, ozone is p r o d u c e d . 

Another, p e r h a p s minor , source of ozone f o r m a t i o n 
b.v photochemical r eac t ions is f r o m a ldehydes which 
ar° produced in vas t q u a n t i t i e s as indus t r ia l a n d domos-
t l r wastes, and f rom incomple te combus t ion in a u t o -
m"hile engines, inc inera tors , e tc . [5]. 

Hydrocarbons a re e m i t t e d na tu ra l ly in to t he a t m o -
sphere f r o m fores ts a n d vege ta t ion a n d in t h e f o r m of 
E t h a n e f r o m t h e bac ter ia l decompos i t ion of o rgan ic 

m a t t e r . H u m a n ac t iv i t ies a c c o u n t for only- a b o u t 15 
percent, of t h e emissions, b u t t h e s e con t r i bu t i ons a r e 
concen t r a t ed in u r b a n areas . T h e reac t ions 'of h y d r o -
ca rbons w i t h n i t rogen oxides in t h e presence of u l t r a -
v io le t r ad ia t ion p r o d u c e t h e photochemica l s m o g t h a t 
a p p e a r s so o f t e n over Los Angeles, De t ro i t , a n d o t h e r 
ci t ies [3]. 

All t hese reac t ions a r c minor in the i r effect on t h e 
a m o u n t of solar r ad ia t ion inc ident on t h e e a r t h ' s su r -
face , b u t t h e y a r e associa ted wi th high air t e m p e r a t u r e s 
a n d reduced in tens i ty of u l t r av io le t r ad ia t ion [6J. 

F i n e particles,, c a rbon dioxide, a n d wa te r v a p o r will 
be i n t roduced in to t h e s t r a t o s p h e r e by supersonic t r a n s -
p o r t , a n d t h e s t r a t o s p h e r e is t h e region which it wou ld 
be t h e mos t d a n g e r o u s to po l lu te . A doubl ing of f ine 
par t ic les a n d a 10 pe rcen t increase in wa te r vapor could 
s ignif icant ly raise t h e t e m p e r a t u r e of t h e s t r a t o s p h e r e 
a n d increase cloudiness. M o r e solar rad ia t ion would 
be ref lected baek in to space with t h e overal l effect of 
lowering t h e e a r t h ' s m e a n temperature. I t has been 
d e t e r m i n e d t h a t a tmosphe r i c t e m p e r a t u r e rose gener-
ally be tween 1800 and 1940. Between 1940 and 1900, 
a l t h o u g h s l ight wa rming occur red in t h e nor the rn p a r t 
of K u r o p o a n d in N o r t h Amer ica , the re \v:is a s l igh t 
lowering of t e m p e r a t u r e for t h e world as a whole. T h e 
a v e r a g e a n n u a l t e m p e r a t u r e d ropped one-half a degn-e. 

T h e r e is a lso t h e possibi l i ty t h a t newly i n t rodueed 
s t r a to sphe r i c po l lu t an t s m a y a f fec t t h e concen t ra t ion 
of ozone in th i s region. T h e likelihood of th is h a p p e n -
ing is ve ry s l ight , b u t if a decrease in ozone were ini-
t i a t ed by s o m e chemical reac t ion , more high-energy ul-
t r av io l e t r a d i a t i o n would be. ab le to reach the e a r t h ' s 
sur face . If th i s were to h a p p e n , people would exper i -
ence b u r n s caused by r a d i a n t energy many t imes 
g rea te r t h a n tho rad ia t ion t h a t causes s u n b u r n on t h e 
clearest , h o t t e s t s u m m e r day . 

P e r h a p s t h e mos t ser ious air pollution problem is 
t h e increase of ca rbon dioxide which is be ing a d d e d t o 
t h e a tmosphe re . T h o in ject ion of large q u a n t i t i e s of 
ca rbon dioxide in to t h e a t m o s p h e r e in t h e p a s t fe>v 
decades has been ex t remely s u d d e n in re la t ion to im-
p o r t a n t n a t u r a l t ime scales. If t h e oceans were per-
fect ly mixed a t all t imes, ca rbon dioxide added t o t he 
a t m o s p h e r e would d i s t r i b u t e itself a b o u t l ive-sixths 
in t h e wa te r a n d one-sixth in t he air . In a c t u a l i t y 
t h e d i s t r ibu t ion is a b o u t equa l . Since 1800 t he con-
cen t r a t i on of ca rbon dioxide in t h e a t m o s p h e r e has in-
creased f rom 290 p p m to a b o u t 320 p p m . T h e r e is a 
possibil i ty t h a t th i s increase will lead to a wor ldwide 
rise in temperature. C a r b o n dioxide h a s s t r o n g ab -
sorp t ion bands , pa r t i cu la r ly in t h e i n f r a r ed region where 
m o s t of t h e t he rma l energy r ad ia t ing f rom t h e e a r t h 
is concen t r a t ed a t wave l eng ths of f rom 12 to 18 mi-
crons. S y u k u r o M a n a b e a n d R . T . W e t h e r a l d calcu-
l a t ed t h a t a rise in a t m o s p h e r i c ca rbon dioxide f rom 
320 to GOO p p m would increase t h e ave rage su r face t em-
p e r a t u r e by 4 .25 deg a s suming average cloudiness, a n d 
5.25 deg a s suming n o clouds 13, p . 183 J. T h i s increase 
would cause t h e po la r ice c a p s a n d glaciers to mel t , 
ra is ing t h e level of t he sea and submerg ing g rea t coas ta l 
ci t ies such as N e w York and Vancouver . 
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Health and Other Consequences 

Observa t ions conduc ted in T o k y o d e m o n s t r a t e d 
t h a t u l t rav io le t r ad ia t ion was s ignif icant ly decreased 
bv city s m o g 171. T h e rad ia t ion was measured in t h e 
center of t h e c i ty a n d in t h e subu rbs . I t was f o u n d 
t h a t t he in tens i ty of t h e to ta l r ad ia t ion recorded in t h e 
cen te r of t h e ci ty was 70 or SO pe rcen t of t h a t recorded 
in t he subu rbs . However , t h e center only received 
40 to 50 pe rcen t of t he u l t r av io le t r ad ia t ion t h a t t h e 
s u b u r b s received. I t can be concluded t h a t t h e a t -
t enua t ion of t h e to ta l and of t h e u l t r av io le t r ad ia t ion 
is an i m p o r t a n t p rob l em for c i ty i n h a b i t a n t s U l t r a -
violet r ad ia t ion p roduces a s t imu lus which allows t h e 
ep ide rmis laver of skin of t h e h u m a n to m a k e v i t a m i n 
D I t h a s been p roved t h a t v i t a m i n D p r e v e n t s t h e 
disease known as r ickets . T h e biological effects of 
several of t h e p roduc t s of t h e react ions , inc luding ozone 
and complex organic molecules, a r e o f t en in ju r ious . 
Ozone h a s highly d e t r i m e n t a l effects on vege a t ion 
b u t so far they have been localized. N o wor ldwide 
effects h a v e been discovered as y e t 18 J. 

A l though it is improbab le and n o t expected to h a p -
pen in t he fu tu re , t he ozone a b s o r p t i o n b a n d could sh i l t 
due to air po l lu tan ts , w i th t h e resul t t h a t u l t rav io le t 
r ad ia t ion with wave leng ths shor te r t h a n 2000 A could 
p e n e t r a t e t he a tmosphere . T h e p red ic t ab le conse-
quences on h u m a n hea l th would be an increase in t he 
r a t e of skin cancer and t he genera t ion of h ighly d a n -
gerous ma l ignan t melanomcs which ar ise f rom the pig-
m e n t cells E v e n t h e l i t t le u l t rav io le t r ad ia t ion which 
is n o t |presently absorbed by t h e a t m o s p h e r e can cause 
severe s u n b u r n . . . . . 

In t he las t 200 years , t he indust r ia l ized na t ions h a v e 
used two- f i f ths of t h e wor ld ' s p resen t supp ly of coal 
At t h a t r a t e , t he re will be no coal reserves b y t h e 
t w e n t y - t h i r d c e n t u r y . However m u c h these per iods 
may be s t r e tched by unforeseen discoveries a n d im-

proved technology, t h e end of t he fossil-fuel e ra w.l 
inev i tab ly come [8, p. 180]. M a n will h a v e to find 
a n o t h e r f o r m of energy , possibly d i rec t harness ing of 
solar r ad ia t ion (?], [3, p. 178). B u t w h a t if a t t h e s a m e 

t i m e he is po l lu t ing i t? 
Po l lu ted air also m e a n s less sun l igh t . C i t i e s todav 

a v e r a g e f rom 15 to 20 pe rcen t less sunsh ine annua l ly 
t h a n t he s u r r o u n d i n g coun t rys ide . However , t he 
consequences of such a loss, as far a s h u m a n hfe-is con-
cerned , c a n n o t y e t be clearly seen. 

On t h e o t h e r h a n d , a wor ldwide increase in c loudiness 
• will ce r ta in ly . h a v e i m p o r t a n t repercuss ions On t h e 
g rowth of . p l a n t s a n d crops, a n d p e r h a p s too , by way 
of a reduc t ion in photosynthes i s , on an imal a n d h u m a n 
life. 

Conclusion 
I t is possible t h a t if t h e p resen t in tens i ty of a t m o -

spher ic pol lut ion were t o con t inue for several cen tur ies 
m a n would d i s t u r b t h e h a r m o n y of th i s p lane t a n d 
degene ra t e i t s c l imates , vege ta t ion , a n d life. H o w -
ever , th is predic t ion c a n n o t really be based on observa-
t ions m a d e to d a t e . 

S o m e a tmosphe r i c po l lu t an t s , such as ca rbon monox-
ide, wa te r vapo r , a n d solid part icles, could a f fec t t h e 
a m o u n t of solar r ad ia t ion reach ing t he e a r t h , b u t it is 
n o t clear w h e t h e r i t would be more sca t t e r ing back 
i n t o space or more abso rp t ion , or w h e t h e r t he conse-
q u e n c e would be a decrease or an increase in t he m e a n 
t e m p e r a t u r e of t h e ea r t h . 

O t h e r p o l l u t a n t s such as ni t rogen oxides and su l lu r 
oxides would a l t e r t h e q u a l i t y r a t h e r t h a n t h e q u a n t i t y 
of solar r ad i a t i on by in i t i a t ing processes c apab l e of re-
m o v i n g ozone f rom, or add ing i t to , t h e a t m o s p h e r e 
t h u s chang ing , t h e p resen t n a t u r a l filter to u l t ravio le t 

r ad i a t i on . . , 4 i * „.„„«• 
W h i c h e v e r a s sumpt ion m a y be r ight , we d o no t » a n t 

to exper ience t h e u l t i m a t e t e s t . T h i s under l ines t h e 
d ra s t i c lack of a c c u r a t e wor ldwide and long- term solar-
r ad ia t ion m e a s u r e m e n t , w i t h o u t which no hypo thes i s 
concern ing t h e f u t u r e a n d t h e secur i ty of ou r env i ron -
m e n t can .be f o r m u l a t e d . I t would be a s h a m e i ou r 
solar energy Were bad ly pol luted by t h e t i m e our fossil 

fuels r u n o u t . 
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Although energy is not a " th ing," it has assumed.'through 
its development into a crisis, the attributes of a " thing." 
It can now be "seen" (brownouts and blackouts), smelt 
and tasted (pollution), and felt (in the pocketbook). To 
tackle "The Crisis," the Winter Annual Meeting brought 
together a group of nationally known engineers, finan-
ciers, scientists, government off icials, and concerned 
citizens to knead the problem into a shape that could be 
handled, dealt with, and perhaps solved, at least for the 
short run. 

Defining the Crisis 
A Scientist's View. David C. White, 

Kurd Professor of Engineering, Massa-
chusetts Inst i tute of Technology: The 
nation's widely publicized "energy 
crisis" is usually expressed in terms of 
two major concurrent symptoms: 
first, the enormous volumes of energy 
consumed at an exponential growth 
rate, generating pollutants tha t affect 
mankind and the total biosphere in 
unknown and possibly injurious ways, 
unpredictable over the long term with 
today's knowledge; second, the con-
current depletion of our domestically 
most desirable and easily obtainable 
fossil fuels. Absolute resources are not 
today at issue, since for all fuels only a 
small fraction of the total resources in 
place have been drawn upon to supply 
our total energy consumption from 
antiquity to the present. 

A continuing exponential growth in 
energy consumption anywhere near the 
average historic growth rate (approxi-
mately a 20-year doubling time) super-
imposed upon the present magni tude 
of consumption may run into a do-
mestic-resource limitation of eco-
nomically obtainable fossil fuels. At 
today's increasing rate of consump-

tion, another century of low-cost do-
mestic fossil fuels may not exist. 
Other fuels, particularly nuclear fuels 
in immense quanti t ies, are domesti-
cally available if technology develops 
fusion or resolves the safety and waste-
management problems of fission pro-
cesses. Depletion of economically 
producible and environmentally ac-
ceptable fossil-fuel resources, increas-
ing daily environmental disturbances, 
and possible long-term disruption of 
the total ecosphere are highly probable 
consequences of our energy-consump-
tion practices. 

The above factors, however, are 
symptoms or effects. To understand 
why these effects are occurring, we 
must review the factors influencing 
energy, environment, and economic 
interactions. They distill to the fol-
lowing conclusion: 

T h e t ime response of the market-
place to economic st imulation is much 
shorter (at least an order of magni-
tude) than the t ime response to s t imu-
lation of research and development in 
physical science, technology, biology, 
or ecology. Decisions based on cost-
benefit analysis a t current interest 
rates yield conclusions valid for profit-
making industries but not for society. 
Major revision in insti tutional factors 

to allow proper economic interactions 
between the marketplace and research 
and development and institutional 
changes, with their vastly different dy-
namic-response characteristics, is a 
first requirement for dealing with the 
energy crisis. The energy crisis is 
usually defined in terms of symptoms, 
not causes. Today's problems are t he 
result of poor foresight and of poor de-
cisions made decades ago. Unless to-
day's approaches can look decades 
ahead and at the same time deal with 
today's problems, the energy crisis, no 
mat te r how defined, will continue, and 
its consequences will increase in se-
verity. 

A Utility View. W. Donham Craw-
ford, president, Edison Electric Insti-
tute : Last year the electric utility in-
dustry used slightly more than 328 
million tons of coal, 396 million bbl of 
oil, 3993 trillion cu ft of gas, and 900 
tons of uranium. These fuels were 
used to generate 1532 million m£ga-
watt-hours of electricity. During the 
next two decades, our use of electric 
energy can be expected to about quad-
ruple, and in the absence of a pres-
ently unforeseen technological break-
through, vastly increased quanti t ies of 

B a s e d on T h e Energy Cris is F o r u m held c o n c u r r e n t l y with t h e ASME 
Winter Annua l Mee t ing , -Nov . 2 6 - 3 0 , 1 9 7 2 , New York, N Y.. (A g e n e r a , 

r epo r t of t he Win te r Annua l Mee t ing c a n b e found in t h e ASME News. ) 
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the basic fuels—particularly coal and 
u r a n i u m - w i l l be required to generate 

Most energy forecasters agree tha t 
by the end of this century about half 
the energy consumed in this country 
will be used to generate electricity. To 
make this possible, the electric utility 
industry must add substantial 
amounts of new generating capacity 
and continue to extend and expand 
transmission without adversely affect-
ing the reliability of customer service 
or environmental quali ty. There have 
been delays in doing this; the biggest 
are associated with construction prob-

Intervenors also play a role. T h e 
objections we hear most frequently are 
tha t electricity contributes to our 
environmental damage—a position 
which is generally based on incomplete 
information and which ignores the con-
tribution electricity makes to cleaning 
up the environment. We hear t ha t 
electricity uses too much of our fuel 
r e s o u r c e s - a position tha t overlooks 
the fact that Where electricity is not 
used, raw fuels are likely to be con-
sumed directly. We hear tha t elec_ 
tricity is too cheap—a position with 
which many utility companies are 
forced to agree. We hear t ha t the 
U S. uses too much electricity, and 
tha t consumption should be dis-
couraged by arbitrarily adjust ing 
prices to penalize increased use. 

We agree t hà t we must use energy 
more efficiently. In some cases 
achieving the goal of using less total 
energy will mean the use of more elec-
tricity. Subst i tut ion of electrified 
mass t ransi t for automobiles and 
diesel-powered buses is a good ex-
ample. 

A few guidelines for the future in re-
lation to energy are in order: 

We should use energy wisely, not 
waste it. Th i s rtteans giving greater 
at tent ion to insulation. It means 
putt ing windows back in buildings so 
tha t we can venti late them naturally 
under some weather conditions. It 
probably means using smaller cars 
and more mass t ransi t . Overall, it 
means looking at each energy use and 
being conscious of its efficiency and 
appropriateness. , 

Research and development efforts 
should be expanded in order to over-
come the technological problems fac-
ing the industry and to open up new 
energy resources., T h e R&D program 
should be financed voluntarily and ad-
ministered by industry, not by govern-
ment . 

Improved regulatory procedures 
need to be developed. The Atomic 
Energy Commission, s ta te licensing 
agencies, and all the other parts of 
our complex regulatory process need 
to think about streamlining and, 
where possible, ' consolidating their 
activities. 

Probably most urgent, there is a 
need to establish a national energy 
council based on the pattern of the 
National Security Council. A national 
energy council, composed of the heads 
of the principal agencies with signifi-
cant energy responsibilities and re-
porting directly to the president, 
could be an effective coordinator of 
our wide-ranging energy policies. 

The Government View. Rush Moody, 
Jr . , commissioher. Federal Power 
Commission: No one person can s ta te 
" the government view," for there is 

no "government view" in the sense of 
one da ta base, one delineation of cause 
and effect, one measurement of prob-
able impact, one program, one agreed-
upon set of solutions. , 

Is the energy crisis real? '1 he an-
swer is yes! How do we know there s a 
crisis? For four years running we have 
been consuming g4s twice as fast as 
we are finding ne\* reserves. Where 
we had a reserve-life index of roughly 
20 years in the early 1960s, we were 
down to 11 years at the end of 1971. 
Seven interstate pipelines could not 
deliver the volumes of gas they had 
contracted to deliver last winter. I he 
shortfall was approximately 500 bil-
lion cu f t of gas; this required curtail-
ments which resulted in lower-than-
contracted-for deliveries to many cus-
tomers. Reports filed with us for this 
winter heating season foretell a dou-
bling in the number of pipelines which 
have run short—from seven to 15—and 
a doubling of the shortage—from 500 
billion to 1 trillion cu ft of gas. 

Where did the ciisis come from In 
simplest terms, we didn ' t pay our way 
as we went. The opportunity cost of 
natural gas was ignored as the regula-
tory posture became one based on his-
toric costs. T h e result was to keep 
the wellhead price low, but a corollary 
result was to forfeit replacement of 
supplies. Markets grew rapidly in re-
sponse to this illusory "barga in" price 
of gas, and so, as the result of high de-
mand and low price, we are faced with 
real concern for the adequacy and re-
liability of fu ture service, as well as 
with frustrat ion a t higher prices which 
appear inevitable—for supplements or 
for underutilized facilit ies. 

What do we do now? We need to 
insure development of our domestic-



resource base; to expand nnd accel-
rrnle leasing of s ta le and federal lands, 
on shore, offshore, in I he (îulf, on the 
Atlantic seaboard, in Alaska; and to 
effccl realistic oil and gas pricing and 
res|H>nsihlc regulation. 

Also, honest recognition of tax poli-
cies as an instrument for encourage-
ment or discouragement of specific na-
tional goals is needed. T h j s is no 
time to talk of cut t ing the depletion 
allowance or of abolishing the in-
tangible drilling deduction. 

A Financial View. Allen B. Wilson, 
vice-president for finance, Georgia 
Power Co.: The electric power indus-
try is the most capital-intensive indus-
try of all. 

The majority of the capital (as high 
as 80 percent at Georgia Power) re-
quired by most utilities must come 
from external sources, since internal 
sources are inadequate to support 
these tremendous construction pro-
grams. 

There are today a number of reasons 
why financial problems of utilities are 
particularly acute. 

Inflation. In 1968, Georgia Power 
paid slightly over $7 per ton for coal, 
whereas the 1972 price is over $10 and 
is rising. As a general rule, the cost of 
capital per kilowatt of installed gen-
erating capacity has quadrupled in the 
past 10 years. 

The electric industry's heavy re-
liance on debt financing. From 1960 
1° 1965, investor-owned electric utili-
ses, on the average, had to finance 
externally only a little over 43 percent 
"f construct ion requirements, and debt 
'alios remained relatively stable a t 
"ound 52 percent of capitalization. 
However, construction expenditures 
skyrocketed during the latter half of 
Jhe decade, resulting in the industry 
financing externally more and more in 
'he form of long-term debt . 

Moody, Jr., addresses one of "The 
^ergy Crisis" panels. He presented the 
»Wernment view. 
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The inability of current technologi-
cal developments to offset the continu-
ing cost increases. After World War 
II. electric utilities were able to capi-
talize on technological improvements 
in steam generating u,nits, which re-
sulted in more efficient consumption 
of fuel, liaising the scale of opera-
tions became not only more feasible 
but also economically at t ract ive. 
From this point, the size of uni ts be- , 
came larger and larger, which resulted 
in a lower initial cost per kilowatt. 
Unfortunately, larger units have a 
much higher probability of mechanical 
difficulties, and the ihcreasing eco-
nomics of scale have been highly ex-
ploited. The decline in heat rates has 
apparently ended, and future effi-
ciency gains will be largely offset by 
rising plant costs. 

Environmental demands. Although 
the electric utility industry has been 
concerned with environment protec-
tion for many years, the continually 
escalating demands for improvement 
have had a significant impact on the 
design, on the siting, and, inevitably, 
on the cost of new facilities. These 
expenditures are necessary, but they 
are an additional cost of generation 
tha t produce no offsetting revenues, 
and they thereby reduce the existing 
economics of operation. 

Regulatory lag. Thip is a major 
factor. The problem arises with the 
lag between the t ime a request, based 
upon a recent test year, is first pre-
sented and the t ime rates actually go 
into effect. In some situations, this 
has taken as much as two years . 

The end result of these factors is an 
unprecedented pressure on corporate 
liquidity, the company 's ability to 
meet cash needs on t ime. 

Our problems are many, bu t what 
about the fu ture? Regplatory com-
missions are a key element in the reso-
lution of the problems facing the in-
dustry. Their responsibilities have 
been increased tremendously and will 

continue to grow in the future. Inno-
vations will be required to assure tha t 
utilities get the dollars deeded to pro-
vide adequate service; historical ratios 
will not do the job. It is incumbent 
upon utility management to convince 
regulators that sound long-term solu-
tions must prevail over short-term 
expediencies. 

Investors are also an important con-
sideration in solving our problems, for 
they will be called upon Ito invest bil-
lions of dollars to support rapidly 
escalating construction! programs. 
Utilities have been out of favor on Wall 
Street , but we must have investor sup-
port in the future . Utility manage-
ment must convince investors tha t the 
difficulties have been recognized and 
are being overcome. 

An Overall View. Gerard C. Gambs, 
vice-president. Ford, Bacon & Davis: 
The energy crisis in the U. S. is being 
made even more critical because we 
are unable to get the nuclear-plant 
program operating on schedule. We 
are behind schedule by 15,000 MW as 
of J an . 1, 1972, and from all indica-
tions will be behind by 30,000 MW by 
the end of 1972. 

