
SCIENTIFIC SEVfEMBER :i.�� 

E RI CAN sP�CJ�� 

© 1990 SCIENTIFIC AMERICAN, INC



Joe Matsau, Managing Direaor of the Lesotho Electrical Company, 
is bringing energy to the villages of his country. 
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Joe Mats au The de-forestation of som� parts �f Africa has been a matter o� survival, 

not profit. In the mountalnOUS klngdom of Lesotho, generatIOns 

is bringing 
of villagers have had to live off the land for fuel to cook and heat 

their homes. 

Joe Matsau of the Lesotho Electrical Company has a promising 

alternative. He is directing a long-term rural electrification programme 

which will make his country energy self-sufficient. 

electricity to Hydro-electric power is �he key, wit� transm

.

ission lines rea�h�ng 

up to over 2,000 meters lnto the "Klngdom In the Sky", as 1t 1S 

known locally. 

"The Kingdom 
Village by village, Lesotho is switching dependency 

from the earth's fragile resources to the fruits of man's 

ingenuity. 

"We still have a long way to go", says Mr. Matsau, "but the 
• 

10 the Sky" . programme would never have seen the light of day without ABB's 

help - not just their technology, but their skill in identifying crucial aid 

ABB Asea Brown Boveri Ltd 
Reader Services Centre 
P.O. Box 822 
CH-8021 Zurich/Switzerland 

and loan sources for us." 

"The world is changing fast. To catch up, we have to change 

even faster. And, thanks to ABB, we're doing just that." 

ABB is a world leader in electrical engineering, committed to the 

development of new and better ways of generating power, getting it to where it is 

needed, and using it efficiently. 

jl 
,., 
ASEA BROWN BOVERI 
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ENOUGH 

INFORMATION 

ABOUT SCOTCH 

To ORDER A DRINK. 

ou're thirsty for Scotch and water. But if you 

just say "Scotch and water;' you're taking a chance 

on mediocrity. Say "Ballantine's and water;' and 

you'll get a smooth, mellow, smoky Scotch with 

a hint of Island peat and a breath of Highland 

smoke. Your water will taste a lot better, too. 

THE TRUE TASTE OF SCOTCH. 

Ballantine's Blended Scotch Whisky 430(0 Alc.lVol. (86 proof). © 1989 Maidstone Wine &. Spirits Inc.. Los Angeles. CA. 
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ENOUGH 

INFO RMA'1rI 0 N 

ABOUT §COTCH 

"1ro HAVE A CONVERSATION. 

're out on the town with a friend. But 

you hesitate before ordering the same old Scotch. 

Peering over the bar, you spot a bottle of 

Ballantine's Finest. 

"Hmm. I haven't had that in a while:' 

"One of the better blends:' your friend says. 

"Number one in Europe:' 

So you order Ballantine's and water. 

"It has 42 different single malts in it:' he says. 

"Really? Does that matter?" 

"Only if you like your Scotch to be smooth:' 

You take a sip. 

"It is smooth. How come it tastes smoky?" 

Your friend explains, "That's from Highland 

single malts in the blend. Taste it again. It has an 

earthy flavor, too:' 

You do and it does. 

"That's peat. From the Scottish islands. See, 

with blended Scotch, the single malts are married 

together to enhance each other. But you can still 

taste the individual flavors:' 

"You know too much. How am I supposed to 

keep up with that?" 

"We have time:' he says. "Another round?" 

THE TRUE TASTE OF SCOTCH. 

ENOUGH 

INFORMATION ABOUT 

§COTCH 1ro 

OPEN A DISTILLERY. 

irst, you need water. 
Scotland has more than 

enough, because it rains so 
much. And the best, because 
on its way to the burns Aristotle. 
and lochs, Scottish wat- He would 
er is naturally filtered have enjoyed 
and purified as it flows Ballantine's. 
through granite or peat.' 

Second, you need \� 
peat. Peat, to put it 
delicately, is a layer of 
compressed vegetable 
matter covering about 
1,700,000 
acres in 
Scotland. That's 11% 
of the entire country. That's 
of peat. You can taste the I-'�" ,,",, __ 
in a great Scotch li��._:..II. 
Bal lantine's Fines 
What you do is cut 
it into logs and 
burn it in kilns to 
stop the malting 
of your barley. 

Third, you need 
barley. Barley is one 
of those grains that 
thriveswhereyou might 
think only rocks would 
grow. Which is why it Some 

does so well in Scotland. people are 

You malt your barley by cut out to run 

soaking it in water, then a distillery. 

drying it over the peaty Some aren' t. 

fire. Then you grind it, mix in hot water 
and it sit for a few hours. Add a 

little yeast to 
the liquid and the 

sugars tur n into 
alcohol. The barley 

has done its job. You 
can feed it to cattle. 

Fourth, you need 
The handsome cattle. 
Highland cattle. of the hap­
piest cattle in the world live 

Ballantine's. After 
distillation, you have 
whisky. Which longs 
for barrels in which 
to grow old. 

Sixth, you need 
barrels. There aren't 
many oak trees left in 
Scotland. At least not 11':J1.�=j 

enough to age 
Ballantine's 

Finest. 
So you 

need oak Save your pennies 

barrels im- for a copper still. 
ported from America. Once 

your Scotch is in the barrels, you 
to put them away for a long time. 

Seventh, it helps to have an 
There's a rmesh-
scent of sea air in 
select few of the 
Single malts used 
in Ballantine's. 
S o m e  s a y  i t  
creeps into bar­
rels stored near 

the ocean. In any 
case,it adds distinc­

tion to the Scotch. 
It may be that Scotland 

is the best place to make 
Scotch precisely because 
there's no point more than 

,1" --"--'-'-" -"",,- 70 miles ftom the sea. 
!--:t��i:+Y,""�. Kansas is not a good 

"f<...c�,\-"l place to make Scotch. 
And last, you'll 

Kansas. need patience. The 
from the North Sea. only thing left to do 

is wait. If you want your Scotch to be 
part ofBallantine's Finest, you'll have 
to wait quite a while, because we 
don't blend any malt whisky young­

in Scotland. {Not to men- '(ltJt.1tm��Ji 

er than five years. Patience is essen­
tial when starting your own 
distillety. But, as you've read 
this far, it would seem that 
you have a good supply of it. 

tion some of the best tasting.) 
Fifth, you need a still. 

These are the funny look­
ing copper pots without 
which there would be no 
Scotch. It is said that Aris­
totle invented distillation. 
But sadly, he never lived 
to taste a fine Scotch like 

Whew! If the thought of 
all this work makes you 
feel a bit tattered, you 
might enjoy a 
of Ballantine's 
Finest. Maybe 
youdon'tneed Please write. 

your own dis- We welcome 

tillety after all. all letters. 

THE TRUE TASTE OF SCOTCH. 

Write to: Ballantine's P.O. Box 8925 Universal City, CA 91608. © 1990 SCIENTIFIC AMERICAN, INC© 1990 SCIENTIFIC AMERICAN, INC
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Energy for Planet Earth 
Ced Ro Davis 

Human beings depend on energy for their livelihood. As population and energy 

production grow so does the threat to the environment. Achieving a sustainable 

relationship between energy and the environment hinges on technological 

innovation and our ability to generate and use energy in ecologically sound ways. 

Efficient Use of Electricity 
Arnold P. Fickett, Clark W Cellings and Amory B. Lovins 

The demand for electricity seems almost insatiable. But building new 

power plants is costly, time-consuming and can harm the environment. 

A promising solution-and one the utilities themselves are pushing-is 

greater efficiency. lights and motors are a good place to begin. 

Energy for Buildings and Homes 
Rick Bevington and Arthur H. Rosenfeld 

Improvements during the 1970's and 1980's cut energy use in U.S. buildings 

by a third. Even more powerful are today's technologies, which range from 

advanced heating, cooling and lighting systems to superwindows and automated 

controls. They improve comfort and dramatically reduce operating costs. 

Energy for Industry 
Marc H. Ross and Daniel Steinmeyer 

Economic growth and energy use once marched in lockstep. Now 

industrial output is climbing while energy use declines. Incremental 

changes in processing-including sensors and on-line control systems-are 

the reason. Further savings, though, may require technological breakthroughs. 

Energy for Motor Vehicles 
Deborah L. Bleviss and Peter Walzer 

The world's fleet of cars, trucks and buses, numbering 500 million, grows 

faster than the human population and consumes half of the world's oil . More 

efficient engines, alternative fuels and new transit systems promise to slow 

the growth in oil consumption and mitigate its environmental consequences. 

Energy for the Developing World 
Amulya K. N. Reddy and Jose Co/demberg 

The developing world faces a dilemma: it needs energy to meet its 

people's aspirations, yet producing vastly more energy is expensive 

and threatens the environment. New conservation-minded technologies 

that deliver more services for less energy may be the answer. 
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Energy for the Soviet Union, Eastern Europe and China 
William U. Chandler, Alexei A. Makarov and Zhou Dadi 

The emerging democracies face the challenge of reconciling economic growth 

with an environmental imperative that the central planners chose to ignore. 

China, with its expanding population and heavy dependence on coal, faces 

similar hurdles. Economic reforms and new technology from the West can help. 

Energy from Fossil Fuels 
William Fulkerson , Roddie R. Judkins and Manoj K. Sanghvi 

Coal, oil and natural gas are versatile, accessible and affordable and 

thus dominate the world's fuel supply-but at what cost to the 

environment? New technologies aim to minimize the unwanted 

impact of fossil fuels, buying time until other fuels are available. 

Energy from Nuclear Power 
Wolf Hdfele 

Nuclear power should play a pivotal and expanded role in supplying 

world energy, the author says. Risks must be minimized by designing 

a new generation of safe reactors and agreeing to establish an international 

regulatory body to oversee security and the storage of waste. 

Energy from the Sun 
Carl J Weinberg and Robert H. Williams 

Interest in solar-derived technologies is resurging in response to mounting envi­

ronmental concerns, including the threat of climate change. Progress is occurring 

rapidly. Advances in wind, solar-thermal and biomass technologies will soon 

render them cost-competitive with gasoline and coal-generated electricity. 

Energy in Transition 
John P. Holdren 

The relationship between energy and the world's economics has begun 

to change fundamentally. To manage that change, a two-pronged strategy 

is required based on "no regrets" and "insurance policy " actions. But steps 

must be taken soon, or the effectiveness of such actions will weaken. 
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For centuries reproducing the written word often took a lifetime. 
Today, Contel's communications satellites enable a newspaper publisher to print copies 

simultaneously in hundreds of locations throughout the world. 
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The eagle has landed. 
In Oklahoma ana Mississippi. Georgia and 
Alabama. Where few bald eagle nests have 
produced young in the last 50 years. Using 
precious eggs ana dedicated effort, the Sutton 
Avian Research Center is successfully raising 
eaglets from fuzzy to fierce. And releasing 

them into the habitats bald eagles 
used to call hOl1le. 

Phillips Petroleum 
'. supports this unique 

... . prqg:am to reestablish 
, , , "  ' , ., " our endangered 

�;;il .'· �tiqnal syrBbol. ... " \ ' • ' .! I .. , A  .... . j! 

, After alI, if Nkn can ,... 
. 

�����e��:: th�� landing �n the earth � ' , 
For more information, contact the George Miksch Sutton Avian Research CenteJ; Inc, PO Box 2007, Bartlesville, OK 74005, (918) 336-7778 
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TheGoodye�E�eGA 
Touring Radial. It no-w comes -with 

a $47,000 stamp of approval. 

In not much more than a year, 
the Eagle GA Touring Radial has 
become one of the most successful 
tires in Goodyear's history. 

You will now find it as original \ 

equipment on nine imported and 
domestic sports sedans and coupes. 

Including the $47,0001990 
Audi VS Quam-o. 

To be chosen for the flagship of 
the Audi line gives you some idea of 
the qualities of the Eagle GA. 

1 n fact, the Eagle GA was designed 
for cars like Audi Quattro VS. 

Cars that are fast , yet luxurious. 
Cars that perform, but not at the 

expense of driver or passenger comfort. 
Those very same qualities are at 

the heart of the Eagle GA's success. 
Every Eagle GA is speed-rated. It 

also comes in all-season, mud and 
snow versIons. 

And the Eagle GA is available in 
an ever-increasing number of sizes, to 
fit many different makes of cars. 

You can obtain details of the avail­
ability of Eagle GA Touring Radials 
for your car from your local Goodyear 
retailer. (Call 1-SOO-CAR-1999 for the 
Goodyear retailer nearest you.) 

As you'll discover, the Eagle GA 
Touring Radial is a tire where luxury 
meets performance. And both win. 

And it's another reason why we 
say: The best tires in the world have 
Goodyear written all over them. 

GOODIi'EAR 
The best tires in the world have Goodyear written all over them. 
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LETTERS 

SCIENTIFIC AMERICAN received hun­
dreds of responses to "Artificial Intelli­
gence: A Debate" ["Is the Brain's Mind 
a Computer Program?" by john R_ 
Searle; and "Could a Machine Think?" 
by Paul M. Churchland and Patricia 
Smith Churchland; SCIENTIFIC AMERI­
CAN, january]. Here are excerpts from 
some representaHve letters. 

To the Editors: 
Can someone help me with these ter­

rible nightmares I have been having? 
They are always the same: A philoso­
phy student in a white coat is inter­
rogating me, asking whether I have a 
mind. "What do I have to do to con­
vince you?" I shout. In the background 
is John Searle, shaking his head in 
amusement. "Of course," he says, "it 
would say that. A good enough simula­
tion does not know it." 

PETER]. LUPTON 

Hampshire, England 

To the Editors: 
We found neither essay convincing. 

Searle never defines semantics other 
than by vague appeals to "mental con­
tent" and "linguistic understanding." 
The Churchlands claim that passing the 
Turing test is not sufficient proof of 
thinking. 

Only after we have answered "What 
does it mean to think?" can we ap­
proach the question "Can computers 
be made to think?" 

LAWRENCE WEINSTEIN 

CAROL DOWNING 

Malden, Mass. 

To the Editors: 
Searle states axiomatically that com­

puter programs are only syntactic, that 
human minds have semantics and that 
syntax is not sufficient for semantics. 
He then concludes that programs are 
not sufficient for minds. Later he intro­
duces an axiom, "Brains cause minds." 
If the definition of mind is tied intrinsi­
cally to human biochemistry, then ob­
viously computers cannot have a mind. 
So where is the debate? 

Nobody would confuse a computer 
simulation of a process with the real 
process. Yet most people would agree 
that airplanes fly, even though they do 
it quite differently from birds. 

CARLO H. SEQUIN 
Department of Electrical Engineering 

and Computer Sciences 
University of California, Berkeley 

To the Editors: 
Do individual neurons have semantic 

understanding? I find it hard to believe 
that action potentials and neurotrans­
mitter releases have any more meaning 
to a neuron than loading a number 
from memory has to a microprocessor. 

JES STOLLBERG 

Department of Physiology 
and Biophysics 

University of California, Irvine 

To the Editors: 
The Churchlands seem to suggest 

that the causal powers of an intelligent, 
understanding system reside in its ca­
pacity to respond appropriately to a 
wide range of inputs. If this is their 
view, Searle's argument misses its tar­
get completely because the Church­
lands (and proponents of strong AI in 
general) are not proposing a purely 
syntactic criterion for intelligence. 

BRYSON BROWN 

Department of Philosophy 
University of Lethbridge 
England 

To the Editors: 
Searle's appeals to "brain processes" 

are a recrudescence of 19th-century 
mysticism: the notion that organic pro­
cesses are, by some mystical quality, 
different from inorganic ones. This 
from a man who says his critics are 
"antiscientific" ! 

SEAN M. SAMIS 
University of Wisconsin-Milwaukee 

To the Editors: 
A few years ago I asked Searle what 

kind of responses might issue from 
his hypothetical Chinese room: Could 
the room respond appropriately to 
metaphors ("Are you blue?") or to 
jokes ("Why did the chicken cross the 
road?")? Might it lie? Searle responded 
that it could in prinCiple, but he main­
tained nonetheless that nothing in the 
room had a semantic sense. 

12 SCIENTIFIC AMERlCAN September 1990 

This Chinese room program of 
Searle's-witty, poetic and occasionally 
duplicitous-would be some program. 

ALExANDER ]. ARGYROS 

School of Arts and Humanities 
University of Texas at Dallas 

Searle responds: 
First, it is a mistake to suppose that 

in opposing a computational explana­
tion of consciousness I am opposing a 
mechanical explanation. There must be 
a mechanical explanation for how brain 
processes produce consciousness be­
cause the brain is a system governed 
by the laws of physics. But computa­
tion is not defined in physical terms; 
rather, it is defined formally by syntac­
tic processes that can be implemented 
in an indefinite range of physical hard­
ware. It is a misunderstanding of my 
position to suppose that I am commit­
ted to any kind of mysticism. 

I quite agree that understanding and 
cognition need further explanation. 
The beauty of the Chinese room ar­
gument, however, is that it does not 
depend on anyone's explanation. Any 
sane analysis has to grant that the per­
son in the Chinese room does not un­
derstand Chinese. 

The Churchlands respond: 
The criticism that neither we nor 

Searle defined consciousness is mis­
placed. Useful and penetrating defi­
nitions of interesting theoretical phe­
nomena typically emerge only after a 
theory of that phenomenon has been 
pieced together. Because we current­
ly lack an enlightened theory for con­
sciousness, a firm definition risks com­
mitting us wrongly to inessential fea­
tures and superficial syndromes. The 
alternative is to grope forward with 
merely tentative and partial characteri­
zations, but that is preferable to the 
false security of a premature defini­
tion. Searle, we feel, has already gone 
too far in that direction . What we need 
are good theories; good definitions will 
then take care of themselves. 

ERRATIJM 
Through an editing error, an idea in 

"The genome initiative: how to spell 'hu­
man'," by Norton D. Zinder [SCIENTIF­
IC AMERlCAN, July], was misstated. The 
sentence should have read , "Perhaps 
there is also a subtle sense that as we 
gain the ability to identify 100 or so of 
the many genes that distinguish one in­
dividual from another, the desire to dis­
criminate on the basis of only a few 
might be mitigated." 
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Asia Series 

You can do business in Japan 
without shelling out a fortune. 

For many companies, the biggest 
barrier to new markets has been the 
cost of business trips. Restaurants can 
be expensive, and even the smallest 
accommodations may carry oversized 
bills Yet those willing to be a little 
adventurous will find that traveling 
comfortably in japan doesn't require 
packing a suitcase full of yen. 

Hop on the bus. 
A $20 bus ride from Narita Airport 
may not strike you as a bargain, but 
compared to a $150 taxi, it is. T he 
buses marked "Airport Limousine" 
stop at all the major hotels in Tokyo. 

Sleep cheap. 
Business hotels are a fairly new phe­
nomenon. Catering primarily to 

© 1990 Northwest Airlines, Inc. 

japanese buSinessmen, they're clean, 
functional, and conveniently located. 
Although vending machines replace 
amenities like room service, at $40 to 
$50 a night these hotels are a sound 
investment. lWo major chains are the 
Tokyu Inn (tel. 03/406-0109) and the 
Washington (tel. 031434-5211). 

Food for naught. 
It should come as no surprise that 
you'll save money eating where the 
locals eat. Good and reasonably 
priced restaurants can be found in 
department stores and the basements 
of office buildings. At lunch, ask for 
teishoku. It means special of the day, 
and includes rice, miso soup, salad, 
meat or fish, and dessert -all for 
around five dollars. Ramenya and 

sobaya (noodle shops) are perfect 
places for a quick and tasty meal. 

Northwest notes. 
Since your time is money too, we 
make it as quick and easy as pos­
sible for you to get to japan, by 
offering daily nonstops from the 
most U.S. cities. So you can count on 
arriving when you want, rested and 
ready to do business. And we give 
you something else no other U.S. 
airline can: the knowledge, under­
standing and insight that comes from 
over 40 years of helping people do 
business in Asia. For international 
reservations, call your travel agent 
or Northwest at 1-800-447-4747. To 
find out more about doing business 
in Asia, call 1-800-553-2215, ext. 183. 
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THE TRUTH 
ABOUT 

AMERIC}{S FORESTS. 

Today America has over 20% more 

trees than it had just twenty y ears ago. 

And the numbers are growing daily, with 

trees being replenished faster than they are 

harvested in every region of the country. 

T hanks, in part, to private landowners 

and America's forest products companies, 

BoISE CASCADE BoWATER. INC. CHAMPION INTERNATIONAL CONSOLIDATED PAPERS. INC. GAYLORD CoNTAINER CORP. GEORGIA-PACIFIC INTERNATIONAL PAPER lIT RAYONIER JAMES RIVER 

01990 American Forest Council 
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who plant over 6,000,000 trees a day, reseed 

�ntire forests, and use other forest management 

techniques to promote natural regrowth. 

We're determined to keep up with the 

growing demand for wood and paper products. 

And to make sure our forests are a continuing 

source of joy for every American. 

�-----=l To help us manage the fUture of America's forests, mail this 
coupon or call 1-800-648-6699. 

Name ________________________________ _ 

Address ______________________________ _ 

City State Zip --- I 
1250 Connecticut Avenue, NW., Washington, DC 20036 

� AMERICAN FOREST COUNC!!:j 
MANAGING THE FUTURE OF AMERICAS FORESTS. 

)RP. MEAD CoRP. PACKAGING CoRP. OF AMERICA PoTLATCH ScOTT PAPER Co. SIMPSON TIMBER TEMPLE-INLAND UNION CAMP CoRP. WEYERHAEUSER WILLAMETTE INDUSTRIES 
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SO AND 100 
YEARSAGO 

m 
SEPTEMBER, 1940: "The airplane, by 

the nature of its design, will always 
be faster than the helicopter-say 500 
miles an hour against a potential 300 
miles an hour for the rotating-wing 
craft. However, for defensive military 
purposes the helicopter can perform in 
a number of ways which are impossible 
for the airplane. Let use quote Igor 
Sikorsky: 'For example, to interpose 
an effective defense against bombers 
or dive bombers, the helicopter seems 
to me to be ideal. It can stand still in 
the air, thus affording a stable gun 
emplacement from which the gunner 
can await the moment when the bomb­
er ceases all zig-zag maneuvering and 
flies in a straight line to its quarry. 
Once launched from a battleship or 
cruiser the airplane can be recovered 
only by alighting on the sea, if it is 
smooth enough, while the craft is lift­
ed aboard . The helicopter, however, 
would require only a deck space of 
about 40 feet square from which to 
take off and on which to land.' '' 

"While much of Europe has felt the 
destructive power of bombs in recent 
months, at least one country has been 
putting these deadly missiles to a ben­
eficial use. Switzerland is using them 
to shoot down avalanches under con-

trol. Each year in the Swiss Alps there 
are many victims of natural avalanch­
es. Hence the Swiss have established 
a Snow Avalanche Research Station 
above Oavos-the only one of its kind 
in the world. This station can foretell 
avalanches and issue necessary warn­
ings. Furthermore, if the avalanche lo­
cation can be reached, hand grenades 
are used to start it moving. If big ava­
lanches are involved, their descent is 
started by trench mortars." 

''�uring the past few years the metal­
lurgist's century- old dream of produc­
ing billets, sheets, and strip direct from 
the molten metal in a single step has 
materialized. Billets of copper, alumi­
num, and magnesium alloys are being 
produced commerCially, and it appears 
that steel will soon be added. The pro­
cess is one of continuous casting. The 
molten metal flows from a holding fur­
nace into molds which are jacketed 
for cooling; then, as the billet comes 
from the mold, it is cooled by sprays 
and passes on down to a cut -off saw 
or flame which cuts it into desired 
lengths. While the processes are very 
Simple, there have been many difficul­
ties to iron out, because so much care 
has to be given to temperature control, 
operating speeds, and molds." 

SEPTEMBER, 1890: "Up to a recent 
period heat was always supposed to be 
a prime factor in the rolling of steel, 
and that without it no alteration in 
what may be styled granulation was 
possible. Now a Chicago paper an­
nounces a change in manipulation that 

Electric race course at Nice 
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completely explodes the old theory. 
Bars of cold steel are as easily rolled 
into wire as if the metal were hot, and 
not only that, but the process nearly 
doubles the tensile strength. Manifest­
ly, if wire can be rolled from cold bars 
with such results, why may not steel 
plates for ships or other purposes? 
yea, why not even railroad bars? The 
ending of a beginning in what is new 
now is beyond the ken of the wisest." 

"In the revolutionary upheaval of 
1849, a company of Honveds, as the 
Hungarian militia are called, having 
fallen in the vicissitudes of war, were 
conSigned to the waters of the Echo­
schacht, a pool of considerable depth 
not far from Hermannstadt. After some 
forty-one years their bodies have been 
brought up again to the light of day, 
and subjected to a careful and minute 
investigation from the physiologist's 
point of view. Dr. Konig, judicial phys­
ician of Hermannstadt, found them in 
perfect preservation, like so many prep­
arations in an anatomical museum. 
The epidermis was of a whitish gray 
color, the muscles rose red , feeling 
to the touch like freshly slaughtered 
butcher's meat." 

"Ought the members of the great 
profession of medicine, who live to 
prevent pain , disease, death-ought 
they to lend themselves, under any cir­
cumstances, to the loathsome act of 
playing the part of public executioner? 
I, for one, answer emphatically, no. On 
the contrary, I protest most strongly 
against any method of execution like 
electricity, or other, that shall call for 
the necessary aid of any man of sci­
ence to carry it out. It is high time for 
our gaol surgeons to ask themselves 
whether they ought any longer to con­
descend to perform the miserable so­
called duty of professionally witness­
ing capital murder. But to take the 
leading part in it, never J" 

"Whatever may be the opinion that is 
held as to horse races and their moral 
influence, it is none the less certain 
that they offer an irresistible attraction 
to a large number of persons. The elec­
tric race course occupies a place just 
between genuine races and the minia­
ture horse race. The installation real­
ized at Nice, France, comprises a 12 
horse power gas engine that actuates 
a Rechniewsky dynamo with double 
winding, which sends the current into 
six electric motors of a power of 1,000 
watts each, setting in motion a horse 
on wheels whose speed, starting and 
stopping, is, for each one, entirely inde­
pendent of all the others." 
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VGA 
DISPLAY. 
The first in a notebook 
computer. It's bright, 
paper-white, with 
a crisp 640 x 480 
resolution and 16 
shades of gray. 

TRUE 
NOTEBOOK 
SIZE. 
8.5" x 11" x 1.4'; 
4.3 Ibs. 

12Mhz 286. 
Runs the latest software with 
exhilarating efficiency. 
And it's fully expandable. 

© 1990 Sharp Electronics Corp. Windows is a trademark of Microsoft Corp_ 

20MB 
HARD DISK. 
With a speedy 
23ms access time. 

THE PC-6220. 
About the on Iy th i ng you 
don't get with the Sharp 
PC -6220 is another piece 
of luggage to carry. It's 
a mere 8W' x 11" and 
weighs only 4.3 Ibs., yet 
has the ki nd of power you 
need . To run Windows:" 
To do desktop publishing. 
To have instant access to 
your programs and files. 

Fi nd out how you can 
put a serious computer in 
your briefcase. Without 
taking everything out of it. 
CaII1-800-BE-SHARP. 

SHAR� 
FROM SHARP MINDS 

COME SHARP PRODUCTS'M 
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Light. It is magical. Powerful. Essential. 

At GTE, we put that power at the touch of your 

hand. It is the power to illuminate the facts of 

science. To brighten the arenas of sports and business. 

And create the warm glow that means "home:' 

Our Sylvania engineers have introduced more light­

ing innovations to the U.S. than anyone in the 

past ten years. For example, our pixel fluorescent tube 
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:chnology is changing the face of video scoreboards 

orldwide. And we were the first to bring halogen light-

19 technology to the automotive industry. 

We can also make things grow, make businesses run 

more efficiently, ease a small child's fear of the dark. 

At GTE, we can give you the power of light in more 

than six thousand ways. None of them are small. 

Because at GTE, the power is on. 

THE POWER IS ON -
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When drivers 
car 

It can't 
be denied that 

dnmk driving is one 
the most serious and tragic 

problems of our times. It takes a devastating 
toll on human lives. But the economic costs 

nUl high as well. 
Drunk drivers are involved in nearly 

4{)0;6 of all fatal traffic crashes. And, a sizeable 
poI1ion of every insurance dollar goes to pay for 

the damage they do. They also cost society billions 
of dollars a year in lost productivity and property. 

We want them off the road. 

whatA11state 
�QQ!P�J9�help 

�������!.��t� to pass tougher dnmk 
to Mothers Against DrUnk 

their lIllJ)()rtarlltJIllitSlOn 
�vHULUh a hand to tfie Commission Against Drunk Driving. And, with 

govemwentagendes and various sports organizations, we've hew fonn TFAM ��ques lor Effective Alcohol Management)-askillg people . . kYthink responsibly when 
uri! lKiI Ig at sporting events. If you'd like to find out �t involved as weR just 
write to: Al1scite Consumer Information Center, Public Issue Departrnent 200, p.o. Box 7(fjJ, 
Mount P!Pspect, IL 60056-996l. 

Choosing not to drink and clrrn . ,Pe.rso�y gmdo.&>mething to help 
fight �.' in insurance costs. But l��a10fle won't solvejle problem. The car insurance 

IS due for a change. We're workin � tr 1�d5me . Sea� F�::,�;�r�WOri<[j] 
a reality. 

J
C Allstate" 

You're in good hands. 

� 
--------- � ----..... � -----

--- ---.....,., 

WERE COMMfITED 1D BUILDING A CAR INSURANCE SYSTEM EVERYONE CAN UVE WITH 
" 1m AlISlaIe 11lSUrana' COlllp:l.n� NonIiJrool illinoiS. 
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SCIENCE AND THE CITIZEN 
Blurred Reflections 
Trouble with Hubble 
puts heat on NASA 

T he Hubble Space Telescope, a 
$1.8 billion instrument that was 
to have produced images of un­

surpassed clarity and thereby revo­
lutionized astronomy, has become an 
orbiting nightmare for the National 
Aeronautics and Space Administration. 
More embarassing, it was brought low 
by an optical defect that telescope 
designers say has plagued ground­
based telescopes and could have been 
easily avoided. Relatively inexpensive 
tests on the Hubble optical system that 
could have detected the "gigantic" er­
ror, as astronomer Aden B. Meinel of 
the Jet Propulsion Laboratory in Pas­
adena , Calif., describes it, were not 
conducted. 

Stony-faced NASA officials an­
nounced on June 27 that attempts to 
focus the telescope had failed. The pin­
point star images continue to retain 
round haloes. The evidence indicates 
that the telescope is afflicted with a 
classic case of spherical aberration, a 
condition that arises when light strik­
ing near the edge of the primary mirror 
focuses at a different point than light 
striking near the center. The aberration 
is "textbook perfect in its symmetry," 
notes Jean Olivier, deputy project man­
ager for the Hubble at Marshall Space 
Flight Center in Huntsville, Ala. 

Even though the telescope's specifi­
cations called for 70 percent of the 
light from a star to fall within a circle 
. 1  arc seconds in diameter, only 15 per­
cent does so. Analysis of the images 
suggests that the edges of the 94.5-
inch primary mirror are two microns 
lower than they should be. (That would 
be an enormous error; the mirror was 
ground to a precision of better than . 0 1  
micron.) A s  a result, light striking the 
edge of the primary mirror focuses 
four centimeters behind light striking 
near the center of the mirror. 

It will likely take months to sort 
out where the mirror fabrication went 
wrong. NASA has appointed a commit­
tee, chaired by Lew Allen, Jr., director 
of the Jet Propulsion Laboratory, to 
study the question. At least two con­
gressional oversight committees have 
launched investigations of their own. 
In a series of interviews with astron­
omers and other experts, however, SCI­
ENTIFIC AMERICAN has found a strong, 

Burying the hatchet, 
hackers in handcuffs, 

butterflies and weather, 
knowing thyself 

emerging consensus about what went 
wrong. 

The flawed mirror was made be­
tween 1978 and 198 1  by Perkin Elmer 
in Danbury, Conn. (now Hughes Dan­
bury Optical Systems). The company 
received $440 million for building the 
optical system and the fine guidance 
sensors. A further $3 million fee was to 
have been paid after successful orbital 
testing of the telescope. Because the 
apparent error in the mirror's shape 
is much larger than the sensitivity of 
Perkin Elmer's testing apparatus, most 

of those familiar with the project sus­
pect that something was wrong with 
the test equipment itself, probably a 
device called a null corrector. 

Null correctors are specially tailored 
lenses, or mirrors, that are positioned 
at a precisely determined point in front 
of a mirror being tested. They make 
the hyperbolic surface of the mirror 
look spherical-which Simplifies test­
ing because all points on the surface of 
a sphere are the same distance from 
the center. 

Such null correctors play a critical 
role in the manufacture of a large tele­
scope mirror. Perkin Elmer engineers 
began by grinding a "blank" to about 
the right shape. They then used laser 
interferometry to examine, through the 
null corrector, whether the Hubble mir­
ror looked spherical. Computer analy­
sis of the interference patterns re­
vealed any bumps on the mirror sur­
face. These were then rubbed out by 
additional polishing. This cycle was re­
peated eight or nine times. 

At the conclusion of testing, Perkin 
Elmer engineers claimed proudly that 
the surface was accurate to one sixty-

HAPPIER DAYS: the remote manipulator arm of the space shuttle Discovery 
nudges the Hubble telescope into space on April 25. 
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*j. D. Power & Associates Vehicle Dependability Index Study. Based on things gone wrong to 4- to 5-rear-01d 1985 model \·ehides in the past 12 months. 
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The car declared the most 
durable in the world 

meets the car ranked the most 
dependable in America. 

Robust long life seems to be 

almost something bred into the 

Mercedes - Benz genes. 

The Guinness Book of World 
Records. has taken note of this 

phenomenon by declaring a 1957 

Mercedes-Benz, with 1,184,880 

miles on the clock, "the world's 

most durable car." 

And in a recent survey of 

long-term vehicle dependability, 

covering original owners' experi­

ences with their 1985 cars,* J.D. 

Power & Associates found -

surprise! - that Mercedes-Benz 

owners report fewer things gone 

wrong than owners of any other 

cars in the survey. 

Of course, the levelheaded 

engineers of Mercedes-Benz 

insist that even phenomena can 

be explained in rational terms. 

By an R&D brain trust 

twelve thousand people deep, for 

example. By a bank of more than 

ten thousand original engineer­

ing patents. And by manufactur-

ing tolerances somewhat finer 

ENGINEERED LIKE NO OTHER 
CAR IN THE WORLD 

than the width of a human hair. 

Focus these and myriad 

other Mercedes-Benz engineer­

ing strengths on the goal of 

building the most dependable 

and long-lived cars possible, the 

engineers say-and the rest will 

logicall y follow. 

And the rest, of course, .is 

automotive legend. 

If you wish to follow up on 

the remarkable dependability 

and longevity accomplishments 

of Mercedes-Benz, visit your 

authorized dealer soon. Or call 

1-800-228-9191 toll free, anytime. 
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RA YS STRIKING near the edge of the Hubble's primary mirror (red) are focusing 
behind other rays (blue), making a blur where an image should form (inset). 

fifth of the wavelength of light from a 
helium-neon laser-considerably better 
than the one fortieth required by NASA. 
But the mirror, some scientists now be­
lieve, may have been precisely ground 
to the wrong shape. "You can do all the 
testing you want, but if you're using a 
yard ruler that's only 35 inches long, 
you're going to get the wrong result , "  
says Max E .  Rosenthal, project manag­
er of the optical telescope assembly at 
Marshall . 

James A .  Westphal of the California 
Institute of Technology, the principal 
investigator for Hubble's wide-field/ 
planetary camera, notes that the Eu­
ropean Southern Observatory 's New 
Technology Telescope in La Silla , Chile, 
was found to be troubled by a similar 
case of spherical aberration when the 
instrument was first tested last year. 
In this case, the problems were traced 
to positioning of the null correctors, 
which were 1.8 millimeters out of place 
during fabrication.  

The error in the European telescope 
was easily corrected because the tele­
scope is equipped with actuators that 
can adjust the mirror's shape. Ironical­
ly, the Hubble primary mirror has actu­
ators, too, but because the possibility 
of spherical aberration was apparently 
not considered ,  they are in the wrong 
place and not strong enough to com­
pensate for that defect . Yet "almost ev-

ery astronomical telescope has this 
problem to some degree," Meinel says. 

Others doubt that the null correctors 
used for the Hubble mirror are at fault. 
Robert E. Hufnagel, who was a senior 
scientist at Perkin Elmer when the mir­
ror was ground , points out that the 
null correctors were carefully checked 
before and after they had been used. 
And the NASA project managers for 
Hubble were apparently sufficiently im­
pressed with Perkin Elmer's null cor­
rector tests that they decided not to 
test the completed telescope indepen­
dently before launch. 

A rigorous performance test on a 
large telescope is, without question, a 
major undertaking. Such tests require 
an accurate mirror-or another tele­
scope-as big as the telescope being 
tested so that light from the whole pri­
mary mirror can be examined at once. 
Olivier argues that NASA ruled out such 
tests in Hubble's case because they 
would have required building an opti­
cal "flat"-a very accurate mirror-that 
would have cost hundreds of millions 
of dollars. 

That cost estimate may be on the 
high side. Duccio Macchetto, an as­
tronomer at the Space Telescope Sci­
ence Institute in Baltimore, estimates 
that a flat could have been built for $2 
million . Itek Optical Systems Division, 
based in Lexington, Mass., is testing 
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mirror segments for the California In­
stitute of Technology's Keck telescope, 
now being built on Mauna Kea , against 
a flat not much smaller than would 
have been needed for a "full aperture" 
test on the Hubble, according to the 
company. Eastman Kodak , which bid 
unsuccessfully for the main Hubble 
contract but built a backup mirror, also 
believes the telescope could have been 
tested for a reasonable price. In its bid, 
Kodak included a full-aperture test on 
the assembled Hubble optical system. 
The quoted cost : $10 million. 

Investigators also think that even 
less costly "subaperture " tests should 
have shown an error the size of Hub­
ble's. In fact ,  the Hubble optical sys­
tem was subjected to several such 
tests, says William G. Fastie , an as­
tronomer at Johns Hopkins University 
and a member of the scientific working 
group that oversaw Hubble 's construc­
tion . They were done with a 14-inch 
amateur reflecting telescope. 

Unfortunately, those tests merely 
checked focusing: they ensured the pri­
mary and secondary mirrors were sup­
ported to within . 0 1  inch of their cal­
culated positions. Had measurements 
been taken at the mirror's  edge and 
had Hubble been mounted so as to 
avoid the distorting effect of gravity, 
the amateur telescope might have de­
tected the problem. "Almost any kind 
of test would detect an error of this 
magnitude," Meinel says. "Arguments 
that it would have cost hundreds of 
millions of dollars are nonsense." 

But any additional spending might 
have been considered too much, says 
C. Robert O'Dell, an astronomer at Rice 
University, who was chairman of the 
Hubble's science working group. inex­
pensive tests on the telescope were not 
done, because they would have caught 
only very large errors, "and the pre­
sumption was we were making the 
mirrors right ," he says. O'Dell adds 
that he was "continuously aware of the 
fact that we were being forced to make 
decisions on the basis of budget , and 
that meant cutting cost corners. "  The 
system forced "even honest people" to 
identify "optimistically low prices" and 
then stick to them, because congres­
sional appropriations committees were 
constantly charging that the telescope 
was costing too much. 

According to Fastie, Hubble project 
managers hoped to demonstrate that a 
large telescope could be built without 
enormous testing facilities so that it 
would be easier to gain approval for fu­
ture, bigger telescopes. "That was a 
consideration-and a proper one,"  he 
says. Harland W. Epps,  an astronomer 
at Lick Observatory, points out that the 
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You know his name. And , you're 
probably familiar with his work. But who 
was Richard Feynman? What made him 
one of the most extraordinary physicists 
of his day? Find out in Tbe Essential 
Feynman. Here, in a superb four-volume 
collection, you'll find the complete man 
revealed. Best of all, for a limited time 
only, you can get this unique chronicle 
of Feynman's life, theories, and accom­
plishments for the special, low price 
of just $2.95. 

QED 
The Strange Theory of Light and Matter 
Feynman's work in quantum electrodynamics 
earned him a Nobel Prize. Now, you can 
explore this complex topic in a presentation 
remarkable for its clarity, completeness, and 
humor. Based on a famous lecture series at 
UCLA, this book presents Feynman at his best: 
describing the interaction of light and physics .. . 
unraveling the phenomenon of iridescence .. . 
relating how quantum electrodynamics 
helps us understand quarks, g1uons, and 
other major aspects of contemporary physics. 

Publisher's Price: 118.50 

The Character of Physical Law 
Undoubtedly a brilliant scientist, Richard 
Feynman was also a dynamic lecturer. This 
collection of transcripts from a 1964 lecture 
series at Cornell University is classic Feynman. 
His enthusiasm is unbridled as he presents 
an overview of physical laws " . expounds on 

Take THE ESSENTIAL F 
Collection $ 2 95 As your introduction to 

- The Library of Science �9.90 ValU'e'Vou simply agree to buy 3 more books �� � -at handsome discounts-within the 

the elegance ef scientific law ... demonstrates 
the interaction of mathematics and physics ... 
and much more. Don't miss one of Feynman's 
most inSightful, entertaining performances, 
in a hardcover edition brought back into 
print exclusively for The Library of Science. 

Publisher's Price: 117.50 

"Surely You're Joking Mr. Feynman!" 
Adventures of a Curious Character 
Cracking safes at Los Alamos. Accompanying 
ballet on a bongo drum. Explaining physics 
to Einstein. It's all essential Feynman, a man 
as renowned for his antics as his accomplish­
ments. And it's here for you to enjoy in 
memoirs recorded by crony Ralph Leighton. 
Publisher's Price: 115.95 

"What Do You Care What 
Other People Think?" 
Further Adventures of a Curious Character 
Once, when discussing the Challenger space 
shuttle disaster, Richard Feynman stated, 
"Reality must have precedence over public 
relations .... Nature cannot be fooled." 
Succinct and telling, these words describe 
the man whose interests, philosophies and, 
in particular, experiences as a member of 
the Presidential Commission investigating 
the Challenger explosion, are brought to 
life before your eyes. Written with long-time 
friend Ralph Leighton, this book is the 
legendary physicist's last literary legacy. 

Publisher's Price: 117.95 

next 12 months. 

THE LIBRARY OF SCIENCE is the 
nation's oldest and most respected science 
book club. Dedicated to serving both pro­
fessionals and serious amateurs, it surveys 
the entire field of published sources on sci­
entific subjects to make the very finest 
works available to club members at sub­
stantial savings. 

MEMBERSHIP BENEFITS· In addition to 
getting The Essential Feyman Collection for only 
$2.95 when you join, you keep saving substan­
tially on the books you buy . •  Also, you will 
immediately become eligible to participate in our 
Bonus Book Plan, with savings of 60% off the 
publishers' prices . •  At 3-4 week intervals (15 
times per year), you will receive the Library of 
Science News, describing the coming Main 
Selection and Alternate Selections, together with 
a dated reply card . •  In addition, up to two times 
a year, you may receive offers of Special 
Selections which will be made available to a 
group of select members . •  If you want the Main 
Selection, do nothing, and it will be sent to you 
automatically . •  If you prefer another selection, 
or no book at all, simply indicate your choice on 
the card and return it by the date specified . •  You 
will have at least 10 days to decide. If, because 
of late mail delivery of the News, you should 
receive a book you do not want, we guarantee 
return postage. 

If reply card is missing, please write to Library 
of Science, Dept. 2-CT7-00954, 3000 Cindel 
Drive, Delran, NJ 08075, for membership infor­
mation and an application. 

9/90 Scientific American 
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The IBM RISe System/ 
Designing on any other workstation 

Whatever you're creating, you'll sail into a whole 
new age with any of the four POWERstations in the 
RISC System/6000 
family. Because 
POWER (Perform­
ance Optimization 
With Enhanced RISC) . . 
processIng can gIve 
you performance 
you've probably only 
dreamed about: 

up to four instructions per machine cycle, 42 MI PS 
and 13 MFLOPS. Suddenly, complex designs don' t 
take eons anymore. 

The four RISC System/6000 POWERstations 
feature a range of graphics processors from grayscale 
to Supergraphics to satisfy any graphics demand. 
Great news for Power Seekers working on animation, 
scientific visualization, medical imaging and engi­
neering solutions like C AD AM� C AEDS'" and C ATI A:" 
And for electrical design automation, there's IBM's 
all new CBDS'" and an arsenal of over 60 ED A appli-

IBM is a registered trademark and RiSe System/6000 and CAEDS are trademarks of International Business Machines Corporation. CAOAM is a trademark of CADAM INC. CATIA is a 
trademark of Oassault Systemes. CBDS is a trademark of Bell Northern Research Corporation. 
HAGAR THE HORRIBLE Character(s) © 1990 King Features Syndicate, Inc. © IBM Corp. 1990, all rights reserved. 
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6000· family. 
will seem downright primitive. 

cations from more than a dozen vendors. 
With every POWERstation, you can get an almost 

unimaginable palette of 16 million colors, which gives 
you 3 D images so realistic, they fairly leap off the 
screen, with super sharp resolution of 1 ,280xl,024 pixels. 
And when it's time to call in the heavy artillery, the 
POWERstation 730 draws nearly one million 3D vec­
tors per second. Like all POWERstations, it can come 
complete with its own graphics processor, freeing the 
POWER processor to rapidly create and analyze your 
designs. All at prices that won't sink anybody's budget. 

So if you're tired of paddling upstream with 
yesterday's performance, call your IBM marketing 
representative or 
Business Partner to 
find out more about 
the RISe System/6000 
family. For literature, 
callI 800 IBM-6676, 
ext. 991. 

For the Power Seeker. 
--..- -® ----- - ---

---- � ---
- - - ---

--- - -- �-.-
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WH I LE we suspect many of our Bringing us to a cooler issue. 

c ustomers are committed to the Otherwise known as winter. A time 

environment, strangely enough, it leaves when room temperatures vary by as 

most feeling cold. As well as hot. much as 15� Also a time when a ceiling 

Quite literally. fan can recircu-

A Casablanca late warm air 

ceiling fan used trapped over-

in the summer head. Saving 

circulates air a little some-

downward to thing beyond 

create a cooling effect. Saving energy. the environment. Like currency, for 

Not to mention the planet. And because instance. So call 800.759.3267 for the 

our fans don't rely on refrigerant gases, name of a dealer and see for yourself. 

its cool for the environment too. We're certain you'll warm up to the idea. 

BEING EN VIRONMENTALLY CONSCIOUS 
LEAVES SOME PEOPLE FEELING 

HOT AND COLD. 
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decision to forego full-aperture testing 
of the assembled telescope was widely 
debated-and accepted-in astronomy 
circles at the time. 

Allen's committee has impounded 
the null correctors used by Perkin El­
mer to make the Hubble primary mir­
ror and all company testing records, as 
well as the uncompleted backup mirror 
built by Eastman Kodak. Tests on the 
backup mirror using the Perkin Elmer 
null correctors promise to be revealing. 
Because that mirror was built and test­
ed separately, it is unlikely to suffer 
from the same spherical aberration as 
the one made by Perkin Elmer. 

The top priority now for engineers at 
the Space Telescope Operations Con­
trol Center at the Goddard Space Flight 
Center in Greenbelt , Md. , is to char­
acterize the aberration precisely. That 
will be essential to the design of cor­
rective optical elements. Scientists are 
hopeful that a new camera , scheduled 
to be fitted into Hubble in two or three 
years' time, as well as a new spectro­
graph, to be installed six years from 
now, can be redesigned to include such 
optics.  These may enable the instru­
ments to perform as if the mirror aber­
ration did not exist .  

I n  the meantime, angry astronomers 
are assessing the damage and trying 
to face the ticklish question of how 
to reschedule observations in order to 
make best use of the blurry telescope. 
Astrometry, or measuring the positions 
of stars, will be little affected.  Some 
spectroscopy will still be possible, al­
though a preliminary assessment sug­
gests many observations will take three 
or four times longer than was antici­
pated . Up to two thirds of the scheduled 
observations using the high-speed pho­
tometer can be made, but they, too, will 
take three times longer than planned. 

lmaging , which was to have taken up 
50 percent of Hubble's time, will be 
most affected.  Image processing may 
help some but is unlikely to aid most 
observations. Only three of 34 observ­
ing programs using the wide-field / 
planetary camera now seem to be vi­
able, according to Westphal . The rest 
must wait until the replacement cam­
era is flown. 

NASA managers have emphasized 
that with some rescheduling, Hubble 
will be able to do valuable science even 
in its present condition. Because ultra­
violet observing is impossible from the 
ground , Hubble will be able to produce 
some unique science. Yet it is clear that 
for the next several years, Hubble's 
results will be coming in much slow­
er than had been hoped, leaving many 
of astronomy's burning questions un­
addressed . - Tim Beardsley 

QUESTAR® QM-100 
unequalled long-distance microscope 

High·resolution video image of a metallic composite sample at six inches 

working distance, field of view 175 microns. The fatigue crack is shown in 

a matrix of particles, the larger of which are typically 7·10 microns in 

width. Bright-field illumination is integral to the optic. 
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than 1,500 times magnification on a twelve-inch video monitor, 
with matched and aspherized optics hand-crafted in the United 
States. 

Since 1954 Questar' s superb telescopes have also been used as long­
distance microscopes. (Indeed at a distance of 108 inches they are 

still unsurpassed for special micro uses.) In 1983 we developed the 

QM-1, which identifies 2.5 micron objects clearly at 22 inches; it 
received an IR-100 award as one of the major technological achieve­

ments of that year. The QM-100 is then the newest member of a 
unique family. 

At any distance - six, twenty-two, or sixty inches - no other in­
struments can match our optical performance, simplicity of use, 
and sheer technical perfection. For all your laboratory and produc­

tion applications where extreme resolution is needed, call or write 
us today. 

The Questar Long-Distance Microscopes 
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The FRACTAL ART 
of ROBERT AZANK 

Computer Art comes of age giving us a 
glimpse into the intimate world of Nature. 
The artist's manipulations of Mathematical 
Space and Color convey a sense of beauty of 

a broad scale: that of Fine Art. . 

Boosting Fusion 
The Soviets hope the U.S. kicks 
in to an international project 

P roponents of nuclear fusion are 
finding it harder and harder to 
keep the money flowing. After 

years of costly research, the goal of 
harnessing the reaction that fuels the 
sun to produce inexpensive energy still 
seems elusive. And, with other projects 
vying for federal funds, the fusion bud­
get is a strong candidate for cuts. This 
year the U.S .  budget for magnetic fu­
sion, the most promising technology, 
was chopped to $32 0 million,  about 

half the annual spending during the 
late 1970's .  

Help for U.S .  fusion researchers may 
be on the way, however, in the form of 
collaborations with the Soviet Union. 
The Soviets hope to revive domestic 
support for their nuclear-energy pro­
gram, which was badly tarnished by 
the 1986 accident at Chernobyl . To ac­
complish that goal , they are pushing 
for international commitments to build 
a next-generation fusion device known 
as the International Thermonuclear Ex­
perimental Reactor (ITER). 

A high-level delegation of Soviet fu­
sion researchers visited Washington, 
D.C. , in May to press the case for ITER , 

Molecular engineers mimic mother nature 
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O ne hallmark of the living cell 
is its ability to produce 
chemical catalysts, called en­

zymes, of exquisite specificity and 
efficiency. That talent is no longer an 
exclusive one. Biochemists at the Uni­
versity of Colorado Health Sciences 
Center, Denver, have managed to skip 
millions of years of evolution by de­
signing and producing the first com­
pletely synthetic enzyme. 

Enzymes are proteins shaped so 
that they hold in place the molecules 
that participate in a chemical reaction. 
The effect is to speed up the reaction. 
Karl W. Hahn, Wieslaw A. Klis and John 
M. Stewart decided to create a mol­
ecule that would mimic chymotryp­
sin, an enzyme that snips proteins at 
particular chemical sites. 

The researchers already knew 
which of the amino acid building 
blocks that make up chymotrypsin ac­
tually do the holding and the cutting. 
Using a computer program that mod­
els the shapes of proteins, Stewart 
and his colleagues designed a mol­
ecule that would support these key 
amino acids in the right position to do 
their jobs. 

The molecule consists of four paral-
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lei protein cylinders bound together 
at one end. At the other end, the busi­
ness end, are the amino acids that 
confer the enzymatic activity. The cyl­
inders are designed to have sufficient 
mutual attraction to provide the right 
spacing for the key amino acids and 
to provide a "pocket" for the target 
protein to fit into before it is cut. 

The investigators then synthesized 
the molecule. It behaved, as expect­
ed, distinctly like chymotrypsin: it cut 
only those molecules that chymo­
strypsin does. Although not as fast as 
the natural enzyme, the artificial ver­
sion-named chymohelizyme-l-is 
more resistant to high temperatures. 

Chymohelizyme-l is unlikely to find 
practical applications, but it could 
pave the way for other artificial en­
zymes that will. Stewart and his col­
leagues are working on several ideas: 
one is to make an enzyme to treat 
pOisoning by nerve gas or pesticides. 
Stewart is also hoping to anchor 
artificial enzymes onto a solid matrix. 
If that effort is successful, he points 
out, artificial enzymes with such 
properties as superior temperature re­
sistance might constitute a new gen­
eration of catalysts. -T.M.B. 
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which is a joint project between the 
U. S . ,  the U. S . S . R . ,  Japan and the Euro­
pean Community. Over the past two 
years, ITER participants have spent 
$2 00 million to produce a "conceptual 
design" for a 30-meter diameter toko­
mak, a machine that uses magnetic 
fields to confine plasmas in a dough­
nut-shaped cavity at 150 million de­
grees Celsius. " It ' s very important for 
us to make a decision to go ahead , "  
says academician Eugeni P. Velikhov, 
who heads the Soviet fusion program. 

The Japanese and the Europeans are 
keen to continue with the engineering­
design phase in 199 1. The estimated 
cost of building the machine, which 
would not produce useful energy itself 
but may pave the way for economical 
generators, is $6 billion.  Plans call for 
construction to begin in 199 5  at the 
earliest .  

In the U. S . ,  a draft report by a high­
level committee established by Depart­
ment of Energy Secretary James D. Wat­
kins, the Fusion Policy Advisory Com­
mittee, recommends stepping up the 
domestic fusion effort. It notes that 
progress has been encouraging and 
suggests doubling funds for fusion 
over five to seven years. The committee 
also recommends building a demon­
stration power plant by 2 0 2 5. 

In the meantime, ITER is a " unique 
opportunity," the committee says, and 
it thinks that the U.S .  should compete 
for the site of the machine. Indeed,  it 
is hard to find any American fusion 
researcher who does not support the 
project .  

The U.S .  is already forging some oth­
er nuclear collaborations with the Sovi­
ets. Soviet and American researchers 
are exchanging computer codes and 
safety data on reactors, and they are 
planning a joint reconstruction of the 
C hernobyl accident . The U.S .  is also 
likely to allow Control Data Corpora­
tion to sell six Cyber 962 computers, 
worth $32 million,  to Soviet nuclear-re­
search centers. 

The problem for ITER may still be 
finding the money. If ITER moves into 
engineering design, says John F. Clarke 
of Battelle , chairman of the ITER coun­
cil, the U. S .  contribution to the collabo­
ration would have to jump from rough­
ly $16 million per year to between $32 
and $40 million per year. 

But the extra money may be difficult 
to come by, especially if Watkins de­
cides to follow some of his commit­
tee's  other advice. The committee rec­
ommended increased funding for an 
alternative fusion technology: inertial 
confinement fusion, in which deuteri­
um targets are blasted by beams of 
radiation. -T.M.B. 

ChiWriler gives you all the 
features of an advanced scientific word 
processor and more! The WYSIWYG 
screen display lets you enter and edit 
text and scientific notation exactly as 
you want it on your printout. Add easy 
math editing, font deSign, multiple 
undo and redo, automatic formatting, 
macros, foreign language capability, 
spell checker, and support for dot­
matrix and laser printers-all for only 
$349.95 plus shipping and handling: 

ChiWriter hor,'_ 
OO)�n�[)'@ 

FEATURES 
• True WYSIWYG-no encoding or preview mode. 

• Easy formula editing is fully integrated into the program 

• Multiple Undo and Redo 

Call today to order your 
ChiWriler package. Full 30-day 

• Automatic text and formula formatting 

money back guarantee. 
Bankcards welcome. 

• All standard math and scientific symbols included 

• Font designer-modify symbols or design your own 

* Chemistry Fonts $59.95, 
Russian Fonts $29.95 

2D% educational discount. 

To order, call loll free 

• For IBM® PC or compatible systems with 512K memory 

HORSTMANN SOFTWARE DESIGN CORPORATION 

1·800· 736·8886 
4 N. 2nd. St., Ste. 500 P.O. Box 1807 San Jose, CA 95109·1807, USA 
Phone (408) 298·0828 Fax (408) 298-6157 
IBM is a registered trademark of International Business Machines Corporation. 

An Open Book 

Tired of holding up heavy books? Then try 
this handsome oak bookstand designed to 
hold large books for reading or display. Move 
its ball-topped wooden pegs to adjust the 
book's angle and keep pages in place. Made 
of attractive, northern oak with birch dowels. 
Please specify either natural or black 
lacquered dowels. The base measures 5-1/2 
by 14 inches. Made in USA. 
Oak Stand $31, 2 for $58.50 postpaid. 

Rich tan leather on 
top, page-gripping 
suede on the bottom � 
with lead weights ' ." 
stitched in between. 
It sounds simple, but 
no imitations compare 
with Mr. Barenholtz's � 
original bookweights. � 
Bookweight $20, 2 for $35 postpaid. 

MC/VISA/ AMEX/Check 
Money-Back Guarantee • Catalog on Request 

Add 6% sales tax to Florida shipments 
800-544-0880 or 407-276-4141 

LEVENGER™ 
Tools for Serious Readers 

9755, Congress Ave" Code 5e10B1, Delray, FL 33445 

SERIOUS ABOUT THE 
WEATHER? NOW YOU CAN 

AFFORD A PER SONAL 
WEATHER STATION! 

The new WeatherPro weather station gives you 
���II�i������'����t���h�ict7��W:�p�65rr)�ll��I�:� weather computer, remote precision wind direc­tion vane, wi�d speed sensor, external temperature probe, mountIng hardware and 40' of cable-all for 
��Md���ED II 'WINDGUST 

'TEMPERATURE 'WIND CHILL 

'WIND DIRECTION ., ' ·TIME 

'TEMPERATURE HI/LO 
' , . 

'AUTO SCAN 

• RAINFALL (OPTIONAU' '1 YEAR WARRANTY 

·14·DAY MONEY·BACK GUARANTEE 

DlGITAR WEATHERPRO 
WEATHER STATION: ONLY $179! 

ORDER TODAY:1-S00-67S-3669, SC 
M·F 7 AM·5:30 PM Pacific Time 

"Au t or:!lat i<-:em\) tyintt elellroni� r,lin g,lUfe"i49.QS 
Add S:JF��) l�� f5���T-�· 1�� �e�cr���;r�r�A es \,IX. 

DIGITAR® 
3465 DIABLO AVE. HAYWARD, CA 94545 

SCIENTIFIC AMERICAN September 1990 31 © 1990 SCIENTIFIC AMERICAN, INC© 1990 SCIENTIFIC AMERICAN, INC



Join the Scientific American Library now 
by previewing A Journey into Gravity and 
Spacetime for 15 days risk.free. 
G ravity controls the movement of sky 

divers, stars, and entire galaxies. It has 
been studied by the most renowned 
scientific minds in the world yet it remains 
a profound mystery of nature. 

Written by leading 
scien tists in access­
ible, compelling 
prose From Signals, Guglielmo Marconi in 1896. Courtesy Marconi Company Ltd. 

Now you can see how the latest thinking 
on this intriguing force is shaping our 
view of the univer se. Join the 
SCIENTIFIC AMERICAN LIBRARY 
and receive A Journey into Gravity and 
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John Archibald Wheeler-the 
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of books that will take 
you on a wondrous 
journey to the 
frontiers of scientific 
discovery. 
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and Materials, a polarized light view of a stressed graphite fiber­epoxy resin composite. Courtesy Tsu-Wei Chou. 
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books are created in a unique 
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views of a scientist who 
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• Delivers clear, compelling prose that 
even the non-expert will find fascinating. 
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Beautiful, richly illustrated volumes 
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SCIENTIFIC AMERICAN LIBRARY 
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Hatchet Job 
A late but peaceful end 
to a long and nasty dispute j\itter, unresolved feud between 

two prominent 18th-century 
mathematicians finally ended 

this summer, when their descendants 
met on neutral ground to bury the 
hatchet .  They did so, appropriately 
enough , at the former home-a Renais­
sance castle in the champagne-making 
region outside Paris-of a third mathe­
matician who had tried in vain to medi­
ate the conflict .  

The principals, Brook Taylor of Eng­
land and Johann Bernoulli of Switzer­
land , probably had little chance of be­
coming friends. They were partisans on 
opposite sides in one of the most fa­
mous scientific disputes of the 1700's :  
the battle over whether Sir Isaac New­
ton (Taylor's countryman and favorite) 
or the German Godfried Wilhelm Leib­
niz (Bernoulli ' s  choice) invented calcu­
lus first .  ( Historians now think both 
had the same ideas independently.) 

The antagonism between Taylor, best 
known for a theorem that bears his 
name, and Bernoulli , one of the fore­
most mathematicians of his time, went 
deeper than that , however. The two 
were among the mathematicians who 
extended the initial formulations of 
calculus and attempted to apply them. 
In the effort, Taylor stepped heavily on 
Bernoulli's toes. 

In his major treatise, the Method of 
Increments, Taylor discussed many of 
the same problems that Bernoulli and 
others had tackled . But Taylor failed to 
speCifically credit anyone but Newton. 
Bernoulli was particularly sensitive to 

such slights and responded by publish­
ing an anonymous essay accusing Tay­
lor of plagarism. 

Taylor identified Bernoulli as the au­
thor and retorted by publishing a de­
fense of himself-also anonymously. 
But he did not stop there.  He went on 
to insult Bernoulli for a mathematical 
error made years before. The fight was 
on, and for several years Taylor and 
Bernoulli continued to snipe at each 
other. The dispute lost momentum 
only after 1719, when Taylor published 
a polemic against Bernoulli and then 
for the most part refused to answer the 
latter 's  continuing attacks. 

Taylor became preoccupied with oth­
er matters, but Bernoulli's  anger did 
not abate. Indeed, when Taylor died at 
the age of 46 in 1731, after suffering 
the deaths of two successive wives in 
childbirth, Bernoulli commented: " Tay­
lor is dead . It is a kind of fate that my 
antagonists died before me, all young­
er than I .  He is the sixth one of them 
to die in the last fifteen years . . . .  All 
these men attacked and harassed me . . .  
though I did them no wrong. It seems 
that heaven would avenge the wrong 
they have done me."  

While Bernoulli and Taylor fought, 
their mutual friend Pierre Remond de 
Montmort , who made important contri­
butions to probability theory, tried re­
peatedly to bring about peace. The 
French mathematician's pleas, unheed­
ed in his own day, have been heard 
now, thanks to the efforts of Lenore 
Feigenbaum of Tufts University, a his­
torian of mathematics, who is editing 
Taylor 's  collected letters .  At her sug­
gestion, on July 7, Franc;ois and Helene 
Crombez (the former a descendant of 
Remond ) enthusiastically opened Re-

OLIVE BRANCHES IN TOW, Chalmers E. F. Trench (left) and Rene Bernoulli (right) 
this year ended a bitter feud between their ancestors, the 18th-century mathemati­
cians Brook Taylor and Johann Bernoulli. Photo: Ricki Rusting 
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mond 's chateau , which is now their 
home, to Feigenbaum and descendants 
of the combatants.  Among them were 
Chalmers E .  F. Trench of Slane, Ireland, 
representing Taylor, and Rene Bernoul­
li of Basel , Switzerland. 

In what had been Remond 's salon 
and in the presence of their hosts and 
other witnesses, Trench and Bernoulli 
toasted each other with champagne (of­
fered by the Crombez family) and ex­
changed olive branches (provided by 
Trench's niece). Later they went outside, 
crossed a drawbridge over the castle's  
empty, grass-lined moat and dug a hole 
at the edge of a wood.  There, 2 75 
years belatedly, they buried the hatchet 
(supplied by Feigenbaum) once and for 
all . -Ricki Rusting, Montmort, France 

Digital Desperados 
Hacker indictments raise 
constitutional questions 

, , N ame another group of crim­
inals that write newsletters 
and have conventions," says 

Arizona assistant attorney general Gail 
Thackeray. According to her and other 
law-enforcement offiCials, people who 
try to enter computer systems without 
authorization, known as hackers, are 
vicious "predators on society." Mean­
while computer-security specialist Dor­
othy E .  Denning characterizes the hack­
ers she has met as unassuming young 
folk with strong ethical beliefs and a 
passion for learning about computers. 

The debate is not just philosophical . 
In March , for example, as game pub­
lisher Steve Jackson tells it, law-en­
forcement officials bent on preventing 
computer crime entered his premises 
with an unsigned search warrant and 
seized computer files containing a new 
game book-along with the computers 
themselves,  commercial software and 
printed copies of the book, which one 
agent said was a handbook for comput­
er crime. Most of the materials have 
been returned; no charges were filed.  

As a result of that incident and sev­
eral others, a growing number of law­
yers-and some computer pioneers, 
such as Mitchell D. Kapor, designer of 
Lotus 1-2 -3-think the government is 
being overzealous in its crackdown on 
computer crime. Even if cyberspace 
does have its share of digital despera­
dos, they say, the Constitution is sup­
posed to protect citizens, even those 
who use computers, from unreason­
able search and seizure, from depriva­
tion of property without due process 
of law and from interference with 
their freedom of the press or of speech. 

Without question, cyberspace does 
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Madeleine Marchese 
General Manager, Marketing 
Texaco Syngas Inc. 

"For five years, Texaco's gasification technology lighted 
100,000 homes with clean energy from coal. We keep it clean with 
a gasification process that we invented and perfected. It's a very 
workable solution to a difficult environmental problem." 

Madeleine Marchese is General Manager, Marketing for 
Texaco Syngas Inc. 

"Our coal gasification process has produced over 2.5 billion 
kilowatt hours of electricity for California residents. That's a record 
no other coal gasification process has even come close to. 

"The Texaco process has not only been proven economically, 
it exceeds the clean air standards proposed by the Bush Adminis -
tration. That proposal is for the year 2000. Texaco is ready now. 

"As a technology, coal gasification is a powerful tool in the 
fight against acid rain. As an alternate energy source, it makes us 
more energy self-sufficient. We have a 300 year supply of coal at 
current consumption rates. 

"Texaco people have even devised ingenious methods to 
expand the technology for the gasification of �1IIIIIIt..... 
municipal sludge. Our process is designed not � � 
only to get rid of sludge but to transform it into � T " 
usable energy." ".Y 

Clearly, there is enormous potential for 
d· · d co h fu 
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CTTREPORTS 
Corporat ion for 

Technolog ica l  Transformation 

CTT, the Corporation for Technologi­
cal Transformation, is an instrument in  the 
Commonwealth of Puerto Rico for catalyz­
ing generation of advanced technology 
and invention and high performance indus­
try. CTT invites strategic relationships and 
joint ventures with technology centers as 
well as individual inventors, investigators, 
and entrepreneurs. CTT seeks outstand­
ing, emerging technological developments 
for commercializing and creating centers 
of operation in Puerto Rico. CTT is particu­
larly interested in projects for precision 
equipment, instruments, and apparatuses 
of solar energy and auto-motion and its 
applications into medical devices. 

CIT proudly presents "The Shining Star of the 
Caribbean" solar car, a product of the strategic 
alliance of university - industry - government. 

To support our projects, we have de­
veloped collaborative agreements with 
worldclass institutions and are inaugurat­
ing the Technological Exploration Center, 
a novel resource for innovators to facilitate 
movement of ideas to intellectual property, 
into validated prototypes, and on to viable 
business plans. 

TEC Inc, The Technology Enterprise 
Centers Inc. ,  is our program of regional 
business incubators to house graduates 
of the Exploration Center and launch their 
technology based industrial enterprises 
successfu l ly. TEC I n c . , provides extra­
ordinary technical services including early 
stage financing, international marketing, 
and development of operating management. 

Interested parties should send a de­
scription of your enterprises and develop­
ment plans to: 

Diego Frederick Loinaz, P. E.  
Executive Director 

Corporation for 
Technological Transformation 

P.O. Box 41 249 
Mini l las Station 

San Juan, PR 00949-1 249 

The Hacker Crackdown 
February: Members of the hacker group Legion of Doom are arrested and 
charged with breaking into BeliSouth computers. 

Craig Neidorf, publisher of Phrack, an electronic newsletter for hackers, is 
arrested for disseminating a memo downloaded by another hacker from a 
BeIiSouth computer. (The memo was initially described by law-enforcement 
offiCials as a computer program that controlled 911 emergency services.) 
March: Federal agents search Steve Jackson Games in Austin, Tex. 
They seize three computers, floppy disks and all manuscript copies 
of a forthcoming book, GURPS Cyberbunk. They also search two 
hacker residences in Austin. 

May: Federal agents execute Operation Sundevil, a three-day sweep of 
hackers in 14 cities. They seize more than 40 computers and 20,000 disks. 

June: Law-enforcement agents retum computer equipment - but not the 
Cyberbunk manuscript - to Steve Jackson Games. No charges are filed. 
The company's losses are estimated at $125,000. 
July: Members of the Legion of Doom plead guilty to computer break-ins. 

have its share of digital desperados ; 
some hackers commit costly crimes.  
Members of the Legion of Doom hack­
ing group pleaded guilty in July to 
break-ins that BellSouth says cost it 
more than $ 1  million, in labor to install 
security measures and in theft of com­
puter and telephone seIVices. And or­
ganized crime may be getting in on the 
game : one company, Thackeray notes, 
found that all its unauthorized calls were 
made to a few numbers in Colombia . 

In other cases, however, the legal is­
sues are not so clearly defined.  Terry 
Gross of Rabinowitz, Boudin in Chicago 
is helping to defend electronic newslet­
ter publisher Craig Neidorf, indicted in 
February for disseminating an article 
containing a memo lifted from a Bell­
South computer. Shutting Neidorf down, 
he says, is the digital equivalent of shut­
ting down the New York Times for pub­
lishing the Pentagon Papers. Gross ar­
gues that if Neidorf committed crimes, 
he can be punished,  but prior restraint 
of his publication is unconstitutional. 
For its part , the government argues 
that Neidorf conspired to commit wire 
fraud because the very existence of his 
newsletter, devoted to hacking, was an 
invitation for people to break into com­
puters so Neidorf could publish articles 
about doing so. 

Trying to mediate between the two 
sides is the Electronic Frontier Founda­
tion, set up by Kapor, Steve Wozniak, 
designer of the Apple II , and another, 
anonymous Silicon Valley pioneer. The 
foundation has taken on legal expenses 
in the Jackson and Neidorf cases, and 
it has granted $ 2 7 5 ,000 to Computer 
Professionals for Social Responsibili­
ty for a series of roundtables among 
members of the computer community, 
hackers and lawmakers. 

There are many issues for such 
roundtables to resolve : Just what pro­
tections apply to computer-mediated 

speech? What rules govern the return 
of computer files seized in a search , 
particularly if no charges are ever 
filed? As attorney Harvey A .  Silverglate 
points out , seize-and-hold tactics are 
an old trick for violating the First 
Amendment. Twenty years ago the po­
lice would seize every copy of a sup­
posedly obscene book as "evidence." 

At issue, too, is the amount of priva­
cy that computer users can expect. 
Some in the computer community, for 
example, believe reading other peo­
ple's files is wrong, but others encour­
age it . Many companies monitor their 
employees' computer activities, and in­
structions for the Well , a nationally 
used computer-conferencing system ,  
suggest eavesdropping o n  other users' 
commands to learn how to manipulate 
information more effectively. 

Another question is the amount of 
responsibility that organizations bear 
for presenting barriers to entry of their 
systems . Thackeray complains that 
hacking is the only crime she knows 
where the victim is blamed for not put­
ting up a good defense. 

Kapor suggests that effective rules 
of behavior for cyberspace will have 
to wait until the electronic frontier 
has been settled .  As the technology be­
comes more familiar and more secure, 
he says, society will be better able to 
make decisions about how (or whether) 
access to them should be controlled. 

Thackeray is not so sanguine ; she 
sees a generation of teenagers "who 
think of themselves as predators" about 
to be let loose on the network. Worse 
yet ,  they know far more about com­
puters than do investigators. The lack 
of computer expertise among law-en­
forcement officials is a "crisis,"  she says. 
The old view of hackers as a wilderness 
elite who pursued knowledge and did 
no harm has become obsolete in the 
eyes of the law. -Paul Wallich 
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SPARCstatiori" SLC. By 
breaking the $5,000 
barrier, it turns the eco­
nomics of computing 
absolutely upside down. 
And lets you give your 
people a system that 
runs circles around 
PCs and minicomputers. � ...... � 

Up till now, for this 
price you'd have to 
settle for a 386 with��!!!!!!!!!!1 one or two little 
extras. Or a share 

of a minicomputer. Or 
maybe an X terminal 
with an underpowered 
processor. 

But now, you can 
give everyone a high­
performance RISC work­
station for the same 

price . Complete with 
12.5 MIPS of process­

ing power. The 
UNIX® 

operating 
system. 

8 MB of memory. Even built-in Ethernet� 
But more than a hot machine, you 

can give them all the strategic advan­
tages that come with our SPARC" 
technology. 

First, our workstations were meant 
to be networked. So you can have 
whole groups working on the same 
project. In perfect synch. And every 
user has serious processing power. 
Right at the desktop level. Second, 
there's the OPEN LOOK" user inter­
face. Which lets people learn to use 
UNIX in no time flat. Finally, there's 

Cll990 Sun Mkrosystems, Inc . •  Sun Microsystems and the Sun logo are registered trademarks of Sun Mkrosystems, Inc. SPARCstarion, SPARC, and SPARCwar(' are trademarks of Sun Microsystems, Inc. OPEN LOOK is a trademark of AT&T. UNIX is a registered 
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UNIX itself. With UNIX, your people 
can create applications that would take 
a lifetime to develop any other way. In 
fact, there are over 2,000 SPARCware'" 
applications that are ready to run 
right now. So you have the added 
advantage of choosing the world's 
largest standard for RlSCIUNIX soft­
ware compatibility. 

How did we design all this into a 
$5,000 system? Since 1982, we've built 
nothing but UNIX workstations. So 
we've learned a few things. We com­
pletely eliminated the processor box. 

By building the electronics into the 
back of the monitor. We gave it a high­
resolution monochrome display. And 
since SPARCstation SLC is designed 
for workgroups, all the files can be 
stored in a central server. Or on a local 
disk, if you'd rather. 

For a lot of companies, introducing 
a machine like this would be next to 
impossible. But at Sun, it's not exactly 
our first breakthrough. And this is no 
announce-it-today, ship-it-next-year 
product, either. SPARCstation SLC is 
available in quantity today. 

SPARCstation SLC. If you'd like 
to see how it compares to every 
other system you could buy, just call 
1-800-624-8999 ext. 2066. From any­
where in the U. S. and Canada. And get 
ready to move your people a quantum 
leap ahead. 

Because now you can. 

.� sun � m i c rosystems 

trademark o f  AT&T. Ethernet i s  a registered trademark o f  Xerox Corporation. ·u.s. List Price Quantity I ,  S4,995. Includes a 17-inch, high-resolution monochrome display, 8 M B  of main memory, integral Ethernet, SCSI, and serial interfaces, and the Sun Operating System. 
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WIND PATTERNS on June 1, 1990 (left), are compared with 
forecasts the National Weather Service had made four days 

earlier, for a . 78 correlation (center), and nine days earlier, 
for a .36 correlation (right). 

Lorenz's Butterfly 
Weather forecasters grapple 
with the limits of accuracy 

T he computers of 35 years ago 
could run numerical models of 
the weather no more than three 

days ahead before their predictions 
became pure fiction . Today better 
data , more detailed atmospheric mod­
els and immensely faster computers 
have pushed the range of reliable fore­
casts to nearly six days, on average. 

Better predictions are saving lives 
and money. But each extension in 
range comes at a higher price.  That is, 
because the weather is a nonlinear, or 
chaotic, system, a tiny inaccuracy in 
the initial data can easily snowball into 
a huge error in prediction. 

Forecasters are therefore seeking 
ways to make better use of the raw 
data that are already at their disposal. 
One promising approach applies math­
ematics to update models more fre­
quently. " We expect this work to take 
one-and-a-half years,"  says Michael Na­
von, a French-born mathematician who 
heads the weather modeling program 
at Florida State University in Tallahas­
see. " We believe that we will be able to 
raise the U.S .  forecasting range by half 
a day to six . "  

What is confounding weather mod­
elers is a theoretical butterfly. In the 
19 60's Edward N. Lorenz , a meteorolo­
gist at the Massachusetts Institute of 
Technology, reasoned that the mere 
flapping of a butterfly's  wings could 
spawn hurricanes because a chaotic 
system is very sensitive to initial condi­
tions. Since numerical models cannot 
account for such a small deviation, 
there is a limit to how far ahead they 
can predict the weather. 

The inability to know present condi­
tions precisely led Lorenz to set the 
theoretical bound of any forecasting 
system at about two weeks, a judgment 
that most meteorologists still endorse. 
At greater ranges any forecast must 
fall below a .6 correlation with reali­
ty, the lowest that is considered to be 
of value. Longer-range forecasts must 
therefore resort to seasonal statistics,  
which tend to be worthless when accu­
rate-as in predicting Death Valley's 
rainfall in July-and inaccurate when 
they would be most valuable-as in 
forecasting hurricanes. 

Lorenz left numerical modelers plen­
ty of room for improvement , however. 
They can attack the problem by ob­
taining more data . They can raise their 
resolution by dividing their represen­
tation of the atmosphere into smaller 
and more numerous pieces. And they 
can produce computer models that 
account for other physical processes, 
such as the variation in SUnlight from 
day to night , the wind resistance of­
fered by mountains and the exchange 
of heat between oceans and air mass­
es.  Better models, in turn, require fast­
er computers. 

The National Meteorological Center 
followed this strategy in March, when 
it replaced a Control Data Cyber 205 
with a faster Cray Y-MP supercomput­
er. That did not improve the center's 
spring forecasts. But it will enable the 
center to run a higher-resolution mod­
el. Once the system is debugged, the 
workers believe the model will make 
up the half-day forecasting advantage 
that has long been maintained by the 
European Center for Medium Range 
Weather Forecasts in England . 

Navon and his colleagues at Florida 
State University's  Supercomputer Com­
putations Institute hope to gain as 

42 SCIENTIFIC AMERICAN September 1 990 

much time with less expense by updat­
ing models as they run. Most weather 
models are now run only once or twice 
a day. Data collected in between runs 
cannot be entered without recalculat­
ing everything from scratch. " People 
tried to use accumulated data in real 
time, but this was not very success­
ful," Navon says. " We use a system that 
incorporates data during certain win­
dows of time."  

The Florida State team has drawn on 
the theory of optimal control,  devel­
oped by Soviet and French mathemati­
cians in the 1950's  and 1960's ,  to build 
a secondary computer model that up­
dates the regular weather model . The 
computer runs the "adjoint" model for­
ward in time from the original initial­
ization point until it encounters obser­
vational data that contradict the regu­
lar model 's  forecast.  The adjoint model 
then redraws the curve describing the 
evolution of the weather. 

Billions of points are arranged in 
complex curves that snake through 
three dimensions of space and one of 
time. The program has done well with 
simulated data and has now begun the 
final test with real information. 

These refinements will surely trickle 
down to local forecasters and from 
them to the man in the street . Still , 
numerical models are made to project 
the precipitation patterns for an entire 
hemisphere rather than to provide the 
details that so concern picnickers and 
ballgame goers. 

Nevertheless, the forecasts on the 
news are improving. Andrew J Wagner 
of the U. S. National Weather Service 
says that local meteorologists can now 
predict 36 hours ahead with nearly 95 
percent reliability versus an 80 percent 
batting average just 20 years ago-be­
lieve it or not . -Philip E. Ross 
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Ella Fitzgerald. Cardmember since 1961 . 

Membership 
Has Its Privileges.'M 

Don't leave home without it� 
Call J -800-THE CARD to apply. 
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Introducing BMW's new 
Desktop Showroom. 

One of the best ways to 
appreciate a BMWmight 
be to take one apart and 

see exactly why it runs so perfectly. 
But unless you're a BMW owner, 

a mechanic, or both, that technique 

really isn't practical. Or advisable. 
That'swhy,while supplies last,we're 
offering the"Desktop Showroom:' 
software with sophisticated graph­
ics designed to run on IBM®systems: 

With it, you can take apart and 
study every model in the BMW line, 
including the sophisticated 8SOiL 
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and the spirited new 318is. Look at Send a check or money order for 
animated cutaways of the engine $5.95 to BMW Desktop Showroom, 
and suspension. Research our five 120 Bri,hton Rd.,Clifton, NJ 07012. 
decades of building and racing high- Allow SIX weeks for delivery. Call 
performance cars.Ortryyour hand 1-800-334-4BMWfor information. 
at the "BMWSafety Challenge:' in And be preparecl to lakeyour& 
which you can choose the best reac- disk drive for a test drive. 
tions to everyday driving hazards. THE ULTIMATE DRIVING MACHINE: 
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Fetal Law 
Experimental surgery 
may feed ethical debates 

P hysicians today can get almost 
as close to a fetus as its mother 
does. New operations have made 

it possible to correct several congenital 
defects in fetuses by removing them 
partially from the womb, operating, 
then putting them back in place. This 
May doctors reported operating on a 
six-month-old fetus to correct a dia­
phragmatic hernia, an often fatal condi­
tion in which the intestines and stom­
ach fill the chest cavity. Procedures to 
correct spina bifida, heart block and or­
gan and limb malformation, which af­
fect hundreds of fetuses, may not be 
too far in the future. 

As exciting as the medical advances 
are, they may have a downside. Some 
bioethicists and health-law attorneys 
worry that the surgery could intensify 
debates about fetal and maternal inter­
ests that are raging in courts nation­
wide. "People will use fetal surgery as 
an example of how fetuses are now pa­
tients and deserve the same rights and 
autonomy " as any citizen, says Law­
rence O. Gostin, executive director of 
the American Society of Law & Medi­
cine in Boston . Confounding the dis­
pute, Gostin says, is the fact that "the 
law is in a state of uncertainty."  

The debate centers on whether or 
not a mother can refuse to undergo 
surgery-or even follow recommenda­
tions-that would potentially benefit 
her fetus. New diagnostic technologies 
are prOviding an ever closer look at the 
fetus, contributing to a perception of it 
as a patient. This view is finding its 
way into courts, pitting women against 
their unborn in cases of drug abuse 
and career choice. 

Physicians have also called on the 
courts to force unwilling women to 

give birth by cesarean section and to 
accept blood transfusions. These cases 
have often been further complicated 
because many women refuse transfu­
sions or surgery for religious reasons. 
In 1 9 8 7  the New England Journal of 
Medicine reported that 46 percent of 
the directors of maternal-fetal medi­
cine programs supported the use of 
court orders for cesareans. Ordinarily, 
no citizen is legally bound to endanger 
his or her life for another, but "we are 
using a very different standard for a 
mother," Gostin notes. "She has a duty 
to the fetus that other citizens don't 
have to fully formed human beings."  

In these cases, the argument does not 
concern the fetus but rather the new­
born, says Norman C. Fost of the Amer­
ican Academy of Pediatrics (AAP) com­
mittee on bioethics. Fost, a pediatrician 
at the University of Wisconsin Hospital, 
Madison, says there is nothing incon­
sistent about doctors supporting both 
abortion rights and court orders for 
cesareans : once a mother has made a 
decision to carry the fetus to term, the 
newborn's health must be protected . 
Fifteen such orders have been report­
ed in the literature, but Fost estimates 
that hundreds go unreported. Lower 
courts and a Georgia appellate court 
have upheld obstetricians' demands. 

Not every court agrees, however. One 
such decision was overturned this 
April . A Washington, D.C.,  court of ap­
peals reversed a ruling that forced an 
ill mother to have a cesarean, citing, 
among other things, that "a fetus can­
not have rights in this respect superior 
to those of a person who has already 
been born." The recent decision was 
purely a test case : the woman had un­
dergone the operation several years be­
fore-she died of cancer, and the fetus 
did not survive. 

Physicians assert that in most cas­
es cesareans prove to be safe. In con­
trast, fetal surgery is hardly rou-

FETAL DEFECTS CORRECTED BY SURG ERY 

DIAPHRAGMATIC HERNIA: Malformation of the diaphragm 
allows intestines and stomach into chest cavity, preventing lung 
growth. Recent operations have been 1 00 percent successful. 

HYDROCEPHALUS: Excess spinal f lu id can cause brain 
damage. Surgery has been performed through the wall of the 
uterus.  Most survivors suffer severe handicaps. 

SACROCOCCYGEAL TERATOMA: Benign tumor growth 
at the base of the spine during gestation can ki l l  the fetus.  

U R I NARY TRACT OBSTRUCTION: U rine blockage pre-

vents the lungs from developi ng. Majority of operations have 
been performed th rough the wal l of the uterus .  

Source: American Journal of Diseases of Children a n d  Michael  R .  Harrison 
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N u m ber of Success 
Operat i o n s  Rate (%) 

8 25 
-

41 83 

- . _-
1 0 

87 40.2 

tine-but perhaps not for long. During 
the past decade, operations have cor­
rected urinary tract obstructions and 
diaphragmatic hernias. The Universi­
ty of California at San Francisco team 
pioneering the operations has already 
attempted correcting heart block and 
restricting tumor growth. Work on ani­
mals at other institutions suggests cor­
recting malformation and spina bifida 
may also be possible. 

Michael R .  Harrison, who led the San 
Francisco team , says these surgical ad­
vances introduce no legal conflict.  "We 
wouldn't even consider offering this to 
a family unless they were 1 ,000 per­
cent for it." Harrison and others point 
out that most women would do any­
thing for the health of their fetus, de­
spite the risk . Moreover, women have 
a moral obligation to do so, declares 
Alan R. Fleischman, AAP bioethicist and 
pediatrician at the Albert Einstein Col­
lege of Medicine in New York City. But 
making it a legal obligation is wrong, 
he says. "Patients would see doctors 
as policemen." 

Breakthroughs in fetal surgery do 
not necessarily create legal debates, but 
such advances stretch the limits of the 
law regarding a person's privacy and 
autonomy. William G. Bartholome, AAP 
bioethicist and associate professor at 
the University of Kansas, thinks the le­
gal precedents set in transfusion and 
cesarean cases foreshadow the same 
conflict with fetal surgery. Indeed, the 
American College of Obstetricians and 
Gynecologists issued a statement on fe­
tal surgery referring to the cesarean pre­
cedents, which urged that both kinds of 
decisions be kept out of the courts. 

If fetal surgery ceases to be costly 
and experimental, difficult questions 
are certain to arise: What if a woman 
knows her child has a defect and wish­
es to abort? Would her decision be 
viewed as the murder of a potentially 
viable child ? What if she brings the 
child to term, refusing surgery? 

The law offers no clear answers. 
Some states have argued that they have 
an interest in preventing the fetus from 
being harmed so that it joins society as 
a healthy infant . "What standing [fetus­
es] will have in society is the question 
left open by Roe v. Wade ," Bartholome 
asserts. Some states have also sought 
to protect fetuses under child-neglect 
laws, particularly when a mother has 
taken drugs during pregnancy. In these 
cases, Bartholome says, "drug poliCies 
are pushing the moral status of the fe­
tus." And Gostin fears antiabortionists 
may use such surgery as "proof that fe­
tuses are people in their own right." 

While legal battle lines may have 
been drawn, some physicians say there 
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FI NALLY, AN I NTELLIG ENT RESPONSE 
TO TODAY'S EN ERGY I M PERATIVE . 

Alupower: Aluminum power. 
The need for an a l ternate energy source i s  u rgent .  And A l u power i s  that sou rce . C o m b i n i n g  a l u m i n u m  a l l oy anodes and oxygen  
b reath i n g  cath o d e s ,  A l u power  d e l i ve rs an  e n e rg y  d e n s i ty s i x  to ten  t i m es g reate r  than that of trad i t i o na l  batte r i es - safe l y ,  
eff i c i ent ly ,  i m macu late ly .  

Alupower: Renewable power. 
A l u m i n u m  batte r i es req u i re no rout i n e  mai ntenance ,  and are eas i l y  refu e l l ed .  A l u power is c l ean , renewa b l e ,  recyc l a b l e  en ergy. 

Alupower: Standby power. 
Deve l oped i n  con j u n ct i on  wi th  C h l o r i de  G roup  PLC , a l i ne  of a l u m i n u m  batte r i es  i s  avai l ab l e  for  use i n  a rang e  of stand by power 
app l i cat i ons .  

Alupower: Propulsion power. 
I n  the near futu re , A l u power a l u m i n u m  batte r i es w i l l  a l so power a wh o l e  fam i l y  of unde rwater veh i c l es and may extend the ran ge  of 
e l ectr i c  veh i c l es ,  maki ng  these c l ean a i r  " d ream mac h i n es" a p ract i ca l  rea l i ty .  

For more i nformat i o n ,  p l ease contact: Dav i d  Patch , Vice Pres i dent  Market i n g .  
A l u power ,  I n c . ,  1 50 Mount Bethe l  Road , Warre n ,  NJ 07059 .  
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IN THE WORLD OF SCIENCE ONE 
WORD PROCESSOR STANDS OUT . . .  

"13coll do 
big filings for you" 
PC Magazine, July. 1988 

What you see on your 
screen is

· 
what you get! 

No preview mode or 
mark u p  language used 

"13 makes ve,y difficult, 
complex typing \'eI'y easy 
to accomplish." 
Jessie Stuyvesant. Secretary 
Science Applications 

International Corp. 
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is no moral dispute. " You cannot sepa­
rate out the fact that the fetus is at­
tached inside the mother," says Mark I .  
Evans, an obstetrician at Wayne State 
University. " When operating on a fetus, 
you have to invade the mama's body to 
do it. Forcing that would be a terrible 
precedent . "  -Marguerite Holloway 

Easier Said than Done 
Burning chemical weapons 
is no simple process 

T he world may be relieved that 
the superpowers have agreed to 
get rid of their stockpiles of 

chemical weapons, but the U.S .  Army is 
finding that doing so may prove even 
more difficult than making them. No 
one has ever before had to destroy 
30,000 tons of mustard gas and nerve 
gases in a hurry. 

The Army has already gotten off to a 
somewhat shaky start at its Chemical 
Agent Disposal System facility on John­
ston Atoll in the Pacific, the first of sev­
eral planned disposal sites .  Johnston, 
a chemical-weapons storage site since 
1 9 7 1 ,  is a largely artificial island 700 
miles from the nearest civilian terri­
tory. Incinerators built there during 
the past two years are supposed to be 
burning 20 GB- and VX-containing M5 5 
rockets every hour. But technical mis ­
haps have already occurred, and neigh­
boring countries are protesting the 
transportation of additional weapons 
to the site. 

The new disposal facility consists 
of four high-temperature incinerators:  
one for metal weapon casings, one 
for explosives and propellants, one for 
toxic agents and one for contaminat­
ed packing materials .  Each has a pol­
lution-abatement system that is sup­
posed to reduce emissions of the toxic 
agents and chemicals formed during 
combustion to minuscule levels. Com­
puter-controlled machines drain weap­
ons of poison, extract explosives and 
fuel , chop up the casings and send the 
parts to the incinerators. 

Constructing the facility had its 
share of problems. When the poison­
gas furnace was first tested, it burned a 
hole straight through its casing. The 
ventilation system for the entire com­
plex had to be replaced because it was 
susceptible to corrosion from salt air. 

Then, when the first rockets were 
processed on July 1 ,  monitors indicat­
ed contamination in several areas. The 
contamination level was low, the Army 
says, but the run was nonetheless 
stopped. Analytical instruments flown 
in to identify the contaminant found it 
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Bord na Mona - Irish Peat Board is a sta te-owned 
organ i sat ion which was fou nded by the Ir ish governmen t  in 
1 946 .  I t  was set u p  to commerc ia l l y  deve lop I re land 's vast peat 
resou rces .  

Today Bord na Mona p roduces and  ma rkets over f ive m i l l ion  tonnes  of peat fue l s  and 
horti cu l t u ra l  peat a n n ua l ly - p lac ing i t  amongst the l a rgest prod ucers i n  the wor ld .  

The o rgan i sat ion has  recent ly c reated a new envi ronmen t  d iv i s ion  to  manu factu re and  

T h e ma rket peat-based p rod ucts for removi ng pol l u ta n ts from gaseous and l i q u i d  effl uent  streams .  
The Todd And rews Award for Outstand i ng  Ach i evement i n  Peat Techno logy and  Peat 

,-...., d d Research and Deve lopment  has  been c reated a s  a tri bu te to Dr. Todd And rews, the fi rst 

• 0 Manag i ng D i rector of Bord na Mona,  and  in recog n i t ion of the ma jo r  role techno logy w i l l  p l ay 
in Bord na Mona's future . 

And r e w S The award consists of the Todd Andrews Trophy, as well as IR£50,OOO. The award i s  
g iven fo r  work  wh ich  cou ld  be recog n i sed i n ternationa l ly a s  atta i n i n g  a very h i g h  1 9  9 0 standa rd of sc ient i f ic excel lence .  With i n  t h a t  req u i red standa rd of exce l lence,  app l ied 

tech no log ica l  deve lopments which cou ld  lead to com merc i a l  advances in the peat i n d ustry, a nd  

A d 
fu ndamenta l  sc ient i f ic stud ies  wh ich  advance knowledge of any a rea of peat sc ience -

war i n c l ud i ng con servat ion - q ua l i�  equa l l y  for cons ideration .  
I n  1 990, the fi rst yea r of the awa rd ,  a tota l of twenty th ree entr ies from e igh t  cou ntr ies 

was rece ived and assessed by the judges. Wh i l e  the sta ndard for a l l  the entr ies was exce l len t  in the 
approach to, or the solut ion of, pa rtic u l a r  a reas of s i g n i fica n t  p rob lems ,  i t  was the op i n ion  of the 
judges that none of the entr ies ,  as presented , ach ieved the overa l l  c ri ter ion of sc ient i f ic o r  techno log ica l  
exce l lence i n  a comp leted project . 

The j udges were of the op i n i on ,  however, that two spec ia l  persona l  awards for exce l lence 
shou ld  be made i n  recog n i t ion of the va l uable  a nd  noteworthy progress made i n  peat sc ience and 
eng i neer ing by two of the en tra nts :  

- One special award of IR£7,500 and a cut 
glass decanter to Dr. Joan Brooks from the 
University of Maine in the U.S.A. for the commercial 
potential arising from her work on the use of Peat 
for Onsite Wastewater Treatment and Pollution 
Abatement. 

- A second award of IR£5,OOO and a cut 
glass decanter to Dr. Philip O'Kane, Centre for Water Resources Research, University College Dublin, 
Ireland in recognition of the scientific potential of his work on the Theory of Drainage, Drying and 
Rewetting of Peat Under Natural Conditions. 

The awards were presented to the w i n ners by the I r i s h  M in i ster for Energy, Mr. R. Mol loy 
l D . ,  a t  a funct ion hosted by the Cha i rman  of Bord Na Mona Mr Brenda n Ha l l i gan  he ld i n  Newbridge, 

���!"!!!!!!!�'!""!'�"'!!!!..,,_ Co.  K i l da re ,  I re la nd ,  to ce lebrate the open ing of the new Bord na Mona Peat Research 
BORDNAMONA Centre and  the I n ternat iona l  Sem i na r  on Peat as a Raw Mater ia l  on the 24th May 1 990 .  

The c los i ng date fo r  rece i pt of en t r ie s  fo r  the 1 99 1  awa rd i s  27th Septem ber 1 99 1 . 

For more in/ormation contact:- Director, Bord no Mona Peat Research Centre, Newbridge, Ca. Kildare, Ireland. 

Tel. No. 045-3 1 20 1 ,  Fax No. 045·33240, International Tel. No: 353-45 3 1 20 1 ,  International Fax No: 353-45-33240 
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to be a harmless impurity. Operations 
resumed two weeks later. 

Meanwhile nations in the Pacific are 
incensed by the U.S. decision to ship 
400 tons of chemical weapons from 
West Germany to Johnston for destruc­
tion. Moving the weapons, the Army 
has admitted,  is more dangerous than 
destroying them where they are stored.  
The Marshall Islands, the Federated 
States of Micronesia and Fiji have all 
protested. The Hawaiian House of Rep­
resentatives also passed a resolution of 
objection. 

Critics point out that storms have 
several times in recent years forced 
evacuation of the atoll, which lies only 
a few feet above sea level. The environ­
mental group Greenpeace is opposing 
the entire program, arguing that such 
incineration produces dioxins and oth­
er chemicals harmful to the environ-

Overview: Tolerating Self 
Experience teaches the immune 
system to recognize the self 

I

f the immune system did not cus­
tomarily turn a blind eye to the 
body's tissues, no one would live 

past infancy. Fortunately, conditions in 
which the immune system attacks the 
body-as in multiple sclerosis, lupus 
erythematosus and other autoimmune 
diseases-are the exception. The prob-

ment. The group wants the weapons to 
be safely stored until a technology is 
perfected that will guarantee no toxic 
chemicals are released. 

The battles are likely to intensify. 
The Johnston complex is intended to 
be a trial run for eight more chemical­
weapons incinerators that the Army 
plans to build in the continental U.S .  
during the next three years. " It 's  going 
to be awful , "  confides Andrew Steckel 
of the Environmental Protection Agen­
cy, which will monitor emissions from 
the plants. 

By law, the Army is supposed to de­
stroy the U.S .  and West German stock­
piles completely by 1 997.  It is unlike­
ly to meet that target, according to a 
recent report by the General Account­
ing Office. Environmental requirements 
at the first stateside chemical incinera­
tor, now under construction at Tooele 

lem of how the immune system learns 
to recognize and tolerate the healthy 
tissues of the "self " nonetheless re­
mains a central puzzle of immunology. 

Recently immunologists have pieced 
together a partial solution that bears 
out the maxim "Experience is the best 
teacher. "  At least two mechanisms 
seem to teach tolerance,  and both in­
volve exposing the immune system to 
the substances of the self. One, called 
clonal deletion, has been accepted for 
decades ,  but researchers are still in-

T LYMPHOCYTE, shown in this electron micrograph, hunts for infected cells in the 
body but can cause autoimmune diseases. Photo: CNRI/Science Photo Library 
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Army Depot , Utah, have been harder to 
meet than the Army expected. Budgets 
have been cut , and the delays at the 
Johnston Atoll plant mean that lessons 
learned there will be hard to incorpo­
rate into designs for the incinerators. 

The Soviet Union, which has even 
more chemical weapons to destroy 
than the U.S . , has made less progress.  
Soviet officials plan to visit Johnston 
to see what they can learn. The U. S .  is 
willing to share its incinerator technol­
ogy, an Army spokesperson says. 

Whenever the last chemical weapons 
are consigned to the flames,  the pro­
cess will not have been cheap. The 
Army now expects the program to cost 
$3.4 billion, but the GAO believes that 
figure will escalate . An estimate of $5 
billion is widely cited-about 50 times 
more than it cost to make the weapons 
in the first place. -T.M. B. 

vestigating its mechanism. The other, 
clonal anergy, is a newcomer that has 
established itself firmly as more than a 
theoretical possibility only within the 
past two years. 

lmmunologic tolerance of the body's  
own tissues depends largely on the 
activities of white blood cells called T 
lymphocytes. T cells do not attack bac­
teria and viruses directly and instead 
recognize and kill infected and ab­
normal cells. Receptor molecules on T 
cells bind with complexes of antigens 
on the surfaces of other cells. Each T 
cell is genetically programmed to bind 
with only one type of antigen .  

The long-standing explanation for 
immunotolerance is based on clonal 
deletion-the idea that self-reactive im­
mune cells are weeded out before they 
can harm the body. Early in life the im­
mune system produces a repertoire of 
T cells that can react to all possible 
antigens, including the self-antigens. 
While these T cells are maturing in the 
thymus, however, they are exposed to a 
smorgasbord of self-antigens present­
ed by various cells moving through the 
gland. For reasons that are not well un­
derstood, immature T cells that bind 
with the presented self-antigens die . In 
effect, the immune system becomes 
tolerant to self-antigens by lOSing its 
ability to recognize them. 

The clonal deletion mechanism is 
built on an apparent paradox, as Philip­
pa Marrack of the Howard Hughes 
Institute in Denver points out in a re­
cent review of immunotolerance in Sci­
ence. The mechanism deletes T cells 
for displaying the behavior that makes 
them useful : the ability to recognize 
antigens. T cells, however, may not re­
act consistently to antigen stimulation 
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SCIENCE/SCOPE® 

PI. new fiber optic cable may open the door to interference-free, high speed communications . The 
metal-coated fiber was created by Hughes Aircraft Company from long glass strands covered with an 
aluminum coating. These optical fibers withstand temperatures up to 400 degrees centigrade, can be 
soldered to eliminate the need for organic materials that could cause contamination, and exhibit long 
life and high reliability characteristics .  Besides being used for point-to-point data communication, the 
new technology can also be incorporated in fiber optic sensors and optoelectronic hybrid circuits for 
use in space satellites ,  advanced fighter aircraft instrumentation, and automobile , aircraft, and 
spacecraft engine monitoring. 

An advanced infrared seeker uses significantly more heat - sensiti ve detectors than current operational 
seekers to produce an image that approaches the quality of an advanced video camera. The Hughes­
built Advanced Infrared Seeker (AIRS) contains over 1 6,000 detectors in a miniature focal plane 
array that stares at an entire scene rather than scanning an area. The smaller, more sensitive system 
also uses unique analog image signal processing techniques that allow it to sense objects emitting 
minute or intense heat without recalibration. Originally developed under company research projects 
for applications for the U . S .  Army, AIRS technology may also find applications in the Strategic 
Defense Initiative Program. 

New applications of gallium arsenide technology will improve the performance of satellite 
communications receivers . Hughes is developing a new technology, called high electron mobility 
transistors (HEMT) , for the next generation of advanced space communication equipment. HEMT 
devices are built on an indium phosphide substrate with alternating layers of aluminum indium 
arsenide and gallium indium arsenide. Laboratory tests indicate a factor of 1 5  improvement in the 
sensitivity of receivers using this new technology. Improved sensitivity will reduce the size of 
receiving antennas required by communications satellites ,  lowering their weight and their 
manufacturing and launch costs . 

A new generation of soldering systems allows unskilled operators to solder with high reliability. 
The new hot bar soldering systems,  built by Hughes and called the HRS-86 series ,  allow precise 
control of temperature, pressure, and operation sequence. The systems feature highly visible and 
easy-to-use controls to reduce operation errors,  and a new construction that minimizes tip skidding. 
The new units are designed to handle very large circuit boards and will typically be used to solder 
edge connectors, flex circuits, and quad packages to circuit boards. 

At Hughe s, we ' re applying our mission analysis  expertise to a wide range of critical DoD mission 
areas and societal issues.  These important studies involve such areas as air combat, air defense, C 3, 
land combat, space defense, transportation safety, law enforcement and air quality control. To 
continue these vital efforts ,  we currently have opportunities for Mission Analysts with a proven 
record of performing defense analysis or systems effectiveness studies and a minimum of 5 - 1 0  years 
experience. Send your resume to : D. Robinson, Hughes Aircraft Company, Dept. S 3 ,  P.O. Box 
92426, Los Angeles, CA 90009. U . S .  Citizenship may be required. Equal Opportunity Employer. 

For more information write to: P .O.  Box 45068, Los Angeles, CA 90045-0068 
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Seogate 
20 Megabyte 65 MS 
20 Megabyte w/Cont. XT 
30 Megabyte RLL XT w/Cont. 
40 Megabyte 28 MS 1 /2 HT 
80 Megabyte 28 MS' 
• 2 Year Warranty 
NEWSeogate Swift & Wren Drives CALL 
Pius Development Hard Drive Cords 
20 MB/40MB Hard Card . 499/565 
40MB/80MB Hard Cord II . 389/685 

WES TERN DIGI TA L  
Hard Drive Cords 
WD30 IFC 30 MB 
WD40 IFC 40 MB 
Hard Drive Canlro/lers 
WD 1 003-MM I MFM 2 : 1  HD only AT 89 
WD 1 003-MM2 MFM 2 : 1  HD/Flop AT . 99 
WD 1 003-SRI RLL 2: 1 HD only AT 1 09 
WD 1 006-MM I MFM 1 : 1  HD only AT 1 09 
WD 1 007-SE I ESDI HD only AT 1 75 
WD GEN 2 Plus MFM HD only )IT 49 

� Office Automahon 
Worm Drives 
External 5 .25"  940MB Drive 
Internal 5 .25"  940MB Drive 

Mountain Internal Tape Backups 
40 MB XT or AT 
80 MB AT 
Toshiba 
CD ROM 600MB AT External 
CD ROM 600MB PS/2 MCA 
Toshiba Disk Drive Kils 
ND 04D 1 /2 HT 360K IPC/XT) 
ND 04DEG 1 /2HT 360K IPC/AT) 
ND 08DEG 1 .2MB IPC/AT) 
ND 352KU 3 .5"  720K IXT/AT) 

DC 1 OOA(Mini)  1 4. 50 
DC300A 1 7. 90 
DC300XL!P 20.00 
DC600A 2 1 .00 
DC600HW 23.00 
DC6037 1 B OO  
DC6 1 5A 1 6 .99 
DC6 1 50 22.00 
DC6250 26.99 
DC 6320 . 29.00 
DC6525 . 34.00 
DC 1 000(M;n;) 1 3 .99 
OC2000(Mini)  1 5.99 
DC2 1 20 20.99 
300/600 or 2000 tape 
drive cleaner 1 9. 99 

DC6 1 50/Zeta™ 
DC1 0cx)/Alpho™ 
DC1 OOO/Delto1M 
DC2000/Gommo™ 
DC2000/Koppo ™ 
DC2000ITheta™ 
DC2080/Rhomat™ 
DC21 20/Rhomot™ 
DC2 1 1 0/Numa1™ 

Paradise Mono/CGA 
Paradise VGA IBasic) 
Paradise VGA plus 
Paradise VGA plus 1 6 
Paradise VGA 1 024/256 
Paradise VGA 1 024/5 1 2  

Mono Hercules Compatible 
CGA Color Card 
Hercules VGA 
Hercules Graphics PLUS Mono 
Video 7 1 024 1 w/5 1 2K VGA 
Video 7 1 024 1 w/256K VGA 

Above Board Plus w/5 1 2K 
Above Baard plus w/2MB 
Above Board 2 Plus for PS/2 
models 50, 50Z & 60 w/5 1 2K 
Inboard 386 PC w/ I MB 
Intel Connection CoProcessor 
"AT" or "MCA" 
AST Baards 
SixPak plus w/384K 
RAMpage plus 286 w/5 1 2K 
RAMpage Plus 286 w/2.5MB 
Sota Baards 
Sota 286i Accelerator 
Sota 386i Accelerator 
Sota I/O Plus 

for New Low Price 
FREE I Font Cartridge with 65 Fonts 

• with purchase of EPL-6000 
Mfr. Sugg. 

Ret. 5 1 399 
Dot Matrix Printers 

Logitech Hi -Res Bus . . .  
Logitech Trackman Serial 
Microsoft 
Bus or Seria l  w/Paintbrush 
Bus or Serial w/Windows V3.0 
Mouse System 
White Mouse Bus/Ser. 
Omnimouse II 
w/Paint Bus/Ser. 
PC Trackbal l  
Bus/Serial w/ Magician 

Hayes and Hayes Compatible 
Hayes Internal 
1 200 Baud No Soh /with Soh 
2400 Baud No Soh /with Soh 

1 35/1 79 
1 99/269 

565 9600 Baud V.42 w/Sohware 
Compatibles (including soFtwarel 
Practical Peripherals 1 200 Baud 59.99 
Practical Peripherals 2400 Baud 1 29 
Practical Peripherals 2400 MNP /5 1 75 

Modems 

• 1 00% Hayes 
Compatib1e 

• 2 year warranty 

Panasonic 
C 1 38 1  1 4" Color VGA 
Packard Bell 
1 2 " Amber 
1 2" VGA Mono 
1 4 It Amber Flat Screen 
1 4  It White Flat Screen 
1 4" CGA Color 
1 4" VGA Color 

Chips and Simm Modules 
256K loll speeds) 
1 MB loll speeds) 
Simms loll speeds) 
Intel Moth CoProcessors 
8087 15MHz) 
80872 16/8 MHz) 
80871 18MHz) 
80287 16/8MHz) 
Hew 80287XL I6,8, 1 0MHz) 
and 8OC287 1 1 2MHz) 

80287XLT compaq LTE/286, 
Tandy 2800 
80387SX 1 1 6MHz) 
80387SX 120MHz) 
80387 1 6  1 1 6MHz) 
8038720 120MHz) 
8038725 1 25MHz) 
8038733 133MHz) 
Cyrix Moth CoProcessors 

. CALL 
CALL 

. CALL 

. $85 

. 1 20 

. 1 59 

. 1 25 

. 21 5  

. 21 5  

. 295 

. 31 9  

. 335 

. 375 

. 469 

. 575 
83D87- 1 6  1 1 6MHz 80386) . 275 
83D87-20 120MHz 80386) . 299 
83D87-25 125MHz 80386) . 389 
83D87-33 133MHz 80386) . 475 
83S87- 1 6  1 1 6MHz 80386SX) 245 
83S87-20 120MHz 80386SX) 269 
lBMTM Compatible PS/2 
Memory Upgrades 
529795 5 1 2K 30- 286 . $79 
529802 2MB 30-286 . 219 
529844 1 MB 80-04 1 . 1 59 
529852 2MB 80- 1 1 1 ,80- 3 1 1 225 
5298 1 0  1 MB 70-E6 1 , 70- 1 2 1  1 1 9  
529828 2MB 70-E61  , 70- 1 2 1 225 
529836 2MB 70-A2 1 . 21 9  

�� 
Dot Matrix Printers 
1 1 80 9-Pin Narrow 
1 1 24 24-Pin Narrow 
1 624 24-Pin Wide 
1 695 9-Pin Wide 

$ 1 55 
· CALL 
· CALL 
· CALL 

· CALL 

Hayes External lno software incl.) 
1 200 Baud/2400 Baud . 2871335 
9600 Baud V.42/V.42 Ultra . 665/799 
Extemal Compatibles 
Practical Peripherals  2400 Baud 
Practical Peripherals 2400SA 
with MNP/5 
U.S. Robotics Courier 1 200 
U.S .  Robotics Courier 2400 
U .S  Robotics Courier HST Dual Std. 
U .S .  Robotics Courier 2400E 
U .S .  Robotics Courier HST 

. 399 
79 

. 1 1 9 
99 
99 

. 239 

. 329 

.369 

NEC 
Multisync ZA/3D Color 479/649 
Multisync 4D/5D Color 1 1 49/2349 
Sony 
CPD 1 304 1 4" Mu ltiscan Color 665 
CPD 1 320 1 3 " VGA Color 464.99 
Zenith 
1 492 VGA Flat Screen . 625 
Amdek 
632 1 4 "  VGA Color . 375 
732 1 2" VGA Color . 399 
738 1 4" Smartscon VGA . 465 Logitech Scan man Plus I PC) 

Logitech Scanman PlusIPS/2) 
Complete Page Scanner 
Panasonic Flatbed I , l l ,  and I I I  

w/Power Base 
1 4" SVGA Color CALL 

ELEK-TEK slocks a full line of 
Wyse & Link Terminals 

Call Tal l Free 8 0 0 . 3 9  5 ·  , 0 0 0  
In  IL: 708-677-7660 ELEK ·TEK� inc. CORPORATE CUSTOMERS INVITED 

We offer larae bid oppartunities. 
Write for free catalog. 