The impact on an already stretched 
fossil-fuel supply is very serious. The 
effect of a slowdown of each 10,000 
MW of nuclear-power-plant capacity 
is t ha t an additional 100 ¡million bbl 
of oil per year must b e ' found and 
burned. Therefore, the eurrent an-
nual shortage is about 300 million bbl, 
or nearly 1 million bbl per day. 

By 1980-1985 we will be able to 
supply only 55 to 65 percent of our total 
energy requirements. The balance 
will have to be obtained through im-
ports, or if we are unable to import th is 
much oil and gas, we will have to do 
without it. 

The agencies tha t have brought 
about the present energy crisis in the 
U. S. are as follows: 

Defining the Crisis. From the left: W. M. Jackson (who acted as moderator), w . D. Craw-
ford, David C. White, Allen B. Wilson, Gerard C. Gambs. 
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Federal Power Commission. This 
»coney has regulated the ceiling price, 
a! t h e wellhead, of nat ural gas for inter-
s t a t e sh ipmen t s . ' As a result of keep-
ing the price of na tura l gas at a frac-
tion of its real worth in the market -
place. the use of gas expanded beyond 
its normal sphere ami displaced other 
fossil fuels, principally coal. How-
ever. the artificially low price se by 
the F r C was no t suff ic ient to make it 
economic for more drilling to be done 
in search of gas. T h e reserve-produc-
tion ratio declined s teadi ly dur ing the 
past two decades, and now the reserves 
of gas are in peril. 

Atomic Energy Commission. I he 
ARC has delayed construction permi ts 
for months , and the failure » the A L L 
and the a d m i n i s t r a t i f in Washington 
to move ahead fas ter with the breeder 
program can only be described as 
cr iminal . T h e nuclear-power pro-
gram Without a number of breeder 
p l a n t s by the mid-1980s, will be a 

uirt/Smental Protection Ageney. 
T h e EPA is undoubtedly more to 
b lame for the present energy crisis 
t han any otheç federal group. he 
per formance s t anda rds for air qual i ty 

A Utility View. J o h n Ti l l inghast , ex-
ecutive vice-president for engineering 
and const ruct ion, American Electric 
Power Service Corp.: T h e required 
near - te rm developments in electrical-
energy field technology he in four 
areas: energy conversion, t ransmis-
sion and dis t r ibut ion, envi ronment , 
and systems. 

In t h e ene rgy-convers ion a r ea , ex-
pansion of existing fuel supplies par-
ticularly coal, and development of new 
energy sources are required. 1 he nu-
clear breeder reactor must demon-
s t ra te its viabili ty by the period 198., 
to 1990, thereby providing a means tor 
slowing the dra in on both fossil and 
nuclear fuel suppl ies . Fur ther devel-
opment of magne tohydrodynamics 
E d be pursued . M H D holds the 
promise of improved effic.enc.es in 
fossil-fuel combust ion ( thereby reduc-
ing the rmal discharges) and of elimi-
nat ion of the massive machinery in 
today ' s turbogenera tors B u t t h e 
long-term promise of un l imi ted fuel 
supply and greatly reduced environ-
menta l impact is held by nuclear fu-
sion Hopeful ly , wi thin the next 10 
years the feasibility of the fusion con-
cept for cont inuous generat ion of elec-
tric power will be demons t r a t ed . 

T o bridge the t ime gaps bel ween 
these concepts and also to p i a r á 
against the fai lure of any t o reach 
commercial reali ty, we " ius t obta n 
more suppl ies of avai lable fuels, both 

that have been pu t into effect by the 
EPA have crea ted massive repercus-
sions in fuels suppl ies and uses T h e 
EPA has caused high-sulfur coal to be 
unusab le in many par t s of the count ry . 
Is it any wonder t h a t the coal industry 
is re luctant to invest mill ions of hard-
earned dollars in the development of 
new coal mines? 

Federal Trade Commission. I he 
F T C has been trying for years to make 
a case for sepa ra t ing coal companies 
from oil companies and mining com, 
pan ies that had acquired t h e m . I he 
F T C con tends such acquisi t ions have 
resulted in less compet i t ion, since en-
ergy companies deal ing in «»I, gas, 
coal, and u r a n i u m were formed by 
these acquisitions-

Contrary to the F T C ' s content ions, 
the acquisi t ions of coal companies have 
s t rengthened the, coal industry by an 
infusion of vast s u m s of capi tal t h a t 
were spent for developing new mines 
and new mine capaci ty . Wi thou t 
these funds , the, coal industry would 
not have survived the pas t few years. 

S imple logic m u s t tell us what is go-
ing to happen if the present t rends 
cont inue: . 
• A s h a r p reduct ion in the avai labi l-

fossil and nuclear . T o a large ex ten t 
th is can be encouraged with the de-
velopment of a rat ional nat ional en-
ergy policy. Technology mds t also be 
advanced in the area of combined-
cycle generating p lan ts and in coal 
gasification for (conventional and gas-
tu rb ine power plants . Progress m u s t 
also be realized in l ight-water-reactor 
technology. Improved licensing tech-
niques n .us t be ins t i tu ted . Improved 
efficiencies in fuel processing and fuel 
t ranspor ta t ion are required. 

T h e cont inued growth in the use of 
electrical energy will require more and 
higher capaci ty t ransmiss ion and dis-
t r ibut ion systems. It is exceedingly 
impor tan t to recognize t h a t energy 
shortages in several areas of the coun-
try have not on the whole been due to 
generation deficiencies b u t ra ther to 
t h e lack of t ransmiss ion to bring ca-
pacity to a given area Six to eight 
t imes the land current ly devoted to 
t ransmiss ion right-of-way will be re-
quired by the tu rn of the century if 
s ignificant advancemen t s are not 
for thcoming in' U H V systems higher 
voltage a-c and d-c system develop-
ment cryogenic and superconduct ing 
cables , and extended insulat ion sys-
t e m s In the in ter im, s teps mus t be 
taken to lessen the aes the t ic impac t of 
t ransmiss ion and dis t r ibut ion , and 
m a x i m u m provision m u s t be m a d e tor 
sui table publ ic and pr ivate use of land 
required for r ight-of-way. 

i t v of oil, gas, and ¡coal, leading to a 
cessation of all industr ia l plant expan-
sion unless the company involved has a 
capt ive source of energy, preferably 
within the s ta te t h a t involves the ex-
pansion. 
• Rationing of all fuels will become 
t h e order of the day . Na tura l gas t h a t 
is in in ters ta te commerce will be 
prohibi ted for industr ia l and power-
p lant uses. 
• Su l fur restrict ion on fuels will be 
eased, b u t this wil l ,happen too late to 
have any effect on availabil i ty of coal, 
for example . New coal-mine capac i ty 
will not appea r because of the t rans i -
en t na tu re of its requ i rement . 
• Unemployment , will reach un-
bearab le levels as a result of the slow-
down in the economy because of the 
shor tage of energy. 
• Blackouts and brownouts will oc-
cur because of lack of sufficient gen-
erat ing capaci ty . . 

T h e current problems, mainly en-
v i ronmenta l , are preventing the li-
censing of nucleaq p l a n t s . a n d fossil 
planus, and this will mean t h a t by the 
s u m m e r of 1973 many pa r t s of the U. b . 
will be wi thout suff ic ient reserve gen-
erat ing capaci ty . 

' T 3 

We in the U. S. have a great propen-
sity to legislate away ptoblems bv 
making the s y m p t o m s illegal, ra ther 
t h a n by a t t ack ing the basic causes. 
We have gone far down tihis road in 
envi ronmenta l legislation, wi thout 
the public unde r s t and ing the costs and 
the effects on public d e m a n d s of such 

l e T n ' t h T a r e a of air qual i ty , removal 
procedures for par t i cu la tes and sul-
phur and nitrogen oxides-must be de-
te rmined , and commercial ly feasible 
emission-control sys tems Unust be de_ 
veloped. Methods m u s t be developed 
for disposing of these poWutants once 
they are removed from power-plant 
s tacks or f rom fuels prior to combus-
t ion, so as t o assure they do not ad_ 
versely affect the envi ronment through 
other means . 

Unti l such t ime as direct fuel-to-
electricity cycles are perfected addi-
t ional quan t i t i e s of cooling water will 
be required both for direct-cycle p lants 
and for those on cooling towers New 
and viable a l t e rna te me thods o cool-
ing heated-water discharges, including 
the closed-cycle dry cooling tower, 
mus t be developed and made economi-
cally feasible. 

As a final suggestion, a series of na-
tionwide fuel models should be deve -
oped m order to help predict fuel avail-
abili ty, t ranspor tab i l i ty , characteris-
tics, and costs and t o help de te rmine 
the type and l imi ta t ions of fu tu re 
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-conversion cycles. Ovcrnll 
r-system models are required to 

ulflte the energy conversion, trans-
ion, nnd distribution functions 
the fuel to the consumer. 

Congressional View of Siting. 
¿ Honorable Clarence »1. Brown 
the U. S. House of Representatives: 
v is Congress considering the need 
federal legislation to control the 

ling of power plants? T h a t question 
n be answered in two words: de-
mul and environment. 
On the demand side, electric-power 

in the U. S. has been doubling 
t every 10 years for several dec-

... This t rend will continue, and 
haps even increase. Today elec-
itv makes u p roughly 25 percent of 

i!l energy consumed, and it is esti-
nated that by the end of th is century 
snr half of our total consumption of 
Hiergy will be in the form of electricity. 
In absolute terms of power-produc-

lion needs, what does this mean? It 
means that over jus t the rest of the cur-
rent decade—less than eight years—it 
tsestimated roughly tha t we must con-
tract the equivalent of 150 new power 
plants, each capable of producing 500,-
OUO kw of electric power. Between 
1980 and 1990 the outlook is the same 
-another 150 plants rated at 500,000 
iweach will be needed. 
That brings us to the other side of 

ibe question: environment. Environ-
mental concerns have had a great im-
parl on the construction of new elec-
trical generating plants during the past 
several decades. T h e classic case is a t 
Storm King Mounta in on the Hudson 
River in New York. It has been more 
than 10 years since Consolidated Edi-
son first applied to the FPC for a li-
cense to build the plant . Before the 
full gamut of litigation precipitated by 
monumental pressure is run, several 
more years of delay may accrue. Even 
f such proposals escape the courts, 
the problems of obtaining a site and 
construction permit often represent 
costly and t ime-consuming obstacles. 

Commissioner J a m e s T . Ramey of 
the Atomic Energy Commission 
Nnted out last summer t ha t the 
dollar cost of power-plant construction 
delays can run as high as $50,000 to 
*IOQ,000 per day per plant, covering 
such items as interest on construction 
'°ans, loss of revenue, cost of purchas-
lnEoutside power (if available) to meet 
demands, and cost of attorneys' fees, 
insulting engineers, and others di-
'eetly involved. 

There are also indirect losses in tax 
,evenues, inconvenience (and even 
JalRers) to the public inherent in 
W n o u t s and blackouts, and bard-
a l » in a communi ty resulting from 
"»adequate power for public acrvices 
'including pollution aba tement ) , all of 

which are harder to measure. 
But while serving the environmental 

concerns, we must also serve the public 
need for power—much of which, in 
fact, is necessary for the protection of 
the environment. 

Lots of people, including well-mean-, 
ing environmental activists, are using 
virtually every means available to halt . 
increased electric production capacity, 
and they fail to see the connection be-
tween the power plant and the home 
wall socket, the kitchen tr'ash masher, 
the subway system, the sfewage-treat-
mont plant , or even the power plant 
itself. Yes, the power plant , too. It 
requires approximately 9 to 10 percent, 
of the generation capacity'of the aver-
age plant to run cooling towers re-
quired to reduce thermal pollution, if 
cooling towers are required. In smoke-
emitt ing plants, 3 to 4 percent of the 
output may be required to operate the 
precipitators needed to clean up the 
stacks. 

1 am not against the environmental-
ists nor our efforts to clean up and pro-
tect the environment. T h a t is a na-
tional priority t ha t should get more 
attention, not less. And tha t is ex-
actly one of the major reasons why we 
must have an overall national power-
plant-siting policy. Such an " u m -
brella" policy would ppt environ-
mental considerations into an orderly 
schedule tha t would enable us to com-
press the t ime tha t is now wasted in 
procedural and jurisdictional maneu-
vering tha t arises when controversies 
over siting develop. T h e enactment of 
federal legislation would bring long-
range planning, review, certification, 
and licensing procedures under a com-
prehensive and workable plan. 

How do we get from here to there? 
T h e effort was init iated in 1968 when 
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Pres iden t Johnson establ ished the 
Federal Interagency Power P l an t Sit-
ing Group (composed of AEC, FPC, 
NAPCA, REA. TVA, the Office of Sci-
ence and Technology at the Whi te 
House, and the D e p a r t m e n t of the In-
terior) . T h e group submi t t ed two re-
ports—in J a n u a r y of 1969 and August 
of 1970—which came u p with a four-
point set of conclusions and recom-
menda t ions for resolving the si t ing 
problem. They were: 

1 Long-range planning of ut i l i ty 
expansions on a regional basis a t least 
10 years a h e a d of construct ion. 

2 Par t ic ipa t ion in the planning by 
the government environmental protec-
t ion agencies and private organizations 
and notice to the public of p lan t s i te 
locations a t least five years in advance 
of construct ion. 

3 Pre-construct ion reviews and ap-
proval of all new large power facili t ies 
by a publ ic agency at the s ta te or re-
gional level, or by the federal govern-
m e n t if t h e s t a t e s fail to act . 

4 An expanded program of re-
search and deve lopment for power pro-
duct ion and t ransmiss ion. 

A Fuels View. Carl E. Bagge, presi-
den t , Nat iona l Coal Association: Coal 
is the one fuel t h a t can, if it is allowed 
to provide both short- and long-term 
solut ions to t h e country 's energy crisis. 
T h e industry mus t , however, be freed 
f rom excessive restr ict ions if its poten-
tial for providing ample suppl ies of 
clean energy is to be realized. 

As t h e country faces an impending 
energy crisis, the coal indus t ry is fac-
ing a shor t - te rm crisis of its own. En-

ergy experts are predict ing a rising de-
m a n d for coal both in its present form 
and as feedstock for gaseous and l iquid 
fuels, b u t the indus t ry is presently be-
se t by an env i ronmenta l nemesis 
which is seriously impair ing its abi l i ty 
to perform useful service. 

Having ju s t regained a f i rmer foot-
ing af ter years of se tbacks , t h e coal 
indus t ry is now beginning to tee ter 
under the pressures exerted upon it by 
the Clean Air Act of 1970 and t h e 
publ ic outcry against s t r ip mining. 

We mus t forge a set of energy prior-
ities which t ake in to serious account 
t h e qual i ty of our air, land , and water , 
b u t this effort mus t be m a d e wi th in 
the pa ramete r s of our avai lable energy 
suppl ies and our relentless energy de-
m a n d s . T h e a t t acks on the coal in-
dus t ry th rea t en to weaken our most 
plent i ful fuel source a t a t ime when we 
are running woefully short of other 
domest ic fuel reserves. 

S t a t e air regulat ions which are ban-
ning the use of coal by electric ut i l i t ies 
m u s t be eased if the country is to mee t 
its immedia t e fuel shor tages with do-
mest ic resources. Whi le this proposal 
may sound an unpopu la r note in the 
env i ronment camps , it is, if the coun-
try is to r emain independent , a neces-
sary one. We mus t bear in mind t h a t 
the easing of these regulat ions is a 
t emporary measure—one which places 
our concomi tan t search for adequa t e 
energy and clean air in the sphere of 
reality ra the r t h a n illusion. 

Gran ted t h e necessary stay, the coal 
industry , in conjunct ion wi th govern 
m e n t and other indust r ies , will be 
freed to pursue the research necessary 
to bring coal in to the realm of a clean-

burn ing fuel . Solut ions to the energy 
crisis will be effected with coal th rough 
development of equ ipmen t for removal 
of su l fur dioxide, by bringing syn the t i c 
gas f rom coal from research to the 
commercia l stage, and by opening u p 
t h e vas t western reserves of low-sulfur 
coal. 

A Nuclear Proponent. Mil ton Shaw, 
director, Division of Reactor Develop-
m e n t and Technology, U. S. Atomic 
Energy Commiss ion: In the search for 
solut ions to the problems of energy and 
env i ronment , full use m u s t be made of 
both t rad i t iona l energy sources and ad-
vanced technologies. Nuclear energy 
offers impor t an t benefi ts in helping 
mee t energy needs: it helps conserve 
other fuels for purposes for which they 
are uniquely su i ted : it provides a com-
pet i t ive source of energy with costs 
t h a t do not vary appreciably with loca-
t ion; it s ignif icantly reduces the prob-
lem of air pollution and has other im-
por t an t env i ronmenta l advantages ; it 
is a positive e lement in our foreign 
t rade and provides f reedom from over-
rel iance on foreign sources. 

While coal, oil, gas, and hydroelec-
tr ic power are projected to cont inue 
shar ing in the growth of the energy 
marke t , nuclear energy can and mus t 
make an impor t an t and eventual ly a 
vital contr ibut ion toward meet ing our 
f u t u r e energy requ i rements in an en-
vi ronmenta l ly acceptable m a n n e r 
Exper ience with the development of 
nuclear power has clearly demon-
s t ra ted t h a t bringing in any new major 
energy technology is an extremely 
complex and costly under tak ing . 

The Long Range 
A Utility View. W. B. Behnke, vice-

president , Commonwea l th Edison Co.: 
T e n years ago abou t 18 percent of our 
pr imary energy was used to generate 
electricity. Today abou t 25 percent is 
used, and by 2000 wc cxpcct it to be 
about 50 percent . 

First wha t is the outlook for energy 
d e m a n d ? Per capi ta energy consump-
tion in the U. S. is expected to increase 
about 2 percent annua l ly for a t least 
the next several decades . Popula t ion 
will probably grow a t a s imilar rate_ 
As long as these ra tes of growth hold 
true, overall energy d e m a n d in the 
U S will go u p between 3 and 4 per-
cent annual ly , and world requirements 
may exceed t h a t ra te , depending upon 
what happens in the underdeveloped 
nations. , , . 

Fossil fuels current ly supply abou t 
% percent of our domest ic pr imary en-

ergy needs and will cont inue to be an 
impor tan t source for the rest of this 
century, even though nuclear fuel will 
supply an increasing share of the total . 

T h e oil and gas outlook is pessimis-
tic Domestic reserves arc l imi ted . 
Fuel impor ts offer some relief bu t pose 
problems for na t iona l securi ty and 
also hur t our ba lance of paymen t s . 
B u t precious hydrocarbon resources 
are more than mere la ten t calories. 
T h e v are rapidly becoming too valu-
able to be burned direct ly. We mus t 
begin to th ink in t e rms of conserving 
t h e m as feedstock for chemica ls and 
foodstuffs which will be needed in t h e 
more d i s t an t fu tu re . For these rea-
sons it is cri t ical t h a t we seek other 
sources for our long-range energy sup-

Second, w h a t a re t h e op t ions for as-
suring adequa t e suppl ies of clean en-

ergy in the fu tu re? There are many , 
and they include t h e following: 

1 For t h e immed ia t e future , avail 
ab le u ran ium resources can be ex-
panded by lift ing the foreign embargo 
a n d expanding the U. S . en r ichment 
capabi l i ty . 

2 We can move ahead with dem-
ons t ra t ing t h e breeder , and we are 
doing this on a top-priori ty basis, a im-
ing at having this technology available 
in the 1980s. 

3 We can develop environmental ly 
acceptable ways to mine oil. shale, and 
coal, and we can perfect coal gasifica-
t ion and l iqueficat ion sys tems to ex 
pand fossil-fuel avai labi l i ty , bu t these 
me thods will t a k e t ime to develop. In 
t h e mean t ime , we will do well to crit-
ically reappra ise the potential of the 
technology being developed for remov-
ing sulfur oxides from flue gases. Ver-
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haps we should adopt the British sys-
tem of using high stacks as the most 
feasible way of dealing with stack gases 
until reliable and economically feas-
ible stack-gas cleanup systems, or 
some other alternative, can be per-
fected. 

4 We can get on with developing 
entirely new energy systems such as 
fusion, hydrogen, solar, and geother-
mal power as a means of assuring ade-
quate supplies of clean energy into the 
far-distant future . 

5 Efforts mus t be made to further 
improve the efficiency of energy util-
ization. 

Tremendous amounts of capital will 
be needed to pay for the needed re-
search and development and to fi-
nance expansion of future energy sys-
tems. It is est imated that the in-
dustry's total capital requirements 
will be on the order of $400 billion to 
$500 billion, valued at 1970s prices, 
between 1970 and 1990. 

We think the utilities will turn in-
creasingly to nuclear power in the 
decades ahead, and with the breeder, 
nuclear power will account for a grow-
ing share of our domestic energy pro-
duction. Over the longer term, how-
ever, new technology will probably 
favor the fusion reactor employing 
direct conversion to electricity a t some 
point. Fusion looks like the brightest 
long-range prospect for substantially 
increasing the energy supply. A com-
bination of the breeder and fusion 
would supply us with an almost limit-
less amount of energy. 

Our model for the remainder of this 
century envisions large dispersed 
energy-conversion centers. Regional 

grids of EHV and UHV transmission 
will interconnect these centers with 
urban markets . 

A Scientist's View. Chauncey Starr, 
dean of the School of Engineering and 
Applied Science, University of Cali-. 
fornia a t Los Angeles: Since 1900 the 
average per capi ta energy consump-
tion in the world and in the U. S. has 
doubled every 50 years, with some 
short- term perturbations. There ap-
pears to be small likelihood tha t this 
long-term trend will change markedly 
in the next several decades, because of 
the balancing of pressures. 

In the development of future con-
cepts for our energy systems there are 
a number of constraints established 
by nature. The most obvious of these 
is the depletion of resources for energy 
production. The depletable supply of 
fossil fuel certainly appears adequate 
for some period beyond the year 2000, 
both for the world and for the U. S. 
As has often been s tated, nuclear fis-
sion provides another major resource— 
with the present light-water reactors 
about equal to the fossil fuels and with 
the breeder reactors almost 100 times 
as much. The continuous supply of 
solar energy is, of course, an enormous 
resource we still do not know how to 
t ap effectively. There is also the in-
ternal hea t of the earth, in the form of 
s team, hot water, and hot rock. 

For the next half century, mankind 
is unlikely to run out of available en-
ergy. Instead, the important issue is 
whether the increasing cost of energy 
(including environmental costs) will 
handicap societal improvement. 

' Another natural constraint arises 
from waste-heat dissipation. This 
problem will always be with us and 
cannot be removed by technological 
ingenuity—all energy use eventually 
ends up as heat . All t h a t technical 
development can do is to alter its area 
concentrations. However, the solar 
heat load on the atmosphere is so great 
t ha t the incremental contribution 
likely to be made by man is not an im-
por tant fraction thereof. W h a t is of 
importance is the geographic and 
urban concentrations of energy dissi-
pation which may alter natural and 
urban environments. Heat dissipa-
tion may be one of the long-range 
limitations on urban population 
density. At the present average U. S. 
energy dissipation of 10 kw thermal 
per capita, a population density of 
30,000 people per square mile (half 
New York City's density) will produce 
waste heat equal to the average solar 
heat loading of the atmosphere. 