Duns # 09-71 8-05 1 7 
OPEN ACCOUNTS--Net 30 terms avai lable to D&B ac­
counts rated 2A 1 or bener, actual freight charges FOB 
Skokie, IL .  phone (as abovel fax orders to Major Accounts 
708-677·7 1 68, mail P.O.'s (as above) to Dept. C 1 1 32.  

7350 North Linder Avenue, Skokie, I l l inois 60077 
PREPAID ACCOUNTS--Use Visa, MasterCard, check, money 
order Ina cash or c .o .d . 's  please) .When ordering by mai l  
please call in advance for shipping and handling charges. 
Shipments to I L  add 7% tax. Minimum order $ 1 5 .00. 

Prices subfect to cha�e; products subjed to availability. 
Not res nsible fOr nntin or setti errors. 

RETURN POUCY·· All sales are final except defectives which will be 
replaced with identical merchandise only. Computers and large 
peripherals-03 WOf'k days after delivery; most small items, 30 calender 
doys, after which monufocrurer's warronty applies.All ElEK-TEK MER­
CHANDISE IS BRAND NEW, FIRST QUALITY AND COMPLETE. 
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throughout their lives, she explains. 
Strong binding to antigens may over­
stimulate irrunature T cells in a way 
that kills them. 

While researchers agree that clonal 
deletion is the major mechanism for 
teaching the irrunune system to ignore 
self-antigens, new evidence suggests 
that something more is going on. In the 
mid- 1 980's Mark K. jenkins, now of the 
University of Minnesota, and Ronald H .  
Schwartz o f  the National Institute of 
Allergy and Infectious Diseases were 
experimenting with cultured clones, or 
related groups, of T cells . They noticed 
that under certain circumstances ex­
posure to antigens did not activate T 
cells-in fact, the exposure rendered 
the cells permanently unreactive to 
antigens. Paradoxically, the signal that 
should have turned on the T cells had 
instead turned them off. 

After studying the phenomenon fur­
ther, jenkins, Schwartz and their col­
leagues published a description of how 
antigenic stimulation might turn off a 
T cell. They proposed that T cell activa­
tion takes place only if the lymphocyte 
receives two specific stimuli simultane­
ously. Its receptors had to recognize 
antigens on a targeted cell, but the lym­
phocyte also had to receive another, 
as yet unidentified signal-possibly a 
chemical trigger, possibly a second 
protein that interacted with another 
lymphocyte receptor. 

The conceptual contribution of the 
model, Schwartz notes,  was that "tick­
ling the antigen receptor was not a 
neutral signal. "  If the T cell bound only 
with antigen, it somehow lost its ability 
to produce interleukin-2 ,  a hormone­
like substance essential to T cell prolif­
eration [see "Interleukin-2 , "  by Kendall 
A. Smith; SCIENTIFIC AMERICAN, March]. 
The T cell would not be deleted , but it 
could never again be activated by anti­
gens it encountered .  

Because this model of clonal anergy, 
as the phenomenon became known, 
was based on studies of cell cultures, 
Schwartz says, many irrununologists 
were at first reluctant to grant it a 
role in the development of irrununo­
tolerance. Several new studies have 
now provided strong evidence that 
clonal anergy does occur naturally in 
animals. 

Last year Hans-Georg Rammensee, 
Ruth Kroschewski and Bernard Fran­
goulis of the Max Planck Institute for 
Biology in Tubingen , West Germany, 
and Fred Ramsdell , Tracy Lantz and 
B. ]. Fowlkes of the National Institute 
of Allergy and Infectious Diseases pub­
lished papers demonstrating that ani­
mals with tolerances for a specific anti­
gen carried unresponsive T cells. More-

over, like the cultured cells studied by 
jenkins and Schwartz, the naturally an­
ergized T cells did not seem to pro­
duce interleukin-2 .  

One o f  the most recent and intrigu­
ing reports of naturally occurring clon­
al anergy appeared this past june in 
the pages of Nature. Through genetic 
engineering, Marcia A .  Blackman, Mar­
rack and their colleagues at the Nation­
al jewish Center for Immunology and 
Respiratory Medicine created mice in 
which nearly all the T cells had recep­
tors made of the same beta-chain pro­
tein. (Alpha and beta chains in the re­
ceptors work together to recognize 
antigen. )  Theoretically, all the T cells in 
the transgenic mice should have been 
reactive to a certain antigen.  

In transgenic mice that expressed the 
antigen naturally, Blackman found evi­
dence that some self-reactive cells were 
being deleted. A significant number of 
the surviving cells were anergic-that 
is, they could not be activated by any 
antigen. The rest of the T cells were not 
truly anergic but apparently failed to 
respond to the antigen because of vari­
ations in their alpha chains. 

While acknowledging that the idea is 
still untested,  Blackman theorizes that 
"if the beta chain has only a weak af­
finity for an antigen, then the alpha 
chain may become important for [mod­
ifying] the affinity and altering the des­
tiny of the cell ."  Cells with high affini­
ties might be deleted ,  and those with 
less affinity might escape the thymus 
and be anergized . The cells with little 
or no affinity would survive unchanged . 

Because of the recent wave of experi­
mental results, most irrununologists 
now agree that clonal anergy does oc­
cur naturally, although there are still 
disagreements about how much im­
munotolerance it actually produces. 
Anergy may be important for building 
tolerance to self-antigens that are nev­
er carried to the thymus, or it may 
serve as little more than a backup for 
clonal deletion. 

The existence of clonal anergy is 
good news for clinicians hoping to beat 
the problem of transplanted-organ re­
jection. As Schwartz notes, the work on 
clonal anergy clearly suggests that even 
mature irrunune systems can learn to 
accept foreign tissues as part of the 
self. "I think that as this work filters 
down to applications, we will see a lot 
of breakthroughs at the clinical level . "  

Proof that more than one tolerance 
mechanism is at work in the body, how­
ever, only deepens the mystery of how 
autoirrunune diseases occur. How can 
self-reactive cells manage to evade both 
systems ? " That is not an easy ques­
tion," Schwartz sighs. -John Rennie 
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Energy for Planet Earth 
Our ability to meet the world's energy needs 

without destroying the planet on which we live is examined 
zn this special issue. With the right incentives, much can be done 

A: early as 400,000 B.C., fire was 
kindled in the caves of Peking 
Man. Revered as a deity and the 

basis of many myths, fire has been an 
essential element in the technologies 
on which civilized societies are found­
ed. Engines driven by fossil fuels have 
replaced human and animal muscle, 
precipitating the rise of industrialized 
societies. Today cities, industrial facili­
ties and transportation networks could 
not function without regular supplies 
of energy. 

As long as the number of human be­
ings remained small and energy needs 
were limited to cooking and heating, 
energy could be exploited without se­
rious disruption to the atmosphere, 
hydrosphere and geosphere. Now am­
plified by a growing population ,  en­
ergy use has become a potentially de­
structive force, locally because emis­
sions contaminate air, water and soil 
and globally because there is the pos­
sibility that energy use may enhance 
the greenhouse effect. We face a dilem­
ma: properly used, energy technologies 
serve as instruments for realizing ma­
terial well-being across the planet, but 
continuation of current trends could 

SUN is the source from which almost 
all energy on the earth is derived. It is 
the driving force behind photosynthe­
sis, which converts the sun's radiant en­
ergy to chemical energy, making plant 
and ultimately all animal life possi­
ble. Photosynthesis is also responsible 
for the formation of fossil fuels. More 
directly, the sun provides energy that 
can be captured in the form of solar 
power, hydropower and wind power. 

by Ged R. Davis 

lead to a degraded environment, yield­
ing a mean and uncertain existence. 

Coming to grips with the challenge 
of ensuring an adequate, safe energy 
supply is a theme that pervades this 
special issue of Scientific American. En­
vironmental concerns are not new, but 
our understanding of the planet has 
changed by virtue of our newfound 
ability to measure ever smaller concen­
trations of substances and to assess 
their implications-for human beings 
and for the earth as a whole. And we 
have come to realize that population 
growth and its rising demands may 
transform the planet in ways compara­
ble to the effects of long-term geolog­
ic forces. 

I n order to understand the magni­
tude of the challenge, it helps to 
understand where energy comes 

from and the purpose that it serves 
in our lives. Almost all available ener­
gy can be traced either to the sun (fos­
sil fuels, biomass, wind and incom­
ing radiation) or to the processes of 
cosmic evolution preceding the origin 
of the solar system (nuclear power). 
Smaller, less significant amounts are 
derived from lunar motion (tidal pow­
er) and from the earth's core (geother­
mal power). 

If society could exploit only a small 
portion of the solar radiation that 
strikes the earth's surface every year, 
which is equivalent to 178,000 tera­
watt-years (or about 15,000 times the 
world's present energy supply), our en­
ergy problems would be solved. Of that 
amount, however, 30 percent is reflect­
ed back to space and 50 percent is ab­
sorbed, converted to heat and reradiat-

ed. The 20 percent that remains pow­
ers the hydrologic cycle. Only a very 
small share (.06 percent) of solar radia­
tion powers photosynthesis, from which 
all life and fossil fuels are ultimately 
derived. Currently renewables (includ­
ing hydropower and biomass) account 
for 18 percent of the world's energy 
needs and nuclear power 4 percent; the 
remainder is met by fossil fuels. 

Few people care about the source of 
our energy supply except when it is 
disrupted, but virtually all of us care 
about energy services, which range 
from the basic needs demanded by hu­
man beings everywhere-cooking, heat­
ing and lighting-to the hallmarks of 
modern society-motors, appliances, 
wide-ranging mobility and various in­
dustrial processes. Because the world 
cannot function without regular sup­
plies of energy, a significant section of 
the global economy is devoted to pro­
viding these services when and where 
required. 

Lighting a room, for instance, is not 
achieved merely by flicking a switch; it 
is the last step in a long chain of con-

G ED R. DAVIS is head of energy in 
group planning for Shell International 
Petroleum Company Limited in London. 
He has a bachelor's degree in mining 
engineering from London University and 
master's degrees in economics from the 
London School of Economics and in en­
gineering and economics from Stanford 
University. For the past decade, he has 
undertaken many environmental analy­
ses for Shell and in particular has ex­
amined the ways in which global ener­
gy industries might adapt to a sustain­
able world. 
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ENERGY is transformed through a chain of events. Primary 
energy exists in a crude form, say, a fossil fuel, that is extract­
ed from a sedimentary repository. After undergoing transfor-

mation, it becomes delivered energy, which is made available 
to the consumer, who then converts it into useful forms and 
then finally into energy services, which are the desired end. 

version events. Energy resources-for 
example, the unrefined oil and natural 
gas recovered from wells driven deep 
into the earth's crust and the coal that 
is sandwiched between terrestrial sedi­
ments-must first be extracted. The 
primary energy (crude oil, say) is then 
transported to a refinery to be pro­
cessed into a wide range of products, 
and from there fuel oil is shipped to a 
power plant to be burned (and thus 
converted from chemical to thermal 
energy). The heat produced during 
combustion powers a turbine, which in 
turn drives an electric generator (con­
verting thermal to mechanical to elec­
tric energy). Eventually the electricity 

travels through wires until it reaches 
the end-use appliance-the incandes­
cent lamp-where it is transformed 
into radiant energy. 

The uneven distribution of the 
world's fossil fuels (oil, natural gas 
and coal) necessitates a flourishing 
worldwide trade in energy commod­
ities: some 44 percent of oil, 14 per­
cent of gas and 1 1  percent of coal con­
sumed are traded internationally. Ex­
tensive distribution systems exist to 
service this trade and ensure that re­
sources reach the consumer. Natural 
gas is transported over land through 
some one million kilometers of trunk 
pipelines and oil through 400,000 kilo-

meters of pipes, excluding local distri­
bution systems. About 2,600 tankers 
ply the world's oceans carrying crude 
oil; another 65 vessels deliver liquid 
natural gas around the world. 

As a result of such global demand, 
fossil fuels are being depleted at a 
rate that is 100,000 times faster than 
they are being formed. Coal's share of 
the world energy supply has already 
peaked; in 1920 it accounted for more 
than 70 percent of fuel use, but today 
it meets only 26 percent of global en­
ergy needs. Oil peaked in the early 
1970's at slightly more than 40 percent 
(today it is 38 percent). The portion 
currently allotted to natural gas (19 

175,----------------------------------------------------------------------------------------, 

� 0150 a: 
W 
CL 
r­
z 

:J � 125 
&� 
�� (1)0 
0� 100 
a:6 wll. 
tEo 
il:� 75 
«w 
�� a:« 
CLaJ ll. 50 o 

(I) 
z o 
::l 25 
� 

.. PRIMARY ELECTRICITY 

D NATURAL GAS 

D OlL 

• COAL 

D OTHER (INCLUDES TRADITIONAL FUELS) 

STEAM 
ENGINE 

VACUUM 
TUBE 

GASOLINE 

W 
ENGINE '; 

it� .. 

COMMERCIAL 
AVIATION 

�\ 
TELEVISION 

NUCLEAR 
ENERGY 

MICROCHIP 

o L-____ � ____ � ____ _L ____ � ______ _L ____ _L ____ � ______ L_ ____ � ____ _L ____ �L_ ____ �� 

1860 1870 1880 1890 1900 1910 

RATE OF PRIMARY ENERGY USE and the relative contribu­
tions of different sources reflect the evolution of technology 
as well as the growth of the human population. The rapid rise 
of oil after World War II, for example, is indicative of the rise 
of mass transportation and industry. Similarly, the growth of 
electricity in the late 1960's parallels the rise of a services-ori-
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ented economy. Although fossil fuels still dominate the pri­
mary energy supply, coal's share peaked around 1920, when 
it provided more than 70 percent of all the fuel consumed; 
oil's share peaked in the early 1970's at slightly more than 
40 percent. Natural gas, which is less polluting than either oil 
or coal , is expected to contribute more to global energy use. 
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percent) is expected to rise further. Al­
though the remaining amount of recov­
erable fossil fuel is thought to equal 
some 10 trillion barrels of oil-enough 
to last another 170 years at present 
consumption rates-the supply will 
eventually run out, and in the inter­
im ( if it is fully combusted) the pros­
pect presents a possible threat to the 
environment. 

How do we reconcile our burgeon­
ing demand for energy with the need 
to maintain a viable global ecosystem? 
There is no solution, as yet. The un­
certainties surrounding environmental 
problems, such as climate change, and 
the diversity of views on the relative 
trade-offs between economic growth 
and the environment can lead to a mul­
tiplicity of poliCies and projections for 
energy supply and use. 

To simplify matters, I would like 
to explore two possible routes to the 
future. The "consensus" view, held by 
many, rests on a continuation of pres­
ent trends, whereas the "sustainable 
world" view presumes that global en­
vironmental issues will be on the inter­
national agenda by the mid-1990's. Un­
derlying both scenarios is the assump­
tion that by 2010 world population will 
total seven billion and gross world 
product will have doubled . 

In the consensus view, consumer 
habits and ways of life are not expect­
ed to change Significantly, and the 
price of crude oil will probably rise 
gradually, although its trajectory may 
be volatile. World energy consumption 
is expected to increase by 50 or 60 per­
cent by 2010, and the global mix of 
fuels is to remain substantially the 
same as today. Thus, global carbon di­
oxide (C02) emissions would also in­
crease by 50 or 60 percent. Implicit 
in the consensus view is that "more of 
the same" is sustainable and that cli­
mate change is either not a serious is­
sue or it is something to which humans 
can adapt. 

There is much uncertainty surround­
ing the issue of global warming, but if 
studies do confirm a link between CO2 
emissions and climate change, then the 
consensus view of development could 
come at great cost. For example, a re­
port recently issued by the Intergovern­
mental Panel on Climate Change con­
cludes that "business as usual" devel­
opments could lead to a global mean 
temperature increase during the next 
century of about . 3  degree Celsius each 
decade, with significant impact on nat­
ural and human systems. Experience 
tells us that public policy must be not 
only adaptive but also anticipatory. 
This is the basis of the sustainable­
world view. 

Yet the system that enables socie­
ty to produce energy does not lend 
itself readily to a flexible, quick re­
sponse. An intractable infrastructure 
(power plants may last from 20 to 40 
years), long lead times (from blueprint 
to operation for many energy projects 
may span a dozen or more years) and 
entrenched public perceptions (of costs, 
environmental acceptability and need) 
all make for a system laden with iner­
tia. Projects currently under way, which 
originated years ago, will dominate the 
scene for years to come. Still, there is 
reason to think change is possible. 

History itself is defined by rapid tech­
nological evolution. Whereas the plan­
et was home to only a few hundred 
million human beings at the start of 
the industrial revolution, it now shel-
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ters some five billion people, who oc­
cupy around a billion dwellings, drive 
500 million motor vehicles and ex­
pend much effort to produce a vari­
ety of industrial products to further 
their well-being. Total delivered ener­
gy (the amount that reaches the end 
user-the electricity, say, needed to 
light a lamp or the natural gas needed 
to heat a home) rose from the equiva­
lent of about eight million barrels of oil 
a day in 1860 to 123 million barrels a 
day in 1985. If firewood is excluded 
from the calculation , delivered energy 
(mostly coal, oil, natural gas and elec­
tricity) has increased nearly 60-fold . 
And energy services have increased at 
a much more rapid pace than delivered 
energy, largely as a result of improve­
ments in end-use efficiencies. 

_ COMMERCIAL FUELS 

D TRADITIONAL FUELS 
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GREAT DISPARITIES exist in per capita energy use. The U.S. and Canada have the 
highest rates: the average citizen in those countries used the equivalent of 40 bar­
rels of oil in 1988. In contrast, the average Nigerian used only two barrels, mostly 
in the form of traditional fuels. The relatively high rates in the U. S. S. R. and East 
Germany reflect the inefficiency with which energy there is distributed and used. 
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SOLAR RADIATION striking the earth each year is equal to 178,000 terawatts, or 
about 15,000 times the world's present energy supply. Of this, 30 percent is inune­
diately reflected back to space; another 50 percent is absorbed, converted to heat 
and reradiated. The remaining 20 percent creates wind, powers the water cycle 
and drives photosynthesis. Some energy, in the form of geothermal heat, can be 
tapped from the earth's core; a tiny amount (generated by the moon's gravitational 
pull) exists as tidal power. Although not shown, estimates for the potential of com­
mercial renewable resources (primarily hydropower, biomass, solar power, wind 
power and geothermal power) suggest they may eventually increase from today's 
level of about one terawatt-year a year to 10 or perhaps 15 terawatt-years a year. 
The increase in renewables will depend on their cost and environmental penalties. 

The demand for energy will be com­
pounded further by the economic tran­
sition envisaged for the developing na­
tions, where 90 percent of the world's 
population growth will take place. In 
the poorest economies the average per­
son consumes an amount of traditional 
fuel (such as wood and other organic 
wastes, most of which are gathered 
rather than bought) equivalent to one 
or two barrels of oil a year. As coun­
tries industrialize and urbanize, com­
mercial fuels displace traditional ones. 
The average person in a developing 
country annually uses the equivalent 
of one or two barrels of oil of commer­
cial fuel (which is purchased on the 
open market). In contrast, the number 
jumps to between 10 and 30 barrels in 
Europe and Japan and more than 40 in 
the U.S. 

Although reliant on traditional fuels, 
low-income economies have high en­
ergy intensity (energy used per unit 
of income) because they basically need 
whatever energy form is available-nor­
mally firewood , agricultural residues 
or dung with which to cook and heat 
their homes-despite the inefficiency 
with which such fuels are burned. And 
so a pattern emerges: as countries be­
come increasingly industrialized, the 
amount of commercial fuel used per 
unit of income increases, but overall 
energy intensity declines. Since com­
mercial energy consumption may in­
crease as fast as income over long peri­
ods, the growth in energy demand in 

developing countries could be as high 
as 4 to 5 percent per annum. 

Solving energy problems, today as in 
the past, depends on the technologies 
that are available and the rate at which 
they evolve. Since the middle of the 
19th century, sources of power have 
shifted from wind, water and wood to 
coal and more recently to oil and nat­
ural gas. The interplay of energy and 
technology, as exemplified by three 
phases of the industrial revolution , ac­
counts for the shift. During the first 
phase, which emerged in the early 
18th century, the dominant technolo­
gies were coal mining, the smelting and 
casting of iron, and steam-driven rail 
and marine transport. The system's 
components intertwined closely: the 
steam engine, developed originally by 
Thomas Newcomen for drainage and 
hoisting in mines, was later adapted by 
James Watt to provide power for trans­
port and the blast for iron smelters. 
The smelters, in turn, provided materi­
als for constructing the steam engine, 
locomotives, rails, ships and mining 
equipment. Through the creation of a 
transportation infrastructure and the 
machines to run factories, rapid indus­
trialization was possible. 

Toward the end of the 19th century 
the world was again transformed-this 
time by electric power, internal-com­
bustion engines, automobiles, airplanes 
and the chemical and metallurgical in­
dustries. Petroleum emerged as a fuel 
and a feedstock for the petrochemicals 
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industry. Now, toward the end of the 
20th century, society has embarked on 
a third phase of the industrial revolu­
tion , characterized by a shift to com­
puters, advanced materials, optical elec­
tronics and biotechnology. 

The impact the third phase will have 
on global patterns of energy consump­
tion is not yet certain , for application 
of technology depends on what society 
considers its objectives to be and espe­
cially on whether the public will em­
brace more of a sustainable-world view 
or not. 

Coming to a global consensus will 
not be easy. Energy policies vary con­
siderably from one country to another. 
Whereas some governments tax, others 
subsidize delivered energy. For some, 
energy is a source of revenue; for oth­
ers, it is an opportunity to provide re­
lief for the poor. Additional issues that 
must be faced include the security of 
supply and the impact of energy price 
changes on inflation and on a country's 
balance of trade. 

Taxes levied on oil producers, for ex­
ample, are a mainstay of revenue for 
the large oil exporters, such as Venezu­
ela and Saudi Arabia. Among countries 
in the Organization for Economic Co­
operation and Development (OECD), it 
is mainly the consumers of energy who 
are taxed. Such policies are hardly fixed; 
indeed, some have undergone radical 
shifts in a rather short time. In energy­
importing countries, concern over se­
curity of supply, largely absent until 
the first oil crisis of 1973, dominated 
the rest of the 1970's and early 1980's. 
Later in the 1980's, as surpluses ap­
peared, concern shifted to the other 
side of the market: oil-exporting coun­
tries began seeking secure outlets for 
their oil. 

In many countries the energy sector 
is the province of state-owned compa­
nies; in others, such as the U.K., eco­
nomic policy has emphasized the vir­
tues of efficiency and competition , thus 
encouraging privatization. Most gov­
ernments control the impact on the en­
vironment of all aspects of the energy 
chain-from production to waste dis­
posal to the dismantling and decom­
missiOning of a plant. The common 
thread in all cases is that a government 
strives as a matter of policy to provide 
its people with an adequate, safe, eco­
nomic and equitable supply. 

I mplementation of such policies will 
be profoundly influenced by the 
evolution of technology, whether 

applied to the deSign , operation or 
control of energy systems. Estimat­
ing the rate at which new technolo­
gies penetrate the market is problemat-
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ic, however, because in most cases, 
the interdisciplinary nature of techno­
logical interactions cannot easily be 
discerned in advance. For example, un­
foreseen synergies between new mate­
rials, engineering techniques, microelec­
tronic devices and combustion tech­
nologies have already greatly increased 
the potential efficiency with which au­
tomobiles consume fuel [see "Energy 
for Motor Vehicles," by Deborah L. Ble­
viss and Peter Walzer, page 102), but 
further increases are possible. 

The great potential for saving ener­
gy through efficient technology is ex­
plored in many articles in this special 
issue of Scientific American. Arnold P. 
Fickett, Clark W. Gellings and Amory B. 
Lovins suggest that efficiency measures 
have the potential to reduce electricity 
consumption in the U. S. by 30 to 7 5  
percent in their article, "Efficient Use of 
Electricity," on page 64. Rick Bevington 
and Arthur H. Rosenfeld review vari­
ous strategies for reducing fuel use in 
buildings in "Energy for Buildings and 
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Homes," on page 76. Similar savings 
can be achieved in the industrial sector, 
which currently accounts for 40 per­
cent of the energy used in the devel­
oped world [see "Energy for Industry," 
by Marc H. Ross and Daniel Steinmey­
er, page 88). 

New highly efficient technologies in­
clude compact fluorescent lamps and 
other lighting devices, which can re­
duce the amount of electricity required 
for lights by 90 percent. Also avail­
able are appliances that consume only 
from 10 to 20 percent of the electricity 
that conventional ones do. A new gen­
eration of automated controls makes 
it possible to optimize lighting, heat­
ing, ventilating and air-conditioning 
systems. In industry, both adjustable­
speed drives and high-efficiency mo­
tors promise significant savings, as do 
advances in integrated-process deSign, 
control technology and recycling. In the 
transportation sector, vehicles capable 
of 60 miles per gallon of fuel or more 
and vehicles that run on compressed 
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natural gas, hydrogen and electricity 
are gaining attention. 

Developments in exploration and pro­
duction of oil and gas will also be im­
portant. The use of three-dimensional 
seismic techniques and horizontal drill­
ing, for example, will increase the ac­
cessibility of these resources yet not 
raise their cost Significantly. Rapid tech­
nological advances in the alternative-en­
ergy sector, described by Carl]. Wein­
berg and Robert H. Williams in "Energy 
from the Sun ," on page 146, open up 
new possibilities. Laboratory efficiencies 
of solar photovoltaic cells have rough­
ly doubled since the 1970's and are 
expected to improve further, variable­
speed wind turbines are cost-competi­
tive in some markets and new process­
es for making liquid fuel from biomass 
suggest viable alternatives to petrole­
um, although on a smaller scale. Wolf 
Hafele foresees that the threat of glob­
al warming will create a significant de­
mand for nuclear power, one that can 
be met by inherently safe, diversion-
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WORLD ENERGY FLOWS for 1985 show that fossil fuels are 
highly versatile. Crude oil (yellow) must be processed in re­
fineries, where it is converted to gasoline, diesel and avia­
tion fuel for transportation. Both oil and natural gas (red) are 
widely used by industry and by residential and commercial 

consumers, but only a small percentage of each generates 
electricity. Most of the world's coal (light blue) powers in­
dustry or generates electricity_ Hydropower, nuclear power 
and other energy sources (biomass, solar energy and wind 
power) make up 22 percent of today's primary energy supply. 
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proof reactors managed under the ae­
gis of an international authority in "En­
ergy from Nuclear Power," on page 136. 

Technology is also mediating a shift 
away from large, centralized power 
plants to smaller, decentralized ones. 
Improvements in electronic communi­
cations, control and computing tech­
nology have made it easier to monitor 
and regulate complex grids remotely. 
With the arrival of new gas turbines, 
small engines, solar cells and other 
technologies, the economies of scale, 
so long a feature of electricity genera­
tion, are diminishing. Not only can de­
centralization be more effiCient, but as 
Amulya K. N. Reddy and Jose Goldem­
berg make clear in "Energy for the De­
veloping World," on page llO, it may 
offer some of the poorer countries a 
basis for economic growth. 

In the long run, such technological 
advances appear likely to lower the 
overall costs associated with limiting 
the carbon dioxide emissions from fos­
sil fuels. In general, response times­
from concept through prototype to 
commercial product-are declining, a 
pattern that is likely to continue. Japa­
nese manufacturers, for example, an­
ticipate that by 1993 cars will be de­
signed and developed in half the time 
and at a quarter of the cost of today's 
models. Their approach highlights the 
role of global competition as a motor 
of technological change. Since similar 
advances are expected in other areas of 

manufacturing, we could be surprised 
at the speed of the response to new 
incentives. 

Technology, however, will propel so­
ciety toward sustainability most quick­
ly if policymakers can agree on appro­
priate global guidelines. If there is to 
be any significant change in the struc­
ture of energy supply and use in the 
next 20 years, new poliCies will have to 
be in place by the mid-1990's, which 
means that OECD members would have 
to agree by then on a protocol to offset 
the possibility of global climate change. 

Broadly, the main options are to elim­
inate chlorofluorocarbons (which de­
plete stratospheric ozone and contrib­
ute to global warming), initiate affores­
tation programs to enlarge the carbon 
sink and reduce CO2 emissions from 
fossil fuels. These goals can be accom­
plished by improving the efficiency with 
which fossil fuels are transformed and 
consumed and by shifting to alterna­
tive fuels, especially from carbon-rich 
to hydrogen-rich fuels. Technologies to 
remove carbon dioxide from coal are 
being developed, although methods for 
sequestering the CO2 have yet to be re­
solved [see "Energy from Fossil Fuels," 
by William Fulkerson, Roddie R. Jud­
kins and Manoj K. Sanghvi , page 128]. 

Although each country will undoubt­
edly differ, certain poliCies can be ex­
pected to gain wide support. Among 
them is the "polluter pays" principle, 
which calls for the user to pay the full 

cost of resource use and for the market 
to act as arbiter of supply and demand. 
It must also be remembered that CO2 
emissions per capita are 10 times high­
er in the OECD countries than in de­
veloping countries; an equitable agree­
ment on appropriate reductions is 
therefore necessary. 

Involving the developing countries, 
as well as Eastern Europe, the Soviet 
Union and China, in the global energy 
response will be critical. For many of 
these countries, economic reform is a 
necessary starting point. As William U. 
Chandler, Alexei A. Makarov and Zhou 
Dadi point out in "Energy for the Sovi­
et Union, Eastern Europe and China," 
on page 120, the ongoing globalization 
of business offers hope for the rapid 
diffusion of technology from one part 
of the world to another. 

The scope of an effective program 
has yet to be determined. A recent 
study, prepared for the 1989 Ministe­
rial Conference on Atmospheric Pol­
lution and Climate Change in Noord­
wijk, the Netherlands, estimates capital 
costs of about .8 percent of gross do­
mestic product (GDP ) for a prevention 
program targeting a full phaseout of 
chlorofluorocarbons, expanded forest 
management and energy conservation . 
If fully implemented, such a program 
could reduce expected greenhouse-gas 
emissions in OECD countries by 30 per­
cent by 2005. But a full commitment to 
sustainability could demand more. Ap-

1990 

SUSTAINABLE­
WORLD VIEW 

2000 2010 2020 

TWO SCENARIOS for the global energy mix in 20 10 are 
shown (left). The consensus view assumes a "business as 
usual" attitude, with an overall growth in consumption. The 
sustainable-world view assumes radical improvements in ef­
ficiency with demand stabilizing after 2000. In the consensus 
view, coal and oil expand rapidly, whereas in the sustainable­
world view, coal contracts and there is a surge in natural gas. 
Hydropower and commercial renewable fuels would increase 

by 60 percent. Carbon dioxide emissions will increase un­
til 2000 (right), but their output will then depend on poli­
cies chosen in the 1990's. If energy use increases as fast as 
economic growth, CO2 emissions will double by 20 10. With 
greater energy efficiency, emissions in the consensus scenar­
io will increase at a rate that is half as fast. In contrast, in the 
sustainable view, CO2 emissions peak after 2000, although 
they are still 15 percent higher in 20 10 than they are today. 
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Throughout India in 1991, the traditional 

"lamp of welcome" will be lighting India's 

gateway to the '90s and welcoming a new 

VISIT INDIA decade of tourism. The 12-month celebra-
1OlM1SM YEAR .... 

tion will be taking place all across India-

in festivals ablaze with color, pageantry, ritual and custom. 

With one-of-a-kind cultural fairs and events, music, dance 

and sumptuous native cuisines. See India in all its splen­

dor and feel the special spirit of welcome that burns 

brightly in every home and every heart within India. 

See India this year. 

YES! I'm interested in planning a visit to India. 

Please send me the FREE "Visit India Year" Kit. 

Name 

Address 

City State Zip 

Mail To: Government of India Tourist Office 
c/o Drawer 5 
Bellport, NY 11713-0519 

Or call: In New York, (212) 586-490L 
In Los Angeles, (213) 380-8855. 

Indio 
.'16-',.,"'. 

SA990 
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PRIMARY ENERGY DEMAND is expected to vary from one part of the world to 
another. Most of the increase will probably occur in the developing world , where 
population growth rates are high and industrialization and urbanization are un­
der way. In contrast, demand is expected to remain stable or drop in the indus­
trialized countries, where population growth rates are low. It could stabilize or 
decline in Eastern Europe and the U. S. S. R. depending on the success of econom­
ic reforms. Much binges on whether consensus or sustainable policies are enacted. 

propriate environmental expenditures 
may need to be increased on the order 
of 1 or 2 percent of GDP. 

Shifts of that magnitude can be car­
ried out over one or two decades with 
little economic disruption. Similar­
even larger-shifts have already oc­
curred. Between 1965 and 1985, for ex­
ample, the amount spent by U.S. con­
sumers on food declined by 6 percent, 
whereas health care expenditures in­
creased from 6 to 11 percent during 
the same period. At the same time, en­
ergy expenditures in the OECD coun­
tries dropped from 12 percent of GDP 
in 1980 to only 8 percent in 1988. To­
day funding for the environment is 
poorly documented, but it probably av­
erages 2 or 3 percent of GDP for most 
OECD countries. Increasing the amount 
to 4 or 5 percent is certainly feasible 
(particularly if the defense budgets of 
many countries decline as expected). 

In a world that embraces sustainabil­
ity and establishes appropriate incen­
tives to trigger change, one could ex­
pect the following outcome in the en­
ergy sector. Assuming that population 
and economic growth are the same as 
in the consensus view and that inter­
national protocols are in place by the 
mid-1990's, the world's primary energy 
supply could be stabilized at the equiv­
alent of around 205 million barrels of 
oil a day by 2000. This by itself would 

be a heroic feat. Yet even with such 
a program, CO2 emissions from fossil 
fuels would be 25 percent higher in 
2000 than they are today. Despite a sig­
nificant shift from coal to natural gas 
(combined with an increase in renew­
able fuel supplies and greater efficien­
cy), CO2 emissions would still be high­
er in 2010 than they are today. 

In a sustainable world, the balance of 
new initiatives would shift from pro­
ducer to consumer, from energy sup­
ply to energy services and from quanti­
ty to quality of energy. An important 
policy step could be to adopt a number 
of options that would integrate needed 
energy services into regional and city 
planning. As Bleviss and Walzer point 
out , new zoning laws can deter com­
muting by car, and new traffic guidance 
systems might reduce urban air pollu­
tion. Bevington and Rosenfeld highlight 
the value of planting shade trees and 
painting buildings in light, reflective 
colors to reduce energy use in urban 
areas. Changes to the existing trans­
portation infrastructure, such as the 
proposed introduction of maglev trains 
in Europe, open up options for rethink­
ing our road, rail and air networks. 

The corporate response to a sustain­
able world could include a new breed 
of energy company, driven by the de­
sire to provide a broad range of leading 
energy technologies to its customers. 
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Such companies could have wide-rang­
ing activities. In some urban areas, for 
example, there may be a market for pri­
vately operated mass-transit systems. 
In others, banning the internal-combus­
tion engine might create facilities for 
parking and recharging the batteries of 
electric cars. As utilities grow more ser­
vice oriented, it is quite possible they 
will expand to perform such services. 
The need to move quickly should also 
encourage research and development 
alliances between fuel companies and 
manufacturers of combustion equip­
ment. Such collaborations can produce 
fuels, engines and processes that are as 
yet unanticipated. A modest start has 
already been made in the U.S. , where 
some petroleum companies are produc­
ing reformulated gasoline and alterna­
tive fuels. 

F or many, the transition to a sus­
tainable world is rife with uncer­
tainty and dilemmas. This is per­

haps natural since we seem to be liv­
ing between two stories, as expressed 
by the consensus and the sustainable­
world views. For others, the situation is 
more clear-cut. As stated so clearly in 
"Managing Planet Earth," the Septem­
ber, 1989, single-topic issue of Scien­
tific American, for them, the story of 
the sustainable world is the story of 
our time , a time when human beings 
need to reaffirm their role as stewards 
[see "Energy in Transition ," by John P. 
Holdren, page 156]. 

As we learn more about the relation 
human beings have to their planet, we 
may find that rather than viewing en­
ergy as a commodity to be exploited 
from planet Earth , we will increaSingly 
need to think and act in terms of ener­
gy for planet Earth. Our dependence on 
energy will persist, but it must do so in 
the context of an ecologically sound 
planet. This means human beings may 
well have to apply all their inventive­
ness to develop new energy technolo­
gies so as to guarantee the long-term 
quality of their habitat. 

FURTHER READING 

ExPERT SEMINAR ON ENERGY TECHNOL­
OGIES FOR REDUCING EMISSIONS OF 
GREENHOUSE GASES. Collected Papers. 
Organisation for Economic Co·opera­
tion and Development and International 
Energy Agency, Paris, April 12-14, 1989. 

ENERGY FOR TOMORROW. Collected Pa-
pers. Fourteenth Congress of the World 
Energy Conference, Montreal, Septem­
ber 17-21,1989. 

TECHNOLOGY AND ENvIRONMENT. Edited 
by Jesse Ausubel and Hedy E. Slado­
vich. National Academy Press, 1989. 
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We now import more than 
40 percent of all the oil we use, and 
that percentage continues to grow. 
This excessive dependence on 
foreign oil could poison America's 
economy and our national security 
if our supply were ever disrupted. 

But the more we use nuclear 
energy, instead of imported oil, to 
generate our electricity, the less we 
have to depend on uncertain for­
eign oil supplies. 

T�e KI� Of DMTH? 

America's 112 nuclear electric 
plants already have cut foreign oil 
dependence by 4 billion barrels 
since the oil embarg o of 1973, 
saving us $115 billion in foreign 
oil pay ments. 

But 112 nuclear plants will 
not be enough to meet our rapidly 
growing demand for electricity We 
need more plants. 

Importing so much oil is a dan­
ger America must avoid. We need to 

rely more on energy sources we can 
count on, like nuclear energy 

For a free booklet  on nuclear 
energy, write to the U.S. Council 
for Energ y 
Aw areness,  
PO. Box 66080, 
Dept. SK10, 
Washing ton, 
D.C. 20035. 

U.S. COUNCIL FOR ENERGY AWARENESS 

Nuclear energy means more energy independence. 
©1990 USCEA © 1990 SCIENTIFIC AMERICAN, INC
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Efficient Use of Electricity 
Advanced technologies offer an opportunity to meet the world's future 

energy needs while minimizing the environmental impact. Both 
suppliers and consumers of electricity can benefit from the savings 

by Arnold P. Fickett, Clark W. Gellings and Amory B. Lovins 

E lectricity is fundamental to the 
quality of modern life. It is a 
uniquely valuable, versatile and 

controllable form of energy, which 
can perform many tasks efficiently. 
In little over 100 years electricity has 
transformed the ways Americans and 
most peoples of the world live. light­
ing, refrigeration, electric motors, med­
ical technologies, computers and mass 
communications are but a few of the 
improvements it provides to an ex­
panding share of the world's growing 
population . 

Many analysts believe that region­
al electricity shortages could occur in 
the U.S. within the next 10 years, per­
haps as early as 1993. Given the im­
portance of electricity to all sectors of 
the economy, such shortages would 
have severe consequences. Yet financ­
ing large-scale power plant construc­
tion could push America's $170-billion­
a-year electricity costs higher: a large 
(one billion watts) power plant costs 
more than $1 billion and may entail 
lengthy regulatory and environmental 
approvals. Thus there is growing pres­
sure for utilities to provide needed gen­
erating capacity or to reduce electricity 
demand, or both. 

A kilowatt-hour of electricity can 
light a 100-watt lamp for 10 hours or 
lift a ton 1,000 feet into the air or 
smelt enough aluminum for a Six-pack 
of soda cans or heat enough water for 
a few minutes' shower. To save money 
and ease environmental pressures, can 
more mechanical work or light, more 
aluminum or a longer shower be wrung 
from that same kilowatt-hour? 

The answer is clearly yes. Yet esti­
mates as to how much more range 
from 30 to 75 percent. Also at issue is 

ELECTRICITY carried by power lines in 
Torrance, Calif., runs appliances, heats 
homes and lights buildings. Technology 
can improve these services and at the 
same time save electricity and money. 

how fast efficiency can be improved , 
and at what cost. 

Since the oil embargo of 1973, ener­
gy intensity-the amount of energy re­
quired to produce a dollar of U. S. gross 
national product-has fallen by 28 per­
cent. Plugged steam leaks, caulk guns, 
duct tape, insulation and cars whose 
efficiency has increased by seven miles 
per gallon have helped to extract more 
work from each unit of fuel. Applica­
tions of electricity, too, have made im­
portant contributions to productivity 
and to a more information-based econ­
omy. Electricity accounts for a growing 
fraction of energy demand, and its re­
lation to the gross national product has 
held relatively steady in recent years. It 
is not clear, however, that electricity 
and economic growth must continue to 
march in lockstep. Technologies and 
implementation techniques now exist 
for using electricity more efficiently 
while actually improving services. Har­
nessing this potential could get society 
off the present treadmill of ever higher 
financial and environmental risks and 
could make affordable the electric ser­
vices that are vital to global develop­
ment [see illustration on nex.t page]. 

Historical patterns are already start­
ing to change. California reduced its 
electric intensity by 18 percent from 
1977 to 1986 and expects the trend to 
continue. Nevertheless, in such major 
industries as cars, steel and paper, 
Japan's electric use per ton is falling 
while the U.s.'s is riSing-chiefly be­
cause American companies are still 
adopting new fuel-saving "electrotech­
nologies" already common in Japan. 
But companies there are improving 
their efficiency at a faster rate. The re­
sultant widening efficiency gap con­
tributes to Japanese competitiveness. 

Other industrialized nations are also 
setting higher standards for efficien­
cy. Sweden has outlined ways to dou­
ble its electricity efficiency. Denmark 
has vowed to cut its carbon dioxide 
output to half the 1988 level by 2030 
and West Germany to 75 percent of the 

1987 level by 2005; both nations em­
phasize efficiency. 

These encouraging developments re­
flect rapid progress on four separate 
but related fronts: advanced technolo­
gies for using electricity more produc­
tively; new ways to finance and deliver 
those technologies to customers; ex­
panded and reformulated roles for 
electric utilities; and innovative regula­
tion that rewards efficiency. 

T he technological revolution is 
most dramatic. The 1980's cre­
ated a flood of more powerful 

yet cost-effective electricity-saving de­
vices. If anything, progress seems to be 
accelerating as developments in mate­
rials, electronics, computer design and 
manufacturing converge. Rocky Moun­
tain Institute estimates that in the past 
five years the potential to save electrici­
ty has about doubled, whereas the av­
erage cost of saving a kilowatt-hour 

ARNOLD P. FICKETT, CLARK W. GELL­
INGS and AMORY B. LOVINS are consul­
tants to the power industry. Fickett is 
vice president of the Customer Systems 
Division at the Electric Power Research 
Institute (EPRI). He received an M.S. in 
electrochemistry from Northeastern Uni­
versity. Fickett has more than 30 years 
of experience in the research , engineer­
ing and application of energy-related 
technologies. Gellings, who is director of 
the Customer Systems Division at EPRI, 
has a master's in mechanical engineer­
ing from the New Jersey Institute of 
Technology and a master's in manage­
ment science from the Stevens Institute 
of Technology. He spent more than 20 
years in energy-related technologies as 
well as in marketing, forecasting, de­
mand-side management, least-cost plan­
ning and conservation . Lovins directs 
research at Rocky Mountain Institute, 
a nonprofit resource policy center. He 
and his wife, L. Hunter Lovins, founded 
the center in 1982. Winner of the Onas­
sis Foundation's first Delphi prize, he 
was educated at Harvard and Oxford 
universities. 
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has fallen by about two thirds. The in­
stitute has also found that most of the 
best efficient technologies are less than 

a year old. 
Of course, while some innovations 

are saving electricity, others will use 
electricity in new ways in those areas 
where electricity has an advantage over 
other forms of energy. For example, 
electricity can be environmentally ben­
eficial and cost-effective in ultraviolet 
curing of finishes, microwave heating 
and drying, induction heating and sev­
eral other industrial uses. Such elec­
trotechnologies save money and fuel 
and reduce pollution overall. The Elec­
tric Power Research Institute (£PRI) es­
timates that by 2000 these new tech­
nologies will save as much as half a 
quadrillion British thermal units (Btu's) 
of fuel per year yet will increase elec­
tricity use in the u.S. only slightly. 

How much electricity could be saved 
if we did everything, did it right and 
fully applied the best technologies for 
effiCiency? Agreement is growing that 
an astonishing amount of electrtcity­
far more than the 5 to 15 percent cit­
ed a few years ago-could be saved in 
the u.S. According to a 1990 report by 
EPRI, it is technically feasible to save 

from 24 to 44 percent of u.S. electricity 
by 2000-some of it rather expensive­
ly-in addition to the 9 percent already 
included in utility forecasts. Thus, the­
oretically, aggressive efficiency efforts 
might capture as much as three to five 
times the savings that EPRI forecasts to 
happen spontaneously, about four to 
seven times as much as current utility 
programs plan to capture (80 billion 
watts before 2000). Rocky Mountain 
Institute estimates a long-term poten­
tial to save about 75 percent of elec­
tricity at an average cost of .6 cent 
per kilowatt-hour-several times lower 
than just the cost of fuel for a coal 
or nuclear plant. Even more could be 
saved at higher costs. The differences 
between these estimates are less im­
portant than their agreement that sub­
stantial amounts of electricity can be 
saved in a cost-effective manner. 

How do potential electricity sav­
ings in the U.S. compare with analyses 
for other countries? Potential savings 
vary, mainly because of differences in 
climate, in use of appliances and in 
price and economic structure. Western 
Europeans and the Japanese have al­
ready captured more of the potential 
electricity savings, and, as these na-
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RELATION between u.s. electricity consumption and the economy has remained 
relatively steady over the past three decades, whereas the intensity of other forms 
of energy has declined, partly because of the increased use of electricity. Efficient 
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nonelectric intensity (a), a projection of electric intensity at current efficiency lev· 
els (b), a projection that also includes utility efficiency programs (c), a conservative 
estimate of efficiency potential (d) and an optimistic estimate of the potential (e). 

66 SCIENTIFIC AMERICAN September 1990 

tions continue to progress, they will 
pay more for less electricity savings 
than Americans, but the differences are 
probably not substantial. Studies have 
found potential savings of 50 percent 
in Sweden at an average cost of 1.3 
cents per kilowatt-hour, 75 percent in 
Danish buildings at 1.3 cents per kilo­
watt-hour and 80 percent in West Ger­
man households at a cost repaid in 2.6 
years [see illustration on page 68]. 

Strong anecdotal evidence suggests 
that in most developing and socialist 
countries, many electric devices are 
several times less efficient than in the 
u.S. Improved devices are often costly 
there today because they require elec­
tronics or special materials that are not 
readily available. But as global markets 
for these devices expand, lowering 
their international prices, it is reason­
able to expect that the potential elec­
tricity savings will be even greater in 
the countries that are the least efficient 
today. The U.S. potential may therefore 
prove to be not a bad surrogate for the 
global average. 

To understand the pitfalls involved 
and the effort required to move toward 
a more efficient economy, consumers 
and suppliers of electricity must un­
derstand how major savings can be 
achieved. Electricity, like other forms 
of energy, can be saved by demand­
ing fewer or inferior services-warm­
er beer, colder showers, dimmer lights. 
No such options are considered here. If 
technology is applied intelligently, elec­
tricity can be saved without sacrifiCing 
the quality of services. In fact, many 
new devices actually function better 
than the equipment they replace: they 
provide more pleasing light, more reli­
able production and higher standards 
of comfort and control. 

T he biggest savings in electricity 
can be attained in a few areas: 
lights, motor systems and the 

refrigeration of food and rooms. In the 
U.S. lighting consumes about a quarter 
of electricity-about 20 percent direct­
ly, plus another 5 percent in cooling 
equipment to compensate for the un­
wanted heat that lights emit. In a typi­
cal existing commercial building, light­
ing uses about two fifths of all electrici­
ty directly or more than half including 
the cooling load. Converting to today's 
best hardware could save some 80 to 
90 percent of the electricity used for 
lighting, according to Lawrence Berke­
ley Laboratory. EPRI suggests that as 
much as 55 percent could be saved 
through cost-effective means. 

Compact fluorescent lamps, for in­
stance, consume 75 to 85 percent less 
electricity than do incandescent ones. 
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CONVENTIONAL FIXTURE 

INPUT: 175 WATTS 

TWO BA LLA STS DISSIPATE 27 WATTS 

OUTPUT OF FOUR LA MPS: 11,000 LUMENS 

FIXTURE EFFICIENCY: 65 PERCENT 

FIXTURE OUTPUT: 7,000 LUMENS 

EFFICIENT RETROFIT 

INPUT: 69 WATTS 

ONE BA LLA ST DISSIPATES 2 WATTS 

OUTPUT OF TWO LAMPS: 7,800 LUMENS 

FIXTURE EFFICIENCY: 90 PERCENT 

FIXTURE OUTPUT: 7,000 LUMENS 

LIGHT -COLORED FINISHES, 

FURNISHINGS AND FIXTURES 

REFLECT LIGHT 

1.5 BIlliON UGHTING FIXTURES in U.S. buildings could use 
about 60 percent less electricity-typically from 70 to 90 
percent less when using dimming technologies available 
in 1988. Lamp output is improved by phosphors, cooler fix­
tures and operation at high frequency (about 30 kilohertz). 

The retrofit costs less than $130 per fixture, saves $ 50 in 
long-term maintenance costs and pays for itself in one or two 
years. It saves electricity at a net cost of about .6 cent per 
kilowatt-hour. The further options shown can save even more, 
approaching 100 percent in new specially daylit buildings. 

They typically last four to five times 
longer than incandescent floodlamps 
and nine to 13 times longer than or­
dinary incandescent bulbs. If one bal­
ances the higher initial cost of the 
lamps against the reduction in replace­
ment lamps and installation labor 
(longer-life bulbs do not need to be 
changed so often), one can recover the 
cost of the fluorescent lamps and still 
save many dollars over the life of each 
lamp. One can thus make money with­
out even counting the savings in elec­
tricity. This is not a free lunch; it is a 
lunch you are paid to eat. 

Efficient lighting hardware is now 
available for almost any application. 
Most devices provide the same amount 
of light as older systems do, with less 
glare, less noise, more pleasant color 
and no flicker. These aesthetic im­
provements can unlock even bigger 
savings: improving productivity by I or 
2 percent is usually worth more to an 
office's bottom line than eliminating 
electric bills. 

Together the lighting innovations 

that are commercially available can 
potentially save one seventh to one 
fifth of all the electricity now used 
in the U.S. These innovations would 
cost about one cent per kilowatt-hour 
to install. The reduced maintenance 
costs, Rocky Mountain Institute calcu­
lates, would save the user an additional 
2.4 cents per kilowatt-hour saved. The 
savings in electricity would reduce the 
need for about 70 to 1 20 billion watts 
of power plants that would cost from 
$85 to $200 billion to build and from 
$ 1 8  to $30 billion per year to operate. 
Thus, lighting innovations may be the 
biggest gold mine in the entire econo­
my [see illustration above]. 

After lights, electric motors offer the 
best opportunity to effect major sav­
ings. Motors consume 65 to 70 percent 
of industrial electricity and more than 
half the electricity generated in the U.S. 
The annual electricity bill for motors 
exceeds $90 billion, or about 2 percent 
of the gross national product. 

A typical large industrial motor con­
sumes electricity that costs some 10  

to 20 times its total capital cost per 
year: its capital cost is only about I to 
3 percent of its total life-cycle cost. 
Over a motor's life, a one-percentage­
point gain in efficiency typically adds 
upward of $ 1 0  per horsepower to the 
bottom line. Multiplying the many per­
centage points of available savings by 
the hundreds or thousands of horse­
power for each big motor reveals very 
large potential savings. And one indus­
trial processing plant can have hun­
dreds of such motors [see "Energy for 
Industry," by Marc H. Ross and Daniel 
Steinmeyer, page 88]. 

Many machines, especially pumps 
and fans, need to vary their 
output to accommodate chang­

ing process needs. This is often done 
by running the pump or fan at full 
speed while "throttling" its output with 
a partly closed valve or damper-like 
driving with one foot on the gas and 
the other on the brake. Electronic ad­
justable-speed drives can reduce this 
waste. When you need only half the 
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flow from a pump, you can in principle 
save seven eighths of its power and 
in practice nearly that much, because 
electronic drives are very efficient. Sav­
ings can range from 10 to 40 percent, 
with typical applications reducing total 
U.S. motor energy by about 20 percent. 
Paybacks range from six months to 
three years, averaging one year. 

A new. breed of high-effiCiency mo­
tors represents another important ad­
vance. These motors are better de­
signed and better made from high­
er-quality materials than conventional 
motors are, thereby squeezing down 
their magnetic, resistive and mechani­
cal losses to less than half the levels of 
a decade ago. Although such motors 
are widely found in North America, 
Western Europe and Japan, they are 
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not available in some industrialized 
countries, such as Australia, or in 
much of the socialist or developing 
world, where motor efficiencies are of­
ten very low. 

Most engineers think only in terms 
of adjustable-speed drives and high­
efficiency motors. Although both are 
important, they account for only half 
of the total potential electricity savings 
in U.S. motor systems. The other half 
comes from 33 other improvements in 
the choice, maintenance and sizing of 
motors, three further kinds of controls 
and the effiCiency with which electricity 
is supplied to the motor and torque is 
transmitted to the machine. Improved 
motor systems can run on about half 
the electricity, which amounts, in prin­
ciple, to electricity savings equivalent 
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in the U.S. to about 80 to 190 billion 
watts of power plants. Furthermore, 
the cost of the new motors can usually 
be recovered in about 16 months, be­
cause after a company pays for only 
seven of the 35 improvements (includ­
ing adjustable-speed drives and high­
efficiency motors), the other improve­
ments are free by-products. 

Progress in motor and lighting tech­
nologies is matched by advances in su­
perefficient appliances. Refrigerators 
and freezers can now consume 80 to 
90 percent less electricity than conven­
tional models; commercial refrigera­
tion systems can save 50 percent, tele­
visions 75 percent, photocopiers 90 
percent and computers 95 percent. 
Rocky Mountain Institute, for example, 
installed efficient lights and appliances 
in its 4,000-square-foot headquarters, 
decreasing consumption of electricity 
tenfold, to only $5 a month. The insti­
tute also lowered its water consump­
tion by 50 percent and eliminated 99 
percent of the energy it needed to heat 
space and water. (The building is so 
well insulated that even though it is lo­
cated in the subarctic climate of the 
Colorado mountains it needs no fur­
nace.) Moreover, all of this seven-year­
old technology paid for itself within 
a year. 

E XPloiting the full menu of effi­
ciency opportunities can double 
the quantity and more than halve 

the cost of savings, because saving 
electricity is like eating a lobster: if you 
extract only the large chunks of meat 
from the tail and claws and throw away 
the rest, you will miss a comparable 
amount of tasty morsels tucked in 
crevices. To capture major electricity 
savings cheaply, one must not only in­
stall new technologies but also rethink 
the engineering of whole systems, pay­
ing meticulous attention to detail. 

Such rethinking will require a new in­
frastructure to deliver integrated pack­
ages of modern technologies. Only a 
handful of firms provide comprehen­
sive, up-to-date lighting retrofits; few 
if any provide similar services for mo­
tors. Yet retrofits that save electricity 
represent a global business opportuni­
ty ultimately worth perhaps hundreds 
of billions of dollars a year-an ample 
prize to elicit entrepreneurship [see 
"Energy for Buildings and Homes," by 
Rick Bevington and Arthur H .  Rosen­
feld , page 76]. 