Of the uncertain natural limita-
tions, the effect of carbon dioxide— 
which is an inevitable end product of 
fossil-fuel utilization—is as yet a long-
term environmental mystery. We do 
have a t least several decades for de-
termining the closed C 0 2 cycle in our 
biosphere and the equilibrium rela-
tionships. T h e alleviating develop-
ment is the use of nuclear power. 

•Nevertheless, it appears that we will 
always need a combustible fuel, and 

< certainly for several centuries this is 
likely to be a hydrocarbon in some 
form. If. however, the CO2 problem 
were determined to be serious on a 
worldwide basis, there is an u l t imate 
buf very costly technological solution. 



and tha t is the use of electric power for 
the manufacture of hydrogen through 
electrochemical decomposition of wa-
ter. Hydrogen would make an ideal 
fuel since its combustion provides 
water as an end product . 

Within these natural and prag-
matically irreversible limitations, man 
has tremendous scope for planning 
energy utilization. The multiplicity 
of possible future arrangements tends 
to focus on a limited number of crucial 
policy questions tha t are more socio-
logical t han technical in nature, such 
as: Whose resources should be uti-
lized? Where should power be gen-
erated? Who shall receive the pollut-
ing effluents from such activities? 

The question of who gets the pollu-
tion, as contrasted to who gets the en-
ergy, is not only one of geographic 
distribution but also of t ime. For ex-
ample, if as a result of. the rapid in-
crease in str ip mining for coal, acid 
drainage and soil erosion destroys the 
ecology of large regions, it may take 
decades to repair the damage in spite 
of extensive restorative efforts by the 
coal-mining industry. This genera-
tion of energy users will be long gone 
when the next generation faces the 
problem and the cost of repairing dam-
age of such ecological deterioration. 

If, as a result of the effluents pro-
duced from energy conversion, we pro-
duce environmental damage which 
may have genetic consequences, we 
also face the problem of distributing 
the pollution effect through t ime. 
For example, if the waste emissions 
from both fossil-fuel and nuclear 
power plants are permitted to pollute 
t he environment , the consequences 
may not be serious in this generation, 
bu t they might be in the next because 
of delayed genetic effects. Fortunately, 
this problem has been thoroughly 
studied, and reasonable technological 
controls can remove this issue. 

Perhaps the most fundamenta l 
question of national planning is the al-
location of our present resources for 
the benefit of fu ture generations. In 
the technological domain of new en-
ergy devices, we are really working for 
the next generations, rather than for 
our own. Even nuclear power, which 
was certainly supported by govern-
ment as enthusiastically as any tech-
nology in history, has taken 25 years 
to establish a commercial base, and it 
still hasn' t made a real impact on our 
energy supply- So the development of 
new speculative energy resources are 
investments for the future not a 
means of remedying the problems ot 
today The attraction o f ' jam tomor-
row" may persuade us to neglect the 
need of "bread and butter today. 
Because of the very long t ime required 
for anv new energv device to become 
par t of the technological structure of 
our society, even if successful these 
speculative sources could not play a 

major role before the year 2000. 
However, it is clear the quali ty of life 
of the peoples of the world depends 
upon the availability in the next dec-
ade of large amounts of low-cost energy 
in useful form. This being the case, 
we must plan an orderly development 
of the resources available to us now, 
and these are primarily fossibfue| and 
nuclear-fission power plants. 

Such near-term planning cannot be 
optimally conducted without a per-
ception of the long-term possibilities 
and their potential relationships to ex-
isting systems. This calls for a tech-
nology assessment of our fu ture en-
ergy systems—a most complex under-
taking because of t he fundamenta l 
role of energy in our society. As yet, 
only the most rudimentary steps have 
been taken toward such an assessment. 

A Technological View. A l v i n M . 
Weinberg, director, Oak Ridge Na-
tional Laboratory: Until new knowl-
edge is available, work on the develop-
ment of solar energy is a waste of t ime. 

The design proposed by a group 
headed by Aden Meinel of the Uni-
versity of Arizona is imaginative but is 
probably too costly ($1000-$3000/kw). 
This reduces to roughly 2.7 c /kw. 
Meinel s scheme would use Fresnel 
lenses to focus sunlight onto a stain-
less-steel or glass-ceramic pipe, con-
centrat ing the solar flux about 10 
t imes its normal value. The pipe, 
covered with a selective coating tha t 
emi ts only a small proportion of the 
energy it absorbs, is enclosed in an 
evacuated glass chamber to reduce 
conductive and convective heat losses. 
Nitrogen gas pumped through the pipe 
transfers the heat from the collectors 
to a central storage uni t . The heat 
would then be used to produce s team 
for a turbine as needed. 

For the short range, we can use geo-
thermal resources. There are three: 
hot s team, hot water, and hot rock (by 
far the largest). Hot rock is particu-
larly at t ract ive because it can, be ut i-
lized anywhere. 

Tapping thus heat can be done in the 
following manner: Two wells are 
drilled, one to 15,000 f t and the other 
to 12,000 ft . Hydraulic fracturing 
would then be used to create a large 
heat-transfer bed between them. 
Water would be pumped down the 
first hole. It would be circulated 
through the underground fracture sys-
tem where it would be heated and then 
forced up through the second and 
shallower hole to the surface. We will 
have fusion power a t some t ime A 
perhaps by the year 2000, perhaps 
la ter—but we can ' t base an energy 
policy on this prospect. 

Laboratory success of fusion de-
pends on meeting Lawson's criterion. 
This is the point a t which a break-

even condition in a deuter ium-t r i t ium 
fuel mixture occurs, t ha t is, a point 
beyond which the reactor produces 
more energy than it consumes. Th is 
point is the product of the density and 
the confinement t ime, which must 
equal or exceed 1014 particle-sec/cu 
cm. Efforts to achieve this are mak-
ing steady progress. Best recent re-
sults fall short by a factor of 10. Two 
or three years previously the factor of 
improvement needed was more like 
100 . ... 

The u l t imate energy system will 
probably turn out to be the breeder 
reactor. T h e secondary energy system 
will probably be based on hydrogen. 
How will we go from the primary to the 
secondary system? Possibly by elec-
trolysis or a series of coupled closed 
chemical reactions with heat the only 
input ( temperatures no higher than 
800 C). Hydrogen may also be pro-
duced through a biological system, us-
ing sun or bacteria as catalysts, work-
ing on water. 

As far as the dangers of a breeder 
system, engineers must demonstrate a 
commitment to excellence so t ha t 
power can be used with a high degree 
of security. 

The Government View. John Court, 
deputy assis tant administrator for 
planning and evaluation, Environ-
menta l Protection Agency: As major 
changes in prices occur, the nature of 
the energy crisis will undergo big 
change. There will be a greater supply 
because of higher prices, and new 
forms of energy will be developed 
because higher prices will facilitate 
their economic development . 

A Public View. S. David Freeman, 
project director, T h e Energy Policy 
Project, Washington, D. C.: There 
will be a fundamenta l change in energy 
supply in the next decade. A conse-
quence will be a sharp increase in price 
af ter decades of consistently stable and 
low-priced energy. Long-term solu-
tions to the energy crisis must be 
planned now. Finding energy for the 
1980s and 1990s must be on our current 
agenda. . . c 

T h e world won t tolerate the IJ. i> 
wasting a major part of its abundant 
energy while there are grave shortages 
in the rest of the world. T h e U. S. 
must , therefore, improve efficiency of 
energy use (at present, our transporta-
tion system runs with an efficiency of 
only 6 percent, considering all links in 
the energy chain) . T h e government 
program mus t be on the level of the 
Apollo program R&D in the billions 
are needed, in solar, geothermal, fu-
sion, etc. , , 

As Pogo says: " W e have met the 
enemy and they are us ." 
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The world can reap tremendous benefits 
in terms of greatly increased energy re-
sources from the l iquid-metal fast breed-
er reactor (LMFBR). Here's a rundown 
based on the Westinghouse design pre-
pared during the project definition phase 
of the LMFBft demonstrat ion program of 
the U. S. AEC. 

R . J . CREAGAN1 

Westinghouse Electric Corp., East Pittsburgh, Pa. 

S o c i e t y on a w o r l d w i d e b a s i s wil l b e n e f i t f r o m d e -
c i s ions n o w b e i n g m a d e by i n d u s t r y a n d g o v e r n m e n t 
w i t h r e spec t t o d e v e l o p m e n t of t h e l i q u i d - m e t a l f a s t 
b r e e d e r r e a c t o r , w h i c h will b e i m p l e m e n t e d in t h e 
1970s in t h e U . S . , E n g l a n d , R u s s i a , F r a n c e , G e r -
m a n y , a n d J a p a n . ^ , 1 . i 

H o w will socketv b e n e f i t ? S t a t e d s i m p l y , t h e 
L M F B R c o n v e r t s m o r e of t h e h e a t i t p r o d u c e s t o 
e l e c t r i c i t y t h a n w a t e r r e a c t o r s b e c a u s e of i t s g r e a t e r 
t h e r m o d y n a m i c e f f i c i e n c y - 4 0 p e r c e n t c o m p a r e d 
w i t h a b o u t 30 p e r c e n t fo r t h e l i g h t - w a t e r r e a c t o r . I t 
h a s a t h e r m a l d i s c h a r g e of 4800 B t u / k w h v e r s u s 6600 
i Manager. ll&D Planning. 
Based on a paper contributed by the ASMF. Aerospace Division. 

for t h e l i g h t - w a t e r r e a c t o r . T h i s is a p p r o x i m a t e l y 3 0 
p e r c e n t less h e a t r e j e c t i o n t o t h e e n v i r o n m e n t for a n 
L M F B R t h a n for a w a t e r r e a c t o r . S i n c e n e i t h e r 
w a t e r no r L M F B R r e a c t o r s will r e l e a s e n o x i o u s 
c h e m i c a l s , t h e r m a l d i s c h a r g e is t h e p r i n c i p a l d i f f e r -
e n c e in e n v i r o n m e n t a l e f f e c t b e t w e e n t h e t w o t y p e s 
of r e a c t o r s . O t h e r t h a n h e a t r e j e c t i o n s , t h e n u c l e a r 
p l a n t h a s e s s e n t i a l l y ze ro e f f e c t u p o n i t s e n v i r o n -
m e n t , a n d t h u s is i n d e e d a good n e i g h b o r a n d a b e n -
e f i t t o s o c i e t y . 

S e v e n L M F B R s a r e c u r r e n t l y o p e r a b l e , six a r e 
u n d e r c o n s t r u c t i o n , a n d n i n e a r e in: t h e p l a n n i n g 
s t a g e s . As a n i n d i c a t i o n of t h e i n t e n s i t y of i n t e r n a -
t i o n a l e f f o r t s , t h e p l a n n e d e x p e n d i t u r e s for L M F B R 
d e v e l o p m e n t p r o g r a m s fo r t h e v a r i o u s c o u n t r i e s a n d 
t h e i r g ros s n a t i o n a l p r o d u c t s a r e l i s t ed in T a b l e 1. 

A n o t h e r m e a s u r e of L M F B R i m p o r t a n c e in t h e 
U . S . is p r o j e c t c a s h f low, w h i c h will b e a p p r o x i m a t e l y 
$500 m i l l i o n for t h e f i r s t d e m o n s t r a t i o n p l a n t f r o m 
1972 t h r o u g h 1978. L a t e r , a b o u t 3000 M W e of 
L M F B R c a p a c i t y will b e c o m m i t t e d in t h e 1970s, 
•which a t $400 p e r kw is a b i l l ion d o l l a r s . 

As e v i d e n c e of U . S . L M F B R po l icy , P r e s i d e n t 
N i x o n , in h i s J u n e 4, 1971, e n e r g y m e s s a g e t o C o n -
gress , s t a t e d t h a t " o u r b e s t h o p e t o d a y for m e e t i n g 
•the n a t i o n ' s g r o w i n g d e m a n d fo r e c o n o m i c a l , c l e a n 
•energy l ies w i t h t h e f a s t b r e e d e r r e a c t o r . " T h e p r e s -
i d e n t f u r t h e r g a v e a c o m m i t m e n t t o c o m p l e t e s u c -
c e s s f u l d e m o n s t r a t i o n of t h e L M F B R by 1980, a n d 

TABLE 1 National Investments in LMFBR 
Country 

U. S. U.S.S.R. France U. K. Japan Germany 

LMFBR/year ($ millions) 

1972GNP($ billions) 

Percentage of GNP 

200 

1113 

0 .018% 

200 

538 

0 .04% 

100 

162 

0 .06% 

70 

128 

• 0 .055% 

50 

232 

0 .02% 

3 0 

195 

0 .015% 



ItWHMllliB 

later ( S e p t . 26, 1971) in a s p e e c h a t H a n f o r d , W a s h . , 
indicated t h a t t h e r e s h o u l d be two d e m o n s t r a t i o n 
plants. 

F inanc ia l b e n e f i t s t o soc ie ty f rom t h e L M F B R 
might best be s u m m a r i z e d by an A R C c o s t - b e n e f i t 
analysis wh ich i n d i c a t e s b e n e f i t s to t h e n a t i o n over a 
34-year per iod of $21 .5 bi l l ion, d i s c o u n t e d a t 7 per-
cent to mid-1971 . O t h e r spec i f i c L M F B R b e n e f i t s t o 
society will be d e s c r i b e d in t h e s e c t i o n s t h a t fol low. 

The P l ans for LMFBR P lan t s 

World s t a t u s a n d p l a n s for L M F B R power p l a n t s 
are given in T a b l e 2 , 2 wh ich l is ts L M F B R pro jec t s 
that a r e o p e r a b l e (7), u n d e r c o n s t r u c t i o n (6), 
planned (9), a n d d e c o m m i s s i o n e d (4), w i t h c o u n t r y 
location, m e g a w a t t s t h e r m a l a n d e lec t r ic , a n d in i t i a l 
operation d a t e . T a b l e 2 a lso s h o w s w h e t h e r a loop 
or pool c o n f i g u r a t i o n is u s e d . 

Present p l a n s for t h e U . S. L M F B R p r o g r a m in 
the 1970s consist of c o m p l e t i o n of t h e 4 0 0 - M W t F a s t 
Flux T e s t Fac i l i ty ( F F T F ) on t h e A E C ' s H a n f o r d 
Reservation in t h e s t a t e of W a s h i n g t o n . I t will no t 
produce e lec t r ic power but will re ject hea t to an air 
heat e x c h a n g e r . I ts d e v e l o p m e n t will p rov ide base 
technology a p p l i c a b l e to L M F B R s a n d a s soc i a t ed in-
dustry expe r i ence n e e d e d in o rde r to s u p p l y t h e com-
ponents a n d s y s t e m s for s u c h a p l a n t . T h e reac to r 
will c o n t a i n c losed loops for a d v a n c e d fue l tes t s , 
which will be i so la ted f r o m process s o d i u m in t h e 
main r eac to r coo l an t loop so t h a t tes t f a i lu re s will 
not h a r m t h e r eac to r . 

In a d d i t i o n to F F T F , t h e h ighes t p r io r i ty U . S. 
LMFBR p r o g r a m for t he 1970s is c o n s t r u c t i o n of t he 
two d e m o n s t r a t i o n p l a n t s m e n t i o n e d by P r e s i d e n t 
Nixon. 

T h e r eques t for p roposa l for t h e f i r s t d e m o n s t r a -
tion p l a n t spec i f i ed a power level b e t w e e n 800 a n d 
950 M W t ( a p p r o x i m a t e l y 350 M W e ) . A p p r o x i m a t e l y 

'Fir* 1 and 2 and Tables 2 and 3 are from a statement of Milton Shaw of 
I he ART at FY 1973 authorization hearing* before the Joint Committee on 
A<«raic Energy, Feb. 22,1972. 

$400,000,000 h a s b e e n c o m m i t t e d for d e v e l o p m e n t , 
des ign , c o n s t r u c t i o n , a n d t e s t i n g of t h i s p ro jec t by 
t h e A t o m i c E n e r g y C o m m i s s i o n , t h e u t i l i t y i n d u s t r y , 
a n d t h e f u t u r e o w n e r - o p e r a t o r s , T V A a n d C o m m o n -
w e a l t h E d i s o n . i 

Power o u t p u t for t h e s econd d e m o n s t r a t i o n b reed-
er r eac to r h a s not y e t been spec i f i ed , bu t t h e u n i t 
will, p r o b a b l y be la rger , w i th a u t h o r i z a t i o n a r r a n g e d 
a f t e r t h e f i r s t d e m o n s t r a t i o n p l a n t is c o m m i t t e d for 
c o n s t r u c t i o n a n d f u n d i n g . A E C a u t h o r i t y u n d e r t h e 
p ro jec t d e f i n i t i o n p h a s e p e r m i t s s o m e work on a sec-
o n d p l a n t . T h e u l t i m a t e o b j e c t i v e of t h e c o o p e r a t i v e 
g o v e r n m e n t - u t i l i t y - i n d u s t r y p r o g r a m is to d e v e l o p a 
c o m p e t i t i v e , v iab le , a n d e c o n o m i c i n d u s t r y in t h e 
U . S . 

In c o n t r a s t to t h e lead wh ich t h e U . S. h a d in 
w a t e r - r e a c t o r t echno logy , we now h a v e c o m p a r a b l e 
t e chno logy in t h e s o d i u m - r e a c t o r f ield w i t h Russ i a , 
E n g l a n d , a n d F r a n c e bu t a re b e h i n d t h e m in p lan t 
c o n s t r u c t i o n s c h e d u l e s . 

W o r l d w i d e in t e res t a n d i n v e s t m e n t is m o t i v a t e d 
by L M F B R ab i l i t y to p rov ide e s sen t i a l l y l imi t l e s s 
e lec t r ic energy f rom fuel wh ich c a n be i m p o r t e d eas i -
ly a n d s e l f - g e n e r a t e d . T h e L M F B R does not p lace 
t h e c o u n t r y u s i n g it a t a pol i t ica l or e c o n o m i c d i s a d -
v a n t a g e wi th r e spec t t o a n o t h e r c o u n t r y by r e q u i r i n g 
a c o n t i n u i n g s u p p l y of e i t h e r la rge a m o u n t s of r aw 
m a t e r i a l or an i so tope s e p a r a t i o n process , as is t h e 
c a s e w i t h e n r i c h e d - u r a n i u m reac to r s . 

Avai lable N u c l e a r Energy 

T h e m o s t i m p o r t a n t l ong - t e rm a d v a n t a g e of t h e 
b r e e d e r is t h e i nc r ea se in a v a i l a b l e energy it p rov ides 
f rom n u c l e a r r e sources . T h e fac t t h a t s u c h a d d i -
t iona l ene rgy is r e q u i r e d is i n d i c a t e d by T a b l e 3, 
w h i c h s h o w s t h e g rowth in energy r e q u i r e m e n t s as 
t h e p o p u l a t i o n of t h e U . S . i nc reases a n d m o r e power 
is c o n s u m e d per p e r s o n . A s i m i l a r p a t t e r n will be 
fol lowed t h r o u g h o u t t h e wor ld wi th a g r ea t e r per-
c e n t a g e i nc r ea se in d e v e l o p i n g coun t r i e s . 

T h e L M F B R will p rov ide m o r e energy b e c a u s e it 



can u t i l ize a p p r o x i m a t e l y 75 p e r c e n t of t h e energy 
ava i l ab le f rom u r a n i u m ore c o m p a r e d wi th less t h a n 
2 pe rcen t u t i l i za t ion capab i l i t y for e n r i c h e d - u r a n i u m 
l igh t -wa te r reac tors . 

At p re sen t , the re fore , over 95 percent of t h e po ten -
tial energy ava i l ab le from u r a n i u m ore is no t u t i l i zed 
but is re jec ted as u r a n i u m 238 in b u r n e d - o u t fuel or 
as was t e ta i l ings of dep l e t ed u r a n i u m a t t h e d i f fus ion 
p lan t s . By 1980 ta i l ings p roduced d u r i n g t h e pro-
cess of s u p p l y i n g en r i ched fuel for t h e l i gh t -wa te r re-
ac tors will r each over 250,000 tons of d e p l e t e d u r a n i -
u m . S ince a 1000-MW electr ic p l an t of t h e L M F B R 
type burns up less than a ton of uranium per year, 
250,000 tons would supp ly t o d a y ' s t o t a l U. S . power 

r e q u i r e m e n t s of a b o u t 300.000 M W e for cen tu r i e s . 
T h e L M F B R o b t a i n s more energy f rom u r a n i u m 

by conver t ing u r a n i u m 238 to p l u t o n i u m a n d t h e n 
f i ss ioning i t . A g r a m of p l u t o n i u m fissioned in a fas t 
b reeder r eac to r provides a p p r o x i m a t e l y 50 pe rcen t 
more B t u ' s t h a n would t h e s a m e gram of p l u t o n i u m 
if f i ss ioned in a t h e r m a l n e u t r o n reac tor . T h i s oc-
curs b e c a u s e of t h e g rea te r e f f i c iency of f ission in t h e 
f a s t r eac to r , which does not p e r m i t as m u c h pa ras i t i c 
a b s o r p t i o n of n e u t r o n s in p l u t o n i u m as occu r s in t h e 
t h e r m a l r eac to r s . Also, a b o u t twice as m u c h u r a n i -
u m 238 is f iss ioned d i rec t ly by fas t n e u t r o n s in t h e 
f a s t r eac to r a s in t h e t h e r m a l n e u t r o n reac to r s . 

- T h e t h e r m o d y n a m i c eff ic iency for convers ion of 

TABLE 2 Liquid-Metal-Cooled Fast-Reactor Projects 

Name 

O p e r a b l e 

BR-5 
DFR 
EBR-II 
FERMI 
RAPSODIE 
SEFOR 
BR-60 (BOR) 

Under Con*tr. 

BN-350 
PFR 
PHENIX 
FFTF 
JOYO 
BN-600 
KNK-11 
PEC 
SNR 
DEMO NO. 1 
MONJU 
DEMO NO. 2 
CFR 
PHENIX 1000 
SNR 2000 

Decommistioned 

CLEMENTINE 
EBRI 
BR-2 
LAMPRE 

Country 

U.S.S.R. 
U. K. 
U.S. 
U.S. 
France 
U.S. 
U.S.S.R. 

U.S.S.R. 
U. K. 
France 
U.S. 
Japan 
U.S.S.R. 
W. Germany 
Italy 

W. Germany«1 

U.S. 
Japan 
U.S. 
U.K. 
Francee 

Germany* 

U.S. 
U.S. 
U.S.S.R. 
U.S. 

Power 

MWt 

5* 
72 
62.5 

200 
40 
20 
60 

1000b 1 

600 
600 
400 
100c 

1500 
58 

140 
730 

750-1250 

750 
750-1250 

3125 
2500 
5000 

0.025 
1 
0.1 
1 

MWe 

14 
16 
60.9 

12 

150 
250 
250 

600 
20 

300 
300-500 

300 
3 0 0 5 0 0 

1320 
1000 
2000 . 

0.2 

Pool or 
Loop 

Loop 
Loop 
Pool 
Loop 
Loop 
Loop 
Loop 

Loop 
Pool 
Pool 
Loop 
Loop 
Pool 
Loop 

Modified pool 
Loop 
Loop 
Loop 

Not decided 
Not decided 

Pool 
Loop 

Loop 
Loop 
Loop 
Loop 

Initial 
Operation 

1959 
1959 
1963 
1963 
1967 
1969 
1970 

1972 
1972 
1973 
1974 
1974 
1976 
1973 
1976 
1977 
1977 
1978 
1979 
1979 
1979 
1983 

1946 
1951 
1956 
1961 

•To be increased to 10 MWt in 1972. « .u i va lan t fo r desal inat ion. 
bDual purpose; 150 MWe for electr ic power and 200 MWe equivalent 
«To be operated at 50 MWt in i t ia l ly, 
d m cooperat ion w i t h Be lg ium and The Netherland». 
•Tr ipar t i te e f for t : France, German and I ta l ian electr ie UUMMS. 
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TABLE 3 U.S.Electric-Utility Power Statistics 
Actual Projections for 

1950 I960 1970 1980 1990 2000 

Population (millions) 152 181 205 234* 
' . ' 1 ' i 

270* 305-

Total power capacity 
(millions of kw) 69 168 340 '665* 1260" 2100 

kw capacity/person 0 .45 0 .93 1.6 • 2.8 4.7 6.9 

Power consumed per 
person per year (kwh) 2200 4200 7300 13000 22000 33000 

Total consumption 
(trillion kwh) 0 .33 0 .75 1.5 '3.1* 5.9s 10* 

Nuclear power capacity 
(millions of kw) 0 0 .3 • 7.5 150 475b 1100 

Nuclear power. 
percentage of total 0 0.2% 2% 23% 38% 50% 

• Bureau of the Census Report Serles P-25. No. 470, 11/71 

«-FPC. 

heat to e lec t r ic power in an L M F B R is 40 pe rcen t as 
compared wi th t h e 3 3 pe rcen t t yp i ca l for a l ight-
water r eac to r ; h e n c e m o r e e l ec t r i c power is p r o d u c e d 
per ki logram of u r a n i u m f i s s ioned . 

Economic P o w e r 
The kev to t h e b r e e d e r ' s p o t e n t i a l for low overa l l 

power-generation cos t s is i ts fue l cycle a n d h igh the r -
mal eff ic iency. W h e r e a s l i g h t - w a t e r - r e a c t o r ene rgy 
is suppl ied m a i n l y by f iss ion of t h e r a r e i so tope u ra -
nium 235, t he b r e e d e r r eac to r is m o r e e c o n o m i c a l l y 
fueled wi th p l u t o n i u m a n d a c t u a l l y p r o d u c e s m o r e 
than it c o n s u m e s . W i t h a b r e e d i n g r a t i o of 1.3 t h e 
breeder p roduces 1.3 a t o m s of f issi le p l u t o n i u m f rom 
the a b u n d a n t i so tope u r a n i u m 238 for eve ry a t o m of 
fissile p l u t o n i u m it c o n s u m e s , a n d t h u s d o u b l e s i t s 

-• w sv/HI-

: . v., •{. ••l-i . -I'MW v-l-Jl' • 
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i n v e n t o r y of p l u t o n i u m a p p r o x i m a t e l y every 12 
yea r s . . 

Fue l -cyc le cos ts a r e g iven in T a b l e 4. As can be 
seen f r o m t h e t a b l e , t h e fue l -cyc le cos t s for t h e 
L M F B R a r e c a p i t a l - i n t e n s i v e : t h e cos t of p lu ton i -
u m i n v e n t o r y is t h e m a j o r c o m p o n e n t of t h e fue l -
cyc le cos t . B e c a u s e of t h i s c a p i t a l - i n t e n s i v e n a t u r e 
of t h e fue l cycle, t h e cos t of i n c r e m e n t a l k i lowat t -
h o u r s is very low; h e n c e t h e L M F B R n u c l e a r power 
p l a n t will be d i s p a t c h e d on a n y power s y s t e m a s a 
b a s e - l o a d p l a n t . 

T h e s t a t e m e n t is c o m m o n l y m a d e t h a t t h e c a p i t a l 
cos t for t h e L M F B R power p l a n t will be g r ea t e r t h a n 
t h a t for a w a t e r r eac to r , a n d t h i s is i n d i c a t e d by con-
s i d e r a t i o n s of a n a d d i t i o n a l i n t e r m e d i a t e loop of so-
d i u m a s well as by l e a r n i n g - or e x p e r i e n c e - c u r v e con-
s i d e r a t i o n s . M a r k e t p r e d i c t i o n s a re s u c h t h a t t o t a l 
m e g a w a t t s of e lec t r ic e x p e r i e n c e for t h e L M r r S K 
m i g h t n o t be c o m p a r a b l e w i t h t h a t of w a t e r r eac to r s 
u n t i l t h e yea r 2000; hence t h e L M F B R will no t h a v e 
progressed as f a r d o w n i t s l e a r n i n g cu rve as he 
w a t e r r e a c t o r s u n t i l 2000. D e s p i t e t h e s e cons ider -
a t ions , however , t h e u n i t cos t s of L M F B R hea t -gen -
e r a t i n g s y s t e m s d o not h a v e t o b e as low as wa te r re-
ac tors , s i n c e t h e L M F B R , b e c a u s e of i ts g rea te r the r -
m a l e f f i c i ency , does no t h a n d l e as m u c h hea t energy 
as a w a t e r r e a c t o r t o p r o d u c e t h e s a m e e lec t r ic 
power . S i n c e t h e w a t e r r e a c t o r m u s t p r o d u c e ap-
p r o x i m a t e l y 30 p e r c e n t m o r e hea t power t h a n t h e 
L M F B R t o p r o d u c e t h e s a m e a m o u n t of e lec t r ica l 
power, t h e L M F B R c a p i t a l cost per ^ m e g a w a t t 
t h e r m a l cou ld be 30 p e r c e n t h igher or h e a t - h a n d l i n g 
c o m p o n e n t s of t h e L M F B R a n d st i l l p r o d u c e e e c t n c 
power w i t h t h e s a m e a s soc i a t ed c a p i t a l for t o t a l elec-
t r ic power p l a n t . For t h e s e reasons , e c o n o m i c c o m -
p e t i t i v e n e s s of t h e L M F B R is cons ide red j u s t a ques -
t i on of t i m e , d e v e l o p m e n t , a n d e x p e r i e n c e . 



Capital Investment 
As breeder p l an t s a re pu t on line in t h e 1980s a n d ; 

1990s and t h e e f fec ts of p l u t o n i u m p r o d u c t i o n a re 
felt t h e d e m a n d for en r i ched u r a n i u m a n d hence tor 
u r a n i u m ore to feed t h e d i f fus ion p l a n t s w d l inc rease 
less rap id ly . T h i s occurs n o t only b e c a u s e t h e f a s t 
breeder does n o t r equ i r e e n r i c h m e n t f r o m t h e dit-
fusion p l a n t b u t b e c a u s e t h e b reede r a lso p rov ides 
P lu ton ium t h a t can be u t i l i zed in t h e the rma^ 
reac tors t o provide e n r i c h m e n t i n s t e a d of u r a n i u m 
235 f rom t h e d i f fus ion p l an t s . . . ^ . 

P l u t o n i u m ava i l ab l e and r equ i r ed in t h e U. b . is 
given in Fig. 1. As can be seen, t he re is a s u r p l u s of 
P l u t o n i u m with r e s p e c t t o inven tory r e q u i r e m e n t s for 
L M F B R reac tors . In f ac t , L M F B R inventory r * 
o u i r e m e n t s do not exceed t h e p l u t o n i u m a v a i l a b l e 
K wa te r reac tors unt i l t h e ear ly 1990s at winch 

m e excess p l u t o n i u m f rom L M F B R s w,II p rovide 
inven to ry for new p l an t s . T h i s m e a n s tha t b r eed ing . 
ra t ios a n d doub l ing t i m e s for L M F B R s ,n t h e ea r ly , 
years c a n be based on economic cons ide ra t i ons r a t h -
er than d o u b l i n g t i m e of t h e u t i l i ty i ndus t ry . 

Since, a s was m e n t i o n e d before , a p p r o x i m a t e l y 
250,000 tons of u r a n i u m will exis t a s t a i l ings a t h e 
d i f fus ion p l a n t s by 1980, t h i s would s u p p l y all t h e 
u r a n i u m r e q u i r e m e n t s of the f a s t b reede r r eac to r for 
h u n d r e d s of years . T h e u r a n i u m h e x a f l u o n d e ta i l -
ings c o n t a i n e d in cy l inders a t t h e d i f fus ion p l a n t s a e 
an energy source in proper c h e m i c a l fo rm wa i t i ng t o 
be used for fuel process ing a n d f a b r i c a t i o n . As t h e 
u r a n urn 238 becomes use fu l , it r educes r e q u i r e m e n t s 
for p rospec t ing for new u r a n i u m - o r e reserves a n d t h e 
c a p i t a l assoc ia ted wi th p u t t i n g in t h e m i n e s a n d t h e 
c h e m i c a l - u p g r a d i n g p l a n t s a s soc ia t ed w i t h t h e m . 

Fig. 1 P lu ton ium avai labi l i ty . 
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Fig. 2 Pro jected sulfur dioxide annua l stack emissions f rom U. S. 

e lec t r ic power plants. 

In add i t i on , t h e need for a d d i t i o n a l isotope sepa ra -
t ion p l a n t s a lso dec reases . S ince t h e th ree d i f fus ion 
p l a n t s bu i l t in t h e U. S. cost a p p r o x i m a t e l y $1 bil-
lion each , t h i s is a m a j o r c ap i t a l cons ide ra t ion P u t 
in o t h e r t e r m s , a b o u t $15 cap i t a l is r equ i r ed in d i f fu -
s i o n - p l a n t c a p a c i t y for each k i lowa t t e lec t r ic of in-
s ta l led e n r i c h e d - u r a n i u m reac to r s ^ h . s require-
m e n t will be e l i m i n a t e d even tua l ly for t h e LM r rSrv. 
However , t h e L M F B R will not come on s t r e a m fast 
enough to in f luence s e p a r a t i v e work r e q u i r e m e n t s 
unt i l t h e la te 1980s. If all w a t e r r eac to r s were re-
Ured a f t e r 30 years and rep laced by L M F B R s a n d all 
n e w c a p a c i t y were supp l i ed by L M F B R s , t h e d i f fu -
s i o n - p l a n t load would go essent ia l ly t o zero in t h e 
year 2020. New isotope s e p a r a t i o n p l a n t s will be 
needed in t h e early 1980s a n d will no t be in f luenced 
by t h e L M F B R . 

Environmental Effects 
Figure 2 shows t h e p ro jec ted a n n u a l s u l f u r dioxide 

s t ack emiss ion f r o m U. S . fossi l -fuel elee n c power 
p l a n t s a n d how it is r e d u c e d d r a m a t i c a l l y ^ n u c l e a 
power. T h e chemica l - emis s ion bene f i t s c l a i m e d for 
nuc l ea r occur whe the r t h e p l a n t is an L M F B R o r 
w a t e r - t y p e reac to r , a n d t h e bene f i t is d r a m a t i c and 
can be use fu l to soc ie ty . 

Summary 
L M F B R provides bene f i t s to t h e world in t e r m s of 

great ly inc reased energy resources I he add i t i ona l 
energy s u p p l e m e n t s t h e fossi l-fuel energy reserves 
a n d g r e a t l y increases t h e po ten t i a l for p roduc t ion of 
use fu l power f rom t h e nuc lear -energy reserves^ aL 
ready ava i l ab l e . A c o s t - b e n e f i t ana lys i s by t h e A h C 
ind ica te s bene f i t s to t h e U. S over a 34^-year per iod 
of $21.5 bil l ion, d i s c o u n t e d a t 7 p e r c e n t t o mid-1971 
T h e higher t e m p e r a t u r e s involved p rov ide g r e a t e 
t h e r m a l e f f ic iency, which r educes t h e e f fec t of hea t 
re jec t ion t o t h e e n v i r o n m e n t . 
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400 MW(e} LMFBR demonstration plan, schemed ,or 1980. 

nrnnhesv, principally because «w 
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' 1 Q 4 O T he prophets may be right, DUI 
'a prudent overall energy po 
t ^ nn the two f irm alternatives 

fean e n j o i n coa. a n d = ^ 
sources, particularly f rom the breeder. 

ALVIN M. W E I N B E R G 1 

Oak Ridge N a t i o n a l Laboratory. Oak Ridge. Tenn. 

O f t h e l o n g - r a n g e P — ^ 
breeder for genera t ion » resource to 

^ ^ f t h i m p O T t a n c e T h e s e 
are solar, fusion, and geothermal. 

Energy Technofc*y: . ^ S e is ava i l ab le , s t ud i e s 
State t h a t unt i l new knowledge j s g n a t - p l a t e 

c r i s i s F o ™ a W d at 
Based on a presentation at T t e b n e gy 
1972 ASMB Winter Annual Meeting. 

„ « , „ T j u ¡ . « » r t " ™ . » « - -
proposed by t h e m e i n e • h j e c t l o n s y s . 
conduc t mol ten s o d . u m b n m g h ne ^ ^ 
tern. T h e t u b e s ^ . ^ ' ^ ^ v e radL,! .on fi lm on 
e v a c u a t e d to p ro t ec t t h e s e i e u . C onvec-
t h e t u b e s a n t o . ^ ^ U ^ t u J s u n l i g h t 
t ion a n d c o n d u c t i o n , r r e s n e ^ i s 
o n t o t h e t u b e s . H e a t a b s o b e d ^ 1

 m i x t u r e 
s to red in a large v e - e c o n t a m m g a e u t e ^ ^ 
oT F a n d u s e d t o 

t r a c t e d f rom t h e s to rage w u e n e r a t o r s a t a n 

genera te e lec t r ic i ty . In genera l <our est 
s i t ua t i on are less o p t — h ^ m 
fered by p r o p o n e n t s o t h e « m ^ y

r t i c u , a r diff t -
s to rage sy s t em s e e m s 

-hr s to rage of heat 
eu l ty : for a l W ^ M W e p a ^ ^ m e l t s a t B , e a -

would have to be even a r g e r if al owance 

prolonged P " V f . " ^ ^ a M o r ' s m o o t h i n g out 
a p p e a r s c o m p l e t e y . m p n c t c a l f ^ ^ 

seasona l var ia t ions^ A l t e r n a t . e e n n s t o r . 
even be used lor 

sy s t ems , but smce " ^ n X ^ n m a d e , t he re is 
of a so lar -energy power p l an t h a s s u c h a 

— 1 ^ T s ^ r & ^ r ' Bulletin of the 
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AN OPPORTUNITIES IN ENGINEERING FEATURE 

the s to rage p l a n t , r ega rd l e s s of t h e t y p e of s to rage 
used. W e e s t i m a t e a b o u t $ 3 0 0 0 / k w for j u s t t h e col-
lector f ield of t h e f i r s t -o f - a -k ind p l a n t . If we c a n ra-
tionalize a n d a u t o m a t e m a n u f a c t u r e of m o d u l e s (on-
site p r o d u c t i o n of glass , for e x a m p l e ) , t h i s m i g h t be 
reduced to p e r h a p s $ 1 1 0 0 / k w . T o t h i s of course 
must be a d d e d t h e cost of t he s t o r age s y s t e m s , h e a t -
conversion e q u i p m e n t , e t c . T h u s a very r o u g h est i-
mate wou ld p u t t h e cos t of a so la r p l a n t a t no t less 
lhan $ 1 1 0 0 / k w in 1972 do l l a r s . T h i s is $800 m o r e 
than for a foss i l - fuel p l a n t . At t h i s p r ice t h e solar 
plant wou ld be c o m p e t i t i v e if t h e cos t of fossil fue l 
rose to a r o u n d $1.87 per 10* B t u . T h u s so la r ene rgy 
appears to be a poor e c o n o m i c b e t c o m p a r e d w i t h 
nuclear e n e r g v 6 ( w h i c h is c o m p e t i t i v e wi th fossil fue l 
at. say, 3 0 c / 1 0 B t u ) . S h o u l d t h e b r e e d e r be u n s u c -
cessful ' (which s e e m s very un l ike ly ) , o r d i n a r y w a t e r 
reactors wou ld c o m p e t e f a v o r a b l y w i t h solar p l a n t s 
even if t he p r ice of u r a n i u m ore exceeded $ 1 0 0 / l b . 
At th is pr ice , t h e t o t a l cos t of e lec t r i c i ty f r o m l ight-
water r eac to r s w o u l d be less t h a n 2 c / k w h , c o m p a r e d 
to2 .3c /kwh f r o m a so lar p l a n t t h a t cost $1100 /kw. 

Never the less , t h e U . S. s h o u l d c o n t i n u e work on 
solar energv , if only t o e s t a b l i s h w i t h b e t t e r re l iabi l i -
tv both i ts cos t a n d i t s t e c h n i c a l f eas ib i l i t y . W e 
could t h e r e b y d e t e r m i n e a n u p p e r l i m i t to t h e cos t of 
prime ene rgv in t h e very un l ike ly e v e n t t h a t n u c l e a r 
energy in t h e f u t u r e e n c o u n t e r s s o m e u n e x p e c t e d 
and i n s u r m o u n t a b l e o b s t a c l e . 

fusion 

Two d i f f e ren t a p p r o a c h e s to fu s ion h a v e devel -
oped m a g n e t i c c o n f i n e m e n t a n d l a s e r - i n d u c e d mi -
|"oexplosions (so-cal led ine r t i a l c o n f i n e m e n t ) . In 
the case of m a g n e t i c c o n f i n e m e n t , t h e m e a s u r e of 
success is t h e L a w s o n c r i t e r ion : t h e p r o d u c t nt in a 
D-T p l a s m a m u s t exceed 1 0 " s e c / c c a n d t h e ion 
temperature m u s t be a r o u n d 10 keV. T h e b e s t t h a t 
has been a c h i e v e d in t h e va r ious t o k a m a k s is n - 3 
xiO'-T I - 5 0 x 10" 3 sec, so t h a t nt ~ 1 0 1 2 . W e t h u s 
need t w o a d d i t i o n a l o r d e r s of m a g n i t u d e be fo re t h e 
zeroth-order s c i en t i f i c f eas ib i l i ty c a n be e s t a b l i s h e d . 

But even when a plasma with nt > 10" has been 
achieved, there are extremely serious technological 

p r o b l e m s t h a t r e m a i n ; t h e m a g n e t i c - f i e l d coils a re 
s u p e r c o n d u c t i n g , t h e l i t h i u m coo lan t is a t ~ 1 8 3 2 F, 
a n d t h e d i s t a n c e b e t w e e n t h e s e t e m p e r a t u r e reg imes 
is on ly f t . P e r h a p s t h e k n o t t i e s t q u e s t i o n is t he 
r a d i a t i o n d a m a g e t o t h e i nne r v a c u u m wal l : will it 
be necessa ry t o r ep l ace t h e v a c u u m wal l every coup le 
of y e a r s b e c a u s e i t swel l s or e m b r i t t l e s u n d e r t he in-
t e n s i v e b o m b a r d m e n t of 14-MeV n e u t r o n s ? And 
w h a t a b o u t t h e non-neg l ig ib l e a f t e r - h e a t (10 M W in 
a 5 0 0 0 - M W reac to r ) a n d i n t e n s e r a d i o a c t i v i t y in-
d u c e d in t h e wal ls , or t h e 100 x 106 cu r i e s of t r i t i u m 
in t h e r e a c t o r , or t h e necess i ty in D - T t o b reed tr i -
t i u m f r o m l i t h i u m ? T h e s e a re no t in so lub le prob-
lems , b u t t h e y a r e obv ious ly t e d i o u s a n d t r i cky a n d 
it wou ld be wrong to c o u n t on t e c h n i c a l feas ib i l i ty 
be ing d e m o n s t r a t e d on a n y spec i f i c t i m e t a b l e . 

T h e l a s e r - i n d u c e d m i c r o e x p l o s i o n s a r e a recent de-
v e l o p m e n t a b o u t w h i c h l i t t le h a s been sa id publ ic ly . 
H e r e s m a l l pe l l e t s of D - T ice a r e i m p l o d e d by con-
verg ing laser b e a m s . T h e r e s u l t i n g m i c r o t h e r m o n u -
c lear exp los ions a r e c o n t a i n e d in a s t o u t p r e s su re 
vessel . O n e i n g e n i o u s idea is to l ine t h e vessel wi th 
a swi r l ing layer of l iqu id l i t h i u m t h a t is f i l led wi th 
g a s ' b u b b l e s to i nc r ea se i t s a b i l i t y to a b s o r b t he m i - , 
c roshocks . 

Obv ious ly t h e r e a r e d i f f i cu l t i e s : to get lasers wi th 
h igh e n o u g h power , t o con t ro l t h e pe l l e t d i spense r , to 
a b s o r b ene rgy . For a p r a c t i c a l power reac to r , t he 
laser ene rgy t h a t m u s t be de l ivered in a f r ac t ion of a 
n a n o s e c o n d exceeds 10-' j ou les . T h e largest laser 
a v a i l a b l e t o d a y de l ive r s 600 jou l e s in 2 nanosec . Bu t 
t h e r e is a fa i r e n t h u s i a s m for t h e s e m e t h o d s , a n d it 
wou ld be wrong t o d i s c o u n t t h i s poss ib i l i ty . By like 
t o k e n , t h i s is a long-sho t s c h e m e t h a t m a y or m a y 
n o t p rove p r a c t i c a l a t s o m e u n s p e c i f i e d f u t u r e d a t e : 

G e o t h e r m a l 
H e r e we a r e t a l k i n g no t a b o u t an i n e x h a u s t i b l e 

ene rgy source , b u t a b o u t one t h a t is now in use and 
whose fu l l p o t e n t i a l h a s no t ye t been d e v e l o p e d . As 
w i t h t h e o t h e r s y s t e m s , one can iden t i fy o p t i m i s t s 
a n d p e s s i m i s t s . P e r h a p s b e c a u s e of t he impres s ive 
c r e d e n t i a l s of t h e m o s t o p t i m i s t i c of t h e g e o t h e r m a 
e n t h u s i a s t s , P ro f . R o b e r t Rex of t he Un ive r s i t y of 
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Long-Range Contender. This .s ORIMAR I< g f u s i o n e x p e n . 
vice) in double exposure a dev ce t ^ n g ^ Qf 

ment tha t examines the coof .neme i t e photograph 
intended for fus .on P ^ including t h e c o m p l e t e d - r o " 
shows the final assembly of ORMJws, i | a s e r o p t l C S ,n 
core in the foreground and the f r a m e «oral'elevation (on left and 
the background. TheMarge. ports a t cen te ^ r e n l i n j e c t o r s . 
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for Power p t o d u c ^ n ? I t a P r o v e s 
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d r a u l i c f r a c t u r e is u sed U, e t a b ^ c r a c k ^ ^ 
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c a n be resolved. 