The potential to save electricity will 
not be realized until-like power 
plants-electricity-saving programs are 
planned , designed , financed, built, 
commissioned and maintained. Just as 
one might extract a mineral resource 
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from the ground, one must determine 
how much electricity can be profitably 
saved employing existing technology 
and how to convert that reserve to ac­
tual production. 

Efficient technologies are often un­
derused because of the lack of cus­
tomer demand (market pull) or the 
lack of a sufficient distribution channel 
(market push), or both. If electricity 
consumers want efficient appliances 
and ask retailers to provide them, re­
tailers will then ask wholesalers to sup­
ply them, and wholesalers in turn will 
seek manufacturers to produce those 
products. If consumers fail to act, then 
the whole string of potential benefits 
unravels. 

To create market pull, energy plan­
ners must understand how consum­
ers make energy choices. Most plan­
ners are puzzled to find that cus­
tomers sometimes shun efficiency even 
when it is accompanied by attractive 
economic incentives. In the past, manu­
facturers and retailers have not consid­
ered efficiency to be an important fea­
ture in new products, because they 
have found that consumers rarely de­
cide to make a purchase based on effi­
ciency. The factors that most consis­
tently affect their choices are appear­
ance; safety; comfort, convenience and 
control; economy and reliability; high­
technology features; the need to have 
the latest equipment; the desire to 
avoid hassles; and resistance to having 
utilities control energy use. Because hu­
man nature is diverse, the weighing of 
these factors varies enormously, and 
retailers must adjust their marketing 
strategies accordingly. Businesses have 
analogous concerns, including product 
quality, production reliability, fuel flex­
ibility, environmental cleanliness, a 
clean workplace and low risk . 

I f efficient technologies are to be 
widely deployed, a third party, 
such as the electric utility or gov­

ernment, may need to assume respon­
sibility for both market push and mar­
ket pull. As we shall see, utilities have a 
special interest in influencing custom­
ers' demand-treating it not as fate but 
as choice-in order to provide better 
service at lower cost while increasing 
their own profits and reducing their 
business risks. Utilities can choose 
from a wide range of market push and 
pull methods designed to influence 
consumer adoption and reduce barri­
ers. These include rebates or other fi­
nancing options, direct contact with 
their customers, special tariffs, adver­
tising, education, and cooperative ven­
tures with architects, engineers and 
suppliers of efficient technology. Col-
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lectively, such efforts are part of de­
mand-side management, which seeks 
to change the demand for electricity 
while still meeting customers' needs. 

More than 60 utilities serving almost 
half of all Americans now offer rebate 
programs to promote the buying or 
selling of efficient devices. The over­
whelming majority (92 percent) pay re­
bates to purchasers to create market 
pull; about 24 percent pay appliance 
dealers to create market push. 

Utility rebate programs can rapid­
ly stimulate market development. Effi­
cient lighting equipment was unavail­
able in Las Vegas, for instance, until 
Nevada Power Company started of­
fering rebates, whereupon within six 
months, 20 wholesale and retail out­
lets were competing in the price and 
breadth of efficient lighting systems. 

Many utilities have begun to pay con­
sumers for each kilowatt-hour saved , 
no matter how it is done. They have 
also tried to reward "trade allies" who 
remove old, inefficient equipment or 
who sell, specify or install electrici­
ty-saving devices. Utilities sometimes 
offer rebates to consumers who beat 

a government performance standard, 
thus eliciting better technologies so the 
standard can be raised until cost-effec­
tiveness limits are reached. 

Other financial incentives comple­
ment rebates: low- or no-interest loans, 
gifts and leases. Southern California 
Edison Company, for example, has giv­
en away more than 800,000 compact 
fluorescent lamps. The Taunton Munic­
ipal Lighting Plant in Massachusetts 
leases such lamps for 20 cents each 
per month and replaces them for free. 
Thus, customers can pay for efficiency 
over time, just as they would otherwise 
pay for power plants. The makers of 
compact fluorescent lamps have relied 
on both their own and utilities' market­
ing strategies to achieve annual U.S. 
sales of about 20 million units. Those 
sales are doubling or tripling each year, 
and such lamps already dominate the 
West German market. 

These well-established methods are 
so effective that when Southern Califor­
nia Edison Company had a peak load 
of 15 billion watts, in 1983-1984, it 
was able to reduce its forecast of peak 
demand by more than 500 million 
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watts in a single year. At the same 
time, California's appliance and build­
ing standards increased electricity sav­
ings even more. Annual savings repre­
sented 8.6 percent of the utility's peak 
demand at the time and cost the util­
ity only about 1 percent as much as 
building and running a new power sta­
tion. If all Americans saved electricity 
as fast as those 10 million did, the U.S. 
economy could grow by several per­
cent every year while total electricity 
use decreased. 

Such success stories are now spread­
ing in the U.S. and abroad . In some in­
stances, skillful and imaginative mar­
keting has captured 70 to 90 percent 
of specific efficiency markets, such as 
housing insulation, in just a year or 
two. Some utilities, such as the Bon­
neville Power Administration, are sav­
ing businesses money through com­
mercial efficiency programs whose cost 
is about .5 cent per kilowatt-hour. 

Utilities such as North Carolina's 
Duke Power Company offer lower rates 
to efficient customers. Others require 
minimum efficiency levels as a con-

dition of service; Atlantic Electric in 
New Jersey, for example, has such an 
air conditioner standard. Several states 
are now trying or considering a sliding­
scale hookup fee: when a utility con­
nects a new building to the power grid, 
it charges a fee that is tied to the build­
ing's effiCiency. Consideration is also 
being given to using such fees to pay 
rebates (Ufeebates") for the most effi­
cient buildings. 

Still further savings may be achieved 
by methods that seek not merely to 
market Unegawatts" (saved electricity) 
but to make markets in negawatts: 
saved electricity can be treated as a 
commodity just like copper or sow­
bellies. This strategy can maximize 
competition among means of savings 
and among providers of savings and 
so drive down the cost. For example, 
some utilities run competitive bidding 
processes in which all ways to make or 
save electricity compete. 

Saved electricity can be converted to 
money and traded between utilities or 
between customers. Some utilities may 
even want to become Unegawatt bro-

kers" and make spot, futures and op­
tions markets in saved electricity. Oth­
ers are conSidering buying contracts 
from their customers to stabilize or re­
duce demand. The contracts could be 
resold in secondary markets, just as 
some brokers already buy and sell air 
pollution rights. 

Some aggressive utilities competing 
in the emerging negawatt market even 
sell efficiency in the territories of other 
utilities. Puget Sound Power and light 
Company sells electricity in one state, 
but its subsidiary sells efficiency in 
nine states. 

E ven though some utilities and 
consumers have taken the lead in 
electricity effiCiency, most of the 

potential savings remain untapped. 
Customers use very different financial 
criteria to assess ways to save electrici­
ty than utilities use to assess new pow­
er plants. On the one hand, if cus­
tomers invest money to save electricity 
in their home or business, they will 
probably want to recoup their invest­
ment within about two years-perhaps 
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as long as five years for a few far­
sighted industries and less than one 
year for low-income renters. On the 
other hand, if utilities build plants to 
increase capacity, their technical and 
financial strength lets them recover 
costs over a 20-year period . 

The gap between the payback hori­
zon of consumers and utilities tends 
to make society buy too little efficien­
cy and too much supply. The result in 
the u.s. alone is the $60 billion per 
year now spent in expanding electric­
ity supplies that could be partly dis­
placed by investments in efficiency. 
The payback gap also dilutes price sig­
nals. If customers can avoid a tariff of 
six cents per kilowatt-hour by saving 
electricity, then without other incen­
tives they will buy efficiency costing up 
to .6 cent per kilowatt-hour-about a 
tenth of the tariff, because the tariff is 
calculated at the utility's payback hori­
zon of 20 years, but the customer in­
vests on the basis of a two-year hor­
izon. Just getting the prices right will 
therefore not necessarily induce people 
to buy as much efficiency as would 
benefit society at large. However, cor­
rect pricing is important: only prices 
that tell the truth can inform cus­
tomers about how much is enough. 
Prices should be adjusted to the time 
and season of use-perhaps ultimately 
with sophisticated new kinds of elec­
tronic meters-and reflect real-time 
spot prices in order to provide the 
most accurate signals. 

Utilities around the world are reex­
amining their purpose. Is their mission 
the production and sale of electric­
ity, or is it the profitable production 
of customer satisfaction? Utilities that 
take the latter view believe that if elec­
tricity costs more than effiCiency, then 
customers will eventually realize they 
can save kilowatt-hours and money 
and still get hot showers and cold beer 
with high-performance shower heads 
and superefficient refrigerators. The 
only relevant question, then, is who 
will sell effiCiency? If efficiency is 
cheaper than electricity, customers will 
buy less electricity and more efficiency. 
It is generally a sound business strate­
gy to satisfy customer needs before 
someone else does. 

Utilities are the logical organizations 
to expedite the use of energy-efficient 
products: they have technical skill, per­
manence, credibility, close ties to cus­
tomers, a relatively low cost of capital 
and a fairly steady cash flow. At pres­
ent, however, they have little motive to 
expedite energy efficiency. The conflict 
is obvious: Why spend money to re­
duce sales? 

In principle, utilities can profit in sev­
eral ways from making their customers 
more efficient. They can avoid operat­
ing costs in the short run, construc­
tion costs of new power plants in the 
medium run and replacement costs 
of old power plants in the long run. 
They can also earn a spread on financ­
ing efficiency, just as a bank would. 
Legislation such as the amended U.S. 
Clean Air Act may allow utilities to 
use efficiency to generate pollution 
rights, which they can resell. And fi­
nally, under new regulations now be­
ing adopted in some states in the U.S., 
utilities may be able to receive exem­
plary financial rewards for money-sav­
ing investments. 

A major breakthrough occurred in 
1989 when new regulations were ac­
cepted in principle nationwide for con­
sideration by state regulators. The pro­
posed rules would uncouple utilities' 
profits from their sales, removing a 
utility's disincentive to invest in effi­
ciency. In effect, the utilities will be 
compensated for the revenue they 
would otherwise lose by selling less 
electricity-and will get to keep part of 
the savings. 

Such rules have already proved effec­
tive in a few cases. Pacific Gas & Elec­
tric Company in California and a group 
of environmentalists, government ad­
ministrators and consumers recently 
agreed that the utility should keep 15 
percent of any money saved by certain 
new efficiency programs. Customers 
will benefit by getting 85 percent rath­
er than all of nothing. 

In New York Niagara Mohawk Power 
Corporation has proposed another way 
to profit from efficiency services. Un­
der the plan, the utility's 12 efficien­
cy programs, which cost $30 million 
to implement in 1990, will be allowed 
to recover costs and clear a $1-mil­
lion profit if the utility's 12 programs 
achieve the state's goal of saving 133 
million kilowatt-hours, which is worth 
about $10 million a year in reduced en­
ergy cost for participating customers. 
By 1992 the programs should save 240 
million kilowatt-hours per year. Where 
does the money come from? Prices per 
kilowatt-hour will rise by as much as 
1.4 percent, yet participating custom­
ers will still pay lower bills because 
they will consume less. 

Niagara's residential low-cost mea­
sures program, for example, provides 
each participating household with a 
low-flow shower head, a compact fluo­
rescent light bulb and insulation to 
wrap their electric water heaters and 
pipes. The equipment should save 960 
kilowatt-hours per participating house-

hold per year. For each household, the 
utility loses about $72 in annual ener­
gy sales but saves about $40 on fuel 
and capacity costs. The difference ($32 
a year) is charged to the residential 
customers each year for eight years 
and includes a $5 profit for the utility. 
For the equipment, each participating 
household pays $6 a year for eight 
years. Therefore, each household will 
save $272 over eight years. A: efficient technologies and imple­

mentation techniques spread, 
how will they change the eco­

nomics of our businesses, the services 
we receive and the health of our envi­
ronment? Consider first the effect of 
efficiency on local business. In Osage, 
Iowa (population 4,000), a utility man­
ager launched a nine-year program to 
weatherize homes and control electrici­
ty loads at peak periods. These initia­
tives saved the utility enough money 
to prepay all its debt, accumulate a 
cash surplus and cut inflation-correct­
ed rates by a third (thereby attracting 
two factories to town). Furthermore, 
each household received more than 
$1,000 of savings a year, boosting the 
local economy and making shops no­
ticeably more prosperous than in com­
parable towns nearby. If other commu­
nities in the U.S. followed the lead of 
Osage, they could create economic vi­
tality that would reverberate from Main 
Street to Wall Street. 

Electric efficiency can also enhance 
industrial competitiveness. When the 
rod, wire and cable business fell on 
hard times around 1980, for exam­
ple, the biggest independent U.S. firm, 
Southwire, responded by saving, over 
eight years, about 60 percent of its gas 
and 40 percent of its electricity per ton 
of product. The savings yielded virtual­
ly all the company's profits during a 
tough period. The efforts of two engi­
neers may have saved 4,000 jobs at 10 
Southwire plants in six states. 

Electric efficiency could also break 
a major logjam in global development. 
In developing nations, electricity gen­
eration already consumes a fourth of 
global development capital , and in 
the next few decades the utilities of 
those nations are projected to need 
about eight times more capital than is 
expected to be available-a prescrip­
tion for power shortages. But efficiency 
can be the key to saving the capital 
desperately needed for other develop­
ment tasks. 

Electric efficiency can also ease en­
vironmental pressures. If a consum­
er replaces a single 75-watt bulb with 
an 18-watt compact fluorescent lamp 
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GOVERNMENT STANDARDS have pushed manufacturers of refrigerators to 
produce more efficient models. The average new refrigerator in 1990 costs about 
$64 less per year to run than one made in 1970. The data were compiled by the 
Association of Home Appliance Manufacturers and Lawrence Berkeley Laboratory. 

that lasts 10,000 hours, the consum­
er can save the electricity that a typ­
ical U.S.  power plant would make 
from 770 pounds of coal . As a result , 
about 1 ,600 pounds of carbon dioxide 
and 1 8  pounds of sulfur dioxide would 
not be released into the atmosphere, 
reducing the contribution of these gas­
es to global warming and acid rain. 
Alternatively, an oil-fired electric plant 
would save 62 gallons of oil-enough 
to fuel an American car for a 1 ,500-
mile journey. Yet far from costing ex­
tra , the lamp generates net wealth and 
saves as much as $ 100 of the cost 
of generating electricity. Since saving 
the fuel is cheaper than burning it, 
environmental problems can be abat­
ed at a profit . ( Power plants that run 

on fossil fuel use three units of fuel 
to make one unit of electricity, where­
as in socialist and developing countries 
they often use five to six units to do 
the same.) 

No matter how electric efficiency 
is used to reduce emissions, consum­
ers and suppliers of electricity will 
achieve the biggest reduction at the 
lowest cost in the shortest time only 
if they choose the best buys first. Sup­
pose a government wants to reduce 
carbon dioxide emissions by reducing 
the amount of electricity generated by 
coal-fired power plants. To replace that 
electricity, the government should in­
vest in low-cost efficiency options such 
as lighting or motor retrofits before 
considering alternative high-cost tech­
nologies such as solar or nuclear pow­
er. Otherwise each dollar spent will re­
place less coal burning than it could 
have. As we compete for limited re­
sources, the order of environmental 
priority should be the order of eco­
nomic priority. 

The best-buys-first sequence can be 

determined either by " least-cost utility 
planning " or "integrated resource plan­
ning " -a formal procedure now re­
quired by utility regulators in most of 
the U.S.-or by an equivalent market 
process in which all ways to make or 
save electricity compete fairly for mar­
ginal investment. 

Electric effiCiency, wisely bought to­
day, can go far to stretch the electric­
ity supply. It can also provide time to 
perfect and deploy renewable ener­
gy resources such as solar power, an 
area where recent progress has been 
so encouraging. If efficiency decreases 
the demand for electriCity, then renew­
able resources can be deployed more 
easily and provide more electricity to 
more people. Both in the broad sense 
and in detailed deSign, electric effi­
ciency and renewable resources are 
natural partners. 

T he electric utility is only one of 
many organizations that should 
be encouraging energy efficiency. 

State and local agencies can be particu­
larly helpful in educating customers. 
Federal support for such programs, 
which were largely abandoned over the 
past decade, should be restored.  

America's largest landlord-the U.S .  
government -can take the lead by 
starting a massive, modern retrofit pro­
gram in federally owned buildings. The 
government could be the key to devel­
oping market push in certain technol­
ogies. It could provide funds to help 
underwrite the high initial manufactur­
ing costs that penalize new technol­
ogies. In addition, state and federal au­
thorities could encourage manufactur­
ers to make more efficient products 
and broaden performance labeling [see 
illustration above]. 

Governments could also do more to 
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assist in the research and development 
of efficient technology. Investments in 
effiCiency are far out of line with poten­
tial benefits. Not only do consumers 
and suppliers of electricity need more 
and better hardware choices,  but they 
also need better ways to help design­
ers choose from the bewilderingly large 
array of technologies that are already 
available. 

A formidable challenge to electric 
utilities and governments, then, as well 
as to customers, design professionals 
and many other stakeholders, is to in­
tegrate the technical, economic , cultur­
al , marketing and policy innovations 
into coherent efforts to capture the 
efficiency potential . It is encouraging 
that many are rising to this challenge. 
The seriousness of some U. S. utilities ' 
effort, such as that of the New England 
Electric System, is indicated by their 
commitment to allocate as much as 
4 percent of their gross revenues to 
imprOving customers ' end-use efficien­
cy. In recent weeks, five U. S. utilities 
have added nearly $ 1  billion to their 
efficiency budgets. Some utilities in 
Western Europe and Japan, too, have 
undertaken similarly impressive pro­
grams. With such efforts, electric and 
economic growth need not march in 
lockstep-if we choose to use electrici­
ty in a way that saves money and the 
environment . 
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Analysis and Circuit Synthesis packages. The Circuit 
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The PSpice circuit simulator is an integrated package for the 
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and refmement without building hardware. 
A wide variety of circuits can be analyzed using PSpice. These 
range from precision instrumentation amps, to microwave mixers, 
to switching power supplies,  to digital control circuits.  Our 
capability to analyze mixed analog/digital circuits is unique within 
the industry. 
Introduced over six years ago, MicroSim ' s  PSpice has more copies 
sold than all other SPICE based programs combined. PSpice has 
a reputation for extensive capabilities,  accurate results, diverse 
options, and availability across a range of computer platforms. 
PSpice includes an extensive device library of 3 ,000+ analog parts 
and 1 ,200+ digital parts, at no extra charge. 
The PSpice options include: 

Digital Simulator, which allows the simulation of mixed 
analog/digital circuits with feedback between the analog and 
digital sections. 
Monte Carlo Analysis, which calculates the variations in a 
circuit ' s  performance allowing for component tolerances. This 
option performs statistical analyses: Monte Carlo, Sensitivity, 
and Worst Case. 
Analog Behavioral Modeling, which allows you to describe 
analog components, or entire circuit blocks, using a formula or 
a look-up table. 
Probe, which acts as a "software oscilloscope" to provide an 
interactive viewing environment for simulation results (see 
photo). 
Parts, which is a parameter extraction program allowing the 
extraction of device model parameters from data sheet 
information. 

PSpice is available on the PC family (running DOS , Protected 
Mode DOS , or OS/2),  Macintosh II family, Sun 3, Sun 4, and 
SPARCstation families, HP/Apollo series 2500, 3500, and 4500 
workstations, DECstation 2 1 00, 3 1 00, and 5000, and the V AX/ 
VMS family. 
Advanced Filter Designer is an interactive design aid for the 
synthesis and analysis of active filters . Available filter types 
include low pass, high pass, band pass, and band reject, all of which 
may be synthesized using Butterworth, Chebyshev , Inverse 
Chebyshev , and Elliptic (Cauer) functions . There is also the 
capability to synthesize arbitrary transfer functions and delay 
equalization filters. For those who do not need all features of the 
Advanced Filter Designer, a less sophisticated Standard Filter 
Designer package is available. Standard Filter Designer includes 
all of the features of the Advanced Filter Designer, except for the 
capability to synthesize arbitrary transfer functions and delay 
equalization filters . 
Each copy of our Circuit Analysis and Circuit Synthesis programs 
comes with our extensive product support. Our technical staff has 
over 1 50 years of experience in CAD/CAE, and our software is 
supported by the engineers who wrote it. 
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Energy for Buildings and Homes 
New technologies-superwindows, compact fluorescent lights and 

automated-control systems-combined with other strategies, such as shade 
trees and light -colored buildings, could reduce building energy bills by half 

by Rick Bevington and Arthur H. Rosenfeld 

I n the moderately populated but 
energy-intensive U.S., buildings 
consume 36 percent of the coun­

try's energy supply and each year run 
up an energy bill of nearly $200 billion. 
Commercial buildings (offices, stores, 
schools and hospitals) alone have an 
annual bill of $80 billion. Aside from 
being expensive, energy takes a tre­
mendous toll on the environment; the 
energy that powers our appliances and 
heats, cools and lights our buildings 
produces 500 million tons of carbon 
dioxide a year, or two tons of carbon 
for every person in the U.S. 

Yet studies show that the energy 
efficiency of buildings could double by 
2010, cutting carbon emissions in half 
and saving $100 billion a year, mon­
ey that could then be poured into 
economic growth. In fact, significant 
advances in the building sector have 
already been made, many of them 
sparked by the oil crises of the 1970's. 
During that time, the upward trend 
in energy use in homes and buildings 
fell some 30 percent [see illustration 
on page 79]. But in 1986, when the 
price of oil fell dramatically, the move­
ment toward greater efficiency stalled. 
And today although building improve­
ments continue, they are doing so at a 
slower rate; as a result, energy use in 
the U.S. building sector is once again 
on the upswing and is growing at the 
rate of 3.3 percent a year. 

What explains the current trend? To 
begin with, most building occupants 
view energy as intangible and auto­
matic, remembering it only when the 
monthly energy bill arrives. Consum­
ers rarely associate any of the services 
energy provides-refrigeration, lighting 
and heat-with the coal mines, oil rigs 

COMMERCIAL BUILDINGS harbor tre­
mendous potential for energy savings. 
Replacing the lights and the heating, 
ventilating and air-conditioning (HVAC) 
systems with new equipment can cut a 
building's energy costs by 30 percent. 

and power plants that supply this ener­
gy. Yet buildings, unlike cars (which are 
traded in every 10 years or so), tend to 
last from 50 to 100 years. Over the life 
of a building, therefore, energy-related 
improvements make tremendous eco­
nomic sense. 

Rather than being deterred by the 
costs of energy improvements, consum­
ers should view them as attractive in­
vestment opportunities. This can be 
demonstrated by comparing the cost of 
two new homes in Chicago. One has 
conventional walls, with standard 3.5-
inch insulation and an annual heating 
bill of $200. The other has thicker walls 
and six inches of insulation. Although 
the extra insulation cost $300 to install , 
the heating bill for the more efficient 
house drops to only $80 a year. Thus, 
the payback period for the insulation is 
about 2.5 years, which translates into a 
40 percent annual return on an invest­
ment of $300. Unfortunately, home­
owners rarely consider the advantages 
of two- or three-year payback periods; 
they are usually more concerned about 
initial costs. And when purchasing a 
home, they rarely consider energy effi­
ciency (size, appearance and location 
are more important criteria). 

Another impediment to greater ef­
ficiency is the fragmentation of the 
building trade. A commercial building 
project, for example, typically involves 
a series of handoffs: an architect de­
signs the building but then hands it 
over to an engineer, who in turn spec­
ifies materials, systems and compo­
nents, before passing responsibility to 
a contractor. Eventually the finished 
building is turned over to a mainte­
nance and operations staff, who had 
virtually no say in the design process 
but probably know most about the 
building's day-to-day performance. In 
such a setting, initial construction costs 
are weighted much more heavily than 
long-term operating costs. 

The system has to be improved. In 
the housing market, home buyers must 
learn to incorporate energy costs into 

their purchasing decisions, and home 
builders need to exploit energy efficien­
cy as a profitable product that consum­
ers value. On the commercial side, at­
tention must be paid not only to the 
design of the building but to the way in 
which it functions as a whole. Because 
energy costs over a building's life span 
are comparable to the initial costs of 
construction, an increase of only a few 
percent in efficiency still translates into 
a considerable sum of money. 

T he potential for energy savings is 
probably greatest in the existing 
stock of commercial buildings, 

where energy costs may consume 30 
percent of the operating budget. In­
deed, energy efficiency in commercial 
buildings is growing rapidly, a trend 
that is attributable in part to a new 
generation of energy-services compa­
nies. Such companies offer expertise in 
the design, installation and long-term 
maintenance of sophisticated heating, 
ventilating and air-conditioning (HVAC) 
systems. Simply by fine-tuning existing 

RICK BEVINGTON and ARTHUR H. 
ROSENFELD are both buildings experts, 
who met for the first time while writing 
this article. Bevington is national market­
ing and sales manager for johnson Yo­
kogawa, a newly formed U.S.-japanese 
venture. Before that he was manager of 
sales support in the national buildings 
services division of johnson Controls in 
Milwaukee. Rosenfeld is professor of 
physics at the University of California, 
Berkeley, and also director of the Cen­
ter for Building Science at Lawrence 
Berkeley Laboratory. In 1986 Rosenfeld 
received the Leo Szilard prize for phys­
ics in the public interest. He current­
ly serves on a National Academy of Sci­
ences Panel on the Policy Implications 
of Greenhouse Warming and advises 
the California legislature's Committee 
on Energy Regulation and the Environ­
ment. The authors acknowledge the ma­
jor contribution of Laurie Burnham, as· 
sociate editor of Scientific American, in 
the preparation of this article. 

SCIENTIFIC AMERICAN September 1990 77 
© 1990 SCIENTIFIC AMERICAN, INC



HV AC and lighting systems, which to­
gether constitute more than two thirds 
of a building's energy demands, an en­
ergy-services company can cut a build­
ing's energy costs and at the same time 
increase occupancy comfort. The sav­
ings (or avoided costs) can then finance 
more extensive retrofit projects, includ­
ing major overhauls of equipment and 
operating systems. In the long run, ev­
eryone benefits: the building owner 
saves money, the energy-services com­
pany turns a profit and the drain on 
the global energy supply is lessened. 

Because one of us ( Bevington) is 
employed by an energy-services com­
pany-Johnson Controls-we have cho­
sen to elaborate on two settings with 
which we are familiar: the Houston 
Intercontinental Airport in Texas and 
the Government Center complex in Bos­
ton, Mass. 

At the Houston airport, Johnson Con­
trols was asked to reduce heating and 
cooling costs for the passenger termi­
nals without lowering comfort levels. 
Initiation of a maintenance routine (re­
placing filters and cleaning coils in the 
air-conditioning system) and schedul­
ing the operation of individual chillers 
(air-conditioning units) according to 
the time of day and outdoor air tem­
perature reduced energy costs at the 
airport by 20 percent, from $2 million 
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a year to $1.6 million. These savings 
were achieved solely by optimizing the 
performance of existing systems; no 
capital investment was required. trger-SCale retrofits generally de­

mand substantial investments of 
capital. In most cases, the energy­

services company provides the funding 
and guarantees a certain reduction in 
energy expenditures, but it expects to 
receive from 50 to 70 percent of sav­
ings accrued from the retrofit until 
payback is achieved. Government Cen­
ter (a four-building, 2.25-million-square­
foot complex) contracted a large-scale, 
multiple-stage retrofit involving win­
dows, lights and the HV AC system in 
its two 22-story buildings. Replacing 
the windows was prohibitively expen­
sive, so instead the existing windows 
were coated with reflective film to re­
duce solar radiation (solar heat) en­
tering the building. The lighting fix­
tures, which account for 30 percent 
of the electricity in a commercial build­
ing, were retrofitted with reflectors, 
thus reducing the number of bulbs per 
fixture by half but keeping the avail­
able light constant. 

As part of the HV AC retrofit, mainte­
nance crews cleaned and calibrated the 
air-handling system and had four chill­
ers of various sizes installed. The ad-
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SPACE-HEATING intensity, the amount of heat per unit floor area needed for a 
comfortable inside temperature, has dropped by almost 50 percent in new U. S. 
buildings. The decline has resulted from efficiency improvements spurred by 
the oil embargo of 1973. Leading the revolution are "optimum homes" that are 
insulated (but still have forced-air heat), offices that have state-of-the-art win­
dows and building shells, and superinsulated homes that need no central heating. 
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vantage to installing chillers of differ­
ing size and cooling capacity is that an 
unnecessarily large chiller need not be 
run on a relatively temperate day, and 
so a significant amount of energy can 
be reduced in this way. 

The heart of most building retrofits 
consists of a microprocessor-based in­
tegrated-control system, which moni­
tors and operates the HVAC and light­
ing systems. Sensors placed at strategic 
points within the building and through­
out the HV AC system continuously feed 
information into the system. Parame­
ters set for each region of the building, 
for example, maintain temperature and 
humidity, which allows for precise con­
trol of the interior climate. The system 
can selectively keep computer rooms at 
a lower temperature than, say, a stor­
age area; it can also set ventilation rates 
and thus increase air flow to a smoking 
area or a cafeteria. 

Johnson Controls spent more than 
$2.5 million retrofitting the govern­
ment complex and installing the com­
puterized management system. The re­
sult is a drop in the energy bill from 
an average of $6 million a year to $3.5 
million. Moreover, for the 10-year life 
of the contract, both parties will bene­
fit. Johnson recovers half the money 
saved in reduced utility costs (about 
$1.2 million a year); Massachusetts has 
the other half to spend elsewhere. 

School systems across the U.S. have 
undertaken similar retrofits. Honey­
well, a leading controls company, re­
cently launched a lighting-moderni­
zation program in 12 Newark , N.]., 
schools. Installation of high-efficien­
cy compact fluorescent light bulbs re­
duced maintenance requirements, dou­
bled illumination levels and cut elec­
tricity use by 15 to 20 percent. Under 
the agreement, Honeywell has guaran­
teed that Newark will achieve savings of 
more than $200,000 a year, which en­
ables the school system to pay for the 
retrofit from current operating funds. 
Although the payback period is relative­
ly long-about five years-the buildings 
will last for another 50 years. 

On a smaller scale, an integrated­
controls system installed at the six-sto­
ry First National Bank in HuntSville, 
Tex., has reduced yearly energy costs 
by $30,000, with a 2.5-year payback. In 
Overland Park, Kan., a similar installa­
tion has saved Humana Hospital $98,-
000 a year, an amount that will also be 
paid back in 2.5 years. In Houston the 
public library system reduced its utility 
bills by 31 percent and so saved about 
$500,000 a year, with a payback period 
of three years. The capital made avail­
able as a result of these retrofits can 
meet more important needs such as 
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hiring more teachers, trallllllg more 
physicians and buying more books. 

The reason that energy-services com­
panies are growing rapidly extends be­
yond their ability to reduce energy ex­
penditures; it includes their willingness 
to provide long-term maintenance for a 
building. As microprocessor-based con­
trol technologies become more prev­
alent, businesses find it economical­
ly worthwhile to turn to outside con­
tractors rather than to hire and train 
their own people to handle specialized 
equipment and sophisticated diagnos­
tic tools. 

Eventually self-diagnostic capabilities 
will be imbedded in the control sys­
tems themselves, reducing the need for 
large numbers of highly skilled oper­
ators, but as yet, such technologies are 
limited to small-scale, self-contained 
systems such as photocopying ma­
chines. When a photocopying machine 
malfunctions, for example, a display 
panel reveals the location of the mal­
function and suggests step-by-step re­
pair strategies. Someday "smart sys­
tems" will do the same for commercial 
buildings, reducing the need for highly 
skilled and scarce personnel and thus 
decreasing overhead costs. 

N ot all energy-reduction mea­
sures involve major retrofits. 
Indeed, in some cases, so-called 

passive strategies can produce excellent 
results. Recent studies have shown, for 
example, that exploiting a building's 
thermal storage capacity can reduce air­
conditioning costs from 30 to 70 per­
cent. The prinCiple is simple: a building 
acts as a heat sink, which means that it 
stores heat and so (like a large cathe­
dral) takes a long time to reach the 
same temperature as the surrounding 
air. Thus, in summer it is more efficient 
to let the inside temperatures gradually 
rise over the course of the afternoon; 
at the end of the day (when the build­
ing is no longer occupied), the cooling 
equipment is turned off, and tempera­
tures inside are allowed to exceed the 
comfort range. During the night, when 
the outside air is cooler and electrici­
ty is cheaper, the equipment is turned 
on , and the building cooled. Precooling 
in this way reduces the demand for 
air-conditioning during the day when 
electricity rates are high and so saves 
on costs. Because the coolness of the 
building delays the buildup of heat, 
comfort is not compromised. 

The strategy contradicts contempo­
rary thinking, which dictates that a 
building should be cooled only when it 
is occupied and only when absolutely 
necessary. Although not highly techni­
cal, the strategy requires a control sys-
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RATE OF PRIMARY ENERGY USE (in exajoules) in U. S. buildings has slowed since 
1973. Before then energy use in homes and buildings was increasing at annual 
rates of 4.5 and 5.4 percent, respectively. From 1973 through 1986 energy growth 
in the domestic sector stopped; in the commercial sector it slowed to 1.6 per­
cent a year. The 1986 drop in oil prices, however, is once again sending the 
growth curve climbing at a rate of about 3.3 percent a year. Primary energy for elec­
tricity refers to the amount used at the power plant, not delivered to consumers. 

tem with a simple algorithm for fore­
casting the building's energy needs 24 
hours in advance. The savings vary, de­
pending on the local utility's rate struc­
ture, the building materials and the 
performance of the cooling system un­
der different load conditions. Obvious­
ly, the better insulated the structure is, 
the more its thermal storage capacity 
can be exploited. 

In Sweden thermal storage is utilized 
during the winter. All new office build­
ings are well insulated and store "free" 
heat-the heat generated by people, 
lights, office equipment and incoming 
sunlight. Whereas most office buildings 
in the u.s. have thin walls and cool 
quickly during a winter night, Sweden 
has well-insulated offices that store 
free heat during the day and overnight. 
By storing heat in the walls, floors and 
ceilings, the building becomes almost 
self-sufficient and thus does not need a 
central heating system. 

Harnessing the power of the sun to 
illuminate the interior of buildings is 
another passive technology that is prev­
alent in Europe but has yet to be widely 
adopted in the U.s. The fact that one 
square foot of direct sunlight passing 
through a clear-glass window can illu­
minate 200 square feet of floor space 
(if it were evenly distributed) indicates 

the potential for illuminating a build­
ing's interior without electricity. 

Ambient sunlight, however, is high­
ly variable; indeed, the intensity with 
which it strikes a window may vary by 
a factor of 20, depending on the weath­
er, time of day, season and so on. A 
window designed to meet overcast re­
quirements admits too much light, 
glare and heat when it is sunny. Con­
versely, a window designed to screen 
peak intensities of sunlight admits too 
little during the rest of the year. 

Other strategies can significantly re­
duce a building's need for electric lights. 
Interior shades or blinds equipped with 
photosensitive sensors can automati­
cally adjust themselves according to 
the amount and direction of sunlight 
entering the window. Exterior shades 
serve a similar function by diffusing 
and directing the light before it strikes 
the window's outer face. Alternatively, 
windows can be equipped with reflec­
tors and other optical devices that di­
rect light deep into a room. 

I n recent years engineers and man­
ufacturers have made important 
advances in the design of the win­

dows themselves. Most windows do 
not insulate well: they lose heat to the 
outdoors during the winter and admit 
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excessive solar radiation into a build­
ing during the summer and thus ac­
count for 25 percent of all heating and 
cooling requirements in the u.s. In­
deed, the energy drain from windows 
alone is equivalent to the amount of en­
ergy flowing through the Alaska pipe­
line each year. 

Originally, windows were made from 
a single layer of glass. Although glass 
is transparent and can block the wind, 
it is almost as poor an insulator as met­
al and has a high emissivity: it readily 
absorbs and emits heat in the form of 

infrared radiation . On a cold day, a sin­
gle-glazed window is nearly as cold as 
the outdoors, and its thermal resistance 
value is about R-l. 

After World War II , factory-made 
double-glazed windows, known as ther­
mopane or insulating-glass windows, 
were developed . They consist of two 
sheets of glass separated by a quarter­
inch air space and have an R-2 rating, 
meaning they are twice as resistant to 
heat loss as are single-glazed windows. 
More recently, a low emissivity Oow-E) 
coating has been applied to the inside 

surface of the glass facing the sealed 
air space. The low-E film reflects ra­
diant heat back into the building rath­
er than transmitting it outdoors. These 
windows are rated as R-3. Adding a sec­
ond low-E film and substituting various 
gases for the air between the two sheets 
of glass achieves further savings. Ar­
gon, for example, which is nontoxic, 
improves the thermal characteristics of 
an R-3 window by 25 percent. Rated at 
R-4, an argon low-E window has twice 
the insulating value of a conventional 
double-glazed window. 

OUTDOOR AIR AND 
HUMIDITY SENSORS 

LIGHTING 
CONTROLS 

RETROFITIING BUILDINGS increases comfort and reduces 
energy costs. A large-scale retrofit generally calls for the re­
placement of lighting and HVAC systems and the installation 
of automated controls. Sensors placed at various points feed 

temperature and humidity data to the computer, which then 
controls the building's climate. In some cases, windows are 
coated with a reflective film, which lowers cooling costs by re­
ducing the amount of infrared radiation entering the building. 
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TWO WINDOW technologies are compared. Superwindows (right pane at left) that 
are rated as R-9 are as clear as low-E, R-4 double-glazed windows (left pane) but re­
tain more heat during the winter, as shown by the infrared image. The double glaz­
ing produces a blue image, indicating heat loss, whereas the superwindow produc­
es a yellow image, indicating it has retained heat almost as well as the R-SO wall. 

It is worth noting that the average 
low-E coating plant costs $5 million 
to build , yet the windows it produc­
es each day will save 10,000 barrels of 
oil, an amount equivalent to a 10,000-
barrel-a-day offshore drilling platform , 
which costs 100 times more-$500 mil­
lion-to build. Although all major U.S. 
window manufacturers now only make 
low-E windows, such windows are as 
yet unknown in Eastern Europe, the 
Soviet Union and China. Our advice 
to these countries (and to the World 
Bank) is to invest in coating plants; the 
initial investment is minimal, and the 
long-term financial and environmental 
benefits are substantial. 

How far can the performance values 
of a window be pushed? Remarkable 
as it seems, the 1980's have given rise 
to a new generation of superwindows. 
Creating a vacuum between the panes 
of a low-E window or filling the space 
with a transparent yet nonconducting 
material (such as aerogel, a high-tech­
nology insulator) can create resistance 
values that range from R-6 to as high 
as R-IO. One prototype now being de­
veloped has actually performed bet­
ter on a daily average in field tests than 
a highly insulated (R-19) wall. At night 
the superwindow loses a little more en­
ergy than an R-19 wall, but during the 
day even a minimal amount of sunlight 
is sufficient to turn the window into a 
net energy provider. In other words, su­
perwindows gain heat, whereas the sur­
rounding wall only prevents heat loss. 

Superwindows may cost from 20 to 
50 percent more than conventional win­
dows, but their payback time (calculat­
ed in terms of energy savings) is from 
two to four years. They also have other 
advantages. They resist condensation ,  
block ultraviolet rays that fade the col-

or of furnishings and provide greater 
thermal comfort. 

In warm climates, of course, heat 
gain is more of a problem than heat 
loss. Sunshine flooding through a win­
dow, as everyone knows, can raise in­
door temperatures and so create tre­
mendous cooling loads. Advanced win­
dow coatings now solve that problem. 
Such films selectively block solar ra­
diation yet let visible light enter the 
room, thus reducing the need for arti­
ficial lighting and air-conditioning. Still 
under research and development are 
electronic and photosensitive windows; 
when the sunlight is too bright, they au­
tomatically reflect or absorb the light. 

G reat strides are being made in 
the housing market, where mi­
croprocessor-based technologies 

have given birth to what are commonly 
known as smart houses. Such houses 
are equipped with automated-control 
systems, comparable to the integrated­
control systems installed in commercial 
buildings. In fact, a number of manu­
facturers, utilities and trade associa­
tions-including the Electric Power Re­
search Institute (EPRI) and the National 
Association of Home Builders-have re­
cently formed a consortium to promote 
smart-house technology. Although the 
primary goal of smart houses is to pro­
vide their occupants with maximum 
comfort at an affordable price, many 
of the houses include energy-efficient 
technologies. 

Southern California Edison Compa­
ny, for example, has launched a House 
of the Future pilot project in cooper­
ation with local builders. Each house 
is equipped with a touch-screen auto­
mation system that controls heating 
and air-conditioning, lighting and se-
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curity. Simply by touching the screen , 
the owner can set temperature and 
humidity levels for any room in the 
house. The homes are also equipped 
with a range of energy-saving technolo­
gies such as compact fluorescent light 
bulbs, occupancy sensors (which auto­
matically turn out the lights when a 
room is unoccupied for five to seven 
minutes) and energy-efficient applianc­
es that can be programmed to run dur­
ing the night when the demand for elec­
tricity is low. 

Today a few builders are offering 
"optimum homes," which may be more 
expensive to build and thus have pay­
back times of five to seven years but 
are much cheaper to operate over the 
long term. Such homes typically have 
six inches of wall insulation (as op­
posed to the standard 3.5 inches) and 
an outer insulating sheath , giving the 
wall a total resistance value of R-24 
(instead of the conventional R-ll). The 
windows are low-E , double- or triple­
glazed, and air flow in the homes is 
controlled by mechanical exhaust fans 
rather than by wind, allowing for more 
uniform and better indoor air quality. 

Another innovation is a hot-water 
heater that doubles as a furnace. By 
diverting hot water to small heating 
units, builders of superinsulated homes 
can save $1,000 to $2,500 (the amount 
normally spent on a central furnace 
and ventilating system) and invest in 
more insulation. Even on a cold Chica­
go night, when the temperature may 
fall to -25 degrees Celsius (-13 degrees 
Fahrenheit), a superinsulated home is 
kept warm by its hot-water heater. Al­
though such homes are still rare in the 
U.S., they are now standard in Scandi­
navia, where they are prefabricated in 
factories and shipped in truck-size 
pieces to their final destination. 

Optimum and superinsulated homes 
also present an unusual marketing 
opportunity. They are so energy effi­
cient that a Chicago builder, the Bige­
low Group, guarantees their low oper­
ating costs. If the annual heating bill of 
a town house exceeds $100 ($200 for 
a single-family home), the builder will 
pay the difference. In addition, each 
year Bigelow holds a contest to see 
who has the lowest heating bill; last 
year's winner had an annual heating 
bill of only $24, not bad given the se­
verity of Chicago winters. 

Houses, like commercial buildings, 
are ideal subjects for passive conserva­
tion measures. One of the Simplest, 
oldest and yet most effective strategies 
for reducing a home's heat gain dur­
ing the summer is to mitigate the sun 
by planting shrubbery and painting the 
house a reflective color. On a hot (85-
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INTEL MATH COPROCESSORS 

Multiply 386™ System Perfonnance 
With This Simple Addition 

Every 386™-based 
personal computer 
is powered by an 

Intel 386 microprocessor. And every one 
has a socket inside just waiting for you 
to plug in extra power with one of our 
Intel 387™ Math CoProcessors. 

Add one to your 386-based PC to 
make over 300 software programs run 
up to five times faster. That includes 

spreadsheets, business graphics, account­
ing and CAD programs. 

We created Intel Math CoProcessors to 
be fully compatible with the Intel micro­
processor inside your system. So there's 
total peace of mind that they're fully com­
patible with your system and your software. 

Intel 387 Math - teI® 
CoProcessors. It's a matter In of simple addition. 

Call 1-800-538-3373 for a helpful guide on adding one to your system and a complete list of supported software. 

386 and 387 are trademarks of Intel Corporation. Intel is a registered trademark of Intel Corporation. C 1990 Imel Corporation. 
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degree-F) afternoon, an unshaded tract 
home draws from two to five kilo­
watts of power for cooling, whereas a 
well-shaded house, painted white, con­
sumes one kilowatt less during the 
same period. 

In addition, most large U.S. cities 
have become summer "heat islands." In 
Los Angeles, downtown temperatures 
are three degrees C higher than they 
were in 1940 and are increasing by 
.5 degree C every 10 years because of 
the spread of asphalt across the city. 
Not only is asphalt dark and thus a 
heat absorber, but it replaces trees and 
so reduces cooling by evapotranspira­
tion. Passive strategies such as plant­
ing shade trees and whitening build­
ings and asphalt can reverse the Los 
Angeles heat-island effect, which now 
costs an extra $100,000 and adds 1,000 
tons of CO2 to the atmosphere every 
hour. These measures thus exert a pos-

itive effect on the environment by pre­
venting a significant amount of carbon 
dioxide from reaching the atmosphere. 

I t is readily apparent that the op­
portunity for reducing energy ex­
penditures in buildings has never 

been greater nor has the need been 
more pressing. Mounting environmen­
tal concerns and industrial competi­
tiveness have provided powerful incen­
tives to embrace the wealth of new 
technologies now available. Yet the re­
markable rate of progress achieved 
from 1973 to 1986 has slowed. How 
can interest in efficiency be rekindled? 
What measures are most likely to force 
the curve upward once again? 

The most practical strategy-at least 
in the U.S.-is to impose national 
building and appliance standards that 
are supplemented with incentives to 
beat those standards. At present, the 

American Society of Heating, Refriger­
ating and Air-Conditioning Engineers 
(ASHRAE) regularly updates voluntary 
standards, keeping them at about a 
three-year payback time. Although the 
ASHRAE Series-90 standards are adopt­
ed by most states, they are poorly en­
forced. The result is that most new 
homes or buildings have the poor effi­
ciency associated with payback periods 
of only two to three years. IrOnically, 
the federal government has adopted 
standards for its own buildings that 
are even tighter than the ASHRAE se­
ries, but it seldom enforces them and 
seldom installs high-effiCiency lights or 
windows or other cost-effective inno­
vations. Nor does it stress tune-up and 
maintenance. 

Some states, notably those on the 
West Coast, have tighter standards that 
are conscientiously enforced and there­
fore are willing to accept slightly longer 

"SMART HOUSES" offer increased comfort at a reasonable 
price and are far more energy efficient than the average 
home. At the heart of each house is an automated-control box 
(purple) that monitors heating, air-conditioning, lighting and 
security systems. In more advanced homes the owner can ad-

just temperature and humidity and turn appliances on and off 
by touching a wall-mounted screen (red). Passive measures, 
including well-insulated walls, roofs that reflect solar radia­
tion and shade trees (particularly on the south and west side 
of the building) that mitigate the sun's heat, also save energy. 
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You don't learn to fly overseas 
overnight. 

People expect the world of us. 

Overseas travel is considerably different than 
domestic travel. Longer flights and remote desti­
nations require a different kind of service, one 
that can only be learned through experience. 
Lufthansa flies to 85 countries around the world­
more than any other airline. We've spent over 50 
years getting to know the people, customs and 
languages that other airlines are just beginning 
to explore. So no matter how far you have to travel, 
you can be sure we know the territory. 
After all, to Lufthansa, foreign destinations are 
anything but foreign. 

Lufthansa 
Lufthansa is a participant in the mileage programs of United, Delta, 
USAir and Continental/Eastern. See your Travel Agent for details. 
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COMPACT REFLECTORS DIMMING OCCUPANCY 

FLUORESCENT DEVICES SENSORS 

LIGHTS 

liGHTING RETROFITS cut electricity costs ( pink) and are relatively cheap, having 
payback periods of only one to three years (gray). Data from Johnson Controls 
show that compact 18-watt fluorescent bulbs (which provide the same light as a 
75-watt incandescent bulb) can cut lighting costs by 80 percent. Reflectors redirect 
light, enabling half the bulbs to be removed, yet effectively maintain light levels. 
Dimming devices adjust the lights according to ambient sunlight. Occupancy sen­
sors turn lights out when a room is unoccupied for more than, say, five minutes. 

paybacks of three to four years. Similar 
standards, called norms, are common­
place in Western Europe. 

Such standards, however, apply only 
to new buildings. Equally important 
are standards for commercial retro­
fits and rental properties. Some cities 
in California have recently addressed 
this problem by enacting residential 
conservation ordinances (RECO'S) and 
commercial-building conservation ordi­
nances (CECO'S), which stipulate that 
a building must be upgraded to min­
imum standards (those that have a 
three-year payback) before its title can 
be transferred. A special conservation 
ordinance is now being considered just 
for rental property. Because rental units 
are generally so inefficient, significant 
savings can be achieved even when im­
provements that have a two-year pay­
back are made. 

An effective strategy for new build­
ings is now under consideration in Mas­
sachusetts. There the state legislature 
is currently debating a bill (House Bill 
5277) that sets revenue-neutral "fee­
bates" for commercial buildings 50,000 
square feet or larger. Buildings that in­
tend to use more electricity per square 
foot than average would be charged a 
stiff utility hookup fee. Buildings that 
are designed to use less electricity than 
average get a rebate. The system is rev­
enue neutral because virtually all the 
fees collected from the extravagant 
buildings are rebated to those that con­
sume relatively little electricity. Only 
a small portion goes to administrative 

costs and to the utility for promoting 
energy-saving measures. 

For almost a decade, Fannie Mae (the 
Federal National Mortgage Association), 
Freddie Mac (the Federal Home Loan 
Mortgage Association) and the Veter­
ans Administration have approved big­
ger loans (and lower-interest rates) 
for homes that are certified as energy 
efficient. Yet only one in 10,000 U.S. 
home buyers takes advantage of these 
programs; clearly, better publicity is 
needed, and the programs should be 
expanded . 

The situation may change now that 
a number of utilities and even some 
home builders are offering Home En­
ergy Rating Systems (HERS), which cer­
tify that a home meets a specified 
level of energy efficiency or that it con­
tains specific features such as a gas 
dryer (instead of an electric one). The 
HERS function on two levels: they en­
able a potential buyer to make an intel­
ligent decision about the actual effi­
ciency of a house (and what its utility 
bills are likely to be), and they provide 
builders with an incentive to construct 
affordable, energy-efficient homes (it is 
now apparent that HERS are a selling 
point in the housing market). 

We also believe that research devot­
ed to energy efficiency for buildings 
must be intensified. The building sec­
tor is itself hamstrung; dominated by 
thousands of small businesses, it is far 
too fragmented to support the type 
of research carried out by either the 
transportation or industrial sector. The 
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burden then falls on the government 
and utilities. Yet together they spend 
only about $200 million a year, or .1 
percent of the country's annual $200-
billion utility bill for buildings. Such an 
amount is clearly inadequate. Even ma­
ture industries-such as steel, automo­
bile and chemical-allocate about 1 per­
cent of their revenues to research and 
product development, an amount 10 
times greater than that spent by the 
building sector. 

Sweden , by comparison , has formed 
a National Council for Building Re­
search, with an annual budget of $1 bil­
lion (scaled to the U. S. economy, which 
is 30 times larger than that of Sweden). 
Not surprisingly, the results of such a 
program have been impressive. Today 
Sweden leads the world in having the 
largest percentage of energy-efficient 
buildings and exports the greatest frac­
tion of building technology around 
the world. In fact, when scaled to the 
U.S., its building sector achieves a $60-
billion trade surplus per year, whereas 
the U.S. building sector accounts for an 
annual trade deficit of $6 billion. 

The future, although by no means 
secure, appears promising. The wealth 
of available technologies has created 
a truly vast potential for energy sav­
ings in all types of buildings. Com­
mercial buildings that today consume 
annually an average of 15 kilowatt­
hours a square foot will be driven from 
the market. In their place will rise 
buildings that consume less than five 
kilowatt-hours a square foot. Getting 
from here to there is not just a matter 
of time; it requires our unwavering 
commitment. 

FURTHER READING 

ENERGy-EFFICIENT BUILDINGS. Arthur H. 
Rosenfeld and David Hafemeister in 
Scientific American, Vol. 258, No. 4, 
pages 56-63; April, 1988. 

ENERGY EFFICIENCY: A NEW AGENDA. 

William U. Chandler, Howard Geller and 
Marc R. Ledbetter. American Council 
for an Energy Efficient Economy, Wash­
ington, D.C., 1988. 

REDUCING ENERGY COSTS AND PEAK 

ELECTRICAL DEMAND THROUGH OPTI­

MAL CONTROL OF BmLDING THERMAL 

STORAGE. J. E. Braun. ASHRAE Transac­
tions, Vol. 96, Part 2, 1990. 

ENERGy-EFFICIENT BillLDlNGS IN A WARM­
ING WORLD. Arthur Rosenfeld in Energy 
and the Environment in the 21st Cen· 
tury. Edited by Jefferson Tester. MIT 
Press (in press). 

REVENUE-NElITRAL INCENTIVES FOR EFFI­

CIENCY AND ENVIRONMENTAL QUAUTY. 

Jonathan Koomey and Arthur Rosen­
feld in Contemporary Policy Issues (in 
press). 
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Last Year, This Is How They Won The 
IBM Supercomputing Competition. 

1st Place: Gas dynamics and 
star fonnation in merging galaxies. 

Kevin M. Olson, 
University of Massachusetts. 

lst Place: 3-D reconstruction 
of cochlea structure. 

Carl S. Brown and 
Alan C. Nelson, 

University of Washington. 

1st Place: Stretching and bending 
of material surfaces in turbulence. 

Stephen B. Pope and 
Sharath Girimaji, 

Cornell University; 
Pui-Kuen Yeung, 

Pennsylvania State University. 

� 
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L�lJ[:;�J 
1st Place: A dependency parser for 

variable word order languages. 
Michael A. Covington, 
University of Georgia. 

This Year, This Is How You Can. 
r---------------., 
I For information and an entry form, write to: 

Supercomputing Competition Administrator I 
I 
I 
I 
I 
I 
I 

I IBM Corporation 

I 
36 Mill Plain Road, Suite 404 
Danbury, CT 06811 

I 
I 
I 
I 

Name ________________________________________ __ 

Affiliation ____________________________________ _ 

Address ______________________________________ ___ 

City ____________________ State _______ Zip ______ _ 

Phone E<\.X ______________ _ 

L _____________ �M ... 

Call For Papers 

Last year, the response was over whelming. 
So this year, the IBM Supercomputing Competi­
tion, with a new division, returns. 

Created to discover, acknowledge and reward 
gifted American and Canadian scientists and 
engineers, this prestigious competition honors 
those whose papers describe innovative 
approaches to large-scale analysis and modeling. 

Each paper must describe work using an 
IBM 3090™ Supercomputer and/or the paper 
must describe distributed or cooperative process­
ing in which IBM technical workstations are 
linked to IBM mainframes. 

The papers will be judged in five divisions: 
Physical Sciences and Mathematics; Engineering; 
Life and Health Sciences; Social Sciences, 
Humanities and the Arts; and Computer Sci-

ences-Distributed and Cooperative Processing 
(new division). Each division will receive a first, 
second and third prize of $25,000, $15,000 and 
$10,000, respectively. Also, a "PROCEEDINGS" 
of selected papers will be published. 

Contestants must register an abstract of their 
paper by October 16, 1990. Those who have regis­
tered their abstracts must forward their papers by 
Januar y 15, 1991. 

To select winners, IBM will retain a panel of 
independent authorities in each division. Winners 
will be announced by March 30, 1991. 

For more information, contact your IBM 
marketing representative or call the IBM Super­
computing Competition Administrator at (203) 
794-1355, FAX: (203) 792-7507 in the U.S.; 
(416) 758-4136 in Canada. 

= =- :::. ::® 
- - ---

---
- -. ---
- - - ---

--- - -
- �-,.-

The competition is open to any individual or team working or living in the U.S. or Canada, excluding employees of the IBM Corporation, IBM Canada Ltd. and IBM-related companies and their 
families. IBM is a registered trademark and 3090 is a trademark of International Business Machines Corporation. © 1990 IBM Corporation. 
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Energy for Industry 
Industrial processes consume two fifths of the developed 

world's energy. Efficiency improvements have steadily 
cut that share and promise to continue 

by Marc H. Ross and Daniel Steinmeyer 

}\:ortunate paradox has overtaken 
industrial production during the 
past 20 years: output has risen 

substantially, but total energy con­
sumption has gone down. Companies 
engineered this apparent contradiction 
by making industrial processes more 
productive and by investing in conser­
vation as energy prices increased. Con­
sumers have also helped reduce indus­
trial energy consumption by favoring 
products that require less energy in 
their manufacture and use. 