S r C a a e d i c - d " h y d r o g e n o -

ph i l e s , t h - - o n d a r y sou rce w i l l b H . 
T h e g rea t a d v a n t a g e of H 2 is t h a i 

n o n p o l l u t i n g ; if b u r n e d c a t a l y U c a ^ y E v e n 

p e r a t u r e - i t s c o m b u s t i o n l eadsM»dy t o ^ , _n 

w h e n h y d r o g e n is b u r n e d wi th air in d t o 

t ^ « ' ^ n v r o n m e n t a " P a c t i o n Agen-
T ' t a n d a ^ i n c l u d i n g t h ^ o r N O F u r t h e r . in 
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i l 

i I 

wate r e l ec t ro ly s i s . T h e t h e o r e t i c a l e n e r g y r e q u i r e -
m e n t t o s p l i t w a t e r is e q u i v a l e n t t o a b o u t 15 k w h p e r 
p o u n d of h y d r o g e n , a n d i t w o u l d s e e m p o s s i b l e over 
the long t e r m t o c lose ly a p p r o a c h t h i s v a l u e . S i n c e 
the p r i c e of e l e c t r i c a l e n e r g y r e p r e s e n t s t h e m a j o r 
cost of H 2 p r o d u c t i o n , h y d r o g e n w o u l d a l w a y s c o s t 
s o m e w h a t m o r e t h a n e l e c t r i c i t y . If b a s e d o n t h e 
cost of p r i m a r y t h e r m a l e n e r g y u s e d t o g e n e r a t e t h e 
e lec t r i c i ty , t h e p r i c e w o u l d a p p r o a c h t h e t h e r m a l -
energy cos t d i v i d e d b y t h e c o n v e r s i o n e f f i c i e n c y . 
T h u s , w i t h s o m e of t h e p r o j e c t e d a d v a n c e d c o n v e r -
sion s y s t e m s n o w b e i n g p r o p o s e d , t h e c o s t of h y d r o -
gen m i g h t b e on ly t w o t i m e s t h e cos t of t h e b a s e 
t h e r m a l e n e r g y . 

In t e r m s of h e a t c o s t s in c e n t s pe r 106 B t u , t h e 
e n e r g y c o s t w o u l d b e a b o u t 30 t i m e s t h e e l e c t r i c i t y 
cost in mi l l s pe r k i l o w a t t - h o u r ; c a p i t a l a n d o t h e r 
c h a r g e s m i g h t a d d a n a d d i t i o n a l 4 5 c / 1 0 6 B t u . I t is 
i m p o r t a n t t o r e c o g n i z e t h a t t w o p r o d u c t s , h y d r o g e n 
a n d o x y g e n , a r e p r o d u c e d for t h i s p r ice . F i n d i n g 
p r o d u c t i v e u s e s for o x y g e n t h u s b e c o m e s a n i m p o r -
t a n t f a c t o r in t h e e c o n o m i c s of h y d r o g e n p r o d u c t i o n . 

It is i n t e r e s t i n g t o s p e c u l a t e on h o w l a r g e w a t e r -
e l ec t ro lv s i s p l a n t s m i g h t i n t e r a c t w i t h f u t u r e e lec-
t r i c - g e n e r a t i n g s y s t e m s . F i r s t , if we a r e f o r c e d or 
p re fe r t o go t o r e m o t e , e .g . , Arc t i c , s i t e s t o l o c a t e o u r 
p r i m a r v e l e c t r i c - g e n e r a t i n g p l a n t s , t h e n h y d r o g e n 
b e c o m e s a v i a b l e c a n d i d a t e a s a n e n e r g y - d e l i v e r y 
m e d i u m , e i t h e r via p i p e l i n e s or t a n k e r s . S e c o n d , a n 
e lec t ro lys is p l a n t c a n r e a d i l y b e u s e d a s a l oad - l ev -
eling dev ice , o p e r a t i n g w h e n o f f - p e a k e l e c t r i c i t y is 
ava i l ab le . F i n a l l y , s o m e of t h e a d v a n c e d g e n e r a t i n g 
s c h e m e s p r o d u c e d - c p o w e r d i r e c t l y or f eed d - c 
t r a n s m i s s i o n s y s t e m s ; t h i s w o u l d s i m p l i f y t h e o p e r a -
lion of a n e l e c t r o l y s i s p l a n t , w h i c h r e q u i r e s l a rge 
q u a n t i t i e s of d - c p o w e r . Also, t h e d e u t e r i u m re-
qu i r ed in f u s i o n r e a c t o r s c o u l d b e p r o d u c e d a s a by-
p r o d u c t of w a t e r e l ec t ro ly s i s . 

P r o c e s s e s for h y d r o g e n ( a n d o x y g e n ) p r o d u c t i o n 
t h a t r e q u i r e on ly t h e r m a l e n e r g y a r e now u n d e r ac-
t ive d e v e l o p m e n t by E u r a t o m in E u r o p e . T h e s e 
p rocesses u s e a c losed s e t of f o u r or m o r e c h e m i c a l 
r e a c t i o n s so t h a t , w i t h i n p u t s of on ly h e a t a n d w a t e r , 
h v d r o g e n a n d oxygen a r e p r o d u c e d ; all t h e r e a c t i o n 
p r o d u c t s a r e i n t e r n a l l y r e c y c l e d . S i m i l a r i d e a s w e r e 
in t ens ive ly s t u d i e d in t h i s c o u n t r y a f ew y e a r s a g o 
and a r e c u r r e n t l y r e c e i v i n g r e n e w e d a t t e n t i o n a t sev-
eral l a b o r a t o r i e s . T h e s e p r o d u c t i o n s y s t e m s s e e m t o 
be s o m e d i s t a n c e f r o m c o m m e r c i a l p r a c t i c e , b u t if 
d e v e l o p e d t h e y w o u l d h a v e t h e i n h e r e n t a d v a n t a g e 
of not f irst r e q u i r i n g t h e c o n v e r s i o n of t h e r m a l t o 
e lec t r ica l e n e r g y for h y d r o g e n p r o d u c t i o n . O n e m u s t 
r e m e m b e r , howeve r , t h a t s u c h s y s t e m s a r e n o t w i t h -
out c e r t a i n i n e f f i c i e n c i e s , so i t is n o t n o w c l ea r how 
these s y s t e m s m a y u l t i m a t e l y c o m p a r e w i t h o t h e r 
m e t h o d s of p r o d u c t i o n . 

Other In t r iguing Poss ib i l i t i e s 
T h e r e a r e s o m e f u r t h e r i n t r i g u i n g p r o d u c t i o n 

poss ib i l i t i es j u s t n o w b e i n g c o n s i d e r e d t h a t i n v o l v e 
bas ica l ly b io log ica l p roces se s . 

•It is p o s s i b l e t o u s e p h o t o s y n t h e t i c o r g a n i s m s in a 
p h o t o c h e m i c a l f u e l ce l l . P l a n t s a n d b l u e - g r e e n a l g a e 
c a n u t i l i z e w a t e r a s a r e d u c t a n t in l i g h t - d e p e n d e n t 
g e n e r a t i o n of c o m p o u n d s ( s u c h a s r e d u c e d f e r r e d o x i n 
a n d v io logens ) t h a t a r e e q u i v a l e n t t o m o l e c u l a r hy -
d r o g e n a s r e d u c t a n t s . In a d d i t i o n , in t h e l iv ing or-
g a n i s m , t h e f e r r e d o x i n a n d A T P a r e t h e n u s e d t o re-
d u c e c a r b o n d i o x i d e t o cell m a t e r i a l . H o w e v e r , t h e 
p r o d u c t i o n of cell m a t e r i a l is n o t a n e c e s s a r y s t e p in 
t h e - h a r n e s s i n g of l i g h t e n e r g y . E n e r g y s t o r a g e a s 
h y d r o g e n w o u l d b e m o r e e f f i c i e n t a n d d i r e c t . S u c h 
a c o n v e r s i o n c o u l d b e a c c o m p l i s h e d if t h e p h o t o -
c h e m i c a l l y r e d u c e d r e d u c t a n t s ( f e r r e d o x i n , e t c . ) were 
c o u p l e d t o a h y d r o g e n a s e . E s s e n t i a l l y t h i s p rocess 
w o u l d r e p r e s e n t a p h o t o l y s i s r a t h e r t h a n a n e lec t ro l -
ys is of w a t e r . T h e r e q u i r e m e n t s for s u c h a n a q u e o u s 
s y s t e m w o u l d b e : l i gh t , a s t a b i l i z e d p h o t o c h e m i c a l 
a p p a r a t u s c a p a b l e of g e n e r a t i n g r e d u c t a n t s f r om 
w a t e r , f e r r e d o x i n or a s i m i l a r e l e c t r o n c a r r i e r , a n d a 
f e r r e d o x i n - c o u p l e d h y d r o g e n a s e . S t a b i l i z a t i o n of 
t h e p h o t o c h e m i c a l a p p a r a t u s is t h e c r i t i c a l r equ i re -
m e n t of t h i s s y s t e m . 

T h e e f f i c i e n c y of t h e p r o p o s e d p h o t o s y n t h e t i c fue l 
cell a p p e a r s t o b e s u f f i c i e n t l y h igh t o be e c o n o m i c a l -
ly u s e f u l . U n d e r l a b o r a t o r y c o n d i t i o n s , e n e r g y - c o n -
ve r s ion y i e l d s of u p t o 10 p e r c e n t a r e e n c o u n t e r e d in 
t h e i s o l a t e d p h o t o s y n t h e t i c a p p a r a t u s . If s u c h 
y i e l d s c a n be o b t a i n e d w i t h a s t a b i l i z e d p h o t o c h e m i -

Conceptual des ign o f a f u s i o n reac to r t h a t m a k e s u s e o f the 
f u s i o n r e a c t i o n s o c c u r r i n g w h e n a n i n tense laser b e a m hea ts the 
d e u t e r i u m - t r i t i u m ice pe l l e t w i t h i n t h e c e n t e r o f a sphe r i ca l reac tor 
vessel f i l l e d w i t h m o l t e n l i t h i u m . 
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, • C u a H y a s e c o n d a r y s y s t e m ; t h e p r i m a l e n e r g y s y s l e m w i l l p r o b a c y be «he breeder 

H y d r o g e n E n e r g y S y s t e m . T h e h y d r o g e n s y s t e m ,s a c t u a r y a 

r e a c t o r . 

- ^ m (100 ac re s or a b o u t ¿¿. sq i">-
r u f S y e o f « ^ ¿ ¿ s f t 

g e n 9 M o s t f u e l s r equ i r e s o m e c a r e a n d con , 
t h a t fue l s u b s t i t u t i o n b e c o m e s .. m a u o f d e g r e e ^ 
e x t e n t of con t ro l r e q u . r e ^ G a s « o n U m ^ 
cen t h y d r o g e n w a s d . s t n h u ed u o W e m s 

m a n y y e a r s a s t o w n or coal Ras. £ f î | ^ v d r o g e n 
e n c o u n t e r e d o f t e n s t e m m e d f r o m t h e n A1ÎC 
c o m p o n e n t , c a r b o n monox .de . N A S A a n ^ 
a r e rou t ine ly h a n d l i n g ^ l i q u i d ^ « J J L o r d 
urne a n d h a v e e m p t i e d a n r n ^ a r o u n d r c . 
H y d r o g e n is ex tens ive ly P ' P ^ n f t , ( ) f g a s 

f ine r ies a n d t ranstH r t e d d .ly a s ^ ^ ^ 
over ou r h i g h w a y s a n d ra i lways 
s a f e t y r e c o r d ^ e r U e s of h y d r o g e n t h a t re-

S o m e of t h e bas i c p r o p ¡ v e l i m l t l s a m -
i a t e t o s a f e ty a re t h a t i t s lower « P e x p i o s i v e 
i t a r to t h a t of » ^ X i v e T y low a n d i ts d i f f u s i v i t y 
or ign i t ion energy is e l a ^ h e a t c o n t e n t is 

n r T a ^ a r 8 f o « X -
S n many other .uels we use daily. 

C o n c l u s i o n s 
All of t h e a b o v e - m e n t i o n e d long- range P r ° P o s a l s 

s h o w n t o ( f n d e r t h e a r c u i n s t a n c e s . it would be 
I m p r u d e n t t o " * * e t r g y policy on t he a v a i l a b i l i t y 

^ i ^ r S - H ^ r f a H e r n a -

s s s s l i i 
H i S m H S S 
m a n s u l t i m a t e e n e r g y sou rce . d i f f i cu l t re-

N u c l e a r breeders, p r o b a b l y w, ta t h e . ^ g ^ 
e n e r g y source , a n d m a n u ne 

S S to ^ ^ r e q u i r e m e n t s i m p o s e d 

by this technology. 
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Here's a picture of the dynamic position 
of research and technology in the com-
plex ebb and flow of U. S. economic 
health which supports our standard of liv-
ing. But the current decline in technolo-
gy investments is creating many of the 
problems we face today. Examples: 
technological unemployment, the energy 
crisis, our dwindling fuel supplies, and 
the like. Hence, an increasing R&D pro-
gram is vital, not only to increase our 

• standard of living but even to maintain it. 
Development of new products and pro-
cesses—the "continuity of discovery — 
is a must for U. S. economic health. 

FRED SCHULMAN1 

j u . S. A t o m i c Energy Commission 
National Aeronautics and Space Administration 

1 

W e are now in t h e m i d s t of a revolu t ion , ful ly as 
f a r r each ing in our da i ly lives as was t h e g rea t Amer-
ican Pol i t ica l Revolu t ion of t h e l S t h C e n t u r y a n d l ^ 
dus t r i a l Revo lu t ion of t h e 19th C e n t u r y . T h * 20th 
C e n t u r y revolu t ion is t h e Sc ien t i f i c Revolu t ion . Be-
cause we a re in t h e m i d s t o f t h i s r evo lu t .on we a re 
n o t o f t e n ab le t o see where it .5 t a k i n g us , b u t t h a U t 
is en r i ch ing our l ives as well a s pos ing p rob lems 
c o m m o n to all revolu t ions , s u c h as r a p i d change , is 
obvious . C o m p e t i n g for p r i m a c y a n d t h r e a t e n i n g t o 
s u p p l a n t i t are t h e m a j o r subd iv i s ions now g a m i n g 
a t t e n t i o n such as t h e energy revolu t ion a n d t h e so-
cial revolu t ion , wi th t h e o u t c o m e st i l l in d o u b t . 

U. S. R&D Declining 
T h e U n i t e d S t a t e s was a n d m a y still be t h e lead-

ing t echno log ica l society of our d a y t still en joys 
t h e h ighes t per c a p i t a s t a n d a r d of l .v .ng in t h e 

' world C h e a p energy does mos t of ou r work a n d 
T r a in s our t r a n s p o r t a t i o n s y s t e m . O u r r a t e of 
technology i n v e s t m e n t has c o n t i n u o u s l y increased 
d u r i n g t h i s cen tu ry un t i l 1965, when for t h e f i rs t 
toe t h e r a t e of i n v e s t m e n t in r e sea rch a n d d e v e l o p 
m e n t b e g a n t o dec l ine and is still dec l in ing . W e 
s o r n e t i m e s " o r g e t t h a t t he re is a d e f i n i t e r e l a t i onsh ip 
be tween s t a n d a r d of l iving a n d p r o d u c t i v e invest-

i m e n T T h u s , Prof . E d w a r d S h a p i r o of t h e Un.vers i -
! ^ "f De t ro i t h a s wr i t t en t h a t w i t h o u t technologica l 

i n n o v ^ o n invesUnent will longuish^and^wi thout t h e 

<- 7 5 ^ r A s . i , u . n ( to Mnnngrr . S p a w - N u d t e « . Mom. ASMK; 
I 'miop^Krviow OtiRinnnn, ASMK KnrriiOtir« i)ivi.i(,iv 

, { £ ¡ 5 on an addroiw prewnted on hngin«,™ .nd Archil«!» 
Day—1973, Arlington, Va. 
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necessary r a t e of i n v e s t m e n t , ou r p r i v a t e e n t e r p r i s e 
economy will s t a g n a t e . Accord ing t o t h e U n i t e d 
Nations, t h e five coun t r i e s wi th t h e h ighes t per cap i -
tal ( J N P in 1970 were t h e U n i t e d S t a t e s , K u w a i t , 
Sweden, C a n a d a , a n d S w i t z e r l a n d , wi th pe r c a p i t a 
incomes ranging f rom $.'1,670 in t h e U n i t e d S t a t e s t o 
$2,310 in S w i t z e r l a n d . All of t he se c o u n t r i e s have 
enjoyed cons ide rab l e r e sea rch a n d d e v e l o p m e n t w i t h 
the except ion of K u w a i t wh ich does, however , en joy 
a f a n t a s t i c oil i n c o m e a n d i n v e s t m e n t . I t m i g h t be 
interest ing t o no te t h a t K u w a i t c o n s u m e s even more 
energy per c a p i t a t h a n does t h e U. S . , i ts c o n s u m p -
tion a m o u n t i n g to 11,905 kg coal e q u i v a l e n t per 
capita t o 10,331 kg for t h e U. S. T h e c o u n t r i e s wi th 
the lowest per c a p i t a n a t i o n a l p r o d u c t a re B u r u n d i , 
Somalia , U p p e r Vol ta , and E t h i o p i a wi th per c a p i t a 
G N P of only $50 to $60 per yea r . 

It is i n t e res t ing t o n o t e t h a t s ince 1910 t h e popu l a -
tion of t h i s c o u n t r y h a s inc reased 122 pe rcen t , while 
the real gross n a t i o n a l p r o d u c t h a s inc reased 600 
percent so t h a t l iving s t a n d a r d s have r isen s t ead i ly 
despite t h e huge increase in p o p u l a t i o n . T h e per 
capita i n c o m e d u r i n g t h i s per iod rose f rom approx i -
mately $1200 to $3500 per yea r . B u t , a n d t h i s is t h e 
impor t an t po in t , we a r e cu r r en t l y on a p l a t e a u , a n d 
there is no real g rowth in per c a p i t a n a t i o n a l p rod-
uct. If t h e r e is no g rowth in t h e na t iona l p r o d u c t per 
person, how are we going t o p a y for b e t t e r schools 
and b e t t e r h e a l t h a n d social needs? H o w are we 
going t o p rov ide t h e energy n e e d e d t o m a k e t h e U. S . 

c o m f o r t a b l e a n d p r o d u c t i v e f rom f a s t -dwind l i ng 
c h e a p ene rgy sources w i t h o u t a h igh o rder of new 
t echno logy? T h i s dec l ine in t echnology i n v e s t m e n t 
in t h e U n i t e d S t a t e s which c o m m e n c e d in 1965 m a y 
well h a v e been t h e s t a r t of m o s t of t h e p r o b l e m s fac-
ing us t o d a y . S ince t h e U n i t e d S t a t e s en joys h igh 
wages, i t obviously r equ i re s j o b s which can p roduce 
su f f i c i en t rea l wea l th t o s u p p o r t those wages. Fur-
t h e r m o r e , new i n d u s t r i e s m u s t be c r e a t e d t o a b s o r b 
t h e a p p r o x i m a t e l y one mi l l ion new workers w h o 
en te r t h e labor force e a c h yea r . 

How c a n we d o t h i s w i t h o u t d i scover ing new prod-
uc t s a n d processes which a re t h e d i r ec t r e su l t of re-
sea rch a n d d e v e l o p m e n t ? H o w will n u c l e a r b reede r s 
a n d fus ion or solar energy progress f r o m p romise t o 
f a c t ? T h e answer is more re sea rch a n d deve lop-
m e n t — n o t less. 

Techno logy a n d the Dollar 

B u t how does t echnology r e l a t e t o t h e more d i rec t 
eve ryday conce rns of l iving s t a n d a r d s . T h e do l la r is 
u n d e r severe p ressure f rom a b r o a d . In f l a t ion is very 
d i f f i cu l t t o r educe . A d v a n c e d technology can he lp 
t o solve b o t h t he se p r o b l e m s . 

S ince 1964, ne t e x p o r t s of U. S. goods and serv ices 
have fa l l en f rom a s u r p l u s of $8.5 bi l l ion t o t h e f i rs t 
def ic i t of t h e c e n t u r y las t yea r , a s shown in Fig. 1. 
F u r t h e r m o r e , t h e la rges t A m e r i c a n expor t s , e x c e p t 
for food, h a v e been p r inc ipa l ly t h e high t echno logy 
p r o d u c t s of r e sea rch a n d d e v e l o p m e n t s u c h as elec-

Fig. 1 U. S. Foreign trade. U. S. trade balance trends. 
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t ron ic a n d a e r o s p a c e p r o d u c t s , c h e m i c a l s a n d d r u g s , 
and m a c h i n e r y ; see Figs. 2 a n d 3. If ou r k n o w - h o w 
in t h i s a r e a b e c o m e s f u r t h e r e r o d e d , e x p e c t t o see a 
f u r t h e r w e a k e n i n g in o u r e x p o r t pos i t ion a s s h o w n in 
Fig. 4 for m o t o r veh ic les , i ron a n d s tee l , a n d t ex t i l e s 
a n d , h e n c e , a c o n t i n u a l erosion in t h e i n t e r n a t i o n a l 
va lue of ou r c u r r e n c y . T h u s t h e S m i t h s o n i a n cur -
rency a g r e e m e n t s , r e a c h e d a f t e r l a s t y e a r ' s d e v a l u a -
tion of t h e do l l a r , a r e a l r e a d y u n d e r g r e a t p r e s s u r e 
and t h e p r ice of gold in do l l a r s rose t o a r e c e n t h igh 
of $128, m a k i n g f u r t h e r eros ion in t h e v a l u e of t h e 
dol lar q u i t e l ikely . 

I t is s i g n i f i c a n t t h a t in 1970 t h e p e r c e n t a g e of 
goods m a n u f a c t u r e d a b r o a d r e a c h e d t h e u n p r e c e -
d e n t e d p e r c e n t a g e of 56 p e r c e n t of i m p o r t s a n d l a s t 
year t h i s t r e n d c o n t i n u e d , r e a c h i n g 67.6 p e r c e n t , or 
more t h a n t w o t h i r d s of all i m p o r t s i n t o t h e U. S . 
Fig- 5 s h o w s t h e r a t i o of i m p o r t s t o c o n s u m p t i o n in 
1970 for s e l ec t ed c o m m o d i t i e s . N o t e t h a t all 3 5 - m m 
still c a m e r a s sold in t h e U. S . were m a d e a b r o a d . In 
o ther words , it is b e c o m i n g c h e a p e r t o p r o d u c e m o s t 
p r o d u c t s a b r o a d a n d i m p o r t t h e m t o t h e U n i t e d 
S t a t e s t h a n t o m a n u f a c t u r e t h e m here . W e r e i t no t 
for n e w a t o m i c e n e r g y a n d a e r o s p a c e p r o d u c t s , t h i s 
s t a t e of a f f a i r s w o u l d b e even worse . T h i s t e n d e n c y 
can b e r e d u c e d b y t h e d i scovery of new p r o d u c t s 
with h i g h t e chno logy c o n t e n t . 