From 1971 to 1986 the energy inten­
sity of industrial processes in the 
U.s.-the amount of energy required to 
produce a ton of steel or a kilogram of 
polyethylene-has declined by between 
1.5 and 2 percent a year (direct fuel in­
tensity fell at a 3 percent rate while 
electrical intensity remained roughly 
constant). These efficiency improve­
ments, together with changes in the 
mix of products people buy, have led 
to a decline of 1 percent a year in total 
energy use despite a 2 percent annual 
growth in manufactured output. (The 
fragmentary data available for more re­
cent years suggest that improvement is 
continuing but at a much slower pace.) 

These savings are important because 
industrial processes account for about 
40 percent of the energy used in the 
developed world. More than half of 
that goes to convert ores and feed­
stocks to basic commodities, such as 
steel and gasoline; the rest serves agri­
culture, mining, construction and the 
manufacture of intermediate and fin­
ished goods. 

The reason industry has been able to 

STEEL FURNACE exemplifies the en­
ergy consumed in converting raw 
materials to commodity goods such 
as metals, glass, plastics and paper. 
New processes (such as direct steel­
making or making steel from recy­
cled scrap in an electric-arc furnace) 
may eventually cut industrial energy 
to a small fraction of its current level. 

reduce energy use so consistently is 
simple: virtually every current manu­
facturing process uses far more ener­
gy than the minimum required by ther­
modynamic laws. These laws specify 
the minimum amount of energy re­
quired to do physical work-to lift a 
mass from a low place to a higher one, 
to separate a mixture into its compo­
nents or to drive a chemical reaction to 
a higher-energy state. 

As carried out in even the most 
efficient plants, however, basic oper­
ations, such as the separation of ox­
ygen from air and the production 
of ethylene from petrochemical feed­
stocks, expend between four and six 
times the thermodynamic minimum. 
Furthermore, many industrial process­
es that now consume vast amounts of 
energy, such as the production of met­
al parts in particular shapes or the at­
tachment of one part to another, theo­
retically require no energy at all. 

This huge margin for improvement 
has made possible the reductions in 
energy use achieved so far and will 
continue to do so in the future. Contin­
uing reductions in energy consumption 
will go a long way toward meeting the 
goal, proposed by researchers con­
cerned with global warming, of a 20 
percent reduction in carbon dioxide 
emissions in the next two decades. 

Reducing energy consumption be­
gins with some basic physical 
laws. First, strictly speaking, en­

ergy is neither consumed nor created. 
What is consumed is the capacity of en­
ergy in a particular form to do work. A 
coal-fired electric-power plant, for ex­
ample, transforms the chemical energy 
in a lump of coal into the thermal ener­
gy of superheated steam that drives a 
turbine and generates electricity. In 
this case, about 35 percent of the ener­
gy in the coal is converted to electrici­
ty; the rest remains in the combustion 
gases going up the boiler's stack and in 
the steam leaving the turbine, which 
have little capacity to do work. 

Any practical transformation that 
converts energy from one form to an­
other loses some of its capacity to do 
work. Consequently, an even better so­
lution than using energy effiCiently is 
not using it at all. As a result, some ac­
tivities that apparently have little rela­
tion to energy, such as quality control 
or the recycling of scrap, may have an 
enormous impact on energy consump­
tion. Recycling bypasses the most ener­
gy-intensive steps of manufacturing­
the conversion of ores and feedstocks 
into basic materials. Effective quality 
controls save all the energy that other­
wise would have been used to produce 
defective products. 

I n practice, companies reduce ener­
gy consumption-the conversion of 
energy from useful to nonuseful 

forms-by optimizing the cost of ex­
isting processes, by introducing pro­
cess refinements and by making break­
throughs that lead to entirely new 
methods of manufacture. The first of 
these, cost optimization, is straightfor­
ward: as the cost of energy rises, com­
panies can substitute equipment (thick-

MARC H. ROSS and DANIEL STEIN· 
MEYER have taken a strong interest in 
industrial energy issues for more than 
15 years. Ross is professor of physics at 
the University of Michigan at Ann Arbor 
and senior scientist at Argonne Nation· 
al Laboratory. He has a Ph .D. in physics 
from the University of Wisconsin-Madi' 
son and spent 20 years on the theory 
of fundamental particles before turning 
to energy and environmental problems. 
Steinmeyer, an engineering fellow at the 
Monsanto Company, has master's de· 
grees in economics and engineering 
from Washington University and Ann 
Arbor, respectively. He has held a num· 
ber of process·engineering posts at Mon· 
santo, including that of director of engi· 
neering in Brazil and manager of pro· 
cess energy technology. His current work 
focuses on preventing waste by modify· 
ing industrial processes. 
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ENERGY CONSUMPTION (QUADRILLION BTU'S PER YEAR) 

ENERGY INTENSITY (the amount of energy required per unit of output) declines as 
a result of competition. For example, engineering contractors sell facilities that 
make ethylene, a major chemical feedstock, on the basis of product yield and ener­
gy required per pound. Between 1955 and 1990 energy requirements dropped by 
nearly two thirds, although consumption is still above the minimum required by 
thermodynamic laws. Much of the credit goes to low-cost thermodynamic analyses 
made possible by computers. The amount of fuel consumed by U.S. industry overall 
per unit of output has declined by more than 50 percent during the past 30 years. 

er insulation, larger heat exchangers 
and other energy-saving devices) for 
energy, thus reducing consumption. 

The second-process refinement­
operates even in the absence of rising 
energy prices. The technical improve­
ments reduce the total costs of an in­
dustrial process by 1 to 2 percent a 
year on average. The refinements typ­
ically reduce energy consumption as 
well as labor and materials costs. Be­
cause they usually increase produc­
tion capacity, technical refinements re­
duce capital costs instead of increas­
ing them as optimization does. (They 

also generally reduce the production 
of wastes-anything that improves the 
productivity or efficiency of a process 
usually yields a cleaner operation.) Ex­
amples range from automated con­
trols to improved catalysts for chem­
ical reactions. 

Finally, scientific and technological 
breakthroughs can enable relatively 
rapid and profound reductions in in­
dustrial energy requirements. The float­
glass process, for example, first adopt­
ed in the mid-1960's, casts sheets of 
plate glass on a smooth layer of mol­
ten tin. It eliminates entirely the energy 

,/ ALL INDUSTRY (FOSSIL FUEL USE) 

ETHYLENE THERMODYNAMIC MINIMUM 

INDUSTRIAL PROCESSES account for approximately 37 percent of all energy ex­
pended in the U.S. Industries that convert raw materials are the largest consumers. 
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formerly required to grind and polish 
the glass after solidification. 

Similarly, the basic-oxygen conver­
sion process for steelmaking, adopted 
in the 1960's, consumes only about 
half the energy used by the open­
hearth methods that preceded it. Oxy­
gen blown through the molten metal 
burns most of the carbon that is pre­
sent-the precise level can be adjusted 
as desired-and the heat generated in­
side the metal by the burning supplies 
energy to remove other impurities in 
the form of slag. (Open-hearth furnaces 
were heated entirely from the outside.) 
Additional process refinements, now 
used in Japan, capture the chemical en­
ergy in the gases emitted from the con­
verter and so cut outside energy con­
sumption to near zero. 

These disparate examples of 
falling energy use underline the 
diverse nature of industrial activ­

ity. Unlike the housing or transporta­
tion sectors, where a few basic solu­
tions may be widely applied to reduce 
overall energy consumption dramati­
cally, manufacturing requires a case­
by-case approach. A few energy-conser­
vation devices-variable-speed motors 
for pumps (instead of constant-speed 
motors and flow-redUCing valves), heat 
exchangers (instead of coolers for one 
stream and heaters for another) or au­
tomated process controls-barely be­
gin to characterize the variety of op­
portunities for improving thousands of 
separate processes. 

To optimize the energy consumption 
of an industrial process, one must 
break the process down into a series 
of steps and compare the theoretical 
amount of energy required for each 
step to the energy actually expended. 
It is not very helpful to know, for ex­
ample, that a distillation column that 
separates ethylene from ethane con­
sumes five times the theoretical min­
imum energy; what is helpful is know­
ing which specific parts of the pro­
cess are responsible for most of the 
loss in the input energy's capacity to 
do work. 

If 60 percent of the "lost work" re­
sults from temperature differences be­
tween the process stream and heating 
or cooling streams, which add heat to 
the process stream or subtract heat 
from it, then it becomes clear that en­
ergy can be conserved by reducing 
temperature differences. That could be 
accomplished, for example, by employ­
ing larger heat exchangers and re­
designing refrigeration equipment so 
that it produces temperatures closer to 
those at which the process operates. 

This type of effiCiency improvement 
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'!4s far as EISA network 
servers go, speed is a given. 
But only one offers faster 
throughput ... and that's 
what really counts:' 

ZENITH DATA SYSTEMS INNOVATES AGA IN™ 
With Zenith Data Systems' exclusive EISA Mass Storage Controller, the Z-386133E 
increases throughput to drive your PC network beyond existing 386 performance. 

Any 33MHz 386 system can offer 

high-speed processing. But if it 

can't access multiple data requests equally as fast, 

your multi-user and file server PC networks will do 

nothing but hurry up and wait. T hat's why you need 

Zenith Data Systems' Z-386/33E. 

With its exclusive EISA Mass Storage Controller, 

the Z-386/33E can speed up data access rates to as fast 

as one millisecond. So you can reduce I/O 

bottlenecks and increase throughput faster 

than standard 386 systems. And that 

means your PC network can operate at 

a much more productive pace ... at a 

fraction of the hardware and support 

costs that come with owning a 

mainframe or minicomputer. 

T he Z-386/33E also lets 

you take advantage of 

network cards and video cards. And with its four open 

32-bit EISA expansion slots, the Z-386/33E can easily 

keep up with your growing business computing needs. 

Our Intel386 TM-based EISA network server also 

lets you choose from a wide range of operating environ­

ments, including MS-DOS,® MS OS/2® and SCO™ UNIX� 

It's even pre-installed with Microsoft ® Windows™ 3.0, 

Asymetrix® ToolBook® and a Microsoft Mouse so you 

can take optimum advantage of graphical 

users interfaces. And it includes a VGA 

video card to tackle specialized graphics 

applications, which come brilliantly to 

life on Zenith Data Systems' award-

winning Flat Technology Monitor. 

So if you need an EISA 

network server that excels in 

disk-intensive applications, 

hook up with our Z-386/33E. 

tomorrow's 32-bit technologies 

without abandoning your current 

investment in 8- and 16-bit boards, 
ZENITH 

For your nearest Zenith 

Data Systems Medallion Reseller, 

call: 1-800-523-9393. data systems 
Groupe Bull 

Graphics
,
simulate �icr�ft® Windowsill! 3.0, a produ

,
ct and trademark of Microsoft Corporation: MS-DOS and MS OS/2 are registered trademarks of Microsoft Corporation. ToolBook is a .registered tra�7;� ��;��7: S stems CorporatIon. UNIX IS a registered trademark of Amencan TeJephone& Telegraph Company. SeQ IS a trademark of T he Santa Cruz Operation, Inc.lntel386 is a  trademark of Intel CorporatIon. • Y 
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"The importance of the program cannot be overlooked ... 
it so fundamentally alters the mechanics of 
mathematics. " 

New York Times 

"Mathematica has a real chance of replacing pencil 
and paper as the standard desktop environment for 
scientists and engineers. " 

William Press 
Professor of Astrophysics, 
Harvard University 

Mathematica. 
A System for 
Doing Mathematics 
byComputer 
Some facts: 
Function: Numerical, symbolic, graphical com­
putation, interactive programming. Integrated 
technical computing environment. 

Numerical Computation: Arbitrary precision 
arithmetic, complex numbers, special functions 
(hypergeometric, elliptic, etc.), combinatorial 
and integer functions. Matrix operations, root 
finding, function fitting, Fourier transforms, nu­
merical integration, minimization, linear pro­
gramming. 

In[l] :� 
3"'70 

Out[l]-
2503155504993241601315571986085849 

In[2]:= 
Hypergeometric2F1[7,5,4.1,3-I) 

Out[2]= 
-0.00403761 - 0.00295663 I 

Numerical Computation 

Symbolic Computation: Equation solving, 
symbolic integration, differentiation, power se­
ries, limits. Algebraic operations, polynomial 
expansion, factorization, simplification. Opera­
tions on matrices, tensors, lists. 

Graphics: 20, 3D plots of functions, data, geo­
metrical objects. Contour, density plots. 3D 
rendering with intersecting surfaces, lighting 
models, symbolic descriptions. Color POST­
ScRlPT output, publication quality graphics, ani­
mation (most versions). 

In [1]:= 
Integrate[x/(a + Exp[x) , X) 

Out [1]= 
E

X 

2 X Log[l + -) 
X a 

a 2a 
EX 

Po1yLog[2, - (--» )  
a 

a 

Symbolic Computation 

Programming: High-level, interactive, sym­
bolic system. Full procedural language, func­
tional programming constructs. General trans­
formation rule paradigm based on pattern 
matching. 

External Interface: Input from external files, 
programs. Output in TeX, C, FORTRAN, POST­
ScRIPT. Interactive external process control 
(most versions). Graphics and Visualization 

1990 MACWORLD Magazine 
World Class Award Winner 
in Mathematics IStatistics 

Category 

Macintosh User Interface: Notebook interac­
tive documents mixing text, graphics, anima­
tions, Mathematica input, output. Macintosh 
front end can be used with kernels on other 
computers. Macintosh graphics standards 
used. 

Documentation: "Mathematica: A System for 
Doing Mathematics by Computer" by Stephen 
Wolfram (Addison-Wesley, 1988) available at 
bookstores. Additional documentation sup­
plied with specific versions. Mathematica Jour­
nal to be published in 1990. 

Versions Now Available: Apple Macintosh: 
$495 (Plus, SE, etc.); $795 (II, IIx, IIcx, SE/30, 
etc.) • 386-based MS-DOS systems: $695 (no 
coprocessor); $995 (287/387); $1295 (Weitek) • 

Apollo ON 2500-4500, 10,000: from $2400 • 

Data General A ViiON: $2,800 • DEC VAX 
VMS, ULTRIX, RISC-based systems: from $2400 
• Hewlett-Packard 9000/300, 800: from $2400 • 

IBM AIX/RT: $2400 • MIPS: from $2800 • 

NeXT: bundled as standard system software. 
Silicon Graphics IRIS: from $2800 • Sony NEWS: 
from $2400 • Sun 3, 4, 386i: from $2250 • Super­
computer and other versions also available . •  

Educational, volume, reseller, and other dis­
counts available. Now shipping Version 1.2. 

log[l) o 

log [E) 1 

log [x_ y_) := log[x) + log[y) 

log[x_"'n_) := n log[x) 

(* derivative *) 
log/: Inver •• Function[log) .. exp 

log/: 

Serie.[log[x_), (x_, 1, n_») :­
Sum[-(-l)"'k (x-1) "'k/k, (k,l,n)) + 

o [x, 1) '" (n+1) 

High-Level Programming 

Implementation: 770 pre-defined Mathematica 
functions (C source 180,000 lines). Design, de­
velopment led by Stephen Wolfram. Version 1.0 
released June 1988. 

Typical Applications: Research, engineering, 
education, mathematical modeling, publication 
graphics, data analysis, visualization, systems 
analysis, algorithm development. 

Awards: Best 10 New Products, Business Week 
1988· Editor's Choice Award, MacUser 1989. 
Award of Distinction, BYTE 1988. 

Wolfram Research, Inc. 
P.o. Box 6059. Champaign. IL 61826-6059. USA. 
Information: 217-398-0700. Orders: 800-441-MATH. 
Or visit your local software dealer. 
© 1990 Wolfram Research, Inc. Mathematica is a registered trademark of Wolfram 

Research. Inc. All other trademarks are trademarks of their respective companies 

Prices and specifications are subject to change without notice. Graphic is a part of a 
tubular neighborhood of a six-strand braid generated by Mathematica. 
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relies on the fact that different tasks 
can be carried out by different sources 
of energy. Considerable savings can be 
achieved by making good matches: 
steam that is no longer capable of driv­
ing a turbine efficiently may still be 
perfectly suited to heating a chemical 
feedstock to the temperature required 
for a reaction or to drying paper in a 
papermaking plant. 

The decision whether to trade cap­
ital for energy by installing larger 
heat exchangers or other more 

efficient equipment is largely a matter 
of economics. Companies seek a bal­
ance between the yearly costs of the 
energy required to drive their manufac­
turing processes and the annual costs 
(interest on and repayment of princi­
pal) of capital investment to reduce en­
ergy consumption. The cost of piping, 
heat exchangers, insulation and similar 
items increases smoothly as a function 
of size, as does their combined contri­
bution to energy efficiency. 

Such optimizations are not always 
easy to make in practice. The yearly 
cost of capital for many facilities far 
outweighs the cost of the energy used 
to operate them. (The chemical indus­
try, for example, spent roughly three 
times as much on capital equipment in _ 1989 as it did on energy.) As a result, 
companies can rarely economically dis­
card old equipment simply because ris­
ing energy prices have made it less effi­
cient than would be desirable. 

A fourfold increase in energy pric­
es (such as that caused by the 1973 
oil shock), for example, leads to a 70 
percent decrease in the optimum en­
ergy used to pump fluid through a 
given length of pipeline. But reducing 
the energy consumed in a piping sys­
tem by that amount would lead only 
to a 13 percent drop in total costs. The 
energy savings may easily justify con­
servation measures in a new facility, 
but it will not necessarily justify the 
cost of replacing equipment in exist­
ing plants. 

Other factors also delay the imple­
mentation of energy-saving technology. 
Engineers may simply be unaware of 
the appropriate energy-conserving ac­
tion for their particular industrial pro­
cess. And even if they do know what to 
do, they may have trouble convincing 
management to let them proceed. Man­
agers may be unsure whether it makes 
more business sense to retrofit facil­
ities with energy-efficient devices, to 
build new facilities and shut down old 
ones, or simply to wait and see if ener­
gy prices come back down (as they did 
in the early 1980's). 

The choice is a particularly difficult 

one for a marginal firm, where poor 
choices could lead not to reduced 
profits but to bankruptcy. The com­
mon response of most businesses is to 
impose a short time horizon on cost­
cutting investments such as energy 
conservation so that top managers can 
devote their attention to the devel­
opment of new markets and finan­
cial arrangements. Companies in the 

FEED 

MIXING 
13 

U.S. typically require that an invest­
ment pay for itself within about two to 
four years. 

E conomic trade-offs between ener­
gy use and capital equipment 
provide incentives for reducing 

energy consumption only when energy 
prices are rising faster than the cost of 
capital equipment. Process refinement 

lHERMODYNAMlC ANALYSIS gives designers "new eyes" for reducing energy use. 
A simplistic view of a chemical reforming furnace (inset) shows only the combus­
tion energy going in (550 million Btu's per hour) and the amount of heat leaving 
the stack (100 million Btu's per hour). The potential to save energy simply by recy­
cling heat from the furnace exhaust is limited. A more complex analysis, however, 
reveals increases in potential savings by focusing on "lost work"-the ability of 
the heat to perform useful tasks. Work is lost not only in the air leaving the stack 
but also in mixing hot and cold process streams, in preheating and boiling water 
for steam, in transferring heat from the furnace to the process coils and in burning 
the fuel. The largest loss is in combustion; it could be reduced by preheating the 
combustion air using waste heat or by mixing it with exhaust from a gas turbine. 
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THEY SAY 
IT'S GOING TO FLY 

OF COURSE, 
THEY AREN'T GOING. 

The machine had stain­
less steel skin. The men 

had steel nerves. 
The men were the 

brave Americans who 
waited, strapped 
into a cramped cap­

\ sule atop 125 tons 
of explosive fuel, 

On February 20, 1962, the Atlas of Friendship 7 boosted to be blasted 
the first American, John Glenn, inlv Earth orbit. His . 

b' hislvric {light was the 117th for an Atlas. Into or It. 
The machine was originally America's first 

intercontinental ballistic missile, developed 
by General Dynamics in the early 1950s, and 
for nearly 10 years the free world's major 
deterrent weapon. 

The men were the Mercury astronauts. 
The machine was our Atlas rocket. 
Their histories merged in the early 

1960s, when General Dynamics began re­
configuring Atlas to launch payloads 
into space for the Air Force and NASA. 

Since then, the stainless steel sheen 
of the Atlas skin is the only thing 

that has remained 
as 

...... · literally 
thousands of 

technological im­
provements have 

been incorporated. 

This fiendish-looking device was part of the 
apparatus we built Iv simulate effects of weightless­

ness. In addition to training equipment, General 
Dynamics also built tracking stations around the globe. 

Atlas has boosted virtually every U.S. weather 
satellite. In December 1958, it boosted the 
world's first communications satellite, Project 
Score, which circled the globe broadcasting 
President Eisenhower's Christmas message. 
Atlas went on to launch 36 more communi­
cations satellites, and dozens of scientific 
probes, including Pioneer, Mariner, and 
Surveyor, the first American spacecraft to 
soft-land on the moon. 

With a record of 496 launches, our Atlas 
is one of America's most successful and reli­
able launch systems. 
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Inside the stainless steel skin of a Centaur upper stage, one of our craftsmen measures 
expansion and contraction stress. Unique Il'chnology makEs the Atlas/Centaur the most efficient 
launch vehicle in use today. 

Our 30-plus years of experience and the 
dedication to excellence of the Atlas team 
are especially important now. 

In one of the largest commercial space 
ventures in history, General Dynamics has 
committed to the production of 62 new Atlas 
vehicles for government and business missions. 

For over three decades, Atlas has made 
history in space. 

And paid dividends here on Earth. 

GENERAL DYNAMIC:S 
A Strong Company For A Strong Country 
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ENERGY USED 1973 1975 1980 
ECONOMIC OPTIMIZATION of energy use leads to dramatic decreases in ener­
gy consumption but only to a small reduction in overall cost. A properly sized pip­
ing system, for example, typically costs seven times as much as the energy re­
quired to pump fluid through it. As the diameter of the pipe decreases, its capital 
cost falls, but its energy cost rises (a). Installing a larger-diamete� pipe to reduce 
frictional losses might be justified in a new plant but not in an older one. This 
trade-off helps to explain why, although energy prices skyrocketed in 1973, many 
companies did not make major energy-saving investments until years later (b). 

is a much more consistent force for im­
proving efficiency because it does not 
balance energy against capital-instead 
it can reduce energy consumption and 
capital costs at the same time. 

In most manufacturing processes, 
for each doubling of cumulative pro­
duction, total processing costs-includ­
ing energy-drop by about 20 percent. 
Often energy savings are merely a by­
product of changes made to improve 
quality or increase productivity. This 
relation has been found to hold for 
processes as disparate as steelmaking 
and the production of polyethylene. 
The learning curve does not depend 
on increasing energy costs; indeed, 
substantial energy improvements were 
made in these and other processes dur­
ing the 1950's and 1960's, when energy 
prices were low and in many cases 
even declining. 

lmprovements in the production of 
ammonia furnish a typical example of 
process refinement. In an ammonia 
plant, streams of hydrogen and nitro­
gen gas pass over a catalyst at high 
pressure, causing a portion of them to 
combine. Unreacted gases are recycled. 
A new geometric layout of catalyst sur­
faces, developed by the M. W. Kellogg 
Company, an engineering design firm 
in Houston, Tex., increases the contact 
between the reactants and the catalyst, 
thereby converting a higher percentage 
to ammonia on each pass and increas-

ing the production rate by 6 percent. 
The layout simultaneously reduces the 
pressure needed to force the reactant 
through the catalyst bed, reducing en­
ergy consumption by about 5 percent. 

The introduction of rubber-coated 
air bags to cushion the dies used in 
stamping presses is an example of pro­
cess refinement in more convention­
al manufacturing. In standard prac­
tice the lower dies in these machines, 
which shape sheet-metal parts such 
as automobile-body panels, rest on 
compressed-air pistons, which tend to 
leak. The air bags do not leak, and so 
they consume much less air than the 
pistons. The bags' developer, Smed­
berg Machine, has found that retrofit­
ting presses reduces plantwide com­
pressed-air requirements by 50 percent 
and overall electricity consumption by 
25 percent. Similar savings are realized 
in avoided maintenance, and the air 
bags significantly reduce the risk that 
the production line will be shut down 
by the failure of a single leaky piston. 

The widespread adoption of auto­
mated process controls shows even 
more strongly how energy savings 
come as a by-product of meeting other 
goals such as greater safety and re­
duced staffing. Distillation columns, 
which separate materials on the basis 
of their different boiling points and ac­
count for 5 percent of all industrial en­
ergy consumption, were once run by 
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so-called feedback controls. Operators 
adjusted the flows of steam and feed­
stock depending on variations in the 
composition of the products cOming 
out of the column. Typically they used 
far more steam than the minimum 
required so as to ensure that the col­
umn could tolerate swings in feed com­
position or temperature without cata­
strophic failure. 

Today sensors in a column and its 
feed lines provide enough data for feed­
forward operation-adjusting steam 
and product flows according to heat­
and mass-transfer equations so that the 
column's final product will have the de­
sired composition. Feed-forward op­
eration allows columns to be operat­
ed at higher feed rates; a fully auto­
mated plant thus costs less to build 
than a plant with the same produc­
tion capacity but controlled only by 
feedback. More relevant, energy con­
sumption drops by between 5 and 15 
percent because the feed-forward con­
trols can adjust for changes in feed 
while using much less excess steam. 

In the paper industry, another major 
energy consumer, automated controls 
can optimize the combination of heat 
and chemicals required to produce 
high-quality pulp, and they can also 
schedule the timing of operations to 
reduce peak power requirements, thus 
cutting energy costs further. In one 
mill, sensors and controls reduced vari­
ations in pulp quality by 31 percent 
while simultaneously reducing steam 
use by 19 percent. 

Not all process refinements are quite 
so dramatic, but a chain of small im­
provements accumulates over time to 
yield substantial dividends. For exam­
ple, the yearly energy improvements 
in the process that produces ethylene 
from ethane have averaged 3 percent 
since 1960. Gains came from many 
different sources: more efficient mo­
tors, pumps and compressors; chem­
ical processing sequences designed 
to exchange energy between hot and 
cold streams; improvements in process 
controls to produce a more consistent 
product; and selective furnaces to in­
crease the yield of ethylene relative to 
other compounds. But together these 
"minor" savings add up to a 60 percent 
decline in the amount of energy re­
quired to produce a pound of ethylene 
from ethane. 

The example of ethylene is partic­
ularly important because the chemi­
cal industry accounts for more than 
15 percent of industrial consumption 
(more than any other), and ethylene 
production is the single largest user of 
energy in the chemical industry. It and 
its coproducts are also the feedstocks 
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1991 405 models from $15,300 (Q $21, 700. tCall 1·800·447·2882. tMSRP. Excludes tax, title, options, registration and destination charges. *Based on R.L Polk & Co. owner retention study of , MY 1984-1986. 
After more than a century of building fine automobiles.  Peugeot creates cars so 

well-conceived that some of the best qualities of the car may not be apparent at a glance. 
But those willing to take the time to look more closely will find themselves richly 

rewarded. With a distinctive European automobile whose rare combination of intelligent 

engineering. legendary driving comfort and enduring style has won the acclaim of automotive 

enthusiasts the world over. 

All of which only begins to explain why people who own Peugeots keep them longer than 

most import cars on the road.* 

Evidently. once you've looked beyond the obvious. it is difficult to see anything less. 
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for the synthesis of most other organ­
ic chemicals. 

Yet despite the large efficiency gains 
made thus far, substantial room for im­
provement remains. Even today the 
amount of energy used in making ethy­
lene from ethane is about four times 
the minimum required by the laws of 
thermodynamics. 

E ven when carried out in the most 
efficient manner, some processes 
are unavoidably energy intensive. 

Substantial overall energy savings are 
occurring nonetheless because the 
share of industrial activities that con­
sume less energy per unit of economic 
output is increasing. Shifts in the com­
position of production have contribut­
ed about 15 of the 35 percent drop in 
energy per unit of economic output 
since 1971. 

The first steps of manufacturing­
the initial conversion of raw material­
are the most energy intensive. For ex­
ample, an aluminum smelter spends 
$1.20 on energy for every dollar spent 

on wages and capital; a manufactur­
er of inorganic chemicals, such as oxy­
gen or chlorine, spends 25 cents. But a 
maker of frozen foods spends only five 
cents on energy for every dollar spent 
on wages and capital, and a computer 
maker only 1. 5 cents. 

As the economies of the industrial­
ized world have grown beyond supply­
ing just the basic needs of their citi­

. zens, products that take relatively little 
energy to manufacture compared with 
their value (such as computers, medical 
instruments and pharmaceuticals) have 
accounted for an increasing proportion 
of economic activity. People are buying 
more electronic equipment and fewer 
major appliances-there is a limit, after 
all, to the number of refrigerators or 
automobiles that a household can ab­
sorb. Since the 1950's the relative con­
tribution of basic materials to the U.S. 
gross national product has dropped by 
nearly 40 percent. 

In addition to making new kinds of 
products that use less material and en­
ergy, manufacturers are making their 

old products from less material overall. 
Thin sheets of high-strength steel alloy 
substitute for thicker sheets of conven­
tional steel in automobile bodies. Hair­
thin glass fibers replace bundles of 
copper wire in telephone lines. Even 
sheets of paper are made thinner than 
they once were. The relative consump­
tion of all major materials-glass, steel, 
cement, paper, fertilizer, chlorine-is 
declining. Even the use of plastics may 
have crested: consumption in the U.S. 
dropped 2 percent from 1988 to 1989. 

W hereas the "dematerializa­
tion" of manufactured goods 
results in products that con­

sume less of each basic material, re­
cycling largely avoids the energy con­
sumption needed to produce these ma­
terials. Typically it takes half as much 
energy to make recycled materials as it 
does to make virgin ones. Only about 
20 percent of all the paper, plastic, 
glass and metal goods in the U.S. are 
now made from recycled materials, 
out of roughly 50 percent that might 

DISTIllATION COLUMN (pink) appears on the screen of an 
automated process-control system. Circular patterns (left) in­
dicate the temperature at various points in the column. Pip­
ing diagram (right) shows the status of material fed into the 

column, extracted from it and recycled through it. Such pro­
cess controls can reduce energy requirements by 10 percent 
or more; they may also make feasible new manufacturing 
methods that could not be carried out under manual control. 
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STREET 
CLEANERS 

Cities throughout the country 
are targeting their pollution 
spewing buses for replacement . 

And placing orders for buses 
that run on clean natural gas. 
It's a major step toward clearing 
the air of carbon monoxide, 
reactive hydrocarbons, NOx 
and particulates . So more than 
1l0-miliion urban Americans 
can breathe easier. 

Is this unusual looking vehicle the taxi we' ll 
soon be hailing? Could be, because it's been 
specifically designed to operate on natural 
gas. And, when it comes to reducing auto­
motive emissions in our streets, cabs like 
this will be a big part of the solution. 

For information on natural gas vehi­
cles (NGVs) or fleet conversions, 
contact y our local gas company, 
or Athena Fristoe, American Gas 
Association, 1515 Wilson Boulevard, 
Arlington, Virginia 22209; 
703-841-8663. And see how our 
abundant gas supplies can make us 
more street smart. 

Natural gas. America's best energy value. 
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be. The potential energy savings are 
staggering. 

Companies usually recycle almost all 
the scrap generated during the manu­
facturing process, but once an item has 
passed through consumers' hands the 
rates drop sharply. Only about 40 per­
cent of the inputs to steelmaking con­
sist of material recycled from sources 
outside the mill. Similarly, only about a 
quarter of the fiber inputs to paper 
mills are recycled material. And only a 
tiny fraction of the inputs to plastics 
manufacture consist of used goods. 

It is difficult to find markets strong 
enough to absorb the potential supply 
of recycled materials: there is only so 
much demand for cellulose insulation 
from old newspapers, synthetic lumber 
from recycled plastics or reinforcing 
bars from recycled steel. The challenge 
is to create recycling systems that pro­
duce high-value products from scrap­
such as automotive sheet metal made 
from automotive sheet metal or plastic 
bottles made from plastic bottles. So 
far the only major recycling effort of 
this kind is the aluminum beverage 
can, a high-technology product that 
contains more than 50 percent recy­
cled material. 

Economic optimization of energy use, 
gradual process refinements and shifts 
away from the production of energy-in-

tensive goods can all lower the amount 
of energy consumed for a given level 
of economic output. Nevertheless, they 
are not enough. 

In the long run, technological break­
throughs are the most dramatic factor 
in cutting back industrial energy con­
sumption. Refinements of existing in­
dustrial processes would have run into 
their natural limits long ago were it not 
for radical innovations. Limits on the 
wood available for the masts of ships, 
for example, were made irrelevant by 
the development of steel ships and al­
ternative means of propulsion. Con­
cern about the limited power available 
from waterwheels led to the develop­
ment of the steam engine. 

A more recent example shows how 
radical innovation and process refine­
ments interact. Polyethylene, which ac­
counts for a third of the 40 billion 
pounds of plastic produced in the U.S. 
last year, began its commercial life in 
the early 1940's. It was produced un­
der very high pressure (12,000 atmo­
spheres), but by the mid-1970's the en­
ergy required to produce a pound of 
polyethylene had been cut in half. 
Meanwhile, in the 1950's, two Euro­
pean chemists made some fundamen­
tal discoveries that led to a radically 
new production process based on sol­
vents; this new learning curve led to 
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o GLASS STEEL PLASTIC' ALUMINUM 
• Theoretical value, plastic bottles are not now made of recycled material 

RECYCUNG discarded containers consumes far more energy than refilling them; 
nevertheless, it still provides a comfortable margin over making containers from raw 
materials. Aluminum, which has the largest differential, leads in recycling, but plas­
tic, with the next largest differential, is far outpaced by glass, which has the smallest. 
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Union Carbide's development, in the 
1970's, of the low-pressure gas-phase 
process for making polyethylene. The 
new process is simpler and much saf­
er; it now demands only a quarter the 
energy and half the capital of even the 
improved high-pressure process. More­
over, it even yields a stronger polymer. 

Some breakthroughs, such as the 
low-pressure polyethylene process, are 
based on a combination of existing 
technology and new scientific discov­
ery. Current worldwide efforts to de­
velop a new technology for making 
steel directly from ore and coal are 
more clearly derived from existing 
technology-in this case, the basic-oxy­
gen converter currently responsible for 
the bulk of global steel production. 

In the proposed direct steelmaking 
process, powdered ore, coal, oxygen 
and flux are blown into the converter, 
which contains a bath of molten iron. 
The iron oxides are reduced to iron 
and the impurities driven off in the 
form of slag. If this technique can be 
made practical, one reactor, capable 
of continuous operation, would replace 
four batch processes (agglomeration 
of ore into pellets, conversion of coal 
into coke, reduction of ore in blast 
furnaces and basic-oxygen steelmak­
ing). Capital costs would decline dra­
matically, as would the environmental 
damage now done by coke ovens. Ener­
gy savings of about 25 percent would 
also accrue. 

O ther industrial breakthroughs 
stem from the discovery of 
wholly new scientific phenome­

na. Quantum physics and the invention 
of the tranSistor, for example, led to 
the development of microprocessors. 
These minuscule computers can con­
vert complex responses from phYSical 
sensors into accurate measurements 
of chemical composition, pressure, size 
and other quantities. They provide the 
baSis for automated control of indus­
trial processes. And the automated con­
trols, of course, have ushered in any 
number of new industrial techniques­
including the use of robots in areas 
as diverse as automobile assembly and 
medical analysis. 

Sometimes scientific discovery and 
commercial application are so tightly 
linked that they appear to proceed al­
most side by side. Examples include 
the interaction between polymer chem­
istry and development of synthetic fi­
bers, such as nylon, ultra-long-chain 
polyethlyene and kevlar, and the inter­
action between solid state physics and 
microelectronics. 

Other discoveries, of course, have 
had minimal impact on commercial in-
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"rr.' .there is nothing like 

dream to create the future�' 
Victor Hugo 

The nurturing force for a seed 

called dream is our desire to imagine a 

better tomorrow. 

Then help to create it. 

At Toshiba, weve been turning 

dream into a tangible future for over one 

hundred years. 

Sustaining it now with our 

commitment to manufacturing 

in the U.S. And with a wide diversity of 

products of the highest quality. 

All of which have helped make us 

one of the leading electrical and electronic 

manufacturers in the world. 

And a company that believes dreams 

can come true. 

Color TVs & VCRs· Computers & Printers. Copiers. CT Scanners· Digital Instrumentation. Disk Drives. Facsimile Systems' Home Appliances. Industrial Motors & Controls 
Liquid Crystal Displays, Medical 7Ubes • MR Imaging. Nuclear Medicine. OPTO Electronic Devices· Picture Tubes. Portable Audio. Professional Video Systems' Room Air Conditioners 

Semiconductors. Telecommunication Systems. 7Urbines & Generators. Ultrasound. Un interruptible Power Supply' Variable Speed Drives· X-Ray Systems 

In Touch with Tomorrow 

TOSHIBA 
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GRADUAL PROCESS REFINEMENT lowers overall production 
costs, including energy consumption. Electric·arc furnaces 
for steelmaking (left ) have achieved total energy gains of 
greater than 30 percent since 1965, thanks to a series of in· 
cremental improvements in their various components. Two 

measures of furnace performance are electricity used per ton 
of steel and pounds of electrode consumed per ton of steel 
(right). Over time, refinements produce smaller savings, and 
so long-term reductions in energy consumption depend on 
breakthroughs that lead to entirely new industrial processes. 

vention. The effects of groundbreaking 
discoveries in high-energy physics and 
nuclear science, for example, have been 
confined largely to the military. 

Nevertheless, any major discovery 
offers a set of possibilities that did not 
exist before. New understanding of 
molecular biology has a particularly 
rich potential. Modified plants that fix 
their own nitrogen from the air could 
eliminate the need for nitrogen fertiliz­
ers for crops such as corn and wheat. 
Although the proper manipulation of 
the 50 or so genes involved may take 
decades, the energy and environmen­
tal impacts are enormous. The manu­
facture of these fertilizers currently 
consumes 2 percent of all industrial 
energy, and their use is believed to 
be responsible for the major share of 
human emissions of nitrous oxide, a 
gas implicated in the greenhouse ef­
fect. Other organisms and agricultur­
al plants will probably be engineered 
to produce chemical products at costs 
lower than at present, with no input of 
petroleum feedstock. 

To succeed, technological develop­
ments must be compatible with grow­
ing concerns about environmental qual­
ity. As a burgeoning world population 
raises its per capita consumption, these 
concerns are becoming increasingly im­
portant. Companies that do not rec­
ognize such social concerns face both 

direct and indirect costs, from law­
suits, project delays and the concerns 
of their own employees. �thOUgh the reduction of indus­

trial energy use depends on a 
myriad of case-by-case changes 

and optimizations, some general policy 
principles emerge. First, improvements 
must rest on a strong educational 
foundation. Good science teaching in 
elementary and junior high schools is 
fundamental to the future supply of 
scientists and engineers-and to the 
understanding of their contribution by 
nonscientists. 

Equally important is the willingness 
of industry to use these trained people 
to maximize energy efficiency. Compa­
nies must have adequate profit mar­
gins from which to invest in research 
and development and in new technolo­
gy. There must be strong competition 
between companies within each indus­
try. At least as important is competi­
tion between industries that supply the 
same basic need (as, for example, the 
competition among makers of steel, 
aluminum and engineering plastics to 
supply material for automobile parts). 
Finally, plant operators, equipment sup­
pliers, engineering firms and govern­
ment regulatory bodies must all have 
long time horizons. The financial pol­
icies that have pushed U.S. firms to 
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think in terms of fiscal quarters in­
stead of decades must be changed. Fa­
vorable depreciation treatment of pro­
ductivity investments would be a start 
toward redressing the balance. 

The public focus on energy that 
arose from the oil shocks of the 1970's 
has long since diSSipated. A renewed 
consensus is needed to spur the kinds 
of gains that will be necessary in com­
ing decades. 
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Energy for Motor Vehicles 
They consume a growing share of the world's oil supply 

and are also major polluters. Efficient designs, alternative fuels 
and rational transportation systems can help solve the problem 

�out half of the world's oil is 
consumed by a fleet of 500 mil­
lion road vehicles whose growth 

has consistently outpaced that of the 
human population. These vehicles ac­
count for most of the energy used in 
the carriage of people and freight. 
Since 1970 the fleet's annual increase 
has averaged 4.7 percent for cars and 
5.1 percent for buses and trucks. If the 
trend continues, a billion vehicles will 
ply the world's roads by the year 2030. 

Such rapid growth poses many prob­
lems. In the long run ,  it causes oil con­
sumption to rise faster than oil produc­
tion, squeezing supplies. Indeed, the 
ongoing rise in oil prices appears to be 
putting an end to the buyer's market 
that emerged in the early 1980's (when 
an economic slowdown and conserva­
tion efforts temporarily reduced world 
demand). As prices rise, political pow­
er can be expected to shift back to the 
oil-exporting countries of the Middle 
East, leading perhaps to another wave 
of politically and economically disrupt­
ing oil crises reminiscent of those of 
1974 and 1979. 

Equally worrisome is the effect the 
burgeoning number of vehicles will 
have on regional and global environ­
ments. Regional air pollution threatens 
health, and much of it can be traced to 
the emissions of motor vehicles. The 
three major emissions are carbon mon­
oxide (which displaces oxygen in the 
blood), nitrogen oxides (which react 
with water to form nitric acid) and hy­
drocarbons (which react with nitrogen 
oxides in the presence of sunlight to 

SNARLED TRAFFIC in Paris shows the 
results of unbridled growth in the num­
ber of cars and trucks. Not only do such 
increases hasten the exhaustion of lim­
ited reserves of oil, they also foul the 
air and contribute to greenhouse warm­
ing. Traffic jams compound the waste 
and the pollution by causing vehicle 
engines to idle for extended periods. 

by Deborah L. Bleviss and Peter Walzer 

form ozone, a lung irritant). In the in­
dustrialized countries of the West and 
Japan-member states in the Organi­
zation for Economic Cooperation and 
Development (OECD )-motor vehicles 
emit nearly half of the nitrogen oxides, 
two thirds of the carbon monoxide and 
nearly half of the hydrocarbons. In de­
veloping countries, where environmen­
tal controls are lax, inefficient vehicles 
also contribute significantly to air pol­
lution, even though fewer of them are 
on the road. 

Vehicular emissions aggravate glob­
al environmental problems. A tank of 
gasoline produces up to 400 pounds 
of carbon dioxide, a major greenhouse 
gas implicated in global warming. Al­
though the world's motor vehicles now 
produce only 14 percent of all the car­
bon dioxide derived from fossil fuels, 
the vehicular contribution in industri­
alized countries is higher, reaching a 
peak of 24 percent in the U.S., where 
per capita ownership of motor vehicles 
is highest in the world. Chlorofluorocar­
bon refrigerants, another kind of green­
house gas, are now being phased out of 
automotive air-conditioning systems. 

Today most road vehicles either are 
manufactured in the OECD countries or 
are based on designs that originated in 
them. Hence, poliCies to conserve the 
world's energy and reduce vehicular 
emissions must concentrate on the in­
dustrialized nations. These poliCies will 
generally go hand in hand: when other 
factors are held constant, a savings in 
fuel produces a reduction in tail pipe 
emissions. The relation is most obvious 
when administrative steps are taken 
to limit the number of miles vehicles 
may travel. Such rationing, however, is 
both unpopular and costly: economic 
growth depends on transport. 

Vastly more attractive alternatives to 
rationing do exist. One can increase the 
effiCiency with which vehicles consume 
gasoline and diesel, introduce cleaner 
fuels, redesign the road system, pro­
mote mass transit and change patterns 
of settlement so that people live clos-

er to their work. Each of these solu­
tions has its drawbacks, but they can 
be overcome provided enough political 
will is mustered. 

So far most oil-saving steps have 
involved refinements in the design 
of gasoline and diesel cars. During the 
past 15 years the average car's con­
sumption of fuel has fallen by a quar­
ter in West Germany; in the U.S., where 
the initial level was higher, fuel con­
sumption has fallen by half. The aver­
age car in the OECD countries now 
achieves nearly 30 miles per gallon 
(mpg). At the same time, emissions of 
major urban pollutants have dropped 
substantially, the result of more com­
plete combustion of fuel and the cat­
alytic conversion of carbon monoxide, 
nitrogen oxides and hydrocarbons into 
carbon dioxide, nitrogen and water. 

Most of the efficiencies achieved in 
cars are equally applicable to trucks 
weighing less than 10,000 pounds. This 
transferability is particularly significant 
in the U.S., where light trucks now ac-

DEBORAH L. BLEVlSS and PETER WAL­
ZER study the technology and policy of 
automotive energy use. Bleviss is execu­
tive director of the lnternational Insti­
tute for Energy Conservation in Wash­
ington , D.C. , and the author of The New 
Oil Crisis and Fuel Economy Technolo­
gies: Preparing the Light Transportation 
Industry for the 1990's (Quorum Books, 
1988). She received a B. S. in physics 
from the University of California , Los 
Angeles, and did additional graduate 
work at Princeton University. Walzer is 
head of corporate research at Volks­
wagen AG and a lecturer at the Techni­
cal University of Aachen. He studied 
economics and aeronautical engineering 
as an undergraduate and received a doc­
torate in engineering from the Universi­
ty of Aachen in 1970. After 10 years of 
research experience, he joined Volkswa· 
gen, becoming first director of research 
on alternative power plants and then ex­
ecutive director of research on engines, 
electroniCs, materials and aerodynamic 

design. 
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count for about a third of the sales of 
all passenger vehicles. Light trucks stay 
on the road longer and consume more 
fuel than cars do. They thus account 
for about half of the fuel now con­
sumed in personal transportation. 

Fuel consumption can be further re­
duced at each stage in which chemical 
energy is converted into mechanical 
power and then into vehicular motion. 
Inefficiency begins in the engine, where 
some energy is lost to friction, waste 
heat and other factors. In the next 
stage, involving the transmission and 

the drivetrain, more of the engine's 
power is lost to friction. Finally, energy 
is consumed in overcoming the rolling 
resistance of the tires and aerodynam­
ic drag. 

There are technical means by which 
to reduce each stage of energy loss. But 
the solutions vary from region to re­
gion, according to the policies of in­
dividual governments and the prefer­
ences of consumers. The direct-injec­
tion diesel, for example, improves on 
the efficiency of conventional diesels 
by mixing fuel and air directly in the 

combustion chamber rather than in a 
separate prechamber as conventional 
automotive diesels do. Because, like all 
diesels, the engine emits substantial 
quantities of particulates, its future is 
considered to be dimmer in the U.S. 

than in Europe. When more rigorous 
standards go into effect , particulate 
emissions will be more stringently reg­
ulated in the U.S. than in Europe. 

Other designs offering better effi­
ciency include the stratified-charge en­
gine, which is receiving renewed in­
terest in Japan. In this engine, precise 

IDEAL URBAN DESIGN links a city's center to peripheral 
areas via express highways and railroads (left). Downtown 
terminals are served largely by buses or trains, although 

some commuters drive to the city center, where parking 
is available (top right). Suburbs connect to mass-transit sys­
tems at park-and-ride stations, which have automated un-
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fuel injection creates a rich rrilxture of 
fuel and air near the spark plug so that 
the spark can cause ignition, and it cre­
ates a lean rrilxture elsewhere in the 
combustion chamber. Such engines are 
thought capable of reducing fuel con­
sumption by one fifth, compared with 
conventional gasoline engines. Yet be­
cause their oxygen-rich exhaust pre­
vents catalytic converters from reduc­
ing nitrogen oxides to nitrogen, strati­
fied-charge engines still cannot meet 
the toughest emissions standards. 

A particularly interesting application 

derground garages (middle). Some com­
muting is eliminated by locating busi­
nesses near employees' homes (bottom). 

of stratified-charge technology, now at­
tracting worldwide attention , is seen 
in the modern two-stroke engine. Old­
er versions of this compact design have 
generally been rejected because they 
pollute excessively, but careful control 
of the combustion promises to make 
them cleaner. If the two-stroke engine 
can meet projected emissions stan­
dards, its low weight would make it 
very appealing. 

The second stage of energy loss oc­
curs in the transmission. Here the chal­
lenge is to keep the engine under high 
load for as much of the time as pos­
sible while maintaining the speed the 
driver has specified. High-load oper­
ation-in which most of the engine's 
power is utilized-is effiCient; partial­
load operation (during idling, for ex­
ample) is highly wasteful. One can ap­
proach high-load operation by adding 
more gears or by Switching them into 
their optimal regimes more of the time, 
with the aid of a computer. Alternative­
ly, one can add the equivalent of an in­
finite number of gears by transmitting 
power via a belt drive or other smooth­
ly variable devices. Although such con­
tinuously variable transmissions are 
now available, they can currently be 
used only in small cars. Several auto­
motive companies are exploring ways 
to apply them to large cars as well. 

F urther energy is lost in overcom­
ing the rolling resistance of the 
tires and the vehicle's inertial 

resistance to acceleration. Such loss­
es scale with weight, so that, roughly 
speaking, a reduction of 200 pounds 
typically improves fuel economy by 
nearly 5 percent. Weight can be saved 
either by a change in the vehicle's de­
sign or by substitution of light materi­
als for heavy ones. 

Historically, most of the weight-sav­
ing changes have involved design. Af­
ter the first oil crisis in 1973, for exam­
ple, U.S. automakers reduced weight 
by shrinking ornamental features such 
as fins. Perhaps the one fundamental 
change the general public has noticed 
was the widespread transition to front­
wheel drive, combined with a trans­
verse-mounted engine. This configura­
tion obviates the need for a "hump" bi­
secting the passenger compartment, 
providing more interior space in small 
and medium-size cars. The design is 
now being applied to large cars as well, 
although some problems remain in ac­
commodating large engines and in pro­
viding necessary traction. Future de­
sign changes to save weight will center 
on the engine. 

Substituting lightweight materials for 
standard-grade steel can also save more 

than 100 pounds per car. In the U.S. 
the substitution of plastics has re­
ceived more attention than elsewhere, 
and it probaby will continue to do so. 
Already this modification is seen in 
several American car and van models. 
In Europe, on the other hand, concern 
about the recyclability of plastic has 
led automakers to put more emphasis 
on aluminum and high-grade steel. 

Aerodynamic drag, another source of 
friction, increases exponentially with 
the speed of the vehicle (as does wind 
noise, an annoyance to passengers). 
This problem was first perceived in Eu­
rope, where speed limits are much 
higher than in Japan and the U.S. To­
day, however, manufacturers through­
out the world have become interest­
ed in aerodynamic design because it 
conserves energy in an inexpensive and 
stylish manner. 

The potential for improving fuel effi­
ciency is great, as evidenced by the 
plethora of test vehicles that were de­
veloped, primarily in Europe, during 
the late 1970's and throughout the 
1980's. Because most of the vehicles 
were intended for research on ener­
gy efficiency alone, additional work is 
needed to incorporate the safety, envi­
ronmental and performance qualities 
necessary to make the cars suitable for 
mass production. Nevertheless, the ve­
hicles do show that lightweight mate­
rials, new engine deSigns, improved 
transmissions and other factors can in­
crease the fuel economy of individual 
cars considerably. 

A small, two-cylinder diesel engine 
with an advanced fuel-injection system 
propels Volkswagen's Eco-Polo, a test 
car designed for urban commuting. 
The car incorporates a device, called a 
glider automatic, that shuts down the 
engine when the vehicle is decelerating 
and restarts it automatically when the 
driver steps on the accelerator. These 
features yield a combined city/high­
way fuel economy of 62 mpg, about 
twice that of most European cars. The 
Eco-Polo employs an exhaust filter and 
a special iron-based fuel additive to 
remove the particulates that general­
ly result from the combustion of die­
sel fuel. Consequently, its particulate 
emissions are lower than the California 
standard, the strictest in the world. It 
must be noted, however, that this addi­
tive has not yet been approved as safe 
by environmental regulators. 

Volvo's LCP 2000 is one of the most 
unusual fuel-efficient research vehicles 
because it was developed with consum­
er and production criteria in mind 
from the start. It was designed to en­
sure that its passengers survive a head­

on crash at 35 miles per hour (mph ), 
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a performance that exceeds the U.S. 
crash standard of 30 mph . Moreover, 
the car is designed to be assembled 
from modular components. The ease 
of assembly would offset much of the 
added cost of the advanced materials 
and technologies that enable the car to 
attain 63 mpg in the city and 81 mpg 
on the highway. 

T hese test vehicles demonstrate 
that fuel efficiency can be im­
proved substantially, albeit at 

greater cost and technical complexity. 
Even greater efficiency can be achieved 
but only by sacrificing comfort and 
vehicle performance. Economic condi­
tions, however, have discouraged man­
ufacturers from bringing their fuel-sav­
ing ideas to market, in the form of 
special, fuel-economy models. The real 
price of oil has fallen to historic lows in 
some countries, and so consumers to­
day tend to care less about a car's fuel 
economy and more about its power 
and comfort. At the same time, the re­
cent (and, we believe, vanishing) soft 
market for oil has caused governments 

CHASSIS 

to lose interest in the programs they 
started in the 1970's to encourage the 
development and purchase of fuel-effi­
cient vehicles. ( These programs includ­
ed the backing of research and the es­
tablishment of fuel-economy targets.) 

Furthermore, manufacturers will hes­
itate to develop fuel-efficient vehicles 
that cost more than customers are pre­
pared to pay or that contain technol­
ogies with which consumers are un­
comfortable. Volkswagen, for example, 
would not consider mass-producing a 
car that incorporates a glider automat­
ic without first testing driver accep­
tance of the engine's intermittent oper­
ation. Consumers might well reject this 
feature, since it involves a certain re­
duction in the perception (if not the re­
ality) of safety. 

Improvements in fuel economy alone 
cannot solve the problems of oil avail­
ability and clean air. Equally impor­
tant in the long run is the use of al­
ternative fuels, preferably those whose 
production and combustion add no 
net carbon dioxide to the atmosphere. 
Only three fuels meet this ideal crite-

DRIVETRAIN DIFFERENTIAL 

STEEL PANELS 
EXHAUST ALUMINUM FOUR-CYLINDER 

MULTIVALVE ENGINE 

TRANSAXLE (FOR 
FRONT-WHEEL DRIVE) STRESSED BODY PLASTIC PANELS 

ENERGY-SAVING changes that followed the oil crises of the 1970's are seen in this 
comparison of automobile designs. A typical midsize car in the early 1970's (top) 
had a large, iron engine, rear-wheel drive, steel body panels and a chassis for struc­
tural rigidity. A comparable car now has a small, multivalve aluminum engine, 
compact front-wheel drive, plastic panels and a fully stressed (monocoque) body 
for rigidity. As a result of such changes, the fuel efficiency of u. S. cars doubled. 
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rion: hydrogen, if produced from non­
fossil-fuel sources; biomass, which con­
sumes as much carbon dioxide dur­
ing photosynthetic growth as it releas­
es during combustion; and electrici­
ty, if it is generated from nonfossil-fuel 
sources. 

All three are still impractical. Hy­
drogen gas has a low density of ener­
gy, which limits the range and payload 
of a hydrogen-powered vehicle. It also 
suffers from a low density of power, 
which limits its performance (ability to 
accelerate). Hydrogen is also inconve­
nient to store and distribute. Daimler­
Benz and BMW are working on hydro­
gen-powered cars but are not expected 
to bring them to market until well into 
the next century. 