In f a c t , continuity of discovery is p r o b a b l y a new 

r e q u i r e m e n t for U . S . e c o n o m i c h e a l t h , s i n c e m o d e r n 
c o m m u n i c a t i o n s a n d f a s t e r t r a n s f e r of t e chno logy 
a b r o a d h a s r e d u c e d t h e e c o n o m i c a d v a n t a g e t o t h e 
i n n o v a t o r n a t i o n to a b o u t only 7 t o 10 y e a r s as c o m -
p a r e d t o a n a v e r a g e of m o r e t h a n 30 y e a r s be fo re 
Wor ld W a r II. T h e P r e s i d e n t h a s recognized t h e im-
p o r t a n c e of t e c h n o l o g y in t h e s e a r ea s . In a d d i t i o n to 
n u m e r o u s m o v e s t o s t r e n g t h e n U . S. t echnology , he 
h a s s e t u p a spec ia l t a s k force t o look a t t echno logy 
o p p o r t u n i t i e s a i m e d a t t h e e f f ec t i ve e m p l o y m e n t of 
t h e v a s t t e c h n i c a l a n d s c i e n t i f i c t a l e n t wh ich is un -
used t o d a y . For e x a m p l e , f ede ra l e x p e n d i t u r e s for 
R & D in t h e P h y s i c a l S c i e n c e s rose f r o m $600,000,000 
in 1960 t o $1,705,000,000 in 1965 a n d h a s s ince de-
c l ined t o $1,131,000,000 in 1968. S i m i l a r l y , R & D in 
t h e E n g i n e e r i n g S c i e n c e s i n c r e a s e d f r o m 
$690,000,000 to $1,576,000,000, a n d t h e n h a s de-
c l ined s l igh t ly over t h e s a m e pe r iod . D u r i n g t h o s e 
s a m e yea r s , t h e level of r e s e a r c h p e r f o r m e d by indus -
t r y rose n e a r l y 40 p e r c e n t f r o m 1960 t o 1965, a n d 
t h e n i n c r e a s e d by less t h a n 20 p e r c e n t to 1968. T h e 
r a t e of i n d u s t r i a l r e s e a r c h is s t i l l dec l in ing . T h i s is 
t h e s i t u a t i o n w h i c h c o n f r o n t s t h e c o u n t r y , a n d t h e 
t h r e a t t o o u r l iv ing s t a n d a r d s s h o u l d b e c lea r ly rec-
o g n i z e d . 

I t is i n t e r e s t i n g t o rev iew t h e per iod of h igh t e ch -
nology i n v e s t m e n t s p u r r e d by t h e s p a c e p r o g r a m 
d u r i n g t h e y e a r s 1960 t o 1965 w i t h t h e p e r i o d s i m m e -

Fig. 5 U. S. ratio of imports to consumption, 1970. 
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is now the atomic power industry. It is the power 
from nuclear energy which almost alone can sustain 
the American standard of living for the forseeable fu-
ture under conditions as they are emerging both here 
and abroad. It is important to realize that total 
energy consumption increased by 50 percent in the 
decade 1960-70 (from 44.6 to 67. j quadrillion Btu's). 
Total future U. S. energy requirements have been es-
timated by the National Petroleum Council as 83.5 
X 10» Btu in 1975, growing at 4.5 percent per year 
at 125 x 1015 Btu in 1985. This is shown in Fig. 6. 
: The energy crisis may perhaps be put in perspec-
tive by the following findings made by the 1971 re-
port to the Secretary of Interior by his advisory Na-
tional Petroleum Council: These are shown in Fig. 
7. 

1 NPC estimates U. S. energy consumption 
growth at 4.2 percent annually during 1971-85 with 
electric utility consumption rising at 6.7 percent per 
year. This is roughly 4 to 7 times the population 
growth estimated by the Bureau of the Census. 

2 Oil imports will rise to 57 percent of oil con-
sumption and 25 percent of total energy use in 1985. 
| 3 Natural gas imports which now amount to 4 
percent of gas supplies will rise to more than 28 per-
cent. in 1985. 

4 Coal production will rise to 1,071 million tons 
in 1985 from 590 million tons in 1970 if S02 can be 
commercially controlled. 

5 Nuclear power will rise from 23 billion kwh in 
1970 to 2,068 billion kwh in 1985 or about 48 percent 
of electricity supply. 

6 Energy sources other than oil, gas, coal, and 
nuclear will not exceed 3 percent of need by 1985. 

7 Huge capital costs of about $375 billion will be 
necessarv in the period 1971-85 to make available 
the above energy resources. Remember that this es-
timate compares with only 67.8 x 10» Btu con-
sumed in 1970. But in 1975 the U. S. will be able to 
supply only 65.5 x 10» Btu and only 86.0 X 10» 
Btu in 1985 leaving deficits of 18 and 39 x 10» Btu, 
respectively. During this period nuclear power 
grows from 0.2 to 21.5 X 10» Btu, which is a growth 
rate of 100 times the 1970 output. 

By the end of the century, nuclear power is ex-
pected to provide about 50 percent of the nations, 
needs for energy. But there is a note of caution. 
Delavs have developed in the nuclear power field 
for a varietv of technical, mechanical, environmen-
tal and regulatory reasons which together have re-

• suited both in a shortage of currently available ener-
gy and in a projected need to import the deficit at a 
significant cost to the country. For example, only 2.» 
percent of the 1972 projected nuclear plants are in 
service today. The others are in various stages « 
approval, construction, or check-out The short all 
is significant when one realizes that to make up the 
expected 1975 and 1985 deficits, the U. S will have 

I to import from overseas nearly 40 percent of its oil.n 
1975 and more than half its oil m 1985 and will im-
port nearly 30 percent of its gas requirements by 
1985. These supply sources are shown graphicaUy in 
Fies 7 and 8. The USSR has recently offered to de-
liver 2 billion cu ft per day to the east coast of the 

U. S. Soviet gas reserves have been estimated by 
academician V. S. Emelyanov as 1,860 billion cu m. 
But, an investment amounting to billions of U. S. 
dollars in Russia will be needed to produce and ship 
this gas even if reliability of the Russian source is 
assumed. 

Nuclear plant delays have an immediate cost im-
pact to the consumers affected. For example, the 
Wisconsin Public Service Commission was recently 
requested to approve a 5.7 percent rate increase to 
compensate the utility for increased electric energy 
costs due to one to two years delay in approval and 
construction of two nuclear power plants, and the 
three-year delay in availability of Indian Point 2 is 
increasing costs to a similar, equivalent, rate in-
crease. 

Obviously, nuclear technology is an important, 
though often misunderstood, factor in both the near-
term and long-term solution to energy, unemploy-
ment, and balance of trade problems. First; by sell-
ing nuclear fuel services and reactors abroad, it is 
contributing to strengthening the value of the dollar 
by reducing the balance of payments deficit. Sec-
ond; by providing electrical and process energy, it is 
reducing the need for foreign oil, with all the atten-
dant political, diplomatic, and financial strains 
which such reliance implies. Third; by helping to 
maintain an adequate supply of energy in this coun-
try, brownouts, black-outs, and shutdown of indus-
try can be avoided. 

Gerard C. Gambs, Mem. ASME, Vice-President, 

Fig. 8 Forecast of generation of electricity in U.S. by types of fuel. 
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goal of a c o n t i n u i n g rise in t h e s t a n d a r d of l iv ing for 
more a n d more of i t s c i t i zens , i n c l u d i n g w i n n i n g t h e 
war 011 pove r ty , will r equ i r e an i nc r ea se in t h e pe r 
c a p i t a c o n s u m p t i o n of ene rgy a n d so will a t t e m p t s t o 
i m p r o v e t h e q u a l i t y of life t h r o u g h e n v i r o n m e n t a l 
con t ro l . It has been e s t i m a t e d t h a t t h e s e t w o goals 
a lone c a n a d d 66 p e r c e n t t o t h e c u r r e n t pe r c a p i t a 
energy c o n s u m p t i o n ( C h a s e N a t i o n a l B a n k ) . F ig . 10 
shows t h e h i s to r ica l use a n d sou rces of e n e r g y in t h e 
U. S. s i n c e 1850 a n d p r o j e c t s f u t u r e ene rgy n e e d s for 
the A m e r i c a n s t a n d a r d of l iv ing. T h e p r e c a r i o u s n a -
t u r e of o u r e n e r g y r e sources is c lear ly i n d i c a t e d . 
No te t h e role p r o j e c t e d for n u c l e a r ene rgy . W i t h 
c o n f i d e n c e in t h e f u t u r e a n d h o p e t h a t t h e c u r r e n t 
e n v i r o n m e n t a l , t e c h n i c a l , a n d e c o n o m i c p r o b l e m s 
can be so lved , A m e r i c a n u t i l i t i e s in 1972 o r d e r e d a 

record 39 n u c l e a r e l ec t r i c g e n e r a t i n g power p l a n t s 
t o t a l l i n g 42,000 m w . If we a re to p rov ide t he t ech-
nology for f u t u r e e n e r g y s o u r c e s a n d t h u s he lp to 
p r o v i d e a d e c e n t s t a n d a r d of l iv ing in t h e f u t u r e for 
m o r e a n d m o r e of o u r c i t i z ens , i t is i m p o r t a n t t h a t 
t h e c u r r e n t d o w n w a r d t r e n d in rea l n a t i o n a l inves t -
m e n t in r e sea r ch a n d t e c h n o l o g y be reve r sed . For-
t u n a t e l y , t h e r e a r e s igns t h a t t h i s i n d e e d will occur . 
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In cons ide r ing t h e incen t ive for o p e r a t i n g bo th fast 

b e n e f i t t h e t h o r i u m - u r a n i u m t h e r m a l r eac to r fuel 

C y T h e precise ex t en t of t h e benef i t of be ing AM. t o 
. , u „ H T C . R sys t em f rom t h e s t a r t on U-2.1-1 is 
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r i n r ' u c h ' f a v a i S : i rom t h e s t a r t is m u c h 
inore a d v a n t a g e o u s t h a n b r e e d i n g £ 
tnr life for t h e l a t t e r a p p r o a c h largely p r e c l u d e s 
des gn r o p t i m i z a t i o n necessary to e x t r a c t ful l bene_ 

the best, fuel from the start. 

The fast breeder reactor uses a uranium 
cvcle to refuel itself. However its ex-
cess bred '«e l can best be exploited in a 
hfgh-temperature gas-cooled reactor a 

V F R R cores Thus both reactor 
types can be used to c o m p l e m e n t ^ 
othpr a fortunate c i rcumstance in the ei 
S e t o successful ly meet the long-range 
energy crisis. 
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T h e convers ion ra t io for present H T G R des igns , 
when ini t ial ly ope ra t ing on U-235 w i t h o u t U-233 
recycle, a p p r o a c h e s a s t e a d y - s t a t e v a l u e of 0.60 a f t e r 
o^ttul 10 v e a ^ of ope ra t ion . Even when all t h e 
l l . »33 in the spent fuel is recycled and e q u i l i b r i u m is 
reached, a conversion rat io of only p e r h a p s 0.7 is a t -
t a ined This might seem surpr i s ing for an " a d -
vanced c o n v e r t e r " which, in pr inc ip le , could ach ieve 
nea r -un i ty convers ion on t h e t h o r i u m U-233 cycle. 
It is the re fore , impor t an t t o observe t h a t these fig-
ures' d o not ar ise f rom i n h e r e n t des ign l im i t a t i ons , 
but are s imply t h e resul t of a d j u s t m e n t t o ach ieve 

min imal power cost . 
It t u r n s ou t t h a t , u n d e r preva i l ing condi t ion», it is 

more economica l t o t a k e a d v a n t a g e of t h e H T G R 
c o r e s specia l ab i l i ty t o ach ieve very h igh ra t ing t h a n 
to exploit its ful l po ten t i a l a s a nea r -b reede r Intro-
duct i " of U-233 f rom t h e s ta r t changes th i s s i tua -
Z by p ov id ing increased convers ion w i thou t cor-

spond ing loss of fuel r a t ing . Indeed , t h e a c c o m p a ^ 
nv ng increase in e f fec t ive fission cross-sect .on a n d 
the i m p r o v e m e n t in a g e - p e a k i n g f ac to r s s u b s t a n t m l -
lv raise t h e r a t ing c a p a b i l i t y . I hus , while t h e r e w I 
still be a new o p t i m u m c o n v e r s H m less t h a n t h e ul 
m a t e th i s va lue can be m u c h higher t h a n t h e pres 
M T h i s is i l lus t ra ted by t h e fact t h a t a s . m -
2 c h a n g e f rom U-235 to U-233 wi th a p p r o p r i a t e 

rt , e t fissile ra t io a d j u s t m e n t a lone would raise 
S version bv at least 0.1. T h e use of more f r e q u e n t 
X g or on- l ine re fue l ing would al low another; ,r,-

c rement of a b o u t 0.05. T h e r ap id rise of t h e fuel 

a m p l i f i c a t i o n " t e rm |1 /<I-C1U1, a s 
is m o r o a c h e d , f u r t h e r a c t s to ra ise t h e o p t i m u m cie^ 
gr^e of breeding . It also m a k e s t h e o p » m u c h 
' ' f l a t t e r . " a l lowing f u r t h e r b reed ing gain for l i t t le 

T o c h e r f e a t u r e of present l i m i t a t i o n s is t h e slow 
U 233 b u i l d u p assoc ia ted wi th low-conversion opera-
lion T h e ava i l ab l e U-233 c o n t e n t of fuel recycled 
f U T P R ' s s t a r t e d on U-235 never , in fac t , 
Z u n t s T o ^ a n a b o u t o n e - t h i r d o f t h e t o t a . 
fissile feed r e q u i r e m e n t s of these reac t o n T h u s re 

x s g t s s u a a a a * 
233. 

Optimal Associa t ion of FBR's and HTGR's 

dates However , t h e u l t i m a t e e m e ^ e n c e o U h e F B R 
as the p r e d o m i n a n t source of energy m a n a ^ 
ses should n o t be too su rp r i s ing in view of ^ e as 
sumptions a n d t h e c o n s t r a i n t s a p p l i e d . The m o s t 

i n f luen t i a l a s s u m p t i o n s in t h e s t u d i e s were p robab ly 
(a) t h e re la t ive cap i t a l cos t d a t a for d i f f e r e n t reac tor 
types . (6) t h e va lue of U 3 0 8 , and (c) t h e type of bred 
fuel al lowed f r o m t h e F B R p l a n t s and t h e d ispos i t ion 
of t h i s fue l . T h e l a s t poi . i t « p a r t i c u l a r l y : m p - r -
in t h e very long range . In all cases, i t was a s s u m e d 
tha t excess p l u t o n i u m was bred f rom n a t u r a l or de-
p le ted u r a n i u m b l anke t s . Whi le p l u t o n i u m is of 
course , t h e most ideal fue l for f a s t - s p e c t r u m reac to r s 
t h e r m a l - s p e c t r u m reac to r s would be expec t ed to 
prof i t more f rom t h e p r o d u c t i o n of U-233 m t h o r i u m 
b l anke t s . T h e h igher convers ion r a t i o a t t a i n a b l e 
wi th U-233 would a lso allow a larger n u m b e r of the r -
m a l s p e c t r u m reac to r s t o be s u p p o r t e d by a fixed 
source of b r ed fue l . , f i i o l c n r n l l l . 

In t h e f u t u r e energy era , when a b red fue l s u r p l u s 
can be expec ted , iuel supp ly costs will b e c o m e a less 
i m p o r t a n t fac tor in t h e economic sellect..on « r eac to r 
t ypes C a p i t a l cos ts of nuc l ea r p l a n t s will t h e n be-
c o m e even more d o m i n a n t t h a n is cu r r en t l y t h e x a s e . 
U n d e r these condi t ions , t h e t h e r m a l s p e c t r u m 
H T G R , pa r t i cu l a r ly wi th gas t u r b i n e a n d dry-cool ing 
towers , shou ld offer a c o n s i d e r a b l e economic a d van -
t a e e over F B R p l a n t s . E v e n u n d e r t he se c i r c u m -
I Z c Z however , t h e economic a d v a n t a g e of t h e 
H T G R can be e n h a n c e d if a n a m p l e source of U-233 
feed fuel is p rov .ded by a re la t ively s m a l l n u m b e r of 

" W i e t h e ava i l ab i l i t y of F B R p l a n t s as fue l f £ 
tor ies a n d H T G R p l a n t s as energy fac tor ies t h e 
basfc ques t ion b e c o m e s one of t h e o p t . m u m r a U o o 
H T G R p l a n t s t o F B R p l a n t s . T h e u p p e r l imi t for 
th i s r a t io d e p e n d s on t h e F B R breed ing ra t io , t h e 

Fig. 1 Integrated nuclear power generation. 
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H T G l i conversion ra t io , a n d the r a t e of g rowth of 
new energy r e q u i r e m e n t s . For an F B R b reed ing 
ra t io of 1.5 and an HTC. i l convers ion r a t io of 0 .9 , .ap-
proximate ly H T G R p l a n t s can be s u p p o r t e d by 
one FBI* "plant, a s s u m i n g energy genera t ion h a s 
reached a s t e a d y - s t a t e cond i t ion , i.e., no growth 
Whi le t h e g rowth of e lect r ical energy is cu r ren t ly a 
a r a t e of about 7 pe rcen t per year , one would expec t 
tha t over t h e per iod of 100 years or more some as-
v m p t o t i c energy genera t ion level w, 1. be r eached , 
a f t e r which t h e level of energy genera t ion will s tabr -
U 7 e In 50 years f r o m now, t h e r a t e of g rowth Qf 
e lect r ical energy is expec t ed to be be tween 3 a n d 4 
n e r c e n t per vea r . For a growth r a t e of 3 pe rcen t per 
year t h e r a t io of H T G R to F B H p l a n t s would be 

abou t two to one . u , r r n n n f l p u » 
T h e o p t i m u m b a l a n c e be tween H' l G H ^ « 

n lnnN h a s still f u r t h e r r ami f i ca t i ons . If t h e cap i t a l 
co^t a d v a n t a g e o f t h e H T G R over t h e F B R i ^ . g m f i -
can t lv large, as it indeed might be, t h e n f u r t h e r acl-
Ta ages m a y be real ized wi th t h e sys tem by ope ra t -
S H W off i<* economica l ly o p t i m u m condi -
" m in order to increase t h e conversion ra t io still f u r -
her and allow an even larger n u m b e r of t h e s t 1 

m o r e economic energy p l a n t s re la t ive t o t h e fue l -pro-

d t n o t h l r n v a r i a n t in o p e r a t i n g s t r a t egy m i g h t in-
volve t h e o p t i m i z a t i o n of load a s s i g n m e n t s o t h e 
F B R a n d H T G R p l an t s . Genera l ly , t h e overal l load 

f ac to r for t h e en t i r e energy sys tem would p robab ly 
be less t h a n 70 pe rcen t . 
n l i n t s at t he i r m a x i m u m ava i lab i l i ty , say w i l i e r 
cent t h e p roduc t ion of fuel could be m a x . m i z e d 
aga in a l lowing a larger f rac t ion of the , n u m b e r 
of nower p l a n t s to be t h e lower-cost H I G R p.ant . , . 

W d h a n H T G R convers ion r a t io close to u n i t y , 
re la t ive ly^modes t changes in ope ra t ing s t r a t eg i e s can 
l ead t o q u i t e s ign i f ican t economic r ewards . 

The Role of t h e HTGR 
S i n e f a s t b reede r s p roduce more fissile: m a t e n a l 

t h a n thev c o n s u m e , being, in t h i s sense, fuel lac 
" a n d a t t h e s a m e t i m e opera , e a t t e m p e ^ 

t u r e s ' a l l o w i n g eff ic ient power genera«,on t h e need 
or any o t h e r k ind of reac tor at nil might be ques^ 

toned If fue l cycle costs were t h e only fa< or n be 
cons idered , a power p rogram d e p e n d e n t e ^ r e y -n 
fas t b reede r s would ce r t a in ly a p p e a r a t r a r t i ^ 

a c c e p t a b i l i t y of a pa r t i cu l a r reac tor s y s t e m . 
T o t a l nuc l ea r power costs a re ed by ca , 

m l cha rges a n d , in t h e case of t h e eff ic ient Y B R / 
H T C R breeding* sys tem c o m b i p a t i o n s we a re clis-
"uss ing, th i s would be even more e v i d e n t . A pro 
s^TcUve f u e l cycle cost of a p p r o x i m a t e l y 1 m i l l / 

Fig. 2 Comparat ive sizes of turbomachinery. 
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kwhr, for e x a m p l e , would a m o u n t t o less t h a n 12 
percent of t h e genera t ing costs assoc ia ted w i t h a 
plant hav ing a c ap i t a l cos t of $400/kw. A m o d e s t 
capital cost increase can t h u s easily wipe o u t a large 
fuel cos! a d v a n t a g e . F u r t h e r m o r e , even a s m a l l ou t -
age t i m e has t h e s a m e e f fec t , for by far t h e g rea te r -
part of ope ra t i ng cost is i n d e p e n d e n t of w h e t h e r or 
not such a p lant is working. 

Wha t really sells a nuc l ea r power p l a n t , t h e n (pa r -
ticularly one of t h e new genera t ion) , is t h e cost of 
building it and t h e l ikel ihood t h a t it can be k e p t 
going, as i n d i c a t e d by d e m o n s t r a b l y s imple m a i n t e -
nance. a s well as con f idence in re l iabi l i ty . T h e s e 
issues, t oge the r wi th fac to r s a f fec t ing f reedom of si te 
rhoice. a re wha t real ly c o u n t . It is in these a r e a s 
that t h e p rospec t s of t h e fast breeder are less c lear , 
and indeed r equ i re ex tens ive f u r t h e r s t u d y . 

The issues ra ised are largely m a t t e r s of p rac t i ca l 
engineering, r a t h e r t h a n physics , a n d a re concerned 
not only wi th t h e cap i t a l cost a n d o the r charac te r i s -
tics of p resen t ly c o n s t r u c t e d t ypes of p l a n t , b u t , 
more i m p o r t a n t l y , wi th t h e i m p a c t of f u t u r e requi re -
ments a n d t echn ica l d e v e l o p m e n t s . P r o m i n e n t 
among t h e l a t t e r a re t h e increas ing pressures of envi-
ronmenta l fac tors a n d t h e possibi l i t ies offered by 
successful a d a p t i o n of t h e closed-cycle gas t u r b i n e t o 
the needs of nuc l ea r power. 

T h e connec t ion be tween t he se las t two fac to r s is 
simply t h a t , b e c a u s e of t h e inhe ren t ly m u c h h ighe r 

AUTOMOBILE ENGINE 

m e a n t e m p e r a t u r e level of t h e gas t u r b i n e ' s heal re-
jec t . it can be m u c h more read i ly a d a p t e d to t h e 
needs of dry cooling. In fac t , a b o u t t en t i m e s less 
a i r ( cor responding ly h e a t e d to t en t i m e s t h e t e m p e r -
a t u r e rise pe rmiss ib le w i t h a s t e a m p l a n t ) suf f ices t o 
d i spose of t h e gas t u r b i n e ' s h e a t . T h u s , t h e a d v e n t 
of t h e c losed-cycle gas t u r b i n e , p rac t i ca l ly a d a p t a b l e 
only to t h e H T G R ' s h igh gas t e m p e r a t u r e , is of pa r -
t i cu l a r i m p o r t a n c e t o t h e so lu t ion of hea t - r e j ec t ion 
p rob l ems a n d the reby provides a m u c h wider free-
d o m of s i te choice. 

Even in the absence of a dry cooling requirement, 
the attractions of the direct-cycle nuclear gas turbine 
in terms of plant simplification and capital cost sav-
ings are impressive and add greatly to the prospect 
of the capital cost reduction so essential to achieve-
ment of really economic nuclear power. 

A second , p e r h a p s less d r a m a t i c , b u t ce r t a in ly 
more a p p r o p r i a t e , i l lus t ra t ion of t h e c o m p a c t n e s s 
typ ica l of c losed-cycle m a c h i n e r y is p rov ided by Fig. 
2, which c o m p a r e s t h e size of such a sys tem with 
t h a t of a r ep re sen t a t i ve open-cyc le sy s t em as pres-
en t ly used for power p e a k i n g d u t y . In th i s case, t h e 
s t r ik ing po in t is t h e e n o r m o u s increase in power for 
roughly s imi l a r size b r o u g h t abou t ma in ly by t h e 
p ressur i za t ion of t h e c lo sed -cyc l e s e x h a u s t . 

Fig. A conveys s o m e t h i n g of t h i s po t en t i a l by illus-
t r a t i n g g raph ica l ly t h e e x t r e m e c o m p a c t n e s s of t h e 
closed-cycle gas t u rb ine , which al lows i ts c o m p l e t e 
incorpora t ion in to spaces in t h e reac tor vessel t h a t 
were needed t o house solely t h e boilers of a s t e a m 
nuc lea r power s y s t e m . T h e degree of t h e r educ t i on 
in mach ine ry size ach ievab le is f u r t h e r e m p h a s i z e d 
by Fig. 3, which d e p i c t s t h e ro to rs of t h e 425,000-hp 
t u rbocompres so r c o m p o n e n t s e m b o d i e d in Fig. A and 
an a u t o m o b i l e engine d r a w n to t h e s a m e sca le . 

W h e n it is real ized t h a t , add i t i ona l l y , t h e whole 
p r i m a r y circuit c i rcu la t ion s y s t e m , t h e wa te r t r e a t -
ment p lan t , t h e feed p u m p s , t h e feed hea te r s , a n d 
t h e en t i re t u r b i n e hal l are all e l i m i n a t e d , it b e c o m e s 
a p p a r e n t t h a t we are not t a l k i n g a b o u t minor pe r tu r -
ba t i ons to cost , b u t r a t h e r a b o u t t h e prospect of a 
real revolut ion in t h e power i n d u s t r y . 

Conc lus ions 
In essence , t h e i n t e n t of t h e foregoing d iscuss ion is 

t o sugges t t h a t t h e n o m i n a l p e r f o r m a n c e a t t r a c t i o n s 
of t h e H T G R t y p e of reac tor power p l an t are s u b -
s t a n t i a l l y re inforced by t h e m a n y p rac t i ca l o p e r a -
t iona l and m a i n t e n a n c e a d v a n t a g e s t h a t inert gas 
cooling provides . Cons ide ra t i on of t h e f u t u r e po ten -
t ia l of t h e gas t u r b i n e add i t i ona l ly a f fo rds p e r h a p s 
t h e g rea tes t p romise of real ly s u b s t a n t i a l p l an t cost 
r educ t ion t h u s far a d v a n c e d . T h e c o m b i n a t i o n of 
t h i s p rospec t a n d t h e fuel resource conse rva t ion fea-
tu re h i t h e r t o assoc ia ted solely wi th t h e i n t roduc t i on 
of t h e b reeder a lone can be ful ly real ized only by a p -
p rop r i a t e d e p l o y m e n t of bo th t ypes of s y s t e m s , 
which a re indeed c o m p l e m e n t a r y t o a to ta l power 
p rogram a n d not v i r tua l ly exclusive r ivals 

T h e jo in t role of F B R ' s a n d H T G R s m a y t h u s 
offer t h e m o s t p romis ing way of m e e t i n g t h e i m p e n d -
ing energy crisis . 



Solar architecture can ease the energy 

p o w e r needs in most of .be Southwest 
through buildings whose matenals struc 

ment. 
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• 1 ¡mtvnrt for solar energy will 
T h e first c o m m e r c i a l i m p a t or , m ) s t of 

be for space h e a t i n g .n t , ; e ^ S 3 e
, W J ) l u l a n l s u n s h i n e 

the heavi ly p o p u l a t e d o r n i a , p e r h a p s 
0 „ d mild e l . m a t e . In S o u t h e r n ^ a , 
90 pe rcen t of r e s i d e n t i a l I W ^ l 0 pe rcen t is 
comfor t c a n he e l . m i n a t e d t ^ e t h e r j l n 

needed d u r i n g p ro t r ac t ed ( ) f d o m e s . 
1968. winter h e a t i n g c o n s u m e d d J 5 
t ic power d e m a n d and wa te r h e a t i n g ^ 
p e r c e n t - a n o t h e r a rea ^ X u s e h d d e lect r ic i ty 
Abou t 62 pe rcen t a b o u t 15 per-
use was for air condi t ion ng a n d ag e n e r g y 

Z L ™ ^ h o m e p o w e r 

seasonally with thet peak » ^ J 1 ^ ju9t if ication 

for going to t h e t r i t e u l t i m a t e of spcc ia lb .n t ion : » „ 
f
t°o

r
k

B„ow at. t h e r e is t " ^ o ; f » u t n o t h m g J ^ 
pa r t i cu l a r n o t h i n g is ou te r space M a n 

• r « r r s s t t 
for t wi th t he d i r ec t use of so lar energy. 

Mutually Advantageous 

- - • r S H S S S S 
promot ion of C.o d M d a n , ^ ^ 
T o p reven t t h e cnpi»«»f i „r»«.ritips for power 
q u e n t u n e m p l o y m e n t , end use P ™ r l , e s or P 

in ' t he^a i r ftffi. f o rmed hy t = . power p U * . 

i r — ^ r u v i f i m f . » . 
p r o m o t e d i u r n a l energy h e a l i n g an . ^ 

, n « 7 
brownou t , n a t u r a . ««» * oxoenses . In 
t h e new house owner , „ 2100-
Los Angeles , h e a t i n g and, * w m a 

s q - f t house , p lus ^ ^ S ^ i n g a n y ra t e 
$24.00 m o n t h l y e l e c t n c b l ^ e n e r . 
change , 70 percent r e d u c t . o n by use (<) r e . 
g y & a house , t h i s 

t Z w o u i d ^ ' e r m i t V ^ ^ ^ g S ^ . 
years ear l ie r wi th over $ 1 ( ^ 0 0 U » g . 5 
cu l a t ed a t only 7 .0 pe rcen t , (a $12,700 sav ing 
p e r c e n t in te res t r a t e ) . r n n l i n 2 a r e used in t h e 



t a i n e d in t h e mildest c l i m a t e mere ly by bu i ld ing 
m o r e heat c a p a c i t y into t h e house; ful l u se of d i u r n a l 
forces would not be required except in t h e severe cli-
m a t e s . For most res ident ia l pu rposes , hor izon ta l , 
low eff ic iency. low cost roof top t h e r m a l col lectors 
11 nd d i ss ipn lors ¡»re a d e q u a t e . The s loped col lectors 
developed in n o r t h e r n s t a t e s will, lower r ad ia t ion in-
tens i ty could be smal le r and less p roh ib i t ive in cost 
if used in s o u t h e r n a reas , but the i r c i r cu la t ion of a i r 
or wa te r as a h e a t - t r a n s f e r m e d i u m would requirev 
more power a n d thei r cooling ef f ic iency would be 
lower t h a n hor izon ta l roof top devices . 

The solar i n t e r e s t b o o m - a n d - b u s t cycle of t h e p a s t 
20 yea r s need not r epea t itself if r e sea rch b e c o m e s 
freed f rom wrong locales, e m p h a s i z e s economy, mini-
mizes d e p e n d e n c y u p o n s u p p l e m e n t a r y power , a n d 
in tegra tes a p p a r a t u s wi th bu i ld ing des ign . T h i s will 
requi re in te rd i sc ip l ina ry e f for t s a n d b roade r unde r -
s t a n d i n g of so l a r ch i t ec tu re . In i t ia l c o n c e n t r a t i o n of 
solar energy d e v e l o p m e n t in t h e S o u t h w e s t , where 
commerc i a l success is more likely, w o u l d cause pri-
vately f i nanced research t o e x t e n d t h e m a r k e t s in to 
o the r a reas as r ap id ly as technology a n d economics 
coinc ide The first eva lua t ion of a d iu rna l energy ai r 
cond i t ion ing sv s t em f u n d e d by t h e U . S. D e p a r t m e n t 
of Hous ing a n d Urban Deve lopmen t will pe r t a in to a 
" sky t h e r m " house to be buil t in Ca l i fo rn ia . 

Pr inciples of So la rch i t ec tu re 

W i t h i n local l imi t a t ion , s o l a r c h i t e c t u r e is be t t e r 
p rac t i ced a s an art in deve lop ing c o u n t r i e s t h a n it is 
in t h e a d v a n c e d regions of t h e world. By reviewing 
t h e bas ic pr inciples , m o d e r n i z i n g t h e technology, 
and ana lyz ing t h e i m p a c t which so l a r ch i t ec tu re can 
m a k e on t h e power a n d pol lu t ion crises, we m a y rec-
ognize not only great po t en t i a l s b u t we m a y also f ind 
r easons for recons ider ing s u b s t a n t i a l por t ions of our 
w a y o f l i f e . . 

So la rch i t ec tu re , in t h e recent pas t , has no t been so 
closely re la ted to space h e a t i n g wi th solar energy as 
it h a s to reduc t ion of h e a t load t h r o u g h s i te selec-
t ion. o r i en ta t ion , ove rhangs a n d br ise soleils, fenes-
t r a t i on t r e a t m e n t s , and l a n d s c a p i n g . This e m p h a s i s 
was d i rec ted toward lowering t h e ope ra t i ng cost ot 
powered air cond i t ion ing . W i t h seasona l peak de-
m a n d for power now resu l t ing f rom air condi t ioners , 
a na t iona l e f for t is be ing m a d e to increase t h e 
a m o u n t of insula t ion in t h e walls and a t t i c s of new 
houses . S ince th i s is i n t ended to r e d u c e solar r ad i a -
t ion effects , so la rch i t ec tu re is as d i rec t ly involved as 
if the insu la t ion were used t o r e t a in h e a t de r ived 
f rom solar collectors. 

The f u t u r e use of pho tovol ta ic cells ( m o u n t e d on 
t h e walls and roofs of bu i ld ings) to s u p p l y t h e elec-
t r ic i ty for those pu rposes for which t h e more e f f ic ien t 
d i r ec t -use so lar energy a p p l i a n c e s are not a d a p t a b l e 
will become an i m p o r t a n t a s p e c t of ^ a r c h i t e c t u r e ^ 
It is a verv b road , in te rd i sc ip l ina ry s u b j e c t and it is 
f u n d a m e n t a l t o t h e d e v e l o p m e n t of economic use of 
n a t u r a l energy forces. 

G e o g r a p h i c Climatology 
G e o g r a p h i c c l imatology is a deve lop ing sc ience 

basic to t h e use of d iu rna l energy f lux C l i m a t e d a t a 
provided by w e a t h e r s t a t i o n s d o not a p p r o a c h t h e 

q u a l i t a t i v e or q u a n t i t a t i v e needs of so l a r ch i t ec tu re . 
C l i m a t e s vary recognizably wi th in a few miles ; 
s h a d e p a t t e r n s of hills a n d bu i ld ings c rea te large dif-
ferences in mic ro -c l ima te wi th in h u n d r e d s of feet . 
De ta i l ed d a t a on t e m p e r a t u r e , dew po in t , p rec ip i t a -
tion and cloud cover, a n d solar r ad ia t ion a re prere-
qu i s i t e s for select ion of house design a n d m a t e r i a l s 
a n d for cons ide ra t ion of h e a t i n g a n d cooling. W e 
can no longer a f ford t h e conven ience of ignoring t h e 
c l i m a t e and ins ta l l ing overpower ing t h e r m a l rec t i fy -
ing a p p l i a n c e s where t he se are no t essen t ia l . In 
t e r m s not requ i r ing t e c h n i c a l acu i ty , plot m a p s of 
zoned p roper ty should reveal c l ima te - r e l a t ed energy 
r e q u i r e m e n t s for ob t a in ing t h e r m a l c o m f o r t . 

- In prac t ica l t e r m s , so l a r ch i t ec tu re is en t i re ly com-
pa t ib l e wi th t h e ob jec t ives of conse rva t ion groups 
bo th in energy and in l and usage . N e i t h e r solar 
h e a t i n g nor n ight -sky cooling is e n h a n c e d by re-
cessing a house u n d e r large old t r ees on a hi l ls ide. 
Collect ion of solar energy is no t so feas ib le on nor th 
hill s lopes where t h e vege ta t ion grows more slowly. 
Direct n igh t - sky cooling is i n d e p e n d e n t of solar ex-
posure, but ' e f for t s toward convers ion of solar energy 
to p roduce cooling have t h e s a m e o r i e n t a t i o n l imi ta -
t ions as those of solar hea t e r s , i t would be well for 
solar advoca t e s to fully respec t t h e e n v i r o n m e n t a l 
concerns of our t ime ; d i rec t use of so lar energy does; 
ind i rec t use for the p r o d u c t i o n of t r a n s m i s s i b l e 
power does no t . A b a n d o n e d f ields wi thou t t rees be-
come choice s i tes for new c o n s t r u c t i o n in acco rdance 
wi th so la rch i t ec tu ra l p r inc ip les . S u c h f ields al low 
f reedom of o r i en ta t ion a n d for t r ee p l a n t i n g which 
avoids undes i r ab l e s h a d i n g e f fec ts . 

S t ruc tura l F e a t u r e s 

T h e high h e a t c a p a c i t y of e a r t h , s tone , and br ick 
is now li t t le used .to m o d u l a t e d i u r n a l energy ef fec ts 
in indus t r ia l coun t r i e s . Cos t s of m a n u f a c t u r e , t r a n s -
port and erect ion of these m a t e r i a l s for walls hav ing 
required t h i cknes s for a d e q u a t e h e a t s to rage are ex-
cess ive—as is also t h e cost for concre te , h a r t h ma-
te r ia l s acqu i re new s t a t u s t h r o u g h so l a r ch i t ec tu re 
Sand- f i l l ed cav i ty walls can a d d hea t c a p a c i t y and 
obv ia t e t h e need for hau l i ng s a n d away f rom some 
cons t ruc t ion s i tes . More s ign i f i can t ly , t h e g round 
can be be t t e r used as a hea t s ink . 

P las t i c moi s tu re bar r ie r s pe rmi t use of s lab-on 
ground cons t ruc t ion and a l so of wal ls t h a t a re bu i l t 
pa r t i a l ly below ground level -espec ia l ly where t h e 
a n n u a l mean ground t e m p e r a t u r e is wi th in t h e com-
fort zone. Use of pe r ime te r insu la t ion has d e m o n 
s t r a t e d t h a t a s l ab -on-g round floor m a y be t h e most 
t h e r m a l l y s t a b l e e l e m e n t of a room; wall- to-wall car-
pe t ing is t h e n insu la t ion wrongly p laced . 

Heat s to rage is being s t ud i ed by o ther inves t iga-
tors n o t onlv t o be t t e r u t i l ize solar energy but also t o 
sh i f t a por t ion of peak power d e m a n d to hours ot 
lower load. Conven t iona l e lectr ic hea t ing a n d cool-
ing devices o p e r a t e d d u r i n g o f f -peak hours have the i r 
excess t h e r m a l e f fec ts s tored in h i g h - h e a t - c a p a c i t y 
m a t e r i a l s which a re a source of t h e r m a l comfor t du r -
ing peak hours when t h e devices a re not expec ted t o 
be ope rab le . C h e m i c a l s a l t s a n d rocks have been 
used as h e a t s to rage m a t e r i a l s , b u t t h e high hea t ca-
pac i ty of low-cost water is m a d e increas ingly a p p e a l -



i n u l»v i m p e r m e a b l e p las t ic f i l m s whose use for wa te r 
beds has a l t e red op in ions abou t water s to rage . Dur-
;„,, t h e past several years , t h e wri ter h a s a d v o c a t e d 
a n d p a t e n t e d ceil ing p o n d s a n d ' w a t e r walls for 
heat s to rage in connec t ion wi th t h e use of d iu rna l 
L ^ v forces; such wa te r s to rage m a y now b e c o m e a 
necessi ty for conven t iona l h e a t i n g a n d cooling de-

V ' O w i n g to wa te r imperv iousness , i n su la t ion of t h e 
r igid ce l lu la r p las t ic t y p e h a s new a p p h c a t ,«ms. 
S a n d w i c h cons t ruc t i on p e r m i t s ex te r io r uses, but 
S>ano\Miii v «• u Kpflt-caDacity cons t ruc t i on by 
r e p l a r e m c n t o h i g l v h e c a p a c y ^ ^ ^ 

s a s z x z s i s s m -->• - -
• for ver t ica l su r f aces . 

Past Faults Corrected 

t r ans fe r . Overa u n d a n « > o l g ( , y u 
bui l t nea r I ' hocn .x , in I.Mn, « o ( 

t h e fa i lure of t ha t H e n , » w » " O . V o prac t i ced . 
i n „ , r o s l i„ s o l a r c h l t e c t u r e s .1 was I . n c r a | 
I ronical ly , t h e s a m e " J c o n t r i b u t e d 

Ah hough " '-ginal econ«. ,mc, J d fa . ure U a ) ^ 

ply 1'"« S U f f , C , C J ^ r w a ER hea te r s los, 
were a d d i t i o n a l reasons why s o l « w F 1 ( ) r l < l l l , 
the i r pa r t i a l a c c e p t a n c e in t h W e s t a 
thei r b a d e s t h e t i c ove rcoming 
S o l a r c h i t e c t u r e prov .des ways w r ^ ^ 
uns igh t l iness . T h e h e a t e r f m j a m p „ 
in tegra l , „ u onspK U-.u -l l « " " ' ^ ^ a , s ( , p l a y a 
with a r educ t ion in overal l cos t . J h r e j u s . 
m a j o r role in ^ ^ S ^ w e s t . 
t , ty ing solar wa te r h e a t e ^ . n . n ^ s y s 

Solar st i l ls b u i l t a s c o m m u n i t y f o r 

, e m S " a , 6 S i S " s o U r c h a e c t u r e m a y pro-
use in the U n . t e d M a t e s r o o f t o p des igns , 
vide be t t e r success t h r o u g n tw ^ r o o f „ 
Serving ' ' " ^ ' ' " ^ ^ t 'est l ed to cost less t h a n 
design using p las t .es is e s t . m a i o n K i r s , 
that Of no rma l celling a n d root cons . 
a ccep t ance of roof top so la r s ,Us on a large 
be nea r sea .nasts and a ^ M i m a s e r s w , „ 

^ a n t s has been re-

s a u n a E n t h u s i a s t s ^ n d s o m e deser t dwellers . T h e 

l u m b e r s iiTbrVckeuTdesis"®^® Heferences at endnT article 

p i - tent ia ls for r . , ^ , . — -

s s s H a a i » 
food conse rva t ion in ho t -d ry rcg. . l o 

where re f r ige ra t ion m a y n ^ ^ d e s i r a m J ^ 
lack of e lec t r ic i ty , u n e c o n o m i c f r equency 
p i l fe rage . 
Model H o u s e , 

T h e a i r -cond i t ion ing sy s t em i n t e r c h a n g e a h e w . t h 

of S S p £ r f ^ ^ t z ^ » 

p o n d liner which wa te rp roofs t h e root a n a i. 
f e n d e d by a l o a d b e a r i n g me ta l c e . h n g . S o U r e W 
collect ion h e a t s t h e water to 8 F a tamp 
held purpose ly low by « I j ^ m e n t d i a t l I i n 

T h i s low t e m p e r a t u r e r educes u p h y ^ 
loss, p r e v e n t s e x c e s s , v . e ' " V ™ e r v i c e ( r „ m t h e pins 
r ad i a t ion , « " d » s s u r e s j o n g e r serv ice ^ ^ , 

E ced ing . ^ a t m g h t to p reven t hea t loss to t h e 

W i K , r V i n d i c a t e s t h e s u m m e r d a y t i m e posi t .on ; ;f 

, h e insu ln t ion over t ^ ^ ^ ^ ' K « 

- i l . I ' U ^ ^ f e r e ' ^ ^ e ^ d ^ r stiUs 

r r ^ l , a n d wa t h e a t e r s in t h e a n n . 

t o t h e f ront a n d back of t h e house ; a , 

^ ^ X S t ^ t U t h e n b e 

— I ^ ^ o ^ ^ h o u s e . 

Evaluat ion of Natural Air Condit ioning 
A r r a n g e m e n t s for eva lua t io r , of thei c e . . n g ^ 

a i r - cond i t ion ing sys tem were J " , i s o h i s p 0 i 
Po ly t echn ic a n d E n v i n . n n . e n -
t h r o u g h t h e School Arch . t ec tu m c m , ) C r s 
ta l Design a long wi th p » t . c i ^ t . o n Kngi-
f rom t h e K n v i r o n m e n t a l a n d ^ V q 

neer ing D e p a r t m e n t s . B e c a u s e t h e ^ 
c l i m a t e is no t su f f i c i en t ly severe he t,' ^ 

S r X p : « ^ h a s recorded e , -

t r e m e s of 10 a n d 117 F . 
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F i r r w i n t e r solarheating of ceiling ponds between beam; insula- . Fig. 2 Winter nighttime position of insulation prevents ceiling pond 
tion panels are stacked over the carport, utility room, and patio. heat Ipss to the night sky. 
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' Fig. 3 Summer daytime position of the insulation P ' f e n t * 
heating of ceiling ponds which absorb mf.ltrated and generated 
heat of living area. 

T h e ho r i zon ta l roof col lec tor is no t e x p e c t e d to 
meet t he ful l hea t d e m a n d b e c a u s e a m b i e n t air t e m -
p e r a t u r e s a r e lower, c loud cover is g rea t e r , a n d t h e 
b e a t ion is 2 deg more norl her ly t h a n t he 1 hoen .x loca-
t i o n o f , h e test room. M o r e e m p h a s i s , t h e r e o re will 
he given to heat co l lec t ion on t h e s o u t h wal l . S u m -
mer cooling, however , s h o u l d be b e t t e r t h a n in t h e 
Phoen ix test b e c a u s e n e a r b y m o u n t a i n r a n g e s c a u s e 
cooler n i g h t s w h i c h lower t h e m e a n da i ly t e m p e r a -
ture . Heat s to rage is e x p e c t e d t o e l iminate , n e e d for 
d a v t i m e cool ing fol lowed by n igh t , m e h e a t i n g a 
local p r a c t i c e a l so used e l sewhere m t h e S o u t h w e s t 

T h e test house will not be open t o p u b l i c inspec-
tion d u r i n g t h e yea r of n o r m a l o c c u p a n c y a n d eva lu -
ation C o m p l e t e test r e su l t s will be r e .mr t ed a y e m 
from now. Of t h e eight professors a n d t h e consu l 
t an t s c o l l a b o r a t i n g in t he H U D - p o n s o r e d e v a l u a t . o n 
each one h a s h a d p r i v a t e b u s i n e s s e x p e r i e n c e a n d 
covers d i f f e r en t spec i a l t i e s . T h e N a t i o n a l B u r e a u of 
S t a n d a r d s h a s been inv i t ed to p a r t i c p a t e in t h e 
analysis of t h e d a t a . Areas of e v a l u a t i o n a re de 

•*The^ a r c h i t e c t u r a l a d v a n t a g e s a n d l i m i t a t i o n s of 
the sy s t em w d be cons ide red as t h e y a r e d e m o n -
s t r a t e d b ^ t h e t e s t h o u s e a n d , a d d i t i o n a l l y , t h r o u g h 
fhe p l a n s o f four o the r b u i l d i n g s i n c l u d i n g a low-cos t 
design a n d a two-s to ry s t r u c t u r e . 