Electric vehicles have low energy and 
power denSities, too, plus the disad­
vantage of a long recharging period. 
Yet they operate quietly, waste no fuel 
when standing still and can even recov­
er some of the energy normally lost in 
braking by using their motors as gen­
erators (a process called regenerative 
braking). Despite the problems with 
electric vehicles, they are increasingly 
seen as attractive for urban conditions 
because they emit no pollutants at all. 
Several companies have already begun 
to market some electric cars and vans, 
but they are expected to remain con­
fined to niche markets where long-dis­
tance driving and quick refueling are 
not essential. 

Ethanol (grain alcohol) is the major 
biomass fuel today, but in current mar­
ket conditions it remains Significant­
ly more expensive than gasoline. In 
the U.S. ethanol is produced from corn 
for use as a gasoline additive. In Brazil 
manufacturers produce it from sugar­
cane and blend it with water to make 
hydrous ethanol. At the height of the 
program, 90 percent of new cars sold 
in Brazil were powered by ethanol, but 
the ethanol production has been dras­
tically curtailed in recent years, large­
ly because of financial difficulties. If 
more efficient biomass-to-alcohol con­
version processes prove practical, etha­
nol and methanol (wood alcohol) might 
become economic. In addition, Europe­
an countries are investigating rapeseed 
oil as an alternative fuel. 

Unfortunately, the widespread use of 
biomass fuels is constrained by the 
size of the resource base from which 
they are produced. Europe and Japan 
simply do not have enough land on 
which to grow large amounts of bio­
mass for automotive fuel. Even in the 
U.S. some analysts have estimated that 
biomass available today-crop stubble, 
forage crops, wood chips, garbage and 
peat-could provide no more than 20 
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to 30 percent of the energy current­
ly required for transportation. Planta­
tions whose whole yield was dedicat­
ed to biomass could provide the bal­
ance but possibly at the expense of 
farms and forests (which absorb car­
bon dioxide). 

Other analysts propose the adoption 
of transitional technologies pending 
the perfection of hydrogen, electricity 
or biomass technologies. In the u.s. 
considerable attention has been paid 
to methanol, which can be produced 
from natural gas or coal [see "The Case 
for Methanol," by Charles L. Gray, Jr., 
and Jeffrey A .  Alson; SCIENTIFIC AMER­
ICAN, November, 1989]. Methanol pro­
duces smaller quantities of noxious 
emissions than gasoline does, and it 
can be produced from indigenous re­
sources, thereby reducing U.S. depen­
dence on imported oil. 

Critics argue that methanol produced 
from natural gas releases as much car­
bon dioxide as gasoline does and that 
domestic reserves of natural gas would 
quickly be exhausted. After the re­
serves disappeared, the u.s. would be 
as dependent on politically unreliable 
fuel suppliers as it is today. Coal, they 
add, can be converted to methanol only 
at the cost of even greater emissions of 
carbon dioxide. Advocates counter that 
methanol-fueled engines have a greater 
potential for improvement than gaso­
line engines do (for example, they can 
function at higher levels of compression 
than have heretofore been attempted). 
They also contend that biomass, rather 
than natural gas, can eventually serve 
as a feedstock for methanol. 

The energy contained in natural gas 
might be exploited more effiCiently if 
the fuel were burned directly instead of 
being converted to methanol. Indeed, 
in New Zealand, Italy and other coun­
tries, many vehicles have been con­
verted to natural gas. The fuel-which 
largely consists of methane-produces 
about 20 percent less greenhouse gas 
than gasoline does (in terms of equiv­
alent quantities of carbon dioxide). But 
natural gas has a low energy density 
and must be stored under compres­
sion in heavy, bulky tanks, limiting the 
range and payload of vehicles. More­
over, existing distribution systems are 
designed for liquids and would require 
fundamental changes to accommodate 
natural gas. �other transitional concept would 

combine gasoline and electricity 
to exploit their respective advan­

tages of power and cleanliness. Volks­
wagen has designed such a hybrid . 
The test vehicle has a diesel engine, a 
small electric motor, a sodium-sulfur 
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RETAIL PRICE of gasoline varies mostly because of differences in government sur­
taxes. The U. S. imposes the lowest surtax among the five industrialized countries 
shown here. Of the two developing nations, Venezuela, an oil exporter, prices 
gasoline near the cost of production; India, an oil importer, taxes gasoline heavily. 

battery (which operates at 300 degrees 
Celsius) and a clutch that yokes the 
motor to the engine. When the acceler­
ator pedal is pressed less than a third 
of the way down-as it would be dur­
ing most urban travel-the electric mo­
tor powers the car. Further pressure on 
the pedal engages the clutch, so that 
the electric motor-serving now as a 
flywheel-starts the engine. The elec­
tric motor can also serve as a generator 
to recharge the battery. When driven 
according to the mix of city and high­
way travel typical of Europe, Volkswa­
gen's hybrid travels almost 100 miles 
on a gallon of diesel and 25 kilowatt­
hours of electricity. If the electric charge 
comes from sources other than fossil 
fuels, 60 percent of the carbon dioxide 
emissions normally emitted by a vehi­
cle of this size would be eliminated. 

Many barriers stand in the way of the 
speedy adoption of alternative fuels 
and technologies. The greatest of these 
obstacles is uncertainty. No one yet 
knows what the next technology will 
be. In such an environment, few manu­
facturers are willing to commit them­
selves to new fuels or to developing 
vehicles that would use them. Anoth­
er obstacle is presented by alternative 

fuels' cost, which is much higher than 
the current cost of oil. Nevertheless, 
the necessity of controlling smog in 
some cities may well bring about large­
scale experimentation with new vehi­
cles and energy sources. 

So far we have concentrated on vehi­
cles and fuels; there are other ways to 
save energy and reduce pollution. The 
transportation system can itself be re­
formed. Roads, parking and regional 
traffic patterns can be redesigned to 
ease congestion and make much rou­
tine commuting unnecessary. Conges­
tion is not merely annoying; it also 
wastes fuel and as a result increases air 
pollution. 

Perhaps the best-known attempt to 
improve traffic flow and safety is the 
PROMETHEUS project, which is funded 
by European automakers. A version is 
currently being tested in Berlin , where 
200 traffic lights bear infrared trans­
mitters whose signals can be received 
by an experimental fleet of 900 cars. At 
the start of a trip, the driver enters 
the desired destination into a comput­
er. Each time the car passes a trans­
mitter, the computer receives informa­
tion about traffic conditions, which it 
then processes to calculate the quick-
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est route. Test results are expected by 
the end of this year. 

More advanced systems may one day 
be adopted. Electronics might augment 
human reaction speeds, making it pos­
sible for drivers to maintain shorter 
separations between their cars without 
compromising safety. More cars could 
fit on the road without interrupting the 
steady flow of traffic. This facilitation 
of movement could save up to 20 per­
cent of the fuel consumed and could 
double or triple the carrying capacity 
of the roads. 

Congestion can also be eased by lim­
iting inner-city parking, so that drivers 
park in the outskirts and take shuttle 
buses to work . The system already op­
erates on a voluntary basis in many 

u.s. cities. Commuting distances could 
be shortened , too. As urban popula­
tions grow, people are often compelled 
to move farther away from their jobs, 
often relocating beyond the reach of 
mass-transit systems (if they exist at 
all). If industrial and commercial enter­
prises were to relocate nearer the peo­
ple they employ, commuting distances 
would be greatly reduced. The Nether­
lands, seeking to capture such poten­
tial savings, recently developed nation­
al zoning laws to prevent commercial 
and residential construction in places 
that are not near major public transit 
terminals. 

Finally, the substitution of mass tran­
sit for some car travel could slow ener­
gy consumption per capita. Some coun-

TWO-STROKE ENGINE developed by the Orbital Engine Company in Australia is 
so compact that it leaves enough room in an engine bay to accommodate a man. 
If the design can be made to meet emissions standards, it will help conserve fuel. 
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tries, however, cannot exploit mass 
transit as easily as others can. In the 
U.S., for example, mass transit ac­
counts for only 6 percent of all passen­
ger travel, and the expansion of the 
system would be very costly in relation 
to the amount of energy saved. Even if 
the U.S. were to triple the size of its 
mass-transit system, so that it carried 
the same fraction of passengers as Eu­
rope's systems do, and even if the en­
larged system were filled to capacity, 
energy use by private vehicles would 
decline by only 10 percent. 

But in West Germany, where 15 per­
cent of all passenger travel is by mass 
transit, and Japan, where that figure 
is 47 percent, the mass-transit infra­
structure is well developed, and inter­
city distances are relatively small. Be­
cause both countries stand to benefit 
even more from the improvement of 
the system, they are investing heavily 
in the development of trains that can 
travel more than 200 mph. � expanded mass-transit system 

can work only if commuters 
would rather use it than drive. 

Present conditions, however, tend to re­
inforce the preference for private cars. 
Mass transit is sometimes inaccessible, 
uncomfortable and dangerous. In addi­
tion , buses and trains run infrequent­
ly, particularly during off-peak periods. 
Some efforts are being made to make 
mass transit more competitive. Wash­
ington , D.C., for example, has built 
commuter parking lots at the outlying 
terminals of its subway system. 

Carpooling is one energy-saving op­
tion that offers much of the efficiency 
of mass transit and some of the flexi­
bility of private vehicles. This option 
is particularly appealing in the U.S., 
where cars carry an average of 1. 7 per­
sons. If all passengers there traveled in 
carpools of four persons each, gasoline 
consumption would fall by about 45 
percent. In a time of cheap gasoline, 
however, additional incentives are re­
quired to promote carpooling. Wash­
ington, D.C., for example, has reserved 
express highway lanes for vehicles car­
rying at least three people. The result­
ing demand for carpools is so strong 
that suburban drivers often form lines 
at convenient points in the suburbs, 
where they wait to pick up enough pas­
sengers to qualify for the lanes. 

Walking and bicycling are other at­
tractive alternatives to driving. They 
save energy and reduce air pollution 
and add no net carbon dioxide to the 
environment. But human-powered trav­
el faces stiff consumer resistance wher­
ever safety and comfort are at stake. In 
most urban regions in the OECD coun-
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tries, cyclists are either mixed with mo­
torized traffic or assigned to lanes that 
lack protective barriers. In suburban ar­
eas, pedestrians must often do without 
sidewalks and even crosswalks. 

The Netherlands, one of the most 
densely populated OECD countries, has 
worked hard to create incentives for 
the use of bicycles. The government 
has set aside paths and parking spac­
es for bicycles, established rent-a-bike 
facilities at railroad stations and al­
lowed train passengers to bring their 
bicycles on board . As a result, bicy­
cles carry fully 9 percent of the coun­
try's commuters. In some cities, they 
account for more than 40 percent of all 
passenger trips. 

Although a large majority of the ve­
hicles on the road today are in the 
OECD countries, most of the increase in 
the world's fleet over the next 50 years 
is likely to occur in Eastern Europe 
and the developing countries. There are 
many reasons to keep the concomitant 
increase in oil consumption as low as 
possible. Countries that lack oil will 
have to spend scarce foreign exchange 
to import it; countries that now export 
oil will have to divert some of it to their 
expanding domestic markets. In either 
case, the supply of investment capital 
for development will dwindle, and the 
external debt could well grow. At the 
same time, regional air quality will un­
doubtedly deteriorate, as it already has 
in many traffic-congested cities in the 
developing world. 

D eveloping nations do have one 
crucial advantage over devel­
oped ones: they can head off 

many problems of unplanned indus­
trialization before they become intract­
able. Because developing countries have 
not yet institutionalized the private car 
to the degree seen in the OECD nations, 
they are still in a position to create 
mass-transit systems that people will 
want to use. 

Curitiba, capital of the state of Para­
na, in southeastern Brazil is a famous 
model of how planning can avert the 
disadvantages of wasteful fuel con­
sumption and gridlock. The dty's trans­
portation system revolves around five 
radial express lines reserved exclusive­
ly for buses. These arteries are con­
nected by interdistrict lines, and the 
whole system is linked to neighbor­
hoods by feeder lines. Land-use ordi­
nances have encouraged the establish­
ment of residences and businesses 
near bus stops. As a result, Curitiba en­
joys one of the highest rates of motor 
vehicle ownership per capita and one 
of the lowest rates of fuel consumption 
per vehicle in Brazil. A comparatively 
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GLOBAL FLEET of motor vehicles has grown 12-fold since 1945, increasing oil con­
sumption and air pollution. Most of the growth has been in the industrialized coun­
tries, but in the future it will center in Eastern Europe and the developing countries. 

large number of people have cars, but 
most of them prefer mass transit for 
routine urban travel. 

Of course, even with the aggressive 
pursuit of mass transit, the demand for 
cars in Eastern Europe and the develop­
ing countries is likely to increase-but 
not as fast as it did in regions that in­
dustrialized earlier. It is therefore cru­
cial that the cars they import be as effi­
dent as possible. Furthermore, as de­
veloping nations establish domestic 
automotive industries of their own , it 
is of critical importance that they make 
efficient products. 

Because of the increasing consump­
tion of energy by the transportation 
systems of Eastern Europe and the de­
veloping countries, air quality and the 
balance of payments are deteriorating 
hand in hand. Many of these countries 
might consider developing indigenous 
alternative fuels, just as Brazil did in 
the late 1970's, when skyrocketing oil 
prices and plummeting sugar prices 
devoured that country's supply of for­
eign exchange. 

Even though most developing coun­
tries are not as well endowed with 
biomass feedstock as Brazil and may 
not be able to produce enough fuel to 
run all their vehicles, biomass can still 
replace a significant fraction of the im­
ports. Moreover, quite a few of these 
countries possess unexploited reserves 
of natural gas. Thailand , Indonesia and 
Argentina, for example, are already 
testing cars that run on domestic natu­
ral gas. Before any alternative-fuel pro­
grams are launched, however, all the 
risks and benefits must be assessed 
comprehensively. 

But the effort to rethink transporta­
tion systems must begin in the OECD 

countries, which created the problems 
of waste and pollution . This effort 
must first concentrate on light vehicles, 
which predominate in overall transpor­
tation energy use. Progress in address­
ing this sector can be made only with 
the cooperative leadership of nation­
al governments. The OECD members 
can perhaps best begin their task by 
signing a protocol on the lowering of 
carbon dioxide emissions from road 
vehicles. That step could serve as the 
model for other countries whose trans­
portation sectors are only now begin­
ning to expand . 
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Energy for the Developing World 
By mixing efficient end-use technologies with modest increases 

in generating capacity, developing countries can affordably 
obtain the energy they need without ruining the environment 

by Amulya K. N. Reddy and Jose Goldemberg 

I f current trends persist, in about 20 
years the developing countries will 
consume as much energy as the 

industrialized countries do now. Yet 
their standard of living will lag even 
farther behind than it does today. This 
failure of development is not the result 
of a simple lack of energy, as is wide­
ly supposed. 

Rather, the problem is that the ener­
gy is neither efficiently nor equitably 
consumed. If today's most energy­
efficient technologies were adopted in 
developing countries, then only about 
one kilowatt per capita used continu­
ously-roughly 10 percent more than 
is consumed now-would be sufficient 
to raise the average standard of living 
to the level enjoyed by Western Europe 
in the 1970's. 

This fact seems surprising because 
the developing world is one of stark 
contrasts. Although developing coun­
tries vary tremendously, they are all 
"dual societies," consisting of small is­
lands of affluence in vast oceans of 
poverty. The elite minorities and the 
poor masses differ so much in their 
incomes, needs, aspirations and ways 
of life that, for all practical purposes, 
they live in two separate worlds. Con­
sequently, the elites and the poor differ 
fundamentally in their use of ener­
gy. The elites emulate the ways of life 
prevalent in industrialized countries 
and have similar patterns of luxury­
oriented energy use. In contrast, poor 
people are preoccupied with finding 
enough energy for cooking, obtaining 
water and other activities essential to 
survival. 

CHAlLENGE of providing more energy 
services-such as lighting and refrig­
eration-in developing countries can 
be met while reducing the environmen­
tal risks posed by current consumption 
patterns. Technologies that deliver the 
services efficiently are the key. In some 
cases, electricity can replace fuelwood 
as a more suitable carrier of energy. 

Much of the energy for agriculture, 
transportation and domestic activities 
in developing countries comes from hu­
man beings and draft animals. Energy 
also comes from other sources, par­
ticularly biomass in the form of fuel­
wood, animal wastes and agricultural 
residues. Fuelwood, in fact, is the dom­
inant source of energy in rural areas, 
and cooking is the most energy-inten­
sive activity. These biological sources 
of energy are often described as non­
commercial because they are not pur­
chased: for example, in rural areas, the 
women and children usually gather 
twigs and branches for cooking fuel in­
stead of buying wood. 

Because most of the population in a 
developing country is poor and de­
pends largely on noncommercial sour­
ces of energy, per capita use of com­
mercial energy is much lower than in 
an industrialized country. Even when 
noncommercial sources are consid­
ered, developing countries' level of to­
tal energy services-heating, cooling, 
lighting, mechanical power and so on­
is much lower, particularly because the 
end-use devices for delivering those 
services are so inefficient. 

The great disparities between the 
elites and the masses, and between the 
industrialized and developing world, 
have led to widespread pressure for 
stepping up the level of energy services 
available to those who lack them. To 
date, decision makers have interpreted 
the pressure as a mandate for escalat­
ing commercial energy consumption. 
The implementation of this interpreta­
tion, coupled with population growth, 
has led to an almost linear rise in en­
ergy consumption in the developing 
world for two decades. As we shall dis­
cuss, such increases are unsustainable, 
and a new view of the energy problem 
is essential. 

In the capital-constrained modern 
world, it is becoming more difficult 
for developing countries to procure 
the capital they need to expand their 
production of energy. The World Bank 

quantified the problem at the 1989 
World Energy Conference in Montreal 
by revealing that the capital require­
ments of developing countries will add 
up to a trillion dollars during the next 
decade for the electricity sector alone. 
Yet the World Bank and other multi­
lateral funding agencies will be able to 
provide only about $20 billion a year. 
Within developing nations themselves, 
the capital demanded by the electric­
ity sector is four to five times what is 
available. 

Aside from its economic implica­
tions, the current upward trend in en­
ergy consumption has serious environ­
mental implications. At the local level, 
major consequences of rising energy 
consumption include the flooding and 
submergence of forests when hydro­
electric dams are constructed, atmos­
pheric pollution and acid rain caused 
by coal-based thermal-power plants, 
and deforestation brought about by the 
high urban (and sometimes rural) de­
mand for fuelwood for cooking. 

Higher energy consumption also af­
fects the global atmosphere. Fossil-fuel 
consumption in developing countries, 
which today contributes 19 percent 
of all fossil fuel-derived emissions, is 
likely to double within 20 years. De-
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IN INDUSTRIALIZED COUNTRIES the energy intensity (ratio of energy consump­
tion to gross domestic product) rose, then fell. Because of improvements in mate­
rials science and energy efficiency, the maxima reached by countries during in­
dustrialization have progressively decreased over time. Developing nations can 
avoid repeating the history of the industrialized world by using energy efficiently. 

forestation contributes to the increase 
of carbon dioxide in the atmosphere 
because trees absorb that gas during 
photosynthesis. 

Most often , deforestation occurs to 
obtain clear land for ranching and agri­
culture or to obtain wood for lumber 
and feedstock for the paper and ray­
on industries. Energy-related causes of 
deforestation are the submergence of 
forests by dammed rivers and the col­
lection of fuelwood (logs and charcoal ) 
for industries and urban households. 
Rural households also sometimes con­
tribute to deforestation when the rate 
of their wood gathering exceeds the 
rate at which the forests regenerate. 

T o appreciate the effect of fuel­
wood consumption on defores­
tation, consider the case of Afri­

ca. The total amount of fuelwood, in­
cluding charcoal, consumed there is 
approximately 300 million tons. If this 
fuelwood is obtained by felling trees, at 
least two million hectares (about five 
million acres) must be deforested every 
year, which leads to soil erosion, the 
loss of species and local climate chang­
es. Burning the wood contributes about 
4 percent to the worldwide total of car­
bon dioxide emissions. 

Deforestation in developing countries 
is now responsible for about 23 percent 
of global carbon dioxide emissions and 
shows no signs of diminishing. When 

both fossil-fuel emissions and defor­
estation are considered, it is clear that 
even if industrialized countries stabi­
lize their emissions of greenhouse gas­
es, developing nations will degrade the 
global atmosphere on their own. 

Current energy trends cause conflicts 
within developing countries. Aid agen­
cies, governments, industrialists and 
other promoters of development push 
for drastic rises in energy consump­
tion , even though such rises require 
impossibly large amounts of capital 
and harm the local environment. Local 
environmental groups then argue that 
the development process is unsustain­
able and should be halted. Meanwhile 
people who are displaced from their 
homelands because of hydroelectric 
dams and other energy projects see 
themselves as the victims of develop­
ment rather than as its beneficiaries. 

The conflict between the need for de­
velopment and the need to sustain the 
planet dominates international discus­
sions of energy issues. To control the 
degradation of the atmosphere, indus­
trialized countries often seek to limit 
increases in energy consumption by 
developing countries. Developing coun­
tries respond by emphasizing their 
need to raise their low levels of per 
capita energy consumption . As long 
as the two factions are trapped in the 
conventional paradigm that views ener­
gy consumption as an indicator of de-
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velopment, the conflict cannot be re­
solved without sacrifice. �ew paradigm for energy use is 

therefore essential. Energy must 
be viewed not as an end in itself 

or as a commodity but as a means of 
prOviding services. For it is the ser­
vices, and not the energy, that directly 
satisfy people's needs: the quality of 
life in a village depends more on the 
amount of illumination (measured in 
lumens), for example, than on the kilo­
watt-hours of electricity or liters of 
kerosene consumed for lighting. The 
extent to which energy services are ac­
cessible is therefore the true indicator 
of the level of development. 

Development consequently requires 
major increases in the per capita level 
of energy services. Such services, in 
turn, rely on end-use devices, such as 
stoves, lighting fixtures and motors, 
that convert the energy for use. More 
efficient devices can conserve energy 
by delivering the same services with 
less consumed energy or greater ser­
vices with the same energy [see "Effi­
cient Use of 8ectricity," by Arnold P. 
Fickett, Clark W. Gellings and Amory B. 
Lovins, page 64]. 

Energy conservation in developing 
countries must not be achieved through 
a decrease in services. It must be based 
on expanding energy services while sta­
bilizing or curtailing energy consump­
tion-for instance, producing more 
light with the same or fewer kilowatt­
hours of electriCity. Conservation alone 
may be adequate for meeting the pres­
ent needs of developing countries. De­
velopment, however, requires indus­
trialization , a process that depends on 
growth in the production of goods and 
the performance of commercial ser­
vices, as measured by the gross domes­
tic product (GDP ). Annual GDP growth 
rates of between 5 and 10 percent have 
become the standard goals of develop­
ing countries, although only a few have 
achieved such targets. 

When Western Europe and North 
America were undergoing industriali­
zation, their energy consumption had 
to grow faster than their GDP's to build 
infrastructures: roads, bridges, houses 
and heavy industry. Because of the rev­
olution in materials science that has 
taken place during the past half-cen­
tury, however, materials can now be 
produced with less energy, and small­
er quantities of modern materials can 
replace larger amounts of older ones. 
Consequently, developing nations can 
achieve comparable levels of industrial­
ization with a lower ratio of consumed 
energy to GDP growth. 
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Despite the promise of conservation 
technologies and advanced materials 
science, significant increases in ener­
gy consumption will probably be vital 
for development. The developing world 
needs a balanced mix of end-use effi­
ciency improvements and centralized 
and decentralized technologies. (Cen­
tralized technologies, such as nuclear 
power, generate electricity at one loca­
tion and distribute it widely. Decentral­
ized technologies, such as small hydro­
electric dams, produce smaller amounts 
of energy that are used nearby.) 

One quantitative way to identify the 
components of such a mix is to plot 
a least-cost supply curve for available 
technologies. Such a curve makes it 
possible to weigh the costs and poten­
tial energy contributions of each tech­
nology and to determine the least ex­
pensive combination of technologies 
for achieving an energy-supply goal. 

It is invariably cheaper to save a kilo­
watt than to generate a kilowatt. Also, 
generating energy as close as possible 
to where it will be consumed minimiz­
es transmission and distribution costs. 
Consequently, many conservation and 
decentralized technologies find a place 
in a least-cost mix. Because energy-effi­
ciency improvements are environmen­
tally benign, the resulting technology 
mixes can advance development with­
out jeopardizing sustainability. 

Because improvements in efficiency 
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REFRIGERATION 

LIGHTING 

WATER HEATING 

AIR-CONDITIONING 

COOKING 

make it possible for the GDP to rise 
while energy consumption remains the 
same, technology mixes that include 
energy-efficiency measures reduce the 
coupling of energy and the GDP. As 
a result, the required annual invest­
ment in energy diminishes and be­
comes more affordable. 

The validity of weakening the cou­
pling of energy and the GDP has been 
confirmed by studies of the long-term 
evolution of the energy-GDP ratio for 
many countries. The studies show that 
the ratio decreased steadily except 
when the countries were establishing 
their heavy-industry infrastructure. Sev­
eral factors caused the decline: a sat­
uration of the demand for consum­
er goods in industrialized countries, a 
shift of economic activity away from 
heavy materials-processing industries 
toward services and the revolution in 
materials science. 

T he revised paradigm highlights 
the importance of scenarios that 
focus on development objectives 

and that find opportunities to improve 
the effiCiency of end uses for energy. In 
other words, planners should construct 
what we call development-focused, end 
use-oriented, service-directed (DEFEND­
us) scenarios that incorporate conser­
vation and renewable sources into a 
least-cost mix. 

One of us (Reddy) has helped to con-

1,810 KWH 

struct a DEFENDUS scenario for the 
electricity sector of the state of Kar­
nataka in southern India. The scenario 
was a response to recent efforts at elec­
tricity planning-in particular, the com­
mittee report "Long Range Plan for 
Power Projects [LRPPPj in Karnataka," 
dated May, 1987-which were clear-cut 
examples of the failure of conventional 
consumption-obsessed, supply-biased 
approaches to energy planning. 

To meet its projected goal of pro­
ducing 47,520 gigawatt-hours of en­
ergy and almost 9.4 gigawatts of pow­
er by the year 2000, the LRPPP de­
manded that Karnataka should spend 
the astronomical sum of about $17.4 
billion-an amount roughly equal to 
25 times its annual budget. The state 
would need to build an extensive ener­
gy infrastructure, construct massive 
centralized power-generating facilities 
(including a one-gigawatt coal-based 
thermal-power station and about two 
gigawatts of nuclear power), raise 
funds from the World Bank and the 
central government, divert at least 25 
percent of its budget to power, and 
appeal to private industry to build 
up generating capacity. Despite these 
measures, the LRPPP projected that en­
ergy shortages would continue into the 
next century. Such a conventional en­
ergy plan was not a solution; it was an 
exercise in profligacy. 

The DEFENDUS scenario for Karnata-
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IN DEVELOPING COUNTRIES relatively wealthy people tend 
to emulate the ways of life and energy-use habits of the in­
dustrialized world. Electrically wired households in Brazil 

and the U.S., for example, have generally similar patterns of 
electricity consumption, even though their levels of total en­
ergy consumption contrast more sharply in absolute terms. 
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ETHANOL DISTILLERIES in Brazil (top), the most efficient in the world, convert 
the juice from sugarcane into alcohol that local automobiles burn for fuel. Better 
eqt?pment for generating electricity from s�am produced by burning sugarcane 
resIdues (bagasse) could turn the sugar fa.ies into energy exporters (bottom). 
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ka turns out to be as promising as the 
LRPPP is gloomy. It calls for the installa­
tion of electric lights in all homes in 
Karnataka, the use of electric irrigation 
pumps up to a limit imposed by the 
groundwater potential, the establish­
ment of decentralized energy centers 
in villages and the promotion of indus­
tries to increase employment. The DE­
FENDUS scenario nonetheless estimates 
that its requirements for energy and 
power in 2000 will be only about 38 
and 42 percent, respectively, of the 
LRPPP demands. 

Fifty-nine percent of the reduction 
in the energy requirement is achieved 
through a better-directed development 
focus: a society that improves the lot 
of the poor prudently needs less ener­
gy than one that makes no such dent 
in poverty. The other 41 percent stems 
from simple effiCiency improvements 
and the substitution of one energy car­
rier for another. These measures in­
clude replaCing inefficient motors and 
incandescent bulbs with more efficient 
motors and compact fluorescent lamps, 
substituting solar-powered water heat­
ers and liquefied-petroleum gas (LPG) 
stoves for electric water heaters and 
electric stoves, and retrofitting irriga­
tion-pump systems with frictionless 
foot valves and better piping. 

Along with these efficiency improve­
ments, the DEFENDUS scenario also calls 
for a mix of technologies that substi­
tute for electricity (such as solar-pow­
ered water heaters), decentralized pow­
er stations (such as small hydroelectric 
plants and biomass-based rural energy 
centers) and conventional centralized 
generating plants. Because the energy 
requirement has been drastically re­
duced, the most environmentally con­
troversial centralized technologies-nu­
clear-power plants, coal-based thermal­
power plants and large hydroelectric 
dams-can generally be avoided. 

The estimated cost of the DEFENDUS 
scenario would be only one third that 
of the LRPPP, which means that the DE­
FENDUS plan would result in a much 
lower per unit cost for energy. Even 
if 10 years were needed to introduce 
the effiCiency improvements, the DE­
FENDUS plan would be able to provide 
more energy sooner than the LRPPP. 
And the DEFENDUS scenario would re­
lease only about .5 percent as much 
carbon dioxide into the atmosphere ev­
ery year. Karnataka has rejected the 
LRPPP; the DEFEND US scenario is only 
now approaching consideration. 

The DEFENDUS scenario for Karnata­
ka is not intended as a universal recipe 
for an inexpensive, fast, environmental­
ly benign energy plan. Because energy­
consumption patterns and resource en-
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dowments in other regions differ from 
those in Karnataka, the conservation 
potentials and the least-cost supply 
mixes are bound to vary. Nevertheless, 
the quantitative approach that under­
lies the DEFENDUS scenario is applica­
ble in other developing countries, and 
therein lies its strength. A: promising as the DEFENDUS sce­

nario for Karnataka is, it is tech­
nologically quite timid and con­

servative, entirely based as it is on 
proved, off-the-shelf technologies. More­
over, the plan does not take into ac­
count the additional advantages of us­
ing the most energy-efficient technolo­
gies to build a better infrastructure. 

The large amounts of capital that 
industrialized countries have already 
invested in their infrastructures dis­
courage further investments in ener­
gy-efficiency upgrades. In developing 
countries, however, many of the vital 
industries, buildings, roads and trans­
portation systems are not yet in place. 
Developing nations therefore have the 
opportunity to adopt more energy-effi­
cient technologies even before they 
have been adopted widely in industrial­
ized countries. Such "technological leap­
frogging" must become an integral com­
ponent of DEFENDUS energy strategies. 

The alcohol program in Brazil-an 
innovative response to the oil crisis of 
the 1970's-is an excellent example of 
technological leapfrogging. Faced with 
a growing deficit in its trade balance 
caused by an enormous jump in petro­
leum prices, Brazil decided to substi­
tute pure ethanol and gasohol (mix­
tures of ethanol and gasoline) for gaso­
line in automobile engines. Aside from 
the economic considerations, ethanol 
has a higher octane ratio and other 
technical advantages over gasoline. 

The production of ethanol from fer­
menting sugarcane juice rose from 900 
million liters in 1973 to 4.08 billion 
liters in 1981, of which 1.88 billion 
liters were turned into hydrated etha­
nol (91 to 93 percent ethanol plus wa­
ter ); the remaining 2.2 billion liters 
became anhydrous ethanol mixed with 
20 percent gasoline. In 1989, 12 bil­
lion liters of ethanol replaced almost 
200,000 barrels of gasoline a day in ap­
proximately five million Brazilian au­
tomobiles. The alcohol industry creat­
ed 700,000 jobs. The excellent perfor­
mance of ethanol-fueled automobiles 
significantly improved the quality of 
the air in polluted metropolises such as 
Sao Paulo and Rio de Janeiro. 

Above all, Brazil, a developing coun­
try, established an entire fuel cycle­
from an energy source (sugarcane) to 
end-use devices (alcohol-fueled auto-
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and soot. Development plans that would expand the share of carbon emissions 
from these nations pose a threat to the atmosphere and possibly to global climate. 

mobiles)-that does not exist in indus­
trialized countries. Like children vault­
ing over their playmates, Brazil has 
leapfrogged technologically over the in­
dustrialized countries. 

The average cost of ethanol pro­
duced in the southern region of Brazil 
is currently 18. 5 cents per liter. At this 
price, ethanol could compete success­
fully with imported oil if the interna­
tional price of oil was $24 per barrel. 
When the oil price fell in the mid-
1980's, however, the Brazilian ethanol 
program faced a serious economic cri­
sis and had to be subsidized by the 
government. 

The country's general economic con­
dition provoked domestic pressure to 
reduce the cost of ethanol further 
while also removing the subsidies. This 
pressure led to major efforts to im­
prove the productivity and economics 
of sugarcane agriculture and ethanol 

production. As a result, ethanol costs 
have fallen 4 percent a year. Brazilian 
ethanol distilleries have become the 
best in the world and compete strongly 
in the international market. 

The effective cost of ethanol can be 
decreased even more if bagasse, the 
residue left after sugarcane is crushed 
and drained of its juice, is burned 
effiCiently to make steam for gener­
ating electricity. Today low-pressure 
steam-turbine systems for generating 
electricity can produce about 20 kilo­
watt-hours per ton of sugarcane. High­
pressure steam turbines could gener­
ate up to three times as much electric­
ity, and gas turbines could yield 10 
times as much. Such improved cogen­
eration facilities could make complex­
es that distill ethanol from sugarcane 
even more enticing as energy-exporting 
enterprises. 

In short, if DEFENDUS scenarios are 
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not limited to currently available tech­
nologies but also resort to technologi­
cal leapfrogging, they are likely to be­
come even more attractive. 

F Our national priorities that con­
stitute the essence of sustainable 
development emerge from the 

DEFENDUS approach. First, developing 
countries should assign overriding im­
portance to satisfying the basic ener­
gy needs of their populations. Second, 
they must overcome the severe capital 
constraints frustrating conventional en­
ergy futures. Third, resources must be 
consumed more efficiently. And fourth, 
energy production and use must be 
managed to minimize local and short­
term environmental impacts. 

Should these priorities be ranked in 
the above order? The answer would be 
no if one were influenced by the ex­
ample of the industrialized countries, 
where environmental concerns inten-

50 

sified before the problems of local pov­
erty were solved. On the other hand, 
the answer would be yes if one notes 
that the poor stand to benefit the most 
from environmental improvements: the 
poor are in worse health and cannot 
flee from damaged environments as 
easily as the rich can. To the poor, 
however, survival is a problem of such 
urgency that, if necessary, they will 
survive at the expense of the environ­
ment. As the late Indian Prime Minister 
Indira Gandhi proclaimed in Stockholm 
at a conference on the environment, 
"Poverty is the greatest polluter!" 

Clearly, both the improvement of the 
environment and the reduction-if not 
the eradication-of poverty are impor­
tant and deserve simultaneous atten­
tion in so far as it is possible. Such 
a thrust emerges naturally from a view 
of development as an environmental­
ly sound, self-reliant process that is di­
rected to meet certain needs. 

If putting national priorities ahead 
of an international obligation to pre­
serve the atmosphere seems wrong, it 
is only because conventional develop­
ment plans based on energy consump­
tion compel a trade-off between these 
priorities. The worst trade-off is one in 
which developing countries are urged 
to protect the global ecosystem at the 
expense of urgent national develop­
ment tasks. The only likely response 
to such recommendations is that in­
dustrialized countries must assume re­
sponsibility for warding off a climatic 
catastrophe because they are primarily 
guilty of building up the greenhouse 
gases and because it is in their own 
self-interest. 

Fortunately, such a head-on collision 
between industrialized and develop­
ing countries is unnecessary. The only 
strategies for averting disastrous cli­
mate changes likely to find acceptance 
in developing countries are those that 
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quirement than the LRPPP, it calls for providing greater ser­
vices. The costs and energy contributions of various tech­
nologies for conserving and generating energy are plotted to 
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calculate the least expensive means of reaching the DEFEND­
us and LRPPP energy goals for the year 2000. (The costs of 
setting up transmission and distribution lines are included in 
the figures for the centralized technologies.) The DEFENDUS 
goal could be met without introducing controversial tech­
nologies such as nuclear power and large hydroelectric dams. 
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simultaneously address development 
priorities. In an energy-efficient future, 
development plans can meet people's 
needs while incidentally helping to alle­
viate the world's environmental woes. 

Energy futures compatible with a 
sustainable world and sustainable de­
velopment are within our grasp. The 
choices that we propose require imag­
inative political leadership, but they 
represent far less difficult and haz­
ardous options than those demanded 
by conventional approaches. 

Implementing changes in the energy 
system involves actors at every lev­
el, beginning with individual con­

sumers. Consumers who do not obtain 
their energy effiCiently fall into three 
categories: the ignorant, the poor and 
the indifferent. The first consists of 
people who do not know, for example, 
that cooking with LPG is more efficient 
than cooking with kerosene. They can 
be educated to become more energy 
efficient. 

The second category consists of 
those who do not have the capital to 
buy more efficient appliances, which 
usually have higher initial costs. An 
Indian maid may know that her em­
ployers spend less money cooking with 
LPG than she does with kerosene, yet 
she may not be able to switch to a gas 
cooker because LPG stoves are about 
20 times more expensive than kero­
sene stoves. 

To help consumers who are deterred 
by high initial costs, utilities or other 
agencies should help finance the pur­
chase of efficient equipment with a 
loan that can be recovered through 
monthly energy payments. Alternative­
ly, a utility can lease energy-efficient 
equipment. A consumer's savings in 
energy expenditures can exceed the ex­
penses of loan repayments and new 
energy bills. In principle, this meth­
od of converting initial costs into op­
erating expenses can be extended to 
commercial and industrial customers 
as well , thereby improving efficiency 
and modernizing equipment at the 
same time. 

The third category of consumers 
consists of those with little incentive to 
raise their energy effiCiency because 
their energy costs are so small or be­
cause the costs are almost unaffected 
by efficiency changes. For example, in 
the U.S. there is a range of automobile 
fuel efficiencies-"the plateau of indif­
ference" -within which the total oper­
ating costs for the vehicles are nearly 
the same. 

Enticing those consumers to make 
energy-efficiency improvements will 
depend on intervention at higher lev-

els. Governments may have to legislate 
higher efficiency standards or initiate 
regulations for the efficiency of end­
use devices, as the U. S. government did 
when it set fuel-effiCiency targets for its 
automobile fleet. 

To improve the energy systems in 
developing countries, the traditional at­
titudes of utilities, financial institutions 
and governments will have to change. 
They must establish methods for con­
verting the initial cost of efficient sys­
tems into an operating expense. 

Huge investments were necessary 
to build the existing energy systems 
throughout the world. They were fi­
nanced with guaranteed state loans, 
public loans and direct government in­
vestments-all of which permitted the 
investments to be repaid over long pe­
riods and at much lower interest rates 
than were prevalent in the business 
world. In developing countries, where 
capital is scarce, most investments are 
made by the government and are usu­
ally backed by loans from internation­
al banking institutions such as the 
World Bank. 

Federal regulations in most nations 
guarantee that many utilities receive a 
net return of about 10 percent a year 
on capital invested in generating more 
energy. Investments in energy produc­
tion therefore run virtually no risk at 
all. In contrast, investments in efficien­
cy improvements and other conserva­
tion measures are treated like any oth­
er business venture and must be repaid 
to commercial banks over relatively 
short periods at high interest rates. 

Yet efficiency improvements invar­
iably involve less capital than equiv­
alent increases in energy supplies. 
The real problem is not so much the 
amount of capital needed to make effi­
ciency improvements; it is much more 
the institutional and organizational 
hurdles that stand in the way. 

C onsider a decision to spend $2 
billion on either a centralized 
power plant or end-use efficien­

cy improvements. Constructing a large 
power plant is a relatively straightfor­
ward task that can be carried out by a 
small and diSCiplined team. Spending 
$2 billion on end-use improvements is 
much more complicated. If each effi­
ciency measure costs between $2,000 
and $20 million, then between 100 and 
a million subprojects are involved. Or­
ganizing so many diverse activities is 
difficult. 

Marketing end-use improvements is 
inherently more complicated than mar­
keting conventional energy supplies or 
end-use devices. It is not enough to be 
concerned just with the "hardware" of 

UTIUTIES can encourage consumers to 
use more efficient appliances, such as 
gas stoves, by leasing the equipment or 
offering cheap loans for their purchase. 

the new energy-efficient devices; equal 
attention should be paid to the essen­
tial "software" that will help customers 
use and understand the benefits of the 
devices. All aspects of the marketing of 
conservation should be addressed if 
the aim is to promote energy end-use 
efficiency in developing countries. 

Electric and gas utilities are particu­
larly well qualified to market end-use 
efficiencies. Already some of the more 
progressive utilities in the U.S. have be­
gun to sponsor conservation programs 
for consumers [see "Efficient Use of 
Electricity," by Arnold P. Fickett, Clark 
W. Gellings and Amory B. Lovins, page 
64]. Utilities are also well positioned to 
direct their considerable capital resour­
ces to energy-efficiency investments. 
They have an administrative structure 
for channeling capital to the many 
households and business consumers 
with which they deal. Moreover, their 
regular billing system is an ideal vehi­
cle for permitting customers to repay 
loans from the utility. 

Energy conservation can be market­
ed comprehensively in various ways. 
One possibility is to convert energy 
utilities, which merely supply energy, 
into energy-service companies that pro­
vide heating, cooling, lighting and oth­
er services. Financial institutions can 
help motivate utilities to change them­
selves into energy-service vendors. 

For any of these improvements to oc­
cur in developing countries, the local, 
state and federal governments must 
learn to formulate energy poliCies in 
new ways. Above all, the level of ener­
gy services, rather than the magnitude 
of consumption, must be considered 
the true energy indicator of develop­
ment. Highest priority should be given 
to extending energy services that im-
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HYDROELECTRIC DAMS can flood prime forests and displace people from their 
settlements. These problems must be considered in advance by energy planners. 

prove the quality of life for the poor, 
generate employment and influence 
critical economic sectors, such as agri­
culture and industry. 

A we have seen , planners can 
make energy services more avail­
able either by producing more 

energy or by improving the efficiency 
of devices that deliver the services. The 
costs and environmental impacts of 
the competing solutions must be com­
pared fairly to determine which ap­
proach is better. Energy saved through 
greater efficiency should be treated like 
additional energy that has been pro­
duced. Efficiency measures and de­
centralized power plants should be 
compared with centralized plants ac­
cording to the same terms of credit 
and interest rates, benefits, incentives, 
subsidies and other considerations. 

At present the competition is unfair­
ly weighted in favor of centralized 
sources and against efficiency mea­
sures. Some specific policies should be 
spelled out for promoting fair competi­
tion through the elimination of subsi­
dies for energy supplies, pricing that 
takes into account long-run marginal 
costs and the generation of sound data 
bases for the comparison. 

Policy instruments available for the 
implementation of energy policies in­
clude market forces, subsidies, taxes, 
regulated standards and labeling prac­
tices. Each instrument has a special de­
gree of effectiveness-and ineffective­
ness. The implementation of any effi­
ciency measure will derive from a spe­
cific package of policy instruments. 

The market is an excellent alloca-

tor of capital, raw materials and man­
power, and its strengths must be ful­
ly exploited. But market forces have 
their limits. In particular, they cannot 
be trusted to safeguard social equity, 
long-term interests and the environ­
ment. Special policies must be devised 
to protect the poor, the environment 
and other concerns. 

If international aid agencies change 
their practices, they, too, can help im­
plement DEFENDUS strategies in de­
veloping countries. When allocating 
aid, the agencies must compare ener­
gy-supply increases and efficiency im­
provements on the same terms as part 
of a single decision-making process 
rather than considering each separate­
ly. The agencies should fund conserva­
tion and renewable-energy programs. 
And when evaluating various projects, 
the agencies should consider the global 
environmental impact. 

Moreover, financial-aid programs 
should be restructured to shift their 
emphasis from support for speCific 
projects (such as building dams) to 
support for goal-oriented programs 
(such as lighting more homes). Aid 
agencies should build and strength­
en the institutions in developing coun­
tries, boost the countries' energy-relat­
ed technical capabilities and support 
technological leapfrogging. 

National and multinational compa­
nies can play a crucial role in promot­
ing technological leapfrogging. Through 
collaborative ventures with local man­
ufacturing firms, the companies can 
transfer the latest energy-efficient tech­
nologies to developing countries. 

If the developing world has access to 
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funds to implement DEFENDUS energy 
strategies, the global environment will 
benefit tremendously. The money will 
have to come from the industrialized 
world, however. The funds could be 
collected through a tax that is propor­
tional to a country's contribution to 
the total carbon dioxide emissions. 
Such a carbon tax would be consistent 
with the "polluter pays" principle that 
was accepted long ago (at least in the­
ory) by the nations in the Organization 
for Economic Cooperation and Devel­
opment (GEeD). 

As capital becomes scarcer and en­
vironmental concerns grow, it will be­
come more and more difficult for fund­
ing institutions to reject quantitative 
proposals for cost-effective, environ­
mentally sound energy plans. Never­
theless, shifting from a supply-biased 
approach to a more balanced one will 
demand fundamental changes at many 
levels. Furthermore, decisions about 
energy are not always made ration­
ally-powerful vested interests have 
grown up around the conventional en­
ergy-supply industries. 

C an the needed transformation in 
energy poliCies take place in the 
next few decades? Aside from 

actions by international aid agencies, 
the best hope for change lies in a con­
vergence of interests. Industrialized 
countries are now threatened by the 
global environmental consequences of 
conventional energy strategies in devel­
oping countries. They are beginning to 
realize that supporting sustainable de­
velopment is in their own best inter­
est. The growing environmental move­
ments in the developing countries are 
forging alliances with their counter­
parts in the industrialized world. Pro­
development activists are speaking out 
against supply-biased strategies be­
cause the additional energy supply is 
not trickling down to the poor. Not 
surprisingly, the poor are becoming 
restless with the energy systems that 
have failed them . 

The lesson is clear: DEFENDUS sce­
narios may be difficult to implement, 
but the current energy systems are im­
possible to sustain . 

FURTHER READING 

BEYOND THE ERA OF MATERIALS. Eric D. 
Larson, Marc H. Ross and Robert H. 
Williams in Scientific American, Vol. 
254, No. 6, pages 34-41; June, 1986. 

ENERGY FOR A SUSTAINABLE WORLD. 
Jose Goldemberg, Thomas B. Johans­
son, Amulya K. N. Reddy and Robert H. 
Williams. Wiley Eastern limited, 1988. 
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The owls who 
couldnt 

be moved. 
Owls sometimes build nests in 

strange places. 
In a Southern California oil 

field, a nest with baby barn 
owls was discovered deep inside a 
stalled pumping unit. 

A decision was made not to 
restart the pump until these fledg­
lings grew up and left the nest. 

It was made by the worker who 
discovered the owls and was whole­
heartedly supported when he 
called the office to report. 

So that spring, while other 
pumps in the field created a land­
scape of motion, one solitary pump 
stood quietly waiting for nature 
to take wing. 

Do people make nature a 
natural part of their business? 

People Do. 
Chevron .. 

For more information, write: People Do-O, P.O. Box 7753, 
San Francisco, CA 94120. 
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Energy for the Soviet Union, 
Eastern Europe and China 
Economic reforms and new technology may allow the centrally 

planned economies and the emerging democracies to 
develop without further harm to the environment 

by William U. Chandler, Alexei A. Makarov and Zhou Dadi 

T homas Jefferson described revo­
lution as the extraordinary event 
necessary to enable all the ordi­

nary events to continue. The extraordi­
nary events of 1989 in Eastern Europe, 
like Chinese economic reforms a dec­
ade ago and Soviet perestroika, were 
born of necessity to improve materi­
al well-being in the socialist countries. 
Yet the stark images of energy-related 
smog and soot that have emerged with 
the new openness warn that these 
economies cannot improve themselves 
at the expense of the environment. As 
in the market economies, an energy 
revolution is needed. 

A revealing statistic points toward 
a solution. The centrally planned econ­
omies of the Soviet Union, Eastern 
Europe and China support one third 
of the world's people, and they con­
sume one third of the world's energy 
to produce one fifth of the world's 
economic output. Energy intensity­
the amount of energy it takes to pro­
duce something, a ton of steel, say-is 
strikingly higher in the planned econ­
omies than it is in market economies. 

How can the planned economies re­
duce energy intensity while providing 
more living space, consumer goods 
and higher incomes? Will attempts at 
restructuring be translated into wider 
energy use? If these economies grow 
rapidly (as China's has begun to do), 
can the environmental impact be mod­
erated? In this article, we take a close 
look at these questions and ask how 
economic reform, technological change 
and international cooperation can help 

ENVIRONMENTAL CONTROLS and eco­
nomic development in Eastern Europe 
lag behind the West by several decades. 
Energy use accounts for the heavy bur­
den of airborne particulates in this scene 
from the Hesse region of East Germany. 

the Soviet Union, Eastern Europe and 
China achieve both economic develop­
ment and environmental protection. 

The high energy intensity of planned 
economies does not reflect a profligate 
way of life. It is the result, in part, of 
outmoded technology and excessive in­
vestment in heavy industry. Although 
energy consumption per capita in East­
ern Europe and the Soviet Union match­
es that of much richer Western Europe, 
the energy is used in a different way­
to produce energy-intensive steel, alu­
minum and concrete rather than to 
power automobiles or run home ap­
pliances. The U.S., for example, has 
enough cars to put every American in 
an automobile at the same moment, 
with no one having to sit in the back 
seat; the Soviet Union has one car for 
every 20 persons; China provides only 
one car for every 1,000 people. The So­
viet Union, on the other hand, uses 30 
gigajoules (30 billion joules; one billion 
joules is the equivalent of about one 
million Btu's) to produce a ton of steel, 
compared with 18 gigajoules to pro­
duce a ton in Japan. 

In addition to their automobiles, the 
citizens of most developed coun­
tries enjoy more living space than 

their counterparts in the planned econ­
omies: 30 square meters for Western 
Europeans and 55 for Americans, com­
pared with 20 square meters or less for 
Soviets and Eastern Europeans-and 
6.5 for the average Chinese. More living 
area usually means more energy is con­
sumed for heating and for operating 
appliances. Energy use per square me­
ter of living space in Eastern Europe, 
however, is from 25 to 50 percent high­
er than it is in the U.S., reflecting the 
lack of individual heating controls in 
apartments and the absence of eco­
nomic incentives to conserve heat and 
hot water. 

Chinese households face altogether 
different problems. In many provinces, 
indoor winter temperatures fall below 
freeZing, but the government, which 
strictly controls the residential use of 
coal, provides no energy for heating 
houses. Air-conditioning is nonexistent 
in households, although indoor tem­
peratures in south and middle China 
often exceed 35 degrees Celsius (95 de­
grees Fahrenheit) even at midnight. 

Currently a Chinese household con­
sumes 36 times less energy than an 
American one does. Average electricity 
consumption per household is less 
than 120 kilowatt-hours a year. A rel­
atively efficient American refrigerator 
uses that amount in two months. Few­
er than 10 percent of all Chinese 
households have even a small refriger­
ator. Many rural areas have no electric­
ity or gas: firewood and crop stalks are 
burned in primitive stoves for cooking 
and heating. Most Chinese households 
still burn coal; seven eighths of the en­
ergy for residences is supplied by that 
high-sulfur, inefficient fuel. 

WILLIAM U. CHANDLER, ALEXEI A. 
MAKAROV and ZHOU DADI study the 
production and consumption of ener­
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from Tsinghua University in Beijing. 

SCIENTIFIC AMERICAN September 1990 121 © 1990 SCIENTIFIC AMERICAN, INC© 1990 SCIENTIFIC AMERICAN, INC



The differences in energy use be­
tween East and West have affected 
more than the standard of living. In the 
planned economies, air, water and hu- ,----, 

SOVIET UNION 

man health are in jeopardy. ".fI POLAND 
In the Soviet Union, for example, en- Il.i 

ergy production had, by 1989, in- �---, 
creased concentrations of toxic air pol- CZECHOSLOVAKIA 

lutants to a level 10 times the maxi- -=.:.: ........ .-.J 
mum permissible in 88 Soviet cities 
with a combined population of 42 mil­
lion people. Reservoirs for hydroelec­
tric projects cover one tenth of the area 

CHINA 

EAST GERMANY 
suitable for urban development and in- L-_-' 
dustrial and transportation facilities. �iii� 
Twenty large hydroelectric-power sta- � HUNGARY 
tions erected on lowland rivers have ..... 
transformed flowing rivers into stag­
nant reservoirs and reduced the ability 
of these waters to assimilate wastes. 

ROMANIA 

The Chernobyl reactor accident killed � 
several dozen people and contaminat- !E§ U.S. 
ed 10,000 square kilometers with lev-
els of radioactivity that exceeded 15 •• 11 
curies per square kilometer, affecting WEST GERMANY 

more than 250,000 people. 
Environmental problems in Eastern 

Europe-many of them directly related 
to energy production-have reached 
crisis proportions. In Poland and 

FRANCE 
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D 
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Czechoslovakia, sulfur dioxide deposi- MEGAJOULES PER DOLLAR OF GDP 
tion averages 12,000 micrograms per 
square meter every month, from four 
to eight times that in most European 
countries. Toxic elements, including 
lead and arsenic released from power 
plants that burn high-sulfur coal, accu­
mulate in the soil and contaminate 
food. In the worst-affected communi­
ties of Czechoslovakia, bone growth in 
one third of the children is retarded by 
10 months or more. 

In China, coal combustion pollutes 
both air and water. Suspended particu­
lates present a major health hazard in 
all cities of northern China, where an­
nual concentrations average 740 micro­
grams per cubic meter. In contrast, the 
yearly average in much of the U.S. is 50 
micrograms per cubic meter. Sulfur 
emissions in China now total more 
than 15 million tons a year, bringing 
the acidity of rain to a pH level below 5 
over an area of 1.3 million square kilo­
meters. Because of low pH soils and 
high humidity, the problem is particu­
larly severe south of the Yangzi River, 
where the pH of rain in some areas 
measures below 4.5. Meteorologists at 
the Chinese Environmental Protection 
Agency estimate that in Cuangdong 
province alone, in the southernmost 
part of China, economic losses caused 
by acid rain amount to as much as 
.1 percent of gross domestic product 
(CDP). The economic loss caused by all 
forms of pollution in China is estimat­
ed to be about 2 percent of the CDP. 

ENERGY INTENSITY of planned economies is difficult to compare with that of 
market economies because of different ways of measuring economic output 
and because of fluctuating exchange rates. As indicated by the bars, the au­
thors have attempted to compare energy intensity using a range of estimates 
of economic output corrected for purchasing power and currency fluctuations. 

Few coal-burning facilities in planned 
economies are equipped with de sulfur­
ization equipment, and only medium­
to-large industrial boilers have devices 
to control particulates. Most burners 
emit smoke without any controls; coal 
is rarely washed to reduce its sulfur 
content. Expensive pollution-control 
equipment has not been a priority for 
planners and, against the background 
of economic difficulties throughout the 
planned economies, will not likely be­
come one in the 1990's. 

H Ow can planned economies pro­
tect their natural environments 
while meeting growing econom­

ic expectations? Price reform, a shift 
to market mechanisms and energy-ef­
ficiency laws and standards will play 
crucial roles. Price reform is a proved 
way to promote energy-saving behav­
ior. When the U.S. decontrolled the 
price of energy at the end of the 1970's, 
it sent an unmistakable signal to con­
sumers that saving energy was impor­
tant. As a result, the U.S. increased eco­
nomic growth by 40 percent between 
1973 and 1988 while essentially hold­
ing energy demand constant. Up to two 

thirds of that achievement was prompt­
ed by consumer response to higher 
prices. Prices in the Soviet Union must 
be increased by a factor of almost 
three. Yet it is not enough simply to get 
the prices right: prices must also mat­
ter. Making prices matter means not 
permitting enterprises to pass the cost 
of energy waste on to consumers. This 
change means shifting to market mech­
anisms to promote effiCiency through 
competition. 

Market mechanisms alone, however, 
will not complete the energy revolution 
in the planned economies. All market 
economies still grapple with energy 
inefficiency caused by market imper­
fections such as lack of information, 
monopoly control of electric-power pro­
duction and shortage of financing-not 
to mention the extravagances of wealth. 
For these reasons, some market econ­
omies impose minimum performance 
standards for energy-consuming equip­
ment such as automobiles and furnac­
es. The Soviet Union, Eastern Europe 
and China can combine price, struc­
tural and regulatory reform to alter the 
present situation. 

In China at present, as in all planned 
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POTENTIAL FOR ENERGY EFFICIENCY in the Soviet Union 
compares cost of efficiency options with cost of additional 
production of energy resources. The Energy Research Insti­
tute of the Soviet Union provided data. Energy efficiency in 
Poland is shown in terms of net cost; alternative energy-sup-

ply cost has been subtracted from cost of efficiency, yielding 
a negative cost in many cases. Data are from S. Sitnicki of the 
Polish Environment Ministry. Estimated potential for China 
assumes use of the best technology available on internation­
al markets. China's Energy Research Institute furnished data. 

economies, governmental agencies con­
trol the energy market through the al­
location of capital and other resources 
among sectors. In addition, local gov­
ernments directly manipulate econom­
ic activity and hamper the transfer of re­
sources between regions. A multitiered 
system of prices, for example, permits 
mines to sell coal that exceeds planned 
quotas. "Out of plan" coal may be sold 
to enterprises that want to manufacture 
other goods out of plan, which can then 
be sold for the profit of employees. 

The price of goods, particularly coal, 
produced this way can rise above inter­
national levels. Prices can also be dis­
torted by local governments, which 
control the transfer of coal across 
regional boundaries. Worse, a chronic 
shortage of rail capacity limits such 
transactions and raises their cost even 
higher. The shortage of coal forces 
many factories to shut down two or 
three days a week, and many enterpris­
es resort to paying large fees to opera­
tors of small, gasoline-powered trucks 
to haul coal hundreds of kilometers. 

The potential for any economy to 
meet energy and environmental goals 
can be best assessed by making projec-

tions of energy demand and the re­
sulting emissions. Analysts in planned 
economies have recently developed 
models to generate scenarios that help 
clarify where structural change and 
new technology will lead. 

T wo scenarios for the Soviet Un­
ion, created by one of us (Maka­
rov) and his colleagues from the 

Soviet Energy Research Institute, illus­
trate possible avenues of economic de­
velopment. In the first scenario the 
transformation to a market economy 
takes place over a 10-year period and is 
only partially successful. As a result, 
the economy grows at a rate of 2 to 
2.2 percent annually through the year 
2000, increasing thereafter to 2.5 to 2.8 
percent. Analysts believe this level of 
growth is the minimum necessary to 
avert destruction of Soviet society. 

The second scenario is more opti­
mistic: it assumes that rapid economic 
reforms, which include a move to mar­
ket pricing and the competitive pro­
duction of goods and services, will suc­
ceed within the next four or five years. 
These changes would spur growth at 
an annual rate of 3 percent between 

1991 and 1995 and accelerate to 3.8 
percent in the following years. 

In the pessimistic scenario, living 
space per capita would not reach cur­
rent Western European levels of 30 
square meters until 2030. The second 
scenario would achieve this level by 
2015. Consumer goods would triple by 
2030 in the pessimistic case, by 2010 
in the optimistic one. The Soviet Union 
would not reach the Western European 
level of cars per capita until after 2030 
in the pessimistic case but would do so 
in the optimistic case by 2025. 

Restructuring the Soviet economy 
has major implications for energy con­
servation. Materials use per capita 
there is high compared with other na­
tions, and market reforms would have 
two effects: less unnecessary materi­
al would be produced, and materials 
would be used more efficiently in man­
ufacturing, construction and packaging 
as manufacturers compete for price­
sensitive markets. Structural reform 
could, in the optimistic scenario, re­
duce the Soviet demand for energy by 
one sixth over the next two decades. 

The Soviet Union could save still 
more energy by applying its own state-
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TRANSPORTATION STOCK in China is small-fewer than five million vehicles­
and inefficient. Trucks often burn gasoline instead of more-efficient diesel fuel 
and make many empty return trips because of distortions in the planning system . 

of-the-art technology. Priority Western 
imports include efficient lighting sys­
tems, power plants, industrial ovens 
and the capability to control industrial 
motors electronically to match motor 
speed to the speed needed to do the 
work. Introducing the best technology 
available over the next 20 years would 
reduce future demand by one third. 

Soviet economists are concerned that 
excessive investment in energy produc­
tion is reducing economic growth. An­
nual investment in oil, natural gas and 
coal production has reached almost 20 
percent of total annual investment. The 
goal is to reduce this share about 17 
percent in the next five years and to 13 
percent by early in the 21st century. 

Energy efficiency is crucial for pere­
stroika: it frees scarce domestic re­
sources such as capital and technical 
skills for use in modernizing industry 
and agriculture while freeing oil and 
gas for export to earn hard currency. A:cenario for development in the 

countries of Eastern Europe 
assumes a growth rate of 3 

percent a year. This rate represents 
an optimistic future in which plan­
ners somehow find a way to maintain 
past economic growth without radical­
ly changing their economies. Current 
trends would increase energy demand 
by almost 50 percent (from 20 to 31 
exajoules) by 2025. (An exajoule, 1018 

joules, is equivalent to one quadrillion 
Btu's.) But, as in the Soviet Union, a 
combination of economic reform and 
the introduction of energy-efficient 
technology could hold energy demand 
virtually constant. 

Reform would close down factories 
that because of weak price signals yield 
a high proportion of scrap or unneed­
ed output. In Czechoslovakia, for ex­
ample, steel production could probably 
be cut to half the present level of al­
most 16 million tons a year by reduc­
ing waste. Even more dramatic changes 
have been recommended for the pro­
duction of nonferrous metals and 
chemicals. Structural change will re­
duce the role for heavy industry in na­
tional economic output, with increases 
coming in the manufacture of con­
sumer goods and in services. 

Poland is the largest energy producer 
and consumer in Eastern Europe, ac­
counting for one third of the 20 exa­
joules Eastern Europeans use each 
year. Until recently, electricity, coal and 
natural gas were priced at one fourth, 
one half and four fifths of world mar­
ket levels. Without economic reform, 
the Polish economy would double its 
energy consumption by 2025. A combi­
nation of reform and energy effiCiency, 
in contrast, would hold energy demand 
steady during that period. 

In the industrial sector, energy-effi­
cient motors, process automation and 
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cogeneration (simultaneously generat­
ing electricity and heat for industrial 
processes or use in water or space 
heating) would offer large savings. At 
the same time, metering and individual 
control of residential heating and hot­
water systems, coupled with repairs 
and improved management of district 
heating systems, could permit housing 
space to double with only 15 percent 
growth in energy consumption. 

Poland is the world's fourth largest 
coal producer and obtains three 
fourths of its domestic energy from 
coal. In addition to severe problems of 
acid rain and suspended particulates, 
coal mining imposes heavy supply bur­
dens on the economy. It consumes one 
fifth of all steel used in the country, for 
mine roof and structural supports, and 
nearly one tenth of all electric power. 
Coal production becomes more diffi­
cult and expensive year by year be­
cause the resource is being depleted. 
The average depth of mines is now 600 
meters, and every year the depth of 
new mines increases 10 to 20 meters. 
Reducing the demand for coal would 
simultaneously free capital for more 
productive uses elsewhere in the econ­
omy and reduce the burden of particu­
late, sulfur and toxic emissions from 
coal combustion . 

Eastern European incomes will prob­
ably grow to match Western levels by 
2025, as will living space per capita. 
Larger refrigerators, more washers and 
dryers, air conditioners and personal 
appliances will mean higher energy in­
tensities despite improvements in wa­
ter and space heating. In the absence 
of poliCies, energy demand for the res­
idential sector would more than dou­
ble by 2025 (from 5.2 to 12.5 exa­
joules). Realistic energy pricing, meter­
ing use, and efficiency standards for 
appliances similar to those in the U.S. 
could hold demand to 7.6 exajoules. 

As incomes grow in Eastern Europe 
so will the demand for transportation. 
With the inefficient automobiles in cur­
rent use, transportation energy de­
mand would double-and would be 
very costly, because it would almost 
certainly require an increase in oil im­
ports of a million barrels a day. Cars in 
Eastern Europe today average 8.7 liters 
per 100 kilometers (about 27 miles per 
gallon), which is very inefficient given 
the low weight and power of the cars. 
Yet increasing automobile fuel econo­
my to five liters per 100 kilometers 
(about 47 miles per gallon) and match­
ing truck size and power to loads can 
help hold transportation energy de­
mand to 3.4 exajoules, which is a 50 
percent increase over 1985 levels. 

Few countries use energy less effi-
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ciently than China. In 1988 China con­
sumed at least three times more ener­
gy for each unit of economic output 
than Japan did. Moreover, China's in­
tensive use of energy cannot be at­
tributed to its "stage of development," 
for other developing countries, such as 
South Korea, derive similar shares of 
national income from heavy, energy-in­
tensive industry while using much less 
energy. Detailed studies by the World 
Bank show that energy intensity in 
steel production is twice as high in Chi­
na as in Japan and that of truck trans­
port is twice as high as in the U.S. 

China has nonetheless made impres­
sive progress, cutting energy required 
per unit of economic output by 4.7 
percent annually over the past decade. 
It is true that energy intensity was so 
high in the first place that reductions 
were easy, but the achievement re­
mains unmatched by any other devel­
oping nation. In 1980 Chinese leaders 
consciously set out to achieve this 
goal, because they recognized that 
they could not physically supply the 
amount of energy needed if they want­
ed to realize their ambitious goals for 
economic growth. Economic growth in 
China-exceedingly difficult to esti­
mate in Western terms-may have 
averaged 10 percent a year over the 
past decade, while coal use grew only 
half as fast. And coal supplies three 
fourths of China's energy. 

A plausible scenario for the Chinese 
economy would call for continued eco­
nomic growth at a rate of about 5 per­
cent for the next three decades. Even 
this quadrupling of per capita wealth 
would provide income levels in 2025 
only one-third those in the U.S. today. 
The population will grow to at least 1.4 
billion unless the policy of one child 
per family succeeds-and it appears to 
be failing in rural areas. The number of 
automobiles would likely climb to one 
car for every 50 persons. Residential 
energy demand would increase almost 
50 percent. Overall, Chinese energy de­
mand would nearly triple (from 33 to 
86 exajoules) by 2025. 

The increase in demand presents a 
formidable supply problem. Oil con­
sumption would grow from two million 
to almost seven million barrels a day. 
Coal consumption would triple. Even 
with price reform, economic restructur­
ing and modest technical efficiency 
standards, total energy use would grow 
to 75 exajoules, close to current U.S. 
levels, and most of it would be sup­
plied by coal. Carbon dioxide emis­
sions would grow from the current 580 
million tons a year to 1.5 billion, for an 
increase of global carbon emissions 
equal to 17 percent of today's level. 

Making economic and environmental 
goals converge in so poor a country as 
China will be a challenge. The target for 
carbon-emissions redUction, for exam­
ple, must be not to cut emissions but 
to hold growth to a minimum. The need 
for growth in developing countries thus 
increases the need to cut emissions in 
developed countries even more. 

E ach of these scenarios raises new 
questions. How will the increased 
demand for oil be met? What part 

will coal, which threatens the global 
ecosystem, play? What about nuclear 
power? Can natural gas fill the gap? If 
so, where will it come from? 

Oil remains a question mark in the 
planned economies. The Soviet Union, 
by far the world's largest oil producer, 
supplying one fifth of world produc­
tion, could possibly maintain its cur-

rent level of output until 2010. This es­
timate is based on increased world oil 
prices and the adoption of Western 
technology to attain maximum output. 
The small amounts of petroleum pro­
duced in Eastern Europe are expected 
to continue to decline. 

China currently ranks sixth in the 
world in oil production at 2.7 million 
barrels a day, and this rate could be 
sustained for about 13 years with 
proved reserves. Oil-bearing sedimen­
tary basins in China cover some 5.5 
million square kilometers and theoreti­
cally contain some 550 billion barrels 
of oil. But oil exploration and devel­
opment are constrained by lack of 
modern equipment and capital. 

Moderate growth of coal production 
is envisioned for the Soviet Union, with 
output increasing from about 13 exa­
joules in 1990 to 17 or less in 2010. 
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COMBINATION of economic reform and energy efficiency offers the greatest 
opportunities for reducing the growth of carbon dioxide emissions. In a country 
as poor as China, however, the target must be not to cut emissions but to try to 
hold their growth to a minimum. Data for the Soviet Union are from the Energy 
Research Institute; S. Sitnicki provided estimates for Poland; Chinese projec­
tions were done by a team led by J. Satbaye at the Lawrence Berkeley Laboratory. 
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AMOUNT OF FLOOR SPACE in Soviet (left) and Chinese (right) 
homes is only one haH and one fourth, respectively, that of 
French homes. Whereas Soviets enjoy the basic amenities of 
modern life-heat, hot water, refrigeration, television-many 

Chinese have no space heating, no refrigerators and only 
cold water. China will be unable to meet the energy demands 
of such amenities without obtaining the most efficient ap­
pliances, buildings and energy systems available in the world. 

The future of coal is more clouded in 
Eastern Europe, where economic and 
environmental problems make its use 
highly undesirable. Coal reserves in 
China would, at current rates of con­
sumption, last 1,000 years. Even this 
prodigious quantity would not require 
miners to go deeper than 1,500 meters. 

The Soviet Union expects only mod­
erate expansion of its nUclear-power 
industry, which may reach from 45 to 
65 gigawatts by the year 2000 and 
from 60 to 100 by 20 10. Even this 
prospect is contingent on the rapid de­
velopment of safe reactors at reason­
able cost. Nuclear power has become 
controversial in Poland, Czechoslova­
kia and Hungary. Poland has no reac­
tors in operation and is not likely to 
complete those that are under con­
struction. China possesses the capabili­
ty to produce reactors up to 600 
megawatts in size, but the large invest­
ments of capital and foreign exchange 
necessary-and the enormous reserves 
of low-cost coal-make large-scale de­
velopment of nuclear power unlikely. 

The Soviet Union's immense natural 
gas reserves offer an attractive energy 
strategy-a gas bridge to the future. 
The Soviet Union envisages growth in 
gas production from 29 exajoules in 
1988 to as much as 35 by the year 
2000 and 38 by 2010. This possibility 
opens up many others. One promising 
option is the fundamental reorienta­
tion of the utility sector. Natural gas 
supplies could be stretched significant­
ly by adopting highly efficient com­
bined-cycle systems that produce both 
electricity and steam for residential 
heating or industrial processes. The 
technology would reduce the environ­
mental problems in the Soviet Union 
associated with coal and nuclear pow-

er and would conserve gas for export. 
The prospect of greater reliance on 

Soviet gas in Eastern Europe is very at­
tractive. Three conditions must be 
met, however, before the prospect can 
become a reality. First, economic re­
form is required to avoid wasting the 
resource. Second, economic recovery is 
necessary to enable Eastern Europe to 
earn foreign exchange to pay for Sovi­
et gas. Indeed, the net effect of setting 
the import prices for Soviet oil and gas 
and the export prices of Eastern Euro­
pean products at world market levels 
would cost the region at least $ 10 
billion a year. Third, highly efficient 
technology for combined-cycle gas and 
steam turbines must be introduced to 
Eastern Europe. This technology would 
help stretch the resource and keep 
costs affordable. Again, however, the 
problem of foreign exchange will im­
pede acquisition of the technology. 

One solution to the foreign exchange 
problem would be a creative joint ven­
ture among Soviet and Eastern Euro­
pean enterprises, Western gas-steam 
turbine manufacturers and Soviet gas 
producers to finance the production of 
gas-using equipment and the delivery 
of gas to Eastern European consumers. 
The Eastern Europeans would gain a 
cleaner, more productive energy sys­
tem, the Soviets would gain a market 
for their gas and the Western countries 
would gain export markets. The entire 
world would benefit from reduced car­
bon and sulfur emissions. 

Major quantities of natural gas could 
be produced in East Siberia and the Ok­
hotsk Sea shelf, some of which could 
be exported to China, Korea and Japan. 
The Soviet Union and Asia have recent­
ly considered the export of gas to Ko­
rea through northeastern China. Gas 
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fields near Yakustk or off Sakhalin Is­
land could supply from two to three 
exajoules a year to China, or about 10 
percent of the country's current energy 
needs. Constraints on this arrangement 
include foreign exchange for China to 
pay for the gas and foreign technology 
for the Sakhalin fields (because off­
shore platforms are required). 

The Soviet Union could complete­
ly cover its domestic energy needs 
through the exploitation of high-grade 
resources. Oil and gas would thus con­
tinue to represent about 80 percent of 
total Soviet energy supply. According 
to the optimistic case of economic re­
form, total energy exports to Europe 
would slightly decrease; declining oil 
shipments would be almost offset by 
increasing transmission of natural gas. 

I n the above scenarios, the growth 
of greenhouse-gas emissions in the 
Soviet Union could be reduced by 

255 million tons in 2010, about one 
fourth of current emissions. Similarly, 
toxic gas emissions could be cut by 30 
to 40 percent of present-day levels. 

Opportunities for reducing carbon 
emissions exist also in Eastern Europe. 
If Poland, for example, chose to do so, 
it could cut carbon dioxide emissions 
by 20 percent at a cost of only about . 3  
percent o f  its GDP b y  2010. This possi­
bility hinges in part on the availability 
and affordability of Soviet natural gas. 
Poland will not be able to solve its en­
ergy and economic problems without 
obtaining Western technologies. Bor­
rowing money to import products or 
process technology, however, seems 
unlikely given Poland's burden of for­
eign debt. Joint ventures with Western 
corporations could be one important 
means of technology transfer, for they 
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provide both financing and technical 
expertise. It appears that Polish leaders 
understand the importance of getting 
energy price signals right, and price re­
form and competition will greatly re­
duce the demand for more energy. 

I f the international community ac­
tively participates in transferring 
energy conservation technology, 

more impressive results will be ob­
tained. Western governments can aid 
this effort finanCially by prOviding loan 
guarantees, credits or even direct fi­
nancing. They could establish energy 
conservation funds within existing in­
stitutions or new ones created for that 
purpose. Such funds, however, will al­
ways be limited. Joint ventures with the 
private sector in the West can help. But 
internal resources must be brought to 
bear by shifting large sums of money 
from military purposes and from tradi­
tional concentration on energy supply. 
Indeed, Stanislaw Sitnlcki, chief adviser 
to the Environment Minister of Poland, 
argues that his nation should simply 
suspend new investments in supply 
until it gets the demand side of its 
house in order. 

Italian socialist writer Antonio Gram­
sci wrote 60 years ago, in a very differ­
ent context, in Prison Notebooks that 
"the crisis consists precisely in the fact 
that the old is dying and the new can­
not be born; in this interregnum a great 
variety of morbid symptoms appear." 
Most socialist nations seem to be head­
ed for a new system of greater market 
reliance, but because no nation has 
ever made the transition from a 
planned to a market economy, much 
remains to be learned. With regard to 
energy, success will depend in part on 
the cooperation of Western nations 
and corporations. But the tough issues 
can be solved only from within. 
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!!ALL G OODS WORTH PRICE CHARGED," 
is what Jack Daniel's nephew said in 1907. We're 
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Mr. Lem Morlow put this slogan on crocks and 
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Energy from Fossil Fuels 
Until other energy sources supplant coal , oil and natural gas, 
the technological challenge is clear: extract maximum energy 

from the old standbys while minimizing harm to the environment 

by William Fulkerson, Roddie R. Judkins and Manoj K. Sanghvi 

Fossil fuels pose a dilemma for hu­
man society. Worldwide, the com­
bustion of coal, oil and natural 

gas supplies some 88 percent of the 
energy we purchase and makes much 
of what we do possible. Yet gases emit­
ted during burning can degrade the en­
vironment, perhaps to the extent of al­
tering the climate and threatening the 
future habitability of the planet. 

Technologies now being developed 
should go a long way toward alleviat­
ing two regional-scale environmental 
disturbances associated with fossil-fuel 
combustion: acid deposition and urban 
smog. Solutions are also being sought 
for a third and potentially more devas­
tating disturbance-increased global 
warming caused by rising levels of car­
bon dioxide (C02) and other so-called 
greenhouse gases in the atmosphere. 
CO2 is emitted whenever fossil fuels 
are burned. Like other greenhouse gas­
es, it captures heat radiated from the 
earth and traps it near the surface. 

The problem of global warming is 
difficult to resolve, in part because 
there is disagreement over how real 
and dangerous the threat is and, conse­
quently, how much money and effort 
should be devoted to coping with it. 
Still, we think uncertainty should not 
be an excuse for inaction. 

Society needs to take out some tech­
nological insurance against the pos­
sibility that the world will have to cur­
tail fossil-fuel consumption drastically 
and rapidly to prevent global climate 
change. A number of relatively inex­
pensive strategies worth considering 
are beginning to emerge. These range 
from increasing the efficiency of fos­
sil-fuel use (which would reduce emis-

WORM'S-EYE VIEW is of a natural 
gas pipeline in Texas. Where the gas 
is abundant, it might be substitut­
ed economically for coal. Natural gas 
burns more efficiently and cleanly and 
yields only half as much carbon dioxide 
(C02) for each unit of energy produced. 

sions by producing more energy ser­
vices with the same amount of fuel) to 
developing improved nonfossil sources 
that can substitute economically on a 
large scale. 

If environmental stress does not 
force a shift to other fuels, the finite 
supply of fossil fuels will mandate 
such a change eventually (perhaps in 
a century or two). The fossil supplies 
were laid down over the millennia, as 
ancient plants and animals died and 
became buried in swamps, lakes and 
seabeds. Much fuel remains, especially 
coal. Nevertheless, stockpiles are being 
depleted many times faster than they 
are being replenished. 

T here are good reasons why fos­
sil fuels are so popular. First, 
they are accessible in one form 

or another in all regions of the world. 
Second, humankind has learned to 
exploit them efficiently and relatively 
cleanly to produce the energy services 
it needs. The relatively Simple technol­
ogy of controlled combustion provides 
energy for applications at nearly ev­
ery scale. Third, they make excellent 
fuels for transportation-because they 
are portable and store a great deal of 
chemical energy and because the oxy­
gen required for combustion is ubiqui­
tous in the air. Finally, one form can 
readily be converted to another, say, 
from solid to liquid or gas, and the fu­
els are excellent feedstocks for chem­
icals and plastics. 

For these reasons, and because it will 
probably take many decades before 
competitive alternatives are developed 
and widely adopted, fossil fuels will 
continue to be important for quite 
some time. Therefore, technologies to 
ameliorate the effects of fossil-fuel 
combustion on acid deposition, urban 
air pollution and global warming must 
be pursued. (Of course, the environ­
ment is not the only important issue 
relating to fossil fuels. The stability of 
oil markets and energy security are 
also major concerns, although we do 

not have enough space to discuss them.) 
The solution to the first environmen­

tal problem-acid deposition-lies to a 
great extent in controlling the release 
of sulfur dioxide (S02) and oxides of 
nitrogen (NOx), which are converted to 
acids when they combine with water 
in the atmosphere. Combustion of fos­
sil fuels, especially coal, accounts for 
more than 80 percent of the S02 and 
most of the NOx injected into the at­
mosphere by human activity. The nitro­
gen comes from the fuels and from the 
air, and it combines with oxygen to 
form NOx when combustion tempera­
tures are high. 

Whatever succeeds in reducing the 
output of NOx should also help reduce 
urban smog, a product of sunlight act­
ing on NOx, carbon monoxide (CO) and 
certain organic compounds. Much ur­
ban pollution is caused by vehicles, 
which run almost exclusively on pe­
troleum products. Technologies for re­
ducing emissions from vehicles are ad­
dressed in "Energy for Motor Vehicles," 
by Deborah L. Bleviss and Peter Walzer, 
on page 102. We should note, however, 
that a great deal has been done to re­
duce vehicular emissions, and pro­
posed revisions of the U.S. Clean Air 
Act make further reductions probable. 
Indeed, the mandate to improve urban 
air quality may stimulate large-scale ex-

WlLLlAM FULKERSON, RODDIE R. 
JUDKINS and MANO] K. SANGHVl are, 
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vanced energy systems at the Oak Ridge 
National Laboratory, manager of the fos­
sil energy program at Oak Ridge and di­
rector of industry analysiS and forecasts 
at the Amoco Corporation. Fulkerson 
oversees several divisions and programs 
at Oak Ridge, including the one headed 
by Judkins, who directs the laboratory's 
research and developmen t relating to 
fossil energy. Sanghvi counts among his 
responsibilities the analysis, interpreta­
tion and forecasting of the worldwide 
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periments with alternative fuels and 
engines and even the transportation 
system itself. Such experiments may 
yield new insights into ways to control 
emissions of greenhouse gases by the 
transportation sector. 

Because more than half of the S02 
and some 30 percent of the NOx re­
leased into the atmosphere by human 
endeavors come from the combustion 
of coal, a number of the technologies 
aimed at diminishing the output of 
these gases have been designed for 
coal-fired electric-power plants. These 
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plants use about 85 percent of the coal 
burned in the U.s. The development of 
pollution abatement technologies is be­
ing greatly facilitated in the U.S. by the 
Clean Coal Technology Program, an 
ambitious effort funded jointly by gov­
ernment and industry. 

In conventional power plants, pulver­
ized coal is burned in a boiler, where 
the heat vaporizes water in steam 
tubes. The resulting steam turns the 
blades of a turbine, and the mechani­
cal energy of the turbine is converted 
to electricity by a generator. Waste gas-
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es produced in the boiler during com­
bustion-among them, S02' NOx and 
CO2-flow from the boiler to a particu­
late removal device and then to the 
stack and the air. Typical plants run at 
an efficiency of 37 percent. 

Today the method in widest applica­
tion for reducing S02 emissions is flue­
gas scrubbing. In scrubbers, which can 
be added to existing equipment, ex­
haust gases come in contact with a 
limestone (CaC03) slurry or some other 
sorbent and react to form a compound 
that can be removed as solid waste. As 
a result of scrubbing and an increased 
reliance on low-sulfur coals, S02 emis­
sions have decreased by 33 percent 
during the past 15 years in the U.S., 
even though coal use has increased 
about 50 percent. NOx emissions have 
remained relatively constant. Standard 
scrubbers can shrink S02 emissions by 
50 to 90 percent, albeit at some cost to 
efficiency. The typical steam plant out­
fitted with scrubbers runs at an effi­
ciency of about 34 percent . About a 
third of the chemically stored energy 
of coal is converted to electricity, and 
the remaining two thirds is lost or di­
verted to run the plant's machinery. 

Certain advanced scrubbers now be­
ing developed can remove as much as 
97 percent of the S02 and, depending 
on the sorbent used, may also reduce 
the release of NOx' After combustion, 
NOx can be removed by selective cata­
lytic reduction; ammonia (NH3 ) is mixed 
with exhaust gases, where it reacts with 
the NOx to form benign substances, 
namely, water and molecular nitrogen 
(N2 ), a major constituent of air. 

E ven before combustion begins, 
coal can be cleansed of some sul­
fur. For instance, commercially 

available processing methods crush the 
coal and separate the resulting parti­
cles on the basis of density, thereby re­
moving up to about 30 percent of the 
sulfur. Investigators are studying more 
effective mechanical approaches, as 
well as new chemical methods and 
even biological ones. 

Techniques that require only retrofit­
ting can also eliminate some S02 or 
NOx during the combustion process. 
Sulfur, for example, can be removed by 
injecting limestone along with coal into 
a boiler. Emissions of NOx can be con­
trolled by several methods that lower 
combustion temperatures, such as in­
jection of steam into the combustion 
region. 

As new technology is developed, un­
wanted emissions may be reduced by 
repowering: replacing aging equipment 
with more advanced and efficient sub­
stitutes. Such repowering can be more 
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1937 

HYDROELECTRIC NATURAL GAS 
( 1%) <1 QUAD (5%) 3 QUADS 

1988 

NUCLEAR HYDROELECTRIC 
(5%) 17 QUADS (7%) 22 QUADS 

WORLD'S ENERGY CONSUMPTION (ex­
cluding that from biomass) rose from 60 
to 321 quads between 1937 and 1988_ In 
that time, nuclear power was introduced, 
and waterpower came to account for 
more of the energy pie, but worldwide 
dependence on fossil fuels continued_ 

economical than retrofitting. An old 
power-generating system might, for ex­
ample, be exchanged for one based on 
not a conventional steam boiler but a 
new kind of combustion chamber­
such as the atmospheric fluidized-bed 
combustor (AFBC) or the pressurized 
fluidized-bed combustor (PFBC). 

Both systems, which are now in limit­
ed commercial use by utilities and in­
dustry, burn coal with limestone or 
dolomite in a mixture suspended by 
jets of air. The mixture, or fluidized 
bed, and the hot combustion gases en­
velop clusters of steam-generator tubes 
in and above the fluidized bed. The 
limestone sorbent takes up about 90 
percent of the sulfur that would nor­
mally be emitted as SOz . The constant 
churning facilitates both the burning of 
the coal and the transfer of heat to the 
tubes. In these systems the tempera­
ture of combustion can be lower than 
in a conventional boiler, thereby reduc­
ing the formation of NOx• 
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ATMOSPHERIC CONCENTRATION of CO2 , which contributes to global warming, 
has been projected by William R_ Emanuel of the Oak Ridge National Laboratory. 
He assumed that the current rate of CO2 emissions from human activities would 
suddenly change to the values indicated on the plots and be maintained there­
after. Today's emission rate of close to six gigatons of carbon per year must 
drop to about one gigaton per year, roughly a sixth of what it is now, to stabil­
ize the atmospheric concentration, a change that is not easily accomplished. 

In a major advance over the atmo­
spheric version, the pressurized variety 
maintains pressure in the boiler that is 
six to 16 times greater than standard 
atmospheric pressure. Extra efficiency 
is achieved by exploiting the hot gases 
in the combustion chamber in what is 
called a combined cycle. As the vapor 
in the steam-generator tubes drives a 
standard steam turbine, the pressur­
ized gases run a gas-driven turbine. 

An important repowering approach 
attracting great interest is the inte­
grated coal-gasification combined cycle 
(rGcc) system, now being demonstrat­
ed at several sites around the world. 
The major innovation introduced with 
this technology is the transformation 
of coal into synthesis gas, a mixture of 
mainly hydrogen (Hz )  and CO, with 
lesser quantities of methane (CH4), COz 
and hydrogen sulfide (HzS). Up to 99 
percent of the H z S  is removed by com­
mercially available processes before 
the gas is burned. 

The synthesis gas then powers a 
combined cycle something like that de­
scribed above. In current designs the 
hot gases are burned in a combustion 
chamber to drive a gas turbine. Then 
the exhaust gases from the turbine 
generate steam to drive a steam tur­
bine. Efficiency claims for the pressur­
ized fluidized-bed and integrated coal­
gasification combined cycle systems are 
similar-about 42 percent. 

The latter system and other coal­
gasification approaches are particularly 
important to the future of coal as an 
energy source because they make great 
flexibility possible. Gas from coal not 
only can run combined gas and steam 
turbine cycles but also can be exploited 
for cogeneration, in which steam is 
tapped for heating applications. More­
over, the gas can substitute for natural 
gas and serve as a source of hydrogen 
to power fuel cells. 

Because of their higher efficiency, ad­
vanced repowering technologies can 
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ONE ADVANCED TECHNOLOGY for generating electricity-IGCC-Converts coal 
to a gaseous mixture (yellow) by reaction with steam and oxygen before burn­
ing; the system then runs what is called a combined cycle. The hot gases power 
a gas-driven turbine, and the heat from the gases is recovered to vaporize water 
(blue), which runs a steam turbine. Combined cycles are more efficient than con­
ventional steam cycles because they extract more energy per unit of coal 
burned. In conventional power plants, coal is burned directly in a boiler to run a 
steam turbine. The gases produced during the burning are not used but are re­
leased through a stack or diverted to a sulfur-removing scrubber before release. 
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ISTIG SYSTEM is well suited to natural gas. Like certain systems that run com· 
bined cycles, it has a gas turbine and captures heat from the turbine to produce 
steam. The steam, however, is channeled to the combustion chamber (increas­
ing power output and efficiency). At the same time, the combustion air is cooled 
during compression, making that process easier and reducing the power needed 
to run the system. Diversion of air from the compressor unit to the turbine 
blades cools them , thus enabling them to withstand higher gas temperatures. 

and accounts for about half of the vol­
ume of such gases in the atmosphere. 
It may be that human-generated emis­
sions of CO2 (mainly from fossil fuels 
and the burning of forests) will have to 
be cut as much as 50 to 80 percent to 
avoid major climate change. 

Such a reduction in the CO2 emission 
rate probably cannot be accomplished 
without a massive switch to nonfos­
sil-energy sources. Nevertheless, emis­
sions from fossil fuels can be mod­
erated somewhat by three strategies: 
explOiting the fuels more efficiently, re­
placing coal by natural gas and re­
covering and sequestering CO2 emis­
sions. Most important is efficiency im-

provement, because it is often econom­
ically and environmentally attractive 
and because the opportunities are plen­
tiful for all uses and for all nations. 

The natural gas option complements 
improvements in efficiency, and it, too, 
is appealing for various reasons. Com­
pared with coal, combustion of natural 
gas, which is mainly methane, yields 
about 70 percent more energy for each 
unit of CO2 produced. Also, natural gas 
can be burned efficiently because of 
the simplicity of gas-handling equip­
ment, because it lacks ash (unburnable 
material) and because it typically con­
tains much less sulfur than is found in 
coal (hence, energy does not have to be 
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diverted to cleanup devices). Moreover, 
advanced power-generating methods, 
some of which derive from jet engine 
technology, are now being developed 
that are well suited to natural gas. 

In one such system, known as STIG 
(for steam-injected gas turbine), natu­
ral gas (or synthesis gas from coal) is 
burned to drive a gas turbine to pro­
duce electricity. The exhaust gases from 
the turbine are then channeled to a boil­
er to produce steam not for a second 
turbine (as in combined cycles) but for 
injection into the combustion chamber. 
The steam injection increases the ener­
gy output and efficiency while also re­
ducing NOx emissions. 

Further efficiency can be gained if 
the combustion air, which has to be 
compressed, is cooled between stages 
of compression, with some of the air 
channeled to the turbine blades. Effi­
ciency is gained because less power is 
required to compress cool air. Further­
more, the diverted air lowers the tem­
perature of the blades, enabling them 
to withstand higher gas temperatures. 
Because such intercooled STIG (ISTIG) 
systems can be small, they are suitable 
for industry as well as utilities. 

A proposed variation on the ISTIG 
theme might yield an efficiency of 
more than 52 percent. The approach 
involves the precombustion catalytic 
reaction of natural gas with steam to 
yield H2 and CO. The chemical energy 
of the products would be greater than 
that of the natural gas itself. �thOUgh the technologies for us­

ing natural gas efficiently are 
improving, there are some sig­

nificant limitations to the strategy of 
substituting gas for coal. First, natu­
ral gas is much less abundant. At the 
current worldwide rate of consump­
tion, and with existing technology, es­
timated economically recoverable re­
sources of coal would last perhaps 
1,500 years. In contrast, reserves of 
natural gas would last only 120 years 
(or perhaps two or three times that 
long if the much higher costs of re­
covering less accessible gas from un­
conventional sources were accepted or 
if methods were developed to recover 
it more economically). If natural gas 
was substituted for coal in all applica­
tions, the gas resources might last only 
55 years. 

Second, leakage of natural gas during 
extraction and transport could partial­
ly offset the advantage of its use, be­
cause CH4 is a greenhouse gas. In fact, 
methane is a more efficient absorber 
of infrared radiation than is CO2, al­
though its residence time in the atmo­
sphere is much shorter. 

© 1990 SCIENTIFIC AMERICAN, INC



The leakage problem should have 
a technical solution , but what can be 
done about the supply problem? That 
concern diminishes somewhat if one 
recalls that gas would be needed only 
until competitive nonfossil technolo­
gies became established. 

The uneven distribution of gas re­
sources makes matters more proble­
matic. For instance, U.S. supplies would 
last only about 18 years if natural gas 
replaced coal in all uses, but those of 
the Soviet Union would last 70 to 80 
years. Such uneven distribution rais­
es concern about access. At least on 
a technical level, that problem seems 
solvable, however. Although most natu­
ral gas is used in the countries where it 
is produced, trade has been increasing 
since the early 1970's and is expected 
to continue to do so, in part because 
the World Bank and other agencies are 
supporting exploration for natural gas 
and the building of distribution infra­
structures in the developing nations. 

Common wisdom holds that much 
more gas will be found as exploration 
for it becomes as profitable as it is for 
oil. Today world trade via pipeline ac­
counts for about 11 percent of total 
use, and tanker shipments of liquefied 
natural gas (LNG) account for about 
3 percent. The potential for growth of 
a global trade network is evident from 
even a cursory glance at the pieces 
already being fit into place. The most 
extensive distribution network in the 
world delivers natural gas to the U.S., 
which is linked to supplies from Cana­
da by pipeline and from North Africa 
by tankers carrying LNG. There is also 
a pipeline from Mexico that could be 
put into operation if market conditions 
justified such a move. Plans are being 
considered that would bring LNG to the 
U.S. from elsewhere. 

A network in Western and Eastern 
Europe is also well developed and re­
ceives supplies from the Netherlands, 
Norway, North Africa and the U.S.S.R. 
It might be improved further now that 
Iran is planning to add another pipe­
line to ones already serving the Soviet 
Union. In exchange for the Iranian gas, 
the U.S.S.R. will supply its own gas to 
Western and Eastern Europe. The Sovi­
et Union has also recently initiated dis­
cussions with Japan about building a 
3,100-mile (5,OOO-kilometer) pipeline, 
partly undersea, between Siberia and 
Japan via South and North Korea. Even­
tually the Soviet Union could supply 
gas to China as well. 

Japan, too, has made considerable 
progress toward ensuring itself a sup­
ply of natural gas; it imports the lique­
fied form from Indonesia, Malaysia, 
Australia, Alaska and the Middle East. 

In addition, Iran is promoting a $12-bil­
lion project to bring gas to India and 
Pakistan by a 2,OOO-mile pipeline from 
Bandar Abbas to Calcutta. 

Whether the nations of the world are 
willing to make a major transition from 
coal to natural gas is another question. 
At the moment, gas is more expensive 
to buy than coal and may become more 
so as demand increases. Also, the U.S. 
and other countries that have abun­
dant supplies of coal and smaller sup­
plies of gas might be unwilling to in­
crease significantly their dependence 
on outside sources of the fuel. Every 
nation is, after all, concerned about hav­
ing secure and stably priced sources 
of energy. 

On the other hand, the expanded use 
of natural gas is quite viable for some 
regions, such as Eastern and Western 
Europe. If the Soviet Union became a 
major supplier of gas to those areas, 
the Soviet economy would be greatly 
strengthened, and both CO2 emissions 
and pollution would be reduced. Help­
ing the U.S.S.R. with advanced gas pro­
duction, transmission and utilization 
technologies would seem to be a sta­
bilizing policy for the industrialized 
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(STEAM TURBINE) 

GAS 
COAL (WI SCRUBBER) 

COMBINED CYCLE 
(STEAM AND GAS) 

GAS 

760 
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countries of the West to adopt in this 
day of perestroika. 

Similarly, encouraging the Middle 
East to expand its exports of natu­
ral gas not only to Europe but also to 
Pakistan and India would seem a wise 
environmental policy. And helping the 
Pacific Rim nations to use the gas re­
sources of such countries as Indonesia, 
Malaysia and Thailand would be an en­
vironmentally and economically desir­
able development strategy. 

A third, more futuristic, strategy 
for reducing CO2 emissions from fos­
sil fuels is to capture the emissions 
and sequester them. One might, for 
instance, plant forests to absorb an 
amount of the gas equivalent to what is 
emitted. Yet offsetting the emissions of 
a single, 500-megawatt coal-fired pow­
er plant (a typical size for a utility) op­
erating at 34 percent efficiency would 
require planting a forest of about 1,000 
square miles. Sequestering all the car­
bon emitted as CO2 by fossil fuels in 
the U.S. in 1988-1.4 gigatons ( billion 
metric tons)-would require a million 
square miles of new forests, roughly 25 
percent of the land area of the U.S. 
Moreover, an afforestation plan would 

90 
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PRESSURIZED FLUIDIZED­
BED COMBUSTION 
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STEAM-INJECTED 
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COAL (WI GASIFICATION) 

INTERCOOLED STEAM­
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1,300 99 
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* INDICATES ONLY TRACE EMISSION OF S� 

COMPARISON of advanced fossil-fuel technologies reveals that, as a rule, gas­
fueled systems are less expensive to install, emit less sulfur dioxide (S02 ) and 
CO2 and are more efficient than their coal-driven counterparts (although fuel 
costs can be higher). Red, blue and green colors highlight, in order, the first, 
second and third best numbers in a column. All values, except for the con­
ventional steam plant, are optimistic, but achievable, numbers in the literature; 
those for the conventional system reflect average values for existing plants. 
Efficiencies were calculated on a higher heating value basis, the U.S. convention. 
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have to include means of preserving 
new forests. Nevertheless, the costs of 
afforestation are lower than those for 
any other method of CO2 sequestration 
under consideration. 

Alternatively, CO2 can be recovered 
directly from the emissions of large 
point sources, such as power plants, 
and stored. Recovery can be done by 
various means, such as chemical ab­
sorption. Then the gas would be com­
pressed for transport to a storage site. 
Storage options include piping the gas 
deep into the ocean or into depleted 
natural gas reservoirs. 

The whole proposition would proba­
bly be extremely expensive, at least for 
the methods people have dreamed up 
so far. Part of the problem is the enor­
mity of the emissions: burning one ton 
of carbon in fossil fuel gives rise to 
more than three and a half tons of CO2. 

Furthermore, no one knows the ef­
fects of ocean storage on the ecology 
of the sea or how long the gas would 
remain there or in gas reservoirs. Also, 
the storage capacity in depleted gas 
reservoirs would probably not become 
available on a large scale for 20 to 30 
years and would then be filled relative­
ly quickly, in another 20 to 30 years. 
And the approach would be practical 

> 
CO, 

RECOVERY 

only for large, stationary sources of 
CO2 , which in the U. S. account for only 
about 30 to 40 percent of emissions. 

Nevertheless, the notion is worth con­
sidering because of the implications 
for fossil-fuel use and the environ­
ment. Although various early analyses 
suggested that the capture and storage 
of CO2 would about double the cost of 
electricity, a recent calculation by Chris 
A .  Hendriks, Kornelis Blok and Wim C. 
Turkenburg of the University of Utrecht 
in the Netherlands lowers the figure 
considerably. The team suggests the 
cost of electricity could rise only 30 
percent, which puts it in the realm of 
feasibility. 

The Utrecht group assumed an oxy­
gen-blown gasifier would be operated 
to maximize H2 production and that 
the H2 would serve as fuel in a com­
bined cycle. The CO2 formed during 
the H2 production process would be 
compressed and sequestered in a de­
pleted natural gas reservoir 100 kilo­
meters away. Some observers suggest 
that 50 to 100 years from now hy­
drogen, perhaps generated from water 
with power provided by the sun or by 
nuclear fission or fusion, will be a ma­
jor nonpolluting energy carrier. With 
that possibility in mind, Robert H. 
Williams of Princeton University has 
suggested that production of H2 from 
gasified coal might be a nontraumatic 
way to begin a transition to the wide-

CO, SEQUESTERING 

spread use of hydrogen as an ener­
gy source. The Hz could be produced 
near coal fields and piped to centers 
of fuel use, where it might power very 
efficient gas turbines or fuel cells. At 
the same time, the CO2 produced with 
the H2 would be piped to sequestering 
locations. 

Fuel cells operate something like a 
battery, except that the fuel is constant­
ly replenished. In the phosphoric acid 
cell, the only one in commercial use, 
the H2 first encounters a permeable an­
ode and is oxidized (electrons are re­
moved), yielding positively charged hy­
drogen ions ( H  +) and free electrons. 
Then the electrons flow in an external 
circuit, providing power. Meanwhile the 
hydrogen ions migrate through phos­
phoric acid. The electrons and ions 
meet at the cathode and react with oxy­
gen to form steam, which can be har­
nessed for heating or, less effiCiently, 
discarded. 

To produce the electricity needed by 
a utility, stacks of fuel cells would con­
stitute the power-generating unit. At 
least three types of cell aside from the 
phosphoric acid variety are being stud­
ied closely. These devices may oper­
ate at efficiencies as high as 50 to 60 
percent, assuming the heat produced 
is exploited. 

It is clear that many good minds are 
focused on the dual problems of im­
proving energy generation from fossil 
fuels and replacing the fossil-fuel sys­
tems of the world with environmental-

SCHEMES for controlling carbon dioxide emissions in­
clude afforestation-the planting of forests to absorb CO2 

from the atmosphere (left). Alternatively, the gas might 

be captured before it reaches the air and then be piped 
deep into the ocean (center) or possibly into natural geo­
logic formations such as reservoirs of natural gas (right). 
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ly friendlier options. Yet many prob­
lems remain to be solved. For instance, 
the world's energy systems have great 
inertia and thus tend to change quite 
slowly, because it is costly to abandon 
expensive equipment before its useful 
life is completed. Hence, even if the 
world became convinced that a reduc­
tion in greenhouse emissions was nec­
essary, the reduction could take dec­
ades to accomplish . 

This problem of inertia is related to 
another one. If a greenhouse effect ac­
tually imposed a sudden constraint on 
CO2 emissions, the costs of responding 
immediately would be extremely high 
not only because of unreturned invest­
ments on the original equipment but 
also because the nonfossil technologies 
developed to date are still expensive 
and limi�ed in supply. Furthermore, the 
costs would be unevenly distributed 
and would be most oppressive for the 
developing nations, because they are 
least able to pay and because their en­
ergy needs are growing rapidly. 

Some computer models suggest that 
a global release "ration" of 1.6 to 3.5 
gigatons of carbon as carbon dioxide 
per year would result in a safe rate 
of warming-on the order of .05 de­
gree Celsius a decade-assuming other 
greenhouse gases were also controlled 
so that they contributed only another 
.05 degree C. If that assessment is cor­
rect, the question becomes who gets to 
use what? And does the ration go pref­
erentially to particular uses? 

I ndustrialized nations, which make 
up only about a third of the world 
population, generate about 80 per­

cent of the greenhouse gases. The de­
veloping countries, on the other hand, 
consume much less energy per person . 
Do the industrialized nations reduce 
their consumption rates so that the de­
veloping nations can increase theirs and 
thus have further economic growth? 

The needs of the developing nations 
bring up a final issue. A simple extrap­
olation of the rates of energy use in 
the past decade leads to the conclu­
sion that the CO2 emissions in the de­
veloping countries (including China) 
could exceed those of the developed 
nations during the next decade. Some 
say the installation of efficient tech­
nologies could allow the developing 
countries to achieve a level of affluence 
equivalent to that of Western Europe in 
the mid-1970's but with a rate of ener­
gy consumption per person that would 
be about one third that in Western Eu­
rope today. For this to happen, the de­
veloping nations must be willing to in­
vest money to save more later. Yet the 
difficulties of raising capital encourag-

COST PERCENT COST OF 
PERCENT (CENTS PER POUND OF REDUCTION ELECTRICITY 

REMOVAL OF C02 CARBON AS CO2) IN RELATIVE TO 
PROCESS REMOVED REMOVAL SEQUESTERING EFFICIENCY TODAY'S COST 

MOLECULAR I�o �:: 8.4 1.1 * 80 5.0 
SIEVES 

LIME I 90 5.9 .= 1.1 * 59 2.4 
ADSORPTION 

MEA I 90 '=:' �:::��5= '" ::': � .�'* '- 57 2.3 
SCRUBBING 

OXYGEN 100 7.0 1.1 * 30 1.8 
COMBUSTION 

IGCC/ I 88 1.8 .7 ** :.: �13 1.3 
SELEXOL 

AFFORESTATION 1100 0 .9 0 1.1 
* -IN DEEP OCEAN ** -IN DEPLETED NATURAL GAS WELL 

ESTIMATED COSTS of proposed methods of recovering and sequestering CO2 
from large coal-fired electric-power plants vary enormously. At one time, the 
costs were thought to be prohibitive, but a more recent study lowers the esti­
mate significantly. It assumes CO2 is recovered from gasified coal ( in an IGCC 

system) by a sorbent called selexol. Molecular sieves are porous materials per­
meable to some gases but not others; MEA is the chemical monoethanolamine. 
These materials can physically or chemically capture the CO2 from the exhausts 
of a conventional plant. Oxygen combustion means oxygen replaces air in the 
boiler; the process eases CO2 recovery because it results in a high concentration 
of the gas in the exhausts. Afforestation may be the least expensive option but, 
because of the huge land requirements, is probably impractical on a large scale. 

es the purchase of less expensive, but 
less efficient. equipment. 

Many of these issues have no clear 
solutions, but some recommendations 
for the immediate future can be made 
nonetheless. It seems prudent to man­
age fossil fuels as if a dangerous green­
house warming were probable. Such an 
undertaking involves adopting more ef­
ficient technologies across the board­
which makes good economic sense. 

It also makes sense to substitute nat­
ural gas for coal wherever doing so is 
practical. Although the consumption of 
natural gas instead of coal might in­
crease natural gas prices and hasten 
depletion of reserves, it may also buy 
time, affording the environment some 
protection until technologies for non­
fossil-energy sources are perfected. On 
the other hand , oil prices fell through­
out the 1950's and 1960's despite a 
growth in demand. Internationally trad­
ed supplies of natural gas might well 
increase markedly without a rise in 
prices if the abundant resources of the 
Soviet Union and the Middle East are 
tapped. In fact, we think the Western 
industrialized nations should cooper­
ate in prOviding technical assistance 
and capital to developing countries and 
Eastern Europe as a way of encourag­
ing the development of natural gas re­
sources and the adoption of more effi­
cient energy technologies. 

Concurrently, there should be more 
research into the global carbon cycle, 
so that well-informed targets for green-

house ellllSSlOns can be established. 
And there must be more research into 
efficient fossil-fuel technologies (such 
as gas turbines and fuel cells), into 
methods for producing H2 from coal 
and for recovering and sequestering 
CO2 (at low cost and with minimal en­
vironmental consequences), as well as 
into highly effective, safe and econom­
ical ways to harness energy from non­
fossil sources. 

Until such research makes more 
progress, it will probably remain hard 
to wean the world from fossil fuels. For 
all their faults, they remain relatively 
inexpensive, widely available and readi­
ly adaptable to applications large and 
small, simple and complex. 
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Energy from Nuclear Power 
Atomic energy's vast potential can be harnessed only if 
issues of safety, waste and nuclear-weapon proliferation 

are addressed by a globally administered institution 

N uclear power has been hailed as 
the solution to the world's en­
ergy problems and condemned 

as the most dangerous and unfitting 
way to produce energy. Today, in the 
aftermath of the Chernobyl and Three 
Mile Island aCCidents, public opposition 
has strengthened. Reactor construction 
has come to a halt in many countries: 
in the U. S. there have been no new or­
ders since 1978; in Sweden a referen­
dum has called for the termination of 
nuclear-power generation by 2010; in 
Switzerland and West Germany there is 
a de facto moratorium; and in the Sovi­
et Union debate about the future of nu­
clear power is intensifying. 

The key to the sometimes bitter con­
troversies surrounding nuclear pow­
er lies in its two opposing physi�l 
characteristics. On the one hand, nucle­
ar energy can provide a trillion times 
more energy than mass forces such as 
wind and water and a million times 
more energy than the chemical reac­
tions of the industrial revolution (chief­
ly combustion and electrochemistry), 
which led to the transformation of 
society. Current levels of nUclear-pow­
er production do not live up to this 
potential-which I refer to as the one 
trillion factor. 

On the other hand, chemical and nu­
clear power generate waste. As John 
P. Holdren of the University of Califor­
nia at Berkeley has observed, mass for­
ces do not fundamentally change the 
molecules they act on, and so harness­
ing wind and water is inherently envi­
ronmentally benign. 10 contrast, chemi­
cal and atomic reactions change mol­
ecules and nuclei, respectively, thereby 
creating waste. Advocates for the use 
of mass forces must identify ways to 

NUCLEAR REACTOR in Leibstadt, Swit­
zerland, commenced commercial oper­
ation in 1984. The boiling-water reac-­
tor (BWR) is a form of light-water re­
actor (LWR), which drives turbines with 
heat from fission captured by steam. 

by Wolf Hafele 

overcome the limitations of the propor­
tionately small amount of energy pro­
duced by those means. Those encour­
aging greater reliance on nuclear power 
and chemical energy must address the 
problems of waste-both radioactive 
and atmospheric. 

Clearly, nuclear energy must be criti­
cally assessed. Many future scenarios 
show that meeting energy needs and 
environmental demands without nucle­
ar power will be difficult. At the same 
time, an ever greater role for nuclear 
energy appears inconceivable to some 
given the current climate of political 
opposition. 

These political and social impasses 
could be overcome if global institu­
tions and provisions are established . 
Any international organization should 
reflect a 1946 proposal made by then 
U. S. Secretary of State Dean G. Acheson 
and David E .  Lilienthal and Bernard M. 
Baruch of the United Nations Atomic 
Energy COmmission, which called for 
the creation of a global agency to gov­
ern atomic power. Such an agency, tai­
lored to the concerns of the year 2000 
and beyond, could ensure reactor safe­
ty and implement and monitor waste 
storage facilities. Nuclear power must 
be considered as part of an overall en­
ergy system, one that renders human 
activity compatible with a sustainable 
environment. 

B efore we address the future, we 
must examine the current situa­
tion of nuclear power. By 1989 

nuclear energy accounted for 16 per­
cent of the world's electricity. By the 
end of the year 426 nuclear reactors 
were connected to the global electric 
grid, according to the International 
Atomic Energy Agency (IAEA), with a 
net generating capacity of 3 18, 271 
megawatts of electricity ( MWe). (Equiv­
alent to one gigawatt, 1,000 MWe can 
supply enough electricity for some 
500,000 homes.) Ninety-six reactors 
are under construction, which when 
completed will bring the total nuclear 

generating capacity to 397,178 MWe­
roughly 400 gigawatts electric (GWe). 

Twelve reactors (net capacity 10,407 
MWe) were added to the global grid in 
1989, and 15 such connections are ex­
pected in 1990 (net capacity 12, 15 1 
MWe). Although many Europeans and 
Americans believe nuclear power to be 
at a standstill, construction was started 
on five reactors in 1989 (net capacity 
4,738 MWe): two in Japan, two in South 
Korea and one in the Soviet Union. 