Fie. 4 Summer radiation to the night sky lowers ceiling pond 
temperatures below that of the underlying rooms and below that of 
overlying air. 

• C o n s t r u c t i o n a s p e c t s to be a p p r a i s e d a r e s u i t a b i l i -
t y in e a r t h q u a k e regions, cos ts , e r ec t i on p r o c e d u r e s , 
m a i n t e n a n c e , as well as t h e r equ i r ed co r re l a t ion be-
tween t h e a r c h i t e c t , b u i l d e r , a n d t h e s y s t e m s o p -
ii1 S y s t e m des ign will be s t u d i e d to d e t e r m i n e a n y 
need t o i m p r o v e t h e f r a m i n g a n d t r a c k w a y for t h e 
m o v a b l e i n s u l a t i o n . A new b e a m des ign , spec i f ica l ly 
i n v e n t e d to m i n i m i z e de f l ec t i on of t h e t r a c k w a y , will 
be t e s t e d . F a c t o r s be ing a n a l y z e d i n c l u d e wind load 
a n d l i f t i e f f ec t s of ra in , d u s t , a n d w i n d - b l o w n d e b r i s ; 
wear a n d a l i g n m e n t , e t c . An e s t i m a t e of se rv ice ex-
p e c t a n c y will be m a d e . 
• T h e e f f ec t i venes s of t h e cont ro l m e c h a n i s m s as 
well as t he i r f r e e d o m f rom o p e r a t i o n a l p r o b l e m s is t o 
be i n v e s t i g a t e d ; b o t h m a n u a l a n d a u t o m a t e d move -
m e n t of t h e insu la t ion will be s t u d i e d . A u t o m a t i o n 
inc ludes a c t u a t i n g devices r e spons ive to t i m e , t e m -
p e r a t u r e , a n d in so l a t i on . 
• T h e r m a l p e r f o r m a n c e d u r i n g o c c u p a n c y by a t a m 
ily will be d e t e r m i n e d not on ly of room t e m p e r a t u r e s 
bu t a lso of zone con t ro l , t h e c o n t r i b u t i o n of severa l 
h e a t s t o r age i n n o v a t i o n s , a n d t h e i so la t ion of hea t 
i n p u t s . Acous t i ca l d a m p e n i n g of i n t e r n a l a n d ex te r -
na l no ises will be c h e c k e d . 
• E c o n o m i c r e sea rch will go b e y o n d c o m p a r i s o n 
wi th c o n v e n t i o n a l h e a t i n g a n d cool ing. I n s u r a n c e 
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, , t e s are t o he e x a m i n e d for a sav ing resu l t ing f rom 
concrete-block cons t ruc t i on a n d f r o m u n i q u e f i re-
X , ins va lues of ceiling ponds , which i n su rance o -
ficials do no t regard as a flood h a , a r d ,n view of t h e r 

£ r i e n r e insur ing wa te r beds . T h e long- te rm ef-
n t -T a n d ' o p e r a t i n g c o s t , w i t h p r e s e n t a n d 

„ n i c c t e d pr ices of e lec t r ic i ty is be ing re la ted to 
mor tgage p a y m e n t s and t o p roper ty dep rec i a t i on . 
T I S M which s u p p l e m e n t a l hea t ing a n d cool-

, I m ke u n e c o n o m i c t h e use of d iu rna l energy f lux 
,ng m a k e s u n e „ . ¿ ¡ „ ¡ p a t o r s will be cons idered . 

^ will be d e t e r m i n e d concern ing 
( H -md h e a l i b , f ami ly economics , psychological 

^ - ^ ^ H ^ v e l o p . 

T h e d e p t h of . b e r a l u a U ™ i s ^ r e l y l , m , . e : U w 

rela t ively ^ « ^ ¡ ^ S t o T h e ' p e r i o d ^ t h e 
ly f i n a n c e d a n d m a d e avail improve-
t e s t . The eva ua t ion w.ll resul K 

a 0 d , m a t e 7 T h o u g h it s d i f f icul t t o an t ic i -
in o ther c l ima t e s . n o , T , r h i , p r t l i r a | s v s t e m 
p a t e t h e e x t e n t o h i s i n v e s „ . 
can ame l io ra t e f u t u r e e n e r g y P f ¡ | s 

g a l „ « n . cons ide rab ly e x t e n d eS l i sc ip l ina ry 

s t a n d a r d for a p p r a i s i n g technologic i n n n v a l m n s in 
the field of pol lu t ion- f ree energy . 
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FIB 3 Schemat i c of solar energy system for residential building 
te'sed on the^solar collector of Fig. 2 (reference [5}). 
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Power via solar energy is moving inexo-
rably toward center stage. Three imme-
diate questions: (1) what area must 
be covered by solar cells to gener-
ate a significant portion of U. S. energy 
needs. (2) If generated on the surface 
of the earth, what methods of energy 
storage will be used? (3) How much 
will photovoltaic solar energy conversion 
systems cost? 

J. J. Loferski1 

B r o w n U n i v e r s i t y . P r o v i d e n c e . R h o d e I s l a n d 

Over t h e pas t few decades , t h e e lectr ic energy con-
sumed in t h e Uni t ed S t a t e s has been increas ing at a 
rapid ra te . In response t o t h i s a n t i c i p a t e d d e m a n d , 
electric u t i l i t i es a re p l a n n i n g and bu i ld ing an ever-
increasing n u m b e r of fossil fuel a n d nuc l ea r fue l 
powered genera t ing s t a t i ons . T h e d e t r i m e n t a l ef-
fects t ha t fossil fuel and nuc lear p l a n t s can have on 
the e n v i r o n m e n t have genera ted r enewed in te res t in 
potent ia l a l t e r n a t e sources of e lectr ic energy. I his 
article explores some p r o b l e m s assoc ia ted wi th one 
such a l t e r n a t i v e so lu t ion , name ly , t h e d i rec t genera-
tion of e lect r ic i tv f rom sun l i gh t by pho tovo l t a i c cells 

At present , onlv one kind of pho tovol ta ic so lar cell 
is readilv ava i lab le commerc i a l l y in t h e Uni t ed 
Sta tes (or for tha t m a t t e r , anywhere in t h e world 
This is t h e silicon s ingle crysta l p-n j unc t i on cell 
whose only " l a r g e - s c a l e " ( a p p r o x i m a t e l y 50 kw 
newlv ins ta l led c a p a c i t y / a n n u m ) u t i l i za t ion has 
been in t h e genera t ion of t h e e lectr ic energy used on-
board u n m a n n e d space sa te l l i tes <F.g. 1). A silicon 
solar cell on an e a r t h - o r b i t i n g sa t eHj te conver t s a b o u t 
11 percent of t h e a i r -mass -ze ro ( A M O ) sun l igh t inci-
dent on i ts su r face in to e lec t r ic i ty ; t h e s a m e cell has a 
somewhat h igher ef f ic iency on t h e su r f ace of t h e 
earth: of t h e order of 14 p e r c e n t wi th t h e s u n a t t h e 
zenith and wi th a cell t e m p e r a t u r e of a b o u t 75 b . 
1 Professor of Engineering and Chairman. Executive Committee, 

^ ¿ t t S * * « by the ASME Solar Energy Divi-
•urn 
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Fig. 1 Schematic representation of cross section of a solar cell. 
For single crystal silicon cells, I is about 1M (4 x 10 5in.), 
b is typically 800 | t (0.020 in.). For thin film cadmium sulfide cells, 
the p region is a copper sulfide about 0.2^ (8 x 10 'in.) and the 
n-region is cadmium sulfide with b about 20^ (8 x 10 *in.). 

T h e r e a re th ree ques t i ons which a re i m m e d i a t e l y 
encoun te r ed when one proposes the possibi l i ty of 
using such cells for large-scale genera t ion of electric-
i ty f rom s u n l i g h t : 

1 How large an a rea would have t o be covered by 
solar cells to gene ra t e a s igni f icant por t ion of t h e 
U n i t e d S t a t e s ' e lectr ic energy needs? 

2 If t h e power is gene ra t ed on t h e su r face of t h e 
ea r th , t he re are per iods d u r i n g which the re is e i ther 
no sun l igh t or t h e sun l i gh t is r e d u c e d in in tens i ty by 
clouds, e t c . H o w will large a m o u n t s of energy be 
s tored so t h a t power will be ava i l ab l e d u r i n g per iods 
when no power is be ing gene ra t ed by t h e cells? 

3 How m u c h will pho tovo l t a i c solar energy con-
version s y s t e m s cost? _ 
Area Requi red . 

Solar energy is d i f fuse : a t noon on a clear d a y at 
sea level, t h e power i n p u t is a b o u t 1 k w / m 2 . Over 
t h e course of a year , t h i s level of power input is 
ava i lab le for abou t 4 hr per day . Th i s a p p r o x i m a -
t ion, and s o m e s i m p l e a r i t hme t i c , l eads to t h e con-
clusion t h a t t h e 3 .6 x 106 sq mi area of t h e con t i -
n e n t a l U n i t e d S t a t e s receives a b o u t 1.5 X 1 0 " kwh 
of solar energy per a n n u m . T h e cur rent a n n u a l pro-
duc t ion ( and c o n s u m p t i o n ) of electr ic energy in t h e 
Uni t ed S t a t e s is a b o u t 1.5 X 1012 kwh per a n n u m . 
If 10 pe rcen t ef f ic ient solar cells (like t h e sil icon 
cells descr ibed previously) were used to p roduce th i s 
a m o u n t of e lectr ic energy, we would need to cover 
0.1 pe rcen t of t h e l and a r ea of t h e U n i t e d S t a t e s or 
3 .6 X 1()4 sq mi , i.e., a s q u a r e abou t 60 miles 
on a s ide. T h i s is a very large a rea indeed ; however, 
i t m u s t be po in ted o u t i m m e d i a t e l y t h a t it need not 
be c o n c e n t r a t e d in a n y one sec t ion . It shou ld also 
be po in ted o u t t h a t t h e a rea involved is less t h a n 20 
pe rcen t of t h e roof a r ea of all m a n - m a d e s t r u c t u r e s 
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in the United States and that it is consider ably less 
than the area covered by roads and highways. 

There are three general kinds of photovoltaic 
•power generation systems which have been under 
study. It would be useful to explore how each of 
them relates to the area problem. The first of these 
would be based on covering roofs of existing or newly 
constructed buildings with solar cells, or with com-
bined solar cell and solar thermal energy collection 
units (1] (Figs. 2 and 3J.2 An important argument in 
favor of this type of system is that it would reduce the 
demands on power distribution networks since elec-
tric power would be generated at the consumption 
site. The second kind of system is the central power 
station system which would require covering areas of 
the order of square miles |2|. (A central station of I 
mi2 area would have an average daily power genera-
tion capability comparable to that of a 100 Mwcentral 
station.) Such generating stations would probably 
be dedicated to some sort of plant. This mode of 
solar energy utilization evokes an image of high elec-
tric energy consuming plants (e.g., aluminum plants) 
being sited in sunshine-rich desert areas rather than 
near large hydroelectric installations as they now 
are. The third system is based on the concept of 
earth satellite central stations, transmitting power 
generated by solar cells to earth via microwave 
beams [3] (Fig. 4). Instead of covering large areas of 
the earth with solar cells, this system would require 
covering equally large areas with much higher effi-
ciency microwave converters. The system has the ad-
vantage that the solar cells on a synchronous satellite 
would be exposed to the sun 24 hr a day and they 
could therefore deliver power on demand; i.e., no 
energy storage would be necessary. Furthermore, 
the total daily kwh/m2 of microwave receivers would 
be about eight times what would be produced by 
solar cells covering the same area (the solar energy 
input to a satellite is a factor of 1.4 times the input 
at the earth's surface; the satellite generates power 
24 hr/dav compared to an average 4 hr/day for a 
surface system, which results in additional factor of 

6> From this brief discussion, it is reasonable to con-
clude that the area required for large scale solar 
energy conversion via the photovoltaic effect is not 
unacceptably large. 

Energy S t o r a g e 

As we have already pointed out, in the case of the 
satellite solar photovoltaic system, no energy storage 
is required: the system would produce power on de-
mand In the case of the other two systems, storage 
would have to be available for the 10 to 14 hours of 
night and day long periods of overcast ^les periods 
of rain and snowfall, etc. Unfortunately, the tech-
nology of large scale energy storage is relatively un-
developed, at least in part because traditional meth-
ods of generating electricity do not require such stor-

age (energy is stored in fossil or nuclear fuels used in 
the generating station). 

It is of interest to examine how solar energy is 
stored in nature. Photosynthesis occurs only while 
the sun is shining; the energy is stored in the form of 
chemical energy in the products of photosynthesis. 
Much of man's use of electrical energy results in the 
manufacture of products, be they metals, chemicals, 
machines, etc. If we devised manufacturing pro-
cesses in which the plant would operate when solar 
energy was available, we could harvest the energy by 
collecting the product of the plant, not on a continu-
ous basis, but rather by integrating over more ex-
tended periods of time. Such a manufacturing pro-
cedure would require basic changes in the organiza-
tion of industry. Manufacturing, like agriculture, 
would operate not. on demand, but rather in rhythm 
wit h a natural phenomenon; i.e., sunlight. 

In general, however, the photovoltaic solar system 
will be expected to conform to the performance pat-
tern of the current fossil fuel and nuclear generating 
stations, and it will require an energy storage sys-
tem. There are a number of such possible energy 
storage mechanisms which might satisfy the require-
ments. These include electrochemical storage bat-
teries, hydropump storage, storage in rotating mass-
es, and storage in the form of hydrogen gas. 

Electrochemical Storage. Consider generation of 
electrical energy by solar cells deployed on roof tops. 
It turns out that a house with a 2000 ft2 roof area 
could store energy equivalent to the electrical energy 
it would produce on its roof during five clear days via 
10 percent solar cells in about 50 ft3 of commercial 
lead-acid storage batteries. Such batteries would 
cost about $600.00. Neither the volume required nor 
the cost are unreasonable. However, if lead-acid 
batteries were supposed to store a substantial frac-
tion of all the electrical energy produced in the Unit-
ed Stales, it is questionable whether enough lead 
would be available.. There are, of course, many other 
electrochemical systems, some of them based on 
abundant, inexpensive elements, and research in this 
area could lead to a solution of the energy storage 
problem. . 

Hydropump Storage. This involves using electric 
energy when available to pump water into reservoirs 
and extracting the stored potential energy on de-
mand by allowing the water to flow back down 
through turbine generators. Such storage systems 
are already in use on a limited scale as a load level-
ing mechanism with existing generator stations. 
Objections are being raised, however, against the 
construction of the artificial reservoirs required tor 
hydropump storage because they result in the flood-
ing of large land areas. Furthermore, the number ot 
sites suitable for large scale hydropump storage is 
limited. Consequently, hydropump storage would 
probably not solve all of the storage problems associ-
ated with large scale solar cell generation of electri-
cal power. . , . 

Storage In Rotating Masses. The energy could be 
stored in the form of mechanical energy of a rotating 



mass . In th is case, a mo to r -gene ra to r is o p e r a t e d as 
A moto r when excess electr ical power is ava i l ab le a n d 
it sets a ' fly w h e e l " in ro ta t ion , u l t i m a t e l y a t very 
high speeds . Energy is e x t r a c t e d by al lowing t h e ro-
t a t i n g m a s s to dr ive t h e moto r -gene ra to r as a gener-
a tor . T h e sy s t em is, therefore , a n a l a g o u s t o hydro-
p u m p s torage. 

High d e n s i t y energy s torage would requi re specia l -
ly s h a p e d f lywheels composed of very high s t r e n g t h 
m a t e r i a l c a p a b l e of t o l e ra t ing t h e h igh s t resses which 
would deve lop a t t h e ex t r eme ly high speeds encoun-
te red in ope ra t ion . No large scale use h a s ever been 
m a d e of such flywheel energy s to rage ; cons ide rab le 
r e sea rch and deve lopmen t would be needed before 
wide sca le app l i ca t i on could become poss ible . 

Storage In the Form of Hydrogen Gas. R e c e n t s t u d -
ies of t h e possibi l i ty of energy s torage in t h e form-of 
hydrogen gas suggest t h a t th i s could provide a solu-
t ion t o t h e p rob l em. T h e hydrogen would be "pro-
d u c e d by electrolysis of wa te r , an inheren t ly very ef-
f ic ien t process . T h e hydrogen could t h e n be d is t r ib-
u t e d f rom t h e cen t ra l s t a t i o n via p ipe l ines or p e r h a p s 
in t h e form of l iquid hydrogen . T h e energy could be 
recovered f rom t h e hydrogen t h rough fuel cells which 
a re very e f f ic ien t conver te r s . T h e r e are, of course , 
sa fe ty p r o b l e m s assoc ia ted wi th t h e use of hydrogen 
and p e r h a p s us ing t h e hydrogen t o p roduce more 
easi ly h a n d l e d c o m p o u n d s m i g h t be a prefer red solu-
t ion t o t h e p rob lem. Hydrogen as t h e energy s torage 
m e d i u m is re la t ively unexp lo red , a n d again research 
and d e v e l o p m e n t m u s t be e x p e n d e d t o d e t e r m i n e i ts 
ful l po ten t i a l . 

In s u m m a r y , t h e r e a re a n u m b e r of large-scale 
energy s torage m e t h o d s which could po ten t i a l ly sa t -
isfy t h e r e q u i r e m e n t s ar is ing f rom large-scale solar 
cell e lectr ic power genera t ion sy s t ems . 

C o s t s of Convers ion S y s t e m s 

T h e m o s t ser ious i m p e d i m e n t t o large scale pho to -
vol ta ic solar energy convers ion lies in t h e cost of cur-
ren t ly ava i lab le re l iable , long-life, a ccep t ab l e effi-
ciency ( > 5 pe rcen t ) solar cells. A l though t h e pho to -
vol ta ic e f fec t is very c o m m o n l y e n c o u n t e r e d in semi-
conduc to r s , t h e r e are only two d i f f e ren t s e m i c o n d u c -
tor solar cell s y s t e m s which a r e a t a level of develop-
m e n t su f f i c ien t t o allow a c red ib le ana lys i s of thei r 
po ten t i a l cost to be c o n d u c t e d . O n e of t he se is based 
on t h e single crysta l sil icon solar cell referred t o ini-
t ia l ly ; t h e o the r is based on t h e t h i n f i lm c a d m i u m sul-
f ide cell E a c h falls shor t of m e e t i n g t h e r e q u i r e m e n t s 
for large scale solar energy convers ion sys t ems , 
t hough for d i f f e ren t r easons . 

T h e silicon cell is re l iable , long-l ived, and has a 
r e spec tab le solar energy convers ion eff ic iency in ex-
cess of 10 pe rcen t . T h e only s ign i f i can t app l i ca t i on 
for silicon solar cells h a s been s u p p l y i n g on -board 
electr ic power for u n m a n n e d space sa te l l i t e s . 1 his 
involves a very s m a l l t o t a l power g e n e r a t i n g capac i -
ty of t h e order of 50 kw p e a k power genera t ion ca-
pab i l i ty a d d e d per a n n u m . T h e c u r r e n t cos t of sili-
con cell a r rays d e t e r m i n e d b y t h i s m a r k e t is a b o u t 
$7000 /m 2 . In a r ecen t ana lys i s of t h e a l lowable 

cos t s of solar a r r ays i n t e n d e d for va r ious a p p l i e s 
t ions , Wolf 11] conc luded t h a t t h e m a x i m u m allow-
able cost of solar a r r ays i n t e n d e d for cen t ra l s t a t i on 
power s u p p l i e s is a b o u t $ 2 . 3 0 / m 2 ; for solar cell sys-
t e m s dep loyed on roof t o p s of bu i ld ings , $ 3 . 0 0 / m 2 ; 
and for solar cells t o be dep loyed in a space cen t r a l 
s t a t i o n s y s t e m , $ 4 5 . 0 0 / m 2 . A reduc t ion in cost 
should occur if t h e m a r k e t were t o e x p a n d f rom t h e 
c u r r e n t level of peak power p r o d u c t i o n c a p a b i l i t y of 
50 k w / a n n u m to levels in t h e v ic in i ty of t ens of mil-
l ions of k w / a n n u m requ i r ed t o m a k e a s i gn i f i can t 
i m p a c t on t h e n a t i o n a l energy b u d g e t . However , 
while a cost r educ t ion by a fac tor of 100 s e e m s at -
t a i n a b l e by m a k i n g cu r ren t ly conce ivab le c h a n g e s in 
p roduc t ion process, it is n o t ev iden t t h a t sil icon sys-
t e m s based on c u r r e n t concep t s can ever r each cost 
levels in t h e $2.00 t o $ 3 . 0 0 / m 2 level 12J. E x a m i n a -
t ion of t h e a d d e d cost c o n t r i b u t e d a t each s t age in 
t h e m a n u f a c t u r i n g process ind ica te s t h a t t h e pr inc i -
pa l c ause of t h e h igh cost is t h e need t o m a k e s ingle 
c rys ta l s . 

It is for th i s reason t h a t t h e th in f i lm C d S cell is 
a t t r a c t i v e . T h e ac t ive p a r t of th i s solar cell is a t h i n 
(10/0 polycrys ta l l ine f i lm of C d S o n t o which a n even 
t h i n n e r (0.1^) layer of a copper s u l f u r c o m p o u n d 
f i lm is grown. Recent ly , t h e D u p o n t Co. est i-
m a t e d t h a t large a r e a s of t h i s k ind of cell could be 
m a d e for costs in t h e v ic in i ty of $ 5 . 0 0 / m 2 (4). How-
ever, t h e c u r r e n t level of u n d e r s t a n d i n g of t h e photo-
vol ta ic ef fect in th i s sy s t em is not good enough to 
lead t o t h e con t ro l l ab le f ab r i ca t ion of re l iable , long-
lived cells f rom C d S . F u r t h e r m o r e , t he i r eff ic iency 
is in t h e v ic in i ty of 5 pe rcen t , a n d it is no t c lear t h a t 
i t can be increased t o levels c o m p a r a b l e t o those 
ach ieved in si l icon. 

T h u s , wi th respec t t o cost of solar a r rays , f u r t h e r 
r e sea rch a n d d e v e l o p m e n t a re requ i red before it can 
be a sce r t a ined w h e t h e r t h e cost levels r equ i r ed for 
large scale pho tovo l t a i c solar energy convers ion are 
economica l ly feas ib le . 

S u m m a r y 

In th i s ar t ic le we have e x a m i n e d t h r e e ob jec t ions 
c o m m o n l y ra ised a g a i n s t t h e feas ib i l i ty of large-scale 
gene ra t ion of e lectr ic power by conver t ing sun l i gh t 
in to e lect r ic i ty wi th t h e h e l p of solar cells. It was 
conc luded t h a t t h e a rea needed for such power gen-
e ra t ion is no t u n r e a s o n a b l e ; t h a t m e t h o d s of energy 
s torage a re ava i l ab le , and t h a t t he re is reason for op-
t i m i s m wi th respec t to r educ ing t h e cost for large-
scale power genera t ion f rom sun l igh t . 
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