Let us consider what would hap­
pen if the level of electricity generat­
ed by nuclear fission were held con­
stant at 400 GWe for 100 yearS-if the 
nuclear plants now in operation or un­
der construction represent the final 
world total. Some 30 tons of 3 percent 
enriched uranium 235 are needed to 
produce one gigawatt over the course 
of a year in a contemporary light-water 
reactor (LWR)-SO called because ordi­
nary water is used as a coolant and is 
also converted to steam by the heat 
generated during fission. Seventy-five 
percent of the reactors operating today 
are LWR'S. (Uranium 235, which occurs 
in natural uranium 238, is concentrat­
ed, or enriched, so that critical mass­
the initiation of the fission chain reac­
tion-can be achieved in the reactor.) 
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REACTORS ELECTRICITY PERCENT OF REACTORS Disposal repositories are technically 
IN GENERATED ELECTRICITY UNDER uncomplicated, but given public oppo-

NORTH & CENTRAL OPERATION (MWe) GENERATION CONSTRUCTION sition to the handling and disposal of 
AMERICA radioactive materials, they pose signifi-
Canada 18 12,185 15.6 4 cant legal and societal problems. Al-
Cuba 0 0 0 2 ready just a few such sites, including 
Mexico 654 Yucca Mountain in the U. S. and Gor-
U.S. 110 98,331 19.1 4 leben in West Germany, have been de-

layed and canceled because of strenu-
SOUTH AMERICA ous protest. To date, no long-term sites 
Argentina 2 935 11.4 exist anywhere in the world. 
Brazil 626 .7 In addition to consuming the world's 

EUROPE supply of uranium and producing a 
mountain of irradiated fuel elements 

Belgium 7 5,500 60.8 0 over the next century, LWR technolo-
Bulgaria 5 2,585 32.9 2 gy would produce comparatively little 
Czechoslovakia 8 3,264 27.6 8 energy. Despite the enormous amount 
East Germany 6 2,102 10.9 5 of energy obtainable through nuclear 
Finland 4 2,310 35.4 0 power as opposed to other sources, a 
France 55 52,588 74.6 9 scenario of 400 GWe is equivalent to 
Hungary 4 1,645 49.8 0 only 70 terawatt-years of thermal ener-
Italy 2 1,120 0 gy ( TWth), far less than the already dis-
Netherlands 2 508 5.4 0 covered reserves of oil ( 154 TWth) or 
Romania 0 0 0 5 gas ( 130 TWth). The reason is that even 
Spain 10 7,544 38.4 0 if the efficiency of LWR'S is improved 
Sweden 12 9,817 45.1 0 15 percent, they will fission only .6 per-
Switzerland 5 2,952 41.6 0 cent of the available uranium atoms; 
UK 39 11,242 21.7 99.4 percent are wasted. 
West Germany 24 22,716 34.3 1 
Yugoslavia 632 5.9 0 E ven so, the greenhouse effect 

offers a powerful argument for 
ASIA increasing the use of nuclear 

China 0 0 0 3 power-if the safety and waste prob-

India 7 1,374 1.6 7 lems can be overcome. Various carbon 

Iran 0 0 0 2 dioxide (C02) reduction scenarios have 

Japan 39 29,300 27.8 12 been proposed to offset the possi-

Pakistan 1 125 .2 0 ble consequences of global warming, 

South Korea 9 7,220 50.2 2 
and each one presents a different role 
for nuclear power. The 1988 Toron-

Taiwan 6 4,924 35.2 0 
to conference, " The Changing Atmo-

U.S.S.R. 46 34,230 12.3 26 
sphere: Implications for Global Secur-

AFRICA ity," called for CO2 reductions of 20 

South Africa 2 1,842 7.4 0 percent, from six billion tons of carbon 

TOTALS 426 318,271 96 
to 4.8 billion tons a year by 2005. At 
the 14th World Energy Conference in 

Source: International Atomic Energy Agency, Vienna Montreal in 1989, I proposed a further 
reduction of energy-related CO2 emis-

AMOUNT OF POWER produced by reactors worldwide is shown above in mega- sions-to four billion tons a year by 
watts electric, along with the percentage of electricity each one provides. In the 2030. My so-called JUlich CO2 reduc-
last column the reactors under construction as of December 31, 1989, are given. tion scenario called for increased ener-

gy conservation, a shift from coal to 
natural gas and greater dependence on 

In the likely event that a 15 percent used again, and so it results in a build- solar power and biomass combustion. 
improvement is attained in core per- up of irradiated fuel elements. Because Nuclear power provided the remainder 
formance-meaning that the fuel ele- the amount of fresh fuel used in a re- of the energy. 
ments will have a longer lifetime-only actor equals the amount of spent fuel Unlike other scenarios, the JUlich 
20 tons annually (equal to 160 tons of that is discharged, 400 GWe would pro- proposal considers the rising cost of 
unenriched, that is, natural uranium) duce 20 tons of irradiated fuel ele- energy conservation. Conservation is 
would be needed. So, if conservative ments (94 percent of which is uranium; not a controversial solution for energy 
assumptions are correct, between six 1 percent its by-product, plutonium; shortages-to a point. But high ener-
and seven million tons of uranium- and 5 percent fission products)-an gy savings require a disproportionate-
equivalent to the total currently esti- annual total of 8,000 tons. And be- ly large capital investment as well as 
mated world supply-will be required cause waste disposal sites would store changes in the existing infrastructure. 
to meet generating capacity over the an estimated 70,000 tons of heavy met- These investments ultimately make the 
next century. al (prinCipally uranium and plutonium) financial and societal costs of gener-

This model , however, is based on per site, every ninth year such a site ating energy cheaper than the costs 
a once-through , throwaway cycle in would have to be opened (11  such sites associated with saving it. With these 
which fuel is not reprocessed to be over 100 years). limitations in mind , I find the pro-
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posal by Umberto P. Colombo (of the 
Italian Commission for Atomic and Al­
ternative Energy Sources) for 43 per­
cent energy savings for all industrial­
ized countries to be the feasible limit 
of conservation; Secretary of Science 
and Technology for Brazil Jose Gol­
demberg's estimate of 69 percent is 
too extreme. 

Given the financial and societal con­
straints imposed on energy conser­
vation, I propose that nuclear pow­
er increase from its present level of 
400 GWe to two terawatts (l TWe of 

PLUTONIUM 

URANIUM 

FISSION PRODUCTS 

_ _ _ TR ANSPORT ATION 

electricity equals 1,000 GWe) by the 
year 2030 (more thereafter), accompa­
nied by an evolution in current reactor 
types as well as the development of 
more efficient technologies. The great­
er energy capacity (equivalent to 3.7 
TWth) would be used both for the gen­
eration of electricity as well as for the 
reformation of natural gas into hydro­
gen-a potentially important fuel [see 
"Energy from Fossil Fuels," by William 
Fulkerson, Roddie R. Judkins and Ma­
noj K .  Sanghvi, page 128]. Such a sce­
nario is not inconsistent with calls for a 

REFABRIC ATION 

revisiting of nuclear power as request­
ed in the Toronto conference's final 
statement. 

Even without considering the threat 
of global warming alone, augment­
ing levels of nuclear-power genera­
tion makes sense. My proposal reflects 
1975 and 1986 estimates by the Inter­
national Institute for Applied Systems 
Analysis and the Organization of Eco­
nomic Cooperation and Development 
(OEeD). Economic and overall environ­
mental prudence together argue for in­
creased nuclear dependence, if for no 

NUCLEAR FUEL CYCLE follows the life history of uranium, 
the principal element used as fuel in nuclear fission. 
Uranium occurs naturally but in most cases needs to be 
enriched (a process in which the small percentage of fissile 
uranium is concentrated) before it can be used as fuel. In a 

once-through cycle, spent fuel elements can be disposed of 
in retrievable or nonretrievable storage facilities. Oth­
erwise, spent fuel can be chemically reprocessed and, after 
fabrication, reused. Plutonium generated during fission is 
disposed of or recycled after reprocessing for reuse in fuel. 
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CONTAINMENT DESIGN for an LWR ensures that core frag­
ments and radioactivity stay within the power plant in the 
event of an accident. The concrete structure has an inner 
steel lining 40 millimeters (about one and a half inches) 
thick that provides cooling vents for natural air circula­
tion (a). Air flows to the top of the dome, where a filter 
prevents the escape of radiation (b). If the reactor core ex-

plodes, long steel cables absorb and dissipate the energy 
from the upward-moving fragments (c); a grid and core 
catcher below the core prevent melt-through to the ground 
(d). In the event of pressure buildup, sliding gates close 
off all pipes, preventing the release of radioactivity (e). 
The drawing is based on a design from the University 
and Nuclear Research Center of Karlsruhe, West Germany. 

other reason than to handle the vicissi­
tudes of world energy supplies. 

G enerating two terawatts calls for 
a total of 2,500 nuclear reactors 
as well as assurances of safe­

ty, adequate waste disposal, stringent 
safeguards against the proliferation of 
nuclear weapons and, above all, pub-

lic acceptance. Although such a large 
buildup sometimes appears impossi­
ble, past construction records suggest 
otherwise. Roughly 40 GWe would have 
to be added to the global electric grid 
every year to reach a generating capaci­
ty of two terawatts. In 1984 and 1985 
more than 30 GWe were added; 40 GWe 
are therefore clearly within reach. 
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From its beginnings in the 1950's 
the nuclear industry has meticulous­
ly examined safety features, but the 
prevailing concept of safety analysis 
has changed. Today's predominant ap­
proach to safety is known as proba­
bilistic risk analysis (PRA). PRA uses as 
a definition of risk the probability that 
an event will happen multiplied by 
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its consequences. The definition was 
borrowed from the insurance industry, 
which treats risk as the probability 
of an event multiplied by its mone­
tary cost. 

PRA's application to nuclear safety, 
however, is not without shortcomings. 
Indeed, PRA's failure to describe fully 
all the implications of large nuclear 
accidents is partly responsible for the 
lack of public confidence in nuclear 
power. Further, the probability of a cat­
astrophic event is intended to be an 
improbability, and statistics are not 
available in the absence of such events. 
Instead a multiplicity of statistics syn­
thesizes a big event from many compo­
nent failures-and in so doing creates 
additional uncertainty. 

Additionally, these improbabilities 
imply long periods, if not eternities, 
until the occurrence of a catastrophe. 
But the logic of probability does not in­
corporate the notion of eternity, and so 
the damages of major catastrophes es­
cape rational assessment. PRA focuses 
on catastrophic events multiplied by 
low probabilities, when in reality only 
the consequences-not the probabili­
ty-of such events are understandably 
considered by the public. 

To be meaningful , PRA's need to be 
comparative. For example, comparing 
nuclear reactor designs has successful­
ly led to the identification and correc­
tion of design flaws. Such analyses are 
remarkably sensitive and sophisticated 
in terms of identifying possible safety 
lapses. By applying PRA to the design 
of modern nuclear reactors, engineers 
estimate that a major LWR core melt­
down is likely to happen only once 
in 20,000 years. If a meltdown takes 
place, the probability of a related re­
lease of radioactivity can be reduced 
still further by a well-designed contain­
ment facility. Thus, a major leak of 
radioactivity would be expected only 
once every, say, 100,000 years. 

When PRA is applied to the 400-GWe 
scenario, one massive release of ra­
dioactivity is expected to occur every 
200 years. In the two-terawatts scenar­
io, such a release would occur every 
40 years because there would be five 
times as many reactors and therefore 
five times as many chances for mis­
haps. Clearly, such a frequency is not 
acceptable, so it is imperative that the 
safety of reactors outpace their num­
bers. I envisage the probability of a 
core meltdown held within a contain­
ment to be less frequent than, say, 
once every 4,000 years. 

But even when this infrequency is 
compared with the probability of ac­
cidents associated with other energy 
sources, an explosion at an oil refinery, 
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Gas includes conventional uses and the production 
of hydrogen fuel (using nuclear energy). Nuclear 
includes electricity generation and the reformation 
of gas into hydrogen. 
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SCENARIOS compare amounts of energy (in terawatt-years per year) provided 
by different sources in 1987, with proposals for 2030. The 1975 International 
Institute for Applied Systems Analysis and the 1979 Umberto P. Colombo sce­
narios predate current greenhouse-effect models; the 1989 Jiilich scenario and 
the 1988 Jose Goldemberg proposal (for 2020) take climate change into account-

for example, the fear of a nuclear mis­
hap persists-especially after the ac­
cidents at Chernobyl and Three Mile 
Island, near Harrisburg, Pa. But at 
Harrisburg the containment structure 
worked-there was no appreciable leak 
of radioactivity on March 28, 1979-
whereas at Chernobyl, on April 26, 
1986, there was almost no contain­
ment and massive contamination . 

So we must strive for the con­
struction of containments that pre­
vent the damages associated with 
meltdown or other nuclear accidents. 
To achieve effective containment , I 
suggest we not look at the risk of 
the event but consider frequency and 
consequence separately. Therefore, we 
must limit , through design, the ef­
fects of a severe accident no matter 
how low its probability. A properly de­
signed and constructed containment 
would protect people and the environ­
ment outside the reactor by limiting 
the outcome. 

Stringent containment is one ele­
ment necessary to all large-scale appli­
cations of nuclear power. New designs 
permit the "deterministic" exclusion of 
catastrophic consequences such as a 
core melt-through (when the fuel over­
heats and melts through the floor of 
the reactor) or steam explosion. Hans 
Henning Hennies, GUnter Kessler and 
Josef Ebil of the University and Nu­
clear Research Center of Karlsruhe, 
West Germany, for example, recently 
analyzed the feasibility of an improved 
LWR containment design. At first glance, 
existing containments have much in 

common with this design, but the key 
difference is that the Karlsruhe design 
goes further with each feature. 

The design provides for emergency 
cooling through the natural circulation 
of coolant between the concrete shell 
and its steel lining-even under high 
pressure. Any emissions that might en­
ter and escape the coolant are filtered 
at the top of the dome. A core catcher 
is provided in the event of a melt­
through; long steel cables would ab­
sorb and dissipate any energy from an 
exploding core fragment. 

Another safety improvement is the 
introduction of so-called passive fea­
tures. In passively safe reactors, several 
days should be able to pass before hu­
man intervention is required to con­
tain radioactivity. Features include a 
large capacity to absorb heat from the 
reactor's core and the network of pipes 
that pumps coolant to the reactor. It 
should also have a large ratio of cool­
ing surface to core volume that allows 
the core to cool by heat diffusion and 
natural convection. Other designs strive 
for SimpliCity, thereby improving safe­
ty in other ways as well [see "Advanced 
Light-Water Reactors," by Michael W. 
Golay and Neil E .  Todreas; SCIENTIFIC 

AMERICAN, April). 
In addition to safety, a two-terawatts 

scenario must take into account fuel 
supply. Changing to an efficient fuel 
cycle where 60 percent instead of .6 
percent of the uranium is fissioned 
becomes imperative. As I mentioned 
earlier, the throwaway fuel cycle for 
400 GWe would exhaust global urani-

SCIENTIFIC AMERICAN September 1990 141 © 1990 SCIENTIFIC AMERICAN, INC© 1990 SCIENTIFIC AMERICAN, INC



um supplies in 100 years. At a generat­
ing capacity of two terawatts, uranium 
would be depleted in 20 years. 

The fuel-efficiency technology avail­
able today is the fast breeder reactor 
(FBR)-SO called because it creates 
more fuel than it consumes by convert­
ing nonfissile uranium into fissile plu­
tonium. FBR'S have passed the test of 
engineering feasibility and are on their 
way toward commercial feasibility. Be­
cause they can extract 100 times more 
energy from the same amount of urani­
um as LWR'S, they represent an impor­
tant technological breakthrough . If all 
uranium were fissioned in FBR'S, nucle­
ar power could generate at least 35,000 
TWth as opposed to the 70 TWth now 
being generated (partly because the 
higher cost of additional low-grade ura­
nium, which is much harder to mine, 
could be balanced by the savings from 
breeder efficiency). 

Breeders require reprocessing. If 
FBR'S and LWR'S generate two tera­
watts, they would produce 35,000 tons 
of irradiated fuel elements. In this sce­
nario a final waste disposal site would 
have to be opened every other year 
or so-an awkward prospect. In the re­
processing process, plutonium created 
during the fission of uranium is ex­
tracted chemically from the spent fuel 
along with the unused uranium. (Spent 
fuel is dissolved in nitric acid, which 
forms a solution from which uranium 
and plutonium and the fission prod­
ucts-nuclear ash-can be removed, 
also by chemical means.) 

The four reprocessing facilities cur-

rently operating-Sellafield in England, 
La Hague in France, Tarapur in India 
and Tokai in Japan-process a total 
of 2,040 tons of uranium a year. Four 
plants under construction will process 
another 2,500 tons a year, yielding a 
global reprocessing capacity of 4,540 
tons a year. (There are no data avail­
able on Soviet or Chinese reprocess­
ing capabilities.) These existing and 
planned facilities can only reprocess 
half of the 10,000 tons of spent fuel 
currently produced each year-nowhere 
near the above-mentioned 35,000 tons 
a year. 

Beyond safety features and efficient 
fuel cycles wait other technological de­
velopments, including fusion. Fusion 
releases energy by uniting nuclei rather 
than dividing them. Although fusion 
has not yet passed the threshold of sci­
entific feasibility and cannot be incor­
porated into future scenarios, it holds 
great promise. The intended Interna­
tional Tokamak Reactor Experiment (a 
joint enterprise involving the U. S. , the 
Soviet Union , Japan and Europe) sug­
gests that by the middle of the next 
century fusion will most probably reach 
commercial viability. 

Contrary to prevailing perceptions, 
current fusion technology is not inher­
ently "clean," because neutrons escape, 
making surrounding materials and the 
reactor radioactive. But other fusion 
technologies include advanced fuel cy­
cles that perhaps would be neutron­
poor or neutron-free-allowing fusion 
to become a clean source of energy. 

Hybrid reactors might someday com-

TARAPUR REACTOR, a BWR in Maharashtra, India, was connected to the global 
electric grid in 1969 and currently provides 300 megawatts of electricity. Tara­
pur is the site of one of the world's four operational chemical-reprocessing plants. 
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bine fusion and fission. Neutrons from 
fusion reactions would be absorbed 
by a blanket of fissionable material, 
which in turn would convert natural 
uranium or other elements into fissile 
material. 

Another emerging technology, elec­
tric breeding, could also be important. 
An electric breeder would speed pro­
tons into a target of uranium nuclei or 
other elements. The resulting material 
could be used in fission reactors. 

Finally, second-generation chemical 
processing not only could separate plu­
tonium and uranium from the fission 
products but also could remove certain 
burdensome long-lived isotopes during 
the process. This reprocessing technol­
ogy could lead to second-generation fi­
nal waste disposal, requiring much less 
space when these isotopes are separat­
ed out. Opening a final waste dispos­
al every other year or more would be 
unnecessary. �thOUgh the construction of some 

2,000 additional reactors world­
wide is technologically possible, 

a wide chasm exists between such 
feasibility and political and societal 
constraints. The World Commission on 
Environment and Development issued 
a report in 1987 entitled "Our Com­
mon Future," which recognized nucle­
ar power's potential but was hesitant 
to embrace a 2,500-reactor scenario 
without certain legally binding qualifi­
cations. The Brundtland report, named 
after Gro Harlem Brundtland, who 
chaired the commission, stipulated that 
there be early-notification procedures 
in case of a nuclear accident or the 
release of excessive amounts of ra­
dioactivity, emergency response train­
ing , regulations for the transport of 
radioactive materials, standardization 
of operator training and licensing pro­
cedures, enactment of reactor opera­
tion and safety rules, reports of routine 
and accidental discharges, site selec­
tion criteria, specifications for waste 
repositories, and procedures for decon­
tamination and dismantling. Signifi­
cantly, these concerns are not techno­
logical ones but rather institutional. 

Many of these concerns have been 
addressed by international organi­
zations-the IAEA, Euratom and the 
World Association of Nuclear Opera­
tors, among them. But unwilling coun­
tries cannot be forced to adhere to 
these agencies' standards, and qual­
ity control, stringent operation and 
sound management are difficult to 
ensure without enforcement power. As 
Peter W. Beck , formerly of Shell Lon­
don, wrote: " Many of us may well have 
missed the most important lesson of 
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Chernobyl: the international nature of 
nuclear safety. In other words, the par­
amount need for safe design and op­
eration everywhere is the concern of 
everyone, irrespective of frontiers or 
distance." 

Unfortunately, the international con­
sensus that nuclear power demands by 
its very nature is being obscured by 
national debates that center around 
the reprocessing and waste disposal 
issues. These concerns may turn out 
to be the principal obstacle for nucle­
ar power. 

Efforts in the past 20 years to de­
velop civilian (as opposed to govern­
ment-operated) reprocessing facilities 
have had only limited success. La 
Hague in France and Sellafield in En­
gland are models of such civilian-run 
operations, although in each case the 
government maintains a presence. Sim­
ilar efforts have not been successful 
in the U. S. or in West Germany. In 
the 1970's the Carter administration 
passed the Nuclear Non-Proliferation 
Act, which called for the termination of 
all civilian reprocessing activities, with 
an eye to having such processing halt­
ed in other countries as well. Wackers­
dorf in West Germany stopped con­
struction last year, forcing the utilities 
there to turn to France and Britain for 
processing. 

C ontroversy continues to erupt 
over disposal, given that all reac­
tors generate some amount of 

waste. But there are solutions. Karl P. 
Cohen, formerly of the General 8ectric 
Company, proposed that the U. S. adopt 
an intermediate solution. He suggested 
that spent fuel be stored on site for at 
least 100 years. Storage, however, will 
eventually be a global problem. There 
should be an international institution­
preferably IAEA or one under its aus­
pices-to construct and operate one or 
more temporary retrievable storage fa­
cilities. The capacity of such facilities 
should initially be some 400,000 tons 
of heavy metal. These facilities could 
be located on islands or peninsulas. A 
variation of the idea was proposed by 
Cesare Marchetti in the early 1970's 
and again by myself in 1976. 

International storage facilities offer 
several advantages. They encourage the 
development of global institutions that 
would be immune to national politics. 
Such facilities would allow the nucle­
ar-power industry the time it needs to 
develop SCientific, technological and in­
stitutional final waste disposal meth­
ods. Access to these facilities would 
give countries that steered clear of nu­
clear power because of the waste is­
sue a chance to develop nuclear ener-

gy. The sites could also play a key role 
in disassembling nuclear weapons and 
ensuring nonproliferation of nuclear 
material. 

If their installation and operation 
were successful , such sites could 
also lay the foundation for final waste 
disposal. And if sites were chosen 
through global consensus, fuel-repro­
cessing and possibly other nuclear fa­
cilities could be constructed and oper­
ated there as well. 

This idea of the international regu­
lation of nuclear power was first pre­
sented in 1946 by the Acheson-Lilien­
thal-Baruch plan. These early fathers of 
nuclear energy had a clear understand­
ing of the potential power of nuclear 
energy (the one trillion factor) and were 
driven by their concern that nuclear 
weapons might proliferate through the 
spread of fissionable material. 

But the Acheson-Lilienthal-Baruch 
plan was never realized. Instead the 
1954 Atomic Energy Act initiated its 
Atoms for Peace Program. It was fol­
lowed in 1970 by the Nuclear Non-Pro­
liferation Treaty, which has been signed 
by 140 nations, establishing the inter­
national safeguard system still success­
fully administered by the IAEA . 

The IAEA safeguard system consists 
of three elements: material account­
ability, surveillance and containment­
within a framework of objectivity, ra­
tionality and efficiency. There is broad 
agreement that quantitative measure­
ment comes closest to fulfilling these 
criteria. Therefore, material account­
ability is paramount among the three. 
For the majority of nuclear reactors, 
material accountability leads to the 
identification and tallying of speCific 
items with relative ease. But such mon­
itoring is more challenging with repro­
cessing, enrichment and fuel-fabrica­
tion facilities; surveillance measures 
and resident inspectors become in­
creasingly critical at these sites. 

It is important to remember that the 
proliferation of nuclear weapons is not 
necessarily related to civilian uses of 
nuclear power. In fact, a crude centri­
fuge enrichment device can provide the 
same access to such armaments. And 
there is a great distinction between 
a single crude nuclear device and an 
operational nuclear armory. Ensuring 
nonproliferation is hardly a straightfor­
ward task . 

Today's nonproliferation regime­
that is, the web of technical, insti­
tutional and political measures already 
in place-works rather well, that is, 
I would guardedly give it a positive 
evaluation. Therefore, I do not think an 
expansion of nuclear capability from 
400 GWe to 2 TWe would contribute 
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to proliferation-provided certain stan­
dards are maintained. It should not 
be too difficult to apply item account­
ability to new reactors. And because 
the few enrichment facilities that cur­
rently exist are effectively safeguard­
ed, increasing the number of enrich­
ment facilities and fuel-fabrication fa­
cilities by a factor of five should pose 
no hardship. 

N o mention of costs was made 
in this article expressly. Some 
would say that nuclear power 

has declined in certain countries be­
cause of the excessive expenses and 
long construction times associated with 
new plants. Yet costs are established 
not on paper but by market demand. 
Real obstacles to the development of 
nuclear power have been regulatory 
and licensing uncertainties and pub­
lic opposition. Construction delays of 
eight years or so have sometimes dou­
bled the cost of a reactor. 

Nuclear power must play a signifi­
cant role in a sustainable future, but 
it must be carefully administered. Safe­
ty standards, design features, waste 
storage and the entire fuel cycle must 
be under the jurisdiction of an inter­
national regulatory agency. Only then 
can the full potential of nuclear pow­
er be realized. In view of worldwide 
population growth and its accompany­
ing problems, I sincerely doubt that 
turning backward will allow us to mas­
ter the future. Instead we have to go 
forward. 
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Energy from the Sun 
Various forms of solar energy, including wind and biomass, 

offer environmentally benign ways to generate electricity and make 
fuels. Some technologies will be cost-competitive before the year 2000 

by Carl]. Weinberg and Robert H. Williams 

Worries about urban air pollu­
tion, acid rain, oil spills, nucle­
ar risks and global warming 

are prompting a reexamination of al­
ternatives to coal, oil and nuclear pow­
er. Although alternative energy sour­
ces are not universally pollution-free, 
there is a wide range of options that 
are far less environmentally damag­
ing than conventional energy supplies. 
The most promising technologies har­
ness the sun's energy. Here we exam­
ine a selected set of solar technologies 
for producing electricity and fuels and 
discuss strategies for realizing their 
potential. 

Several solar technologies and the in­
dustrial infrastructures needed to ex­
ploit them are advancing rapidly. Elec­
tricity from wind, solar-thermal and 
biomass technologies is likely to be 
cost-competitive in the 1990's; electric­
ity from photovoltaics and liquid fuels 
from biomass should be so by the turn 
of the century. While it is premature to 
predict which of these will dominate, it 
is clear that the solar energy supply 
will be diversified in both technology 
and scale and will have marked region­
al variations. These characteristics im­
ply the need for new approaches for 
both introducing and managing solar 
technologies. 

Hydropower is the most highly util­
ized solar energy source. In this case, 
the sun's role is indirect. Sunlight 
evaporates water, which later falls as 
rain; rainwater flows into rivers and 
turns generator turbines as it returns 
to the sea. In 1987 hydropower ac-

WIND FARMS at Altamont Pass, Calif., 
contain 7,500 wind turbines owned and 
operated by independent companies 
who sell the electricity to Pacific Gas 
& Electric. During the 1980's mass-pro­
duction techniques and improved de­
ployment and operating strategies cut 
the cost of electricity from wind ten­
fold. Modular solar energy systems are 
especially amenable to such cost cutting. 

counted for 17 percent of electricity 
production in industrialized countries 
and 31 percent in developing coun­
tries. The World Energy Conference es­
timated that the amount of hydropow­
er that could be exploited commercial­
ly is nearly five times that now being 
generated. The hydroelectric potential 
in developing countries is particularly 
large-nearly 10 times the amount al­
ready developed. 

It is unlikely, however, that all of this 
potential will be developed, as hydro­
electric projects increasingly become 
targets of environmental concern. Fre­
quently discussed problems include 
the loss of large land areas to hy­
droelectric facilities, the potential for 
catastrophic dam failures and various 
health and ecological worries. Yet if 
electricity is used wisely so that the 
growth in demand is slow, even the 
limited untapped resources defined by 
environmental constraints could meet 
a Significant fraction of future electrici­
ty needs. 

Xong other solar electricity op­
tions, wind power is closest to 
being economically competitive. 

Wind is solar power that has already 
been converted into mechanical power, 
so further conversion to electricity can 
be accomplished efficiently. 

During the 1980's some 1,660 mega­
watts of wind-electric capacity was in­
stalled worldwide (a megawatt is one 
million watts). Of the total, 85 percent 
is in California, mostly at Altamont 
Pass in territory served by the Pacific 
Gas & Electric Company (PG&E), where 
there are now about 7,500 wind tur­
bines. The California wind boom result­
ed largely from favorable tax policies 
and high prices paid by utilities for 
wind-generated electricity in the mid-
1980's. These incentives have been dis­
continued, but wind power continues 
to grow in California, albeit at a slow­
er rate. 

The Altamont wind farms have 
sometimes been referred to dispar-

agingly as tax-shelter energy invest­
ments. lndeed, difficulties arose in 
the early years. Tax incentives encour­
aged rapid construction of wind ma­
chines whose designs had not been 
rigorously tested, and failures were 
common. Today most of the prob­
lems have been resolved, and remark­
able improvement in wind-power econ­
omics has been made. Since 1981 the 
cost of wind-generated electricity has 
dropped nearly an order of magnitude, 
to less than seven cents per kilowatt­
hour (for comparison, electricity from 
a new coal-fired power plant costs 
about five cents per kilowatt-hour in 
the U.S.). 

Few of the cost reductions can be 
traced to improved technology. Ex­
cept for lightweight composite-material 
blades and microprocessor-controlled 
turbines, commercial wind turbines 
at Altamont incorporate no substan­
tial aerodynamic or design innova­
tions over those built 50 years ago. The 
reduced cost of wind power stems 
mainly from organizational learning, 
which involves standardizing proce­
dures. At the factory, manufacturers 
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solar-thermal, photovoltaic and geother­
mal systems as well as advanced ener­
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Energy Association and the Solar Ener­
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u.s. ELECTRICITY DEMAND could be satisfied by four million 5()().kilowan wind 
turbines spaced half a kilometer apart over 10 percent of the U.s. where wind is fa· 
vorable. Colors show wind-electric potentials as a percentage of in·state electricity 
generation. Roughly 90 percent of the U.s. potential for wind is in 12 states, indicat­
ed by the bold margin. The numbers refer to the percentages of total U.S. wind-elec­
tric potential for these states. Wind-generated electricity in these states could far ex­
ceed local demand; large amounts could be exported or used to make hydrogen. 

learned mass-production techniques; in 
the field , workers learned to site ma­
chines more effectively and to schedule 
maintenance at times of low wind. 

For large-scale (500 to 1,000 mega­
watts per unit) fossil-fuel or nucle­
ar-power plants, the construction of 
a single plant is so complicated and 
time-consuming that advances along 
the learning curve are slow at best, 
and creating standardized designs is 
difficult. In contrast, the small unit size 
(50 to 300 kilowatts) and relative sim­
pliCity of wind and many other solar 
technologies make it possible to mass­
produce identical units. The time re­
quired from initial design to opera­
tion is so short that needed improve­
ments can be determined by field test­
ing and quickly incorporated into mod­
ified designs. 

New, sophisticated wind turbine tech­
nologies promise further savings. PG&E 
is involved in a five-year cooperative 
effort with the Electric Power Research 
Institute (£PRJ) in Palo Alto and U. S. 
Windpower in Livermore to develop, 
build and test prototypes of a 300-
kilowatt variable-speed wind turbine. 
These turbines will have blades and 
sophisticated electronic controls that 
allow the rotor to turn at optimal 
speed under a wide range of wind con­
ditions, thereby increasing wind en­
ergy capture. These innovations offer 
other benefits as well, including re­
duced material fatigue and lower main­
tenance costs. 

Further gains in wind-power effi­
ciency could be achieved with ad­
vanced airfoils, "smart" electronic con­
trols that adjust system- operating pa­
rameters based on wind character­
istics, and continued development of 
advanced materials that yield light­
er, stronger components. Taken to­
gether, these new technologies should 
make wind power cost-competitive. 
The U. S. Department of Energy and in­
dustry analysts project that during the 
next 20 years the costs of wind elec­
tricity at sites with moderate wind re­
sources could fall to 3.5 cents per kilo­
watt-hour. 

The economics of wind power de­
pend on value as well as cost. One 
might think that, because wind is inter­
mittent, wind electricity without stor­
age would have a value no greater than 
the fuel and operating costs saved by 
not having to produce electricity in 
conventional power plants, but wind 
power also has the value of reducing 
the need to build conventional generat­
ing capacity. 

The value of wind power depends 
both on conditions at the site and on 
the nature of the local utility's demand 
profile. To the extent that wind power 
is available at the time of the utility's 
peak demand, it is especially valuable; 
peaking power is the most costly to 
provide. In northern California, wind 
output, averaged over the two major 
wind sites (Altamont and Solano), is 
available at 50 percent of rated gener-
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ating capacity during this period. For 
comparison , the availability of fossil­
fuel power plants is 80 to 90 percent of 
rated capacity. 

Wind energy is relatively clean , and 
most of its problems have been solved. 
Noise was one concern, but modern 
turbines make little sound beyond the 
rush of the wind . Steel blades can inter­
fere with television reception , but this 
has not been a problem with the rela­
tively small Altamont turbines, whose 
rotors are made mostly of fiberglass 
or wood and epoxy. At Altamont, bird 
kills are a possible problem that is be­
ing investigated. Perhaps the most seri­
ous problem is aesthetic: some people 
do not want to see windmills on the 
landscape. 

About 90 percent of the wind power 
potential of the U.S. is in 12 contigu­
ous states [see illustration at leftl, where 
large-scale ranching and grain produc­
tion are major industries. Wind power 
could be a good neighbor to such ag­
ricultural activities. Experience shows 
that the value of ranchland increases 
rapidly when it is converted to wind 
farms. At Altamont, prices rose from 
$400 to $2,000 per acre, reflecting roy­
alties paid to landowners for use of the 
land. Ranchers lost only about 5 per­
cent of the grazing area at Altamont, 
where cattle graze around the wind 
machines. 

Wind resources in the U. S. are con­
centrated in states where potential gen­
eration would greatly exceed local de­
mand. Therefore, it is important to im­
prove electricity networks and reduce 
transmission costs to make it economi­
cal for these states to become major 
electricity exporters. �romising energy technology for 

sunny areas, known as solar 
thermal electric generation, em­

ploys reflective solar collectors that 
track the sun and concentrate its heat 
and light. The concentrated sunlight 
heats a fluid, which is used in a power­
generating cycle. 

Between 1984 and 1988 the LUZ Cor­
poration based in Los Angeles installed 
several commercial solar-thermal elec­
tric plants having a total generating ca­
pacity of 275 megawatts in California's 
Mojave Desert. LUZ has 80 megawatts 
of capacity under construction and will 
install another 300 megawatts at Harp­
er Lake in southern California by 1994. 
The LUZ system uses mirrors mounted 
in parabolic troughs to focus sunlight 
on oil-carrying receiver pipes. The oil is 
heated as it circulates through the pipe 
and is used to create steam that drives 
a turbine generator [see illustration on 
opposite pagel. A natural gas burner 
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can be used to augment the solar heat 
as needed. 

Like wind power, solar-thermal elec­
tric technology involves modular con­
struction and offers the economies of 
mass production. Each of the 80-mega­
watt plants at Harper Lake will consist 
of 852 100-meter-long, independent­
ly operated solar-collector assemblies. 
Construction time for the first of these 
plants, which went into operation in 
1989, was nine months, far less than 
the six to 12 years typical for con­
ventional central-station power plants. 
Improved engineering, manufacturing 
and construction techniques have re­
duced electricity costs from 23 cents 
per kilowatt-hour for the first LUZ 
plant to 10 cents per kilowatt-hour for 
plants being built today. 

An alternative solar-thermal elec­
tric concept involves sun-tracking mir­
rors that focus concentrated sunlight 
onto a central receiver, reaching much 
higher temperatures than is feasible 
with parabolic troughs. This approach 
is especially well suited for use with 
promising solar-thermal storage tech­
nologies. In the 1970's a number of 

pilot plants were built, including the 
10-megawatt Solar One plant at Dag­
gett, Calif., and a five-megawatt unit 
at Almeria, Spain. The major central­
receiver project at present is the Euro­
pean Phoebus project, a 30-megawatt 
plant to be built in Jordan. If success­
ful, Phoebus could reestablish this ap­
proach as a viable option. 

P hotovoltaic (PV) electricity is pro­
duced directly from solar ener­
gy when photons (individual par­

ticles of light) absorbed in a semicon­
ductor create an electric current. PV is 
the quintessential energy source, cre­
ating electricity with no pollution , no 
noise and often no moving parts. Pho­
tovoltaic systems need minimal main­
tenance and no water and so are well 
suited to remote or arid regions. They 
can also operate on any scale, from 
multiwatt portable modules for remote 
communications and instrumentation 
to multimegawatt power plants cover­
ing millions of square meters. This size 
flexibility makes it possible to locate 
PV systems near users, where the pro­
duced electricity is more valuable than 

at a central station. Small PV systems 
therefore are potentially cost-effective 
even in some relatively cloudy or high­
latitude areas, where solar energy might 
seem impractical. 

PV power is unlikely to be limited by 
land-use constraints. A 12 percent effi­
cient, 40-square-meter array mounted 
on a south-facing rooftop in an area 
of average solar radiation in the U.S. 
could produce about as much electric­
ity as is consumed by a typical U.S. 
household. The amount of PV electric­
ity equivalent to total U.S. electricity 
generation could be produced on a col­
lector field covering 34,000 square ki­
lometers, or less than .37 percent of 
the U.S. land area. 

The rapid decline in PV costs (from 
$60 per kilowatt-hour in 1970 to $1 in 
1980 and to 20 to 30 cents today) and 
the development of niche markets have 
increased PV demand at a rate of 25 
percent a year. Annual worldwide sales 
now exceed 40 megawatts of peak ca­
pacity. The present cost is still about 
five times the cost of electricity from 
conventional sources, but progress has 
been more rapid than anticipated. 

ENGINE GENERATOR 

SOlAR-THERMAL ELECTRIC plant built in the Mojave Desert 
by the LUZ Corporation produces electricity that is sold to 
Southern California Edison. Concentrated sunlight heats oil 
in the pipes; heat from the oil generates steam that drives a 
turbine generator (top). A natural gas burner provides sup-

plemental heat during periods of high demand or low sun­
light. Photovoltaic cells that convert sunlight directly into 
electricity are now cost-effective in some isolated locations, 
such as Coconut Island off the Australian coast. Batteries and 
a diesel engine generator provide backup power (bottom). 
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ALCOHOL FUELS AND ELECTRICITY can be produced from 
biomass (wood or other plant matter).  Burning biomass re­
leases carbon dioxide, but if biomass is grown sustainably, 

the amount released is balanced by the amount of carbon di­
oxide taken in during photosynthesis. Biomass energy, prop­
erly managed, would not contribute to greenhouse warming. 

Solar-cell efficiencies in the labora­
tory have improved from 16 to 18 
percent in the mid-1970's to today's 
28.5 percent for a point-contact crys­
talline silicon cell and 35 percent for 
a gallium arsenide-gallium antimonide 
stacked junction cell (a cell with two 
layers that absorb different parts of the 
solar spectrum). 

A promising new class of solar cells 
based on thin films of semiconductor 
material is being developed. Although 
these cells generally have lower effi­
ciencies (the highest yet achieved in 
the laboratory is less than 16 percent), 
they have the potential for very low 
cost, perhaps as low as one tenth the 
current PV module market price. Thin 
films are especially amenable to cost­
cutting, mass-production techniques 
and require only tiny amounts of active 
material. The films are from only one 
to two microns thick , one fiftieth the 
thickness of a human hair. 

Further improvements are needed 
before solar cells will be competitive in 
the bulk power market. Crystalline sili­
con is efficient and reliable, but its pro­
duction costs remain high. Thin-film 
technologies have yet to demonstrate 
adequate levels of efficiency and re­
liability in commercial products. And 
as the cost of PV modules decreases, 
more attention must be paid to reduc­
ing the costs of other PV system com­
ponents, which already account for half 
of total PV costs. 

To examine the prospects for large­
scale PV electricity generation, PG&E 

created a government-industry partner­
ship called the Photovoltaics for Utili­
ty Scale Applications (PVUSA) project. 
The project is designed to bridge the 
gap between PV research and develop­
ment and commercial implementation. 
A variety of systems are being tested in 
order to provide comparative data on 
reliability and performance, operation 
and maintenance costs as well as inno­
vative systems designs. 

Similar projects are under way 
around the globe. In Japan all major 
utilities are involved in PV projects, 
such as the Rokko Island test facility, 
where 100 residential-scale PV systems 
connected to the power grid are being 
tested. The largest West German utility, 
Rheinisch Westfalisches Electrizitats­
werk, is evaluating several PV technolo­
gies at an installation that will eventu­
ally generate one megawatt (peak). The 
governments of Italy and Spain have 
installed and are funding freestanding 
systems for homes and remote areas. 
Italy is also planning larger systems to 
generate up to three megawatts. 

Concerted efforts also are needed to 
promote the growth of PV manufactur­
ing industries. One way to do this is to 
target niche markets in which the value 
of electricity is particularly high. Con­
sumer electronic products (solar cal­
culators, watches and so on), for ex­
ample, raised amorphous silicon solar 
cells from a laboratory curiosity to a 
viable commercial technology. These 
products now account for nearly 40 
percent of PV sales worldwide. 
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PV is already cost-effective in appli­
cations far from existing power lines, 
such as remote residences, research 
stations and military and communica­
tions facilities. Several U.S. utilities are 
using PV systems for small-scale op­
erations. The Georgia Power Company 
found that a $3,000 PV remote lighting 
system eliminated the need for a $35,-
000 electric grid extension. 

Regions of developing countries 
where rural electrification is embryon­
ic are important early markets for PV 
systems. Extending power lines from 
centralized sources to rural areas is of­
ten not yet economical, and so decen­
tralized power sources such as PV are 
a promising alternative. On a lifetime­
cost baSis, PVis now cost-effective com­
pared with diesel generators at capac­
ities below 20 kilowatts. In India there 
are from four to five million diesel­
powered water pumps, each consum­
ing about 3.5 kilowatts. This market 
alone could support annual PV sales 
of perhaps 1,000 peak megawatts, 25 
times current global sales. Niche mar­
kets account for only a minuscule share 
of the global energy market, but they 
would help establish a viable PV in­
dustry that could begin competing in 
bulk power markets around the turn 
of the century. 

M any believe that because of 
their variability, wind and di­
rect solar energy can meet only 

a small fraction of total electricity de­
mand without a substantial amount of 
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energy storage. The need for storage 
depends on the temporal relation be­
tween the availability of energy from 
renewable sources and the utility's de­
mand. The amount of storage required 
could be surprisingly small. In Califor­
nia demand peaks daily in the late 
afternoon and yearly in the summer, 
when the potential supply from wind 
and direct solar resources is greatest. It 
therefore would be feasible to meet as 
much as half of the peak demand and 
one third of the total electric energy 
with wind and solar sources by adding 
only a modest amount of storage [see 
illustration on page 155]. 

Even so, direct solar and wind en­
ergy could make a greater contribu­
tion if more storage were available. It 
is therefore important to improve stor­
age technologies in parallel with im­
provements in solar electric-generating 
technologies. Solar-thermal electric sys­
tems are readily adapted to high-tem­
perature thermal storage. Today this 
is potentially more economical than 
batteries or other nonthermal storage, 
especially when the fluid that trans­
ports heat from the collector is also the 
heat storage medium. Thermal storage 
makes it possible for a solar-thermal 
electric plant to provide power like a 
base-load fossil-fuel power plant. Many 
studies indicate that central-receiver 
thermal-electric systems with thermal 
storage could be competitive with fos­
sil-fuel systems. 

Another approach is to add a low­
cost fossil-fuel system whose output 
can easily be adjusted to compensate 
for variations in solar supply. A so­
lar-natural gas "hybrid" in particular 
would be one of the most environmen­
tally benign ways of using fossil fuels 
to generate power. 

At very low incremental cost, LUZ 
added a natural gas-firing capability to 
its solar-thermal electric system. The 
supplemental natural gas heat source 
gave LUZ the capability to maximize 
the value of its output to the utility, by 
ensuring that power is available when 
needed. 

The solar-natural gas hybrid con­
cept is also applicable to wind and 
photovoltaics. A new generation of effi­
cient , inexpensive gas turbines could 
be used in these hybrids. Although the 
extra cost would be greater than for 
the gas capacity in the LUZ hybrid, 
these gas turbines would be only about 
one third as costly as coal-fired steam­
electric capacity. 

Hybrid "miniutility" systems con­
taining PV, batteries and diesel genera­
tors already provide reliable power for 
some remote applications. A miniutili­
ty system of this kind serves a commu-

nity of some 100 people on Coconut Is­
land in the Torres Strait between Aus­
tralia and New Guinea. Similar systems 
are being considered for Africa 1000, a 
project to provide electricity to 1,000 
villages there, and for the Australian 
outback. 

S ome solar energy options have 
"built-in" storage. In biomass­
green plant matter created in pho­

tosynthesis-solar energy is stored as 
chemical energy that can be recovered 
by burning the plants. 

Biomass offers a number of advan­
tages. Unlike fossil fuels, biomass is 
available over much of the earth's sur­
face. It generally contains less than .1 
percent sulfur and 3 to 5 percent ash, 
compared with 2 to 3 percent and 10 
to 15 percent, respectively, for bitumi­
nous coal. If biomass is produced at a 
sustainable rate, the carbon dioxide re­
leased when biomass is processed and 
burned exactly balances the carbon di­
oxide consumed during photosynthe­
sis. Bioenergy would make no net con­
tribution to the carbon dioxide in the 
atmosphere, and so it would not con­
tribute to global warming [see illustra­
tion on opposite page]. 

Biomass is widely used to gener­
ate electricity and heat in the forest­
products industries. Wood wastes from 
the production process are used as 
fuel for steam-turbine cogeneration sys-

terns. This approach is economical only 
where low-cost biomass fuel is read­
ily available. Steam turbines are rela­
tively expensive and ineffiCient at the 
modest scales that are practical for 
biomass (less than 100 megawatts). At 
larger scales, fuel transportation costs 
become prohibitive because biomass 
resources are distributed thinly over 
large areas. 

The gas turbine offers a promising 
means of generating cost-competitive 
biomass power, even using more cost­
ly biomass fuels such as logging waste 
or plants grown on plantations. In gas 
turbines, gaseous fuel is burned, and 
the hot combustion products are direct­
ed to a turbine that generates electrici­
ty. In addition , the hot turbine-exhaust 
gases can be used to produce steam , 
which can be utilized for industrial ap­
plications or for additional power gen­
eration. Gas turbines are inherently 
simpler and cheaper than convention­
al steam turbines. And whereas the lat­
ter have shown no improvements in ef­
ficiency since the late 1950's, gas tur­
bines have improved continuously. 

The most promising way to use bio­
mass in gas turbines is to gasify it with 
air and steam at high pressures and 
clean the gas of impurities that might 
damage the turbine blades before burn­
ing it. Gasification and power gener­
ation would occur at the same facility 
to maximize efficiency. Such integrated 
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BIOMASS SUPPUES can be obtained economically from a number of sources in the 
U. S. They could displace coal for electricity generation and oil for light vehicles, 
which in 1987 together accounted for 49 percent of fossil-fuel carbon dioxide 
emissions in the U.S. At present levels of efficiency, biomass could supply two 
thirds of the combined energy need. Doubling vehicle fuel economy and switching 
to advanced gas turbines for power would enable biomass to meet the entire need. 

SCIENTIFIC AMERICAN September 1990 151 © 1990 SCIENTIFIC AMERICAN, INC© 1990 SCIENTIFIC AMERICAN, INC



WE 
S'I'ILL 
ARE 

Providing superior 
indium solders. 

Scientists around the world look 
to indium solders to solve their 
most difficult joining and 

bonding problems. Because unlike 
tin-lead s olders, indium solders 
won't scavenge or leach metalliza­
tions of precious metals. Their 
strength is derived from outstanding 
ductility which also accommodates 
mismatches in thermal coefficients 
of expansion, severe thermal cy­
cling and physical stresses. They'll 
eve n wet glass, quartz and glazed 
ceramics. 
For free technical literature and con­
sultation, call 800-448-9240. 

• 
JTi\ 

INDIUM CORPORATION 
OFAMERlCA 

1676 Lincoln Avenue' Utica, NY 13502 • Telex 

93-7363 Toll Free 1-800-448-9240 ' In NY State 

Call Collect 315-768-6400' FAX 315-768-6362 

,. - ---- .... I aUDla·�alHJm®
offers \ 

the best in self-instructional 

I foreign language courses using I 
audio cassettes - featuring 

I those used to train U.S. State I Dept. personnel in Spanish, 

• French, German, Portuguese, • 
Japanese, Greek, Hebrew, 

• Arabic, Chinese, Learn • 
I �

a

��:
n, aa foreign I 

I language on • 
I your own!���IOg. 

To get your copy 

I '2 Call toll·lree: H!Oo-243'1234 1 I 
or fill out and send thiS ad to-• Audio-Forum I Room M919. 96 Broad St., • Guilford. CT 06437 I (203) 453-9794 

• Name • 
• Address Apt. # I 
I City I 
• State/Z,p • I am particularty interested in (check chOice): 

o Mandarin 0 Polish 0 Arabic 0 HUngarian, \ 0 Bulgarian 0 RUSSian 0 Tagalog 0 Hausa 
o Other ________ --:. 

.... _---_ ... 

gasifier-gas turbine technology is now 
being developed for coal, and it could 
easily be adapted to biomass. In fact, 
the technology probably could be com­
mercialized more quickly and cheap­
ly for biomass than for coal because 
biomass is easier to gasify and gener­
ally contains little sulfur. Preliminary 
estimates by one of us (Williams) and 
colleagues at Princeton University indi­
cate that a biomass gasifier-gas turbine 
could compete in cost with convention­
al coal, nuclear and hydroelectric pow­
er in both industrialized and develop­
ing countries. 

The most promising near-term ap­
plications for biomass-powered gas 
turbines are in industries where large 
quantities of biomass residues are read­
ily available, such as the cane sugar and 
alcohol industries. Gas turbines fueled 
with sugarcane residues could generate 
far more electricity than sugar factories 
or alcohol distilleries need. At Brazil­
ian distilleries the economic benefits of 
electricity coproduction could make al­
cohol competitive with current, low oil 
prices. At the present level of cane pro­
duction, gaSifier-gas turbine systems 
could produce about half as much pow­
er as is now generated by all sources in 
the 80 developing countries that pro­
duce cane. �thOUgh electricity production will 

probably dominate initial appli­
cations of solar energy, the pro­

duction of liquid and gaseous fuels 

also will be important in the 21st cen­
tury. Interest in synthetic fuels flared 
briefly during the 1970's, waned with 
declining oil prices in the 1980's and 
recently has reemerged, this time driv­
en primarily by environmental concerns. 

Methanol is one much discussed al­
ternative fuel for transportation [see 
"Energy for Motor Vehicles," by Debo­
rah L. Bleviss and Peter Walzer, page 
102). Although methanol would create 
less local air pollution than gasoline, a 
shift to fossil fuel-based methanol pos­
es climate risks. Methanol would prob­
ably be produced from natural gas at 
first, but as gas supplies tighten, sup­
pliers might switch to coal, which is 
much more abundant, as the raw mate­
rial. Coal-based methanol would exac­
erbate global warming because it re­
leases twice as much carbon dioxide 
into the atmosphere as does gasoline. 

This problem could be avoided by 
using methanol produced from woody 
biomass that is grown sustainably. The 
biomass would be gasified and syn­
thesized into methanol by processes 
similar to those being developed for 
coal. Coal-based methanol would be 
less costly if, as currently contemplat­
ed, the coal facilities are large units that 
cost a billion dollars or more. The trend 
in energy conversion , however, is to­
ward smaller, more modular and less fi­
nancially risky units. At tlIe much small­
er scales needed for biomass, biomass­
derived methanol would be cheaper 
than coal-derived methanol. 
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HYDROGEN produced by splitting water with photovoltaic or wind electricity is 
a clean fuel that stores solar energy in a chemical form. Transporting hydrogen 
is in principle cheaper than transmitting electricity, so converting to hydro­
gen can be an attractive means of bringing solar energy to major demand centers. 
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One alternative to methanol is etha­
nol produced by the fermentation of 
biomass-derived sugars. Ethanol from 
sugarcane has been produced on large 
scales in Brazil; in the U.S., modest 
quantities of ethanol produced from 
corn are used as a gasoline extend­
er. Corn-based ethanol is relatively ex­
pensive because growing corn is cost­
ly; however, technology is being de­
veloped for making fermentable sugars 
out of low-cost woody feedstocks using 
enzymes. Researchers at the Solar En­
ergy Research Institute (SERl) in Gold­
en, Colo., think that by the year 2000 
ethanol produced from such inexpen­
sive sources could be competitive with 
gasoline. 

Total biomass production will ulti­
mately be limited by land and water 
availability because of the low efficien­
cy of photosynthesis and the large wa­
ter requirements for growing plants. 
Nevertheless, biomass can play a sig­
nificant role in the energy economy if 
energy efficiency is emphasized. In the 
U.S., potential biomass supplies could 
replace all oil now used in light-duty 
vehicles and coal now burned for pow­
er generation , provided vehicle fuel 
economy is doubled and effiCient gasi­
fier-gas turbine units are used for pow­
er. In this way, national carbon dioxide 
emissions could be cut in half [see illus­
tration on page 151]. 

H ydrogen produced electrolytical­
ly, using solar electricity to split 
water into its constituent ele­

ments, is a clean fuel that could be used 
for transportation and heating and 
eventually for producing electricity and 
by-product heat in highly efficient fuel 
cells [see "Energy from Fossil Fuels," by 
William Fulkerson, Roddie R. Judkins 
and Manoj K. Sanghvi, page 128]. 

Conversion to hydrogen provides a 
convenient means of storing intermit­
tent solar energy. Moreover, because in 
principle it costs less (on a lifetime-cost 
baSis) to transport hydrogen by pipe­
line than to transmit electricity by wire, 
hydrogen facilities can be located where 
production is cheapest, even if such 
sites are far from where the hydrogen 
will be used. 

Advances in solar technologies dur­
ing the next two decades should make 
it feasible to produce electrolytic hy­
drogen from these sources at a cost to 
consumers that is about twice the pre­
sent gasoline price in the U.S., on an 
energy-equivalent basis. This is well be­
low prices consumers now pay for gas­
oline in Europe and Japan, where gaso­
line taxes are high. 

The primary appeal of solar-derived 
hydrogen compared with fossil fuels 
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is its environmental friendliness. When 
hydrogen is burned, it turns back into 
water. It produces no carbon monox­
ide, carbon dioxide, sulfur dioxide, hy­
drocarbons or particulate matter. The 
only pollutants are oxides of nitro­
gen, which can be reduced to very low 
levels. 

Solar hydrogen will also be an attrac­
tive fuel where or when land and wa­
ter constraints limit the possibilities of 
fuels from biomass. For example, the 
amount of PV hydrogen equivalent to 
the total world fossil-fuel consumption 
could be produced on 500,000 square 
kilometers, less than 2 percent of the 
world's desert area. In fact, sunny des­
erts are promising sites for hydro­
gen production, because water require­
ments for electrolysis are modest-for 
PV hydrogen, equivalent to only two to 
three centimeters of rainfall per year. 
Solar-derived hydrogen makes it possi­
ble for solar energy sources to play a 
larger role in fuel production than is 
possible with biomass alone. 

S olar energy technologies are ad­
vancing quickly, and the prospect 
for further gains is auspicious. Spe­

cific poliCies needed to promote large­
scale development of solar energy will 
vary from one part of the globe to an­
other, but some general guidelines for 
policy-making can be outlined. 

Efficient energy use will make solar 
energy more attractive by extracting 
more useful services from solar sources 
and by decreasing the capital needed to 
provide energy services. Therefore, pro­
moting efficient energy use should be a 
key element of solar energy policy. 

The rules of the present energy econ­
omy were established to favor systems 
now in place. Not surprisingly, the 
rules tend to be biased against solar 
energy. A major challenge to policy­
makers is to overcome these biases. 

One set of biases involves the tax­
es and subsidies that encourage the 
exploitation of fossil fuels and favor 
operating costs over long-term invest­
ments. Such biases should be elimi­
nated, or if that is not politically prac­
tical, at least the system of taxes and 
subsidies should be more balanced. 

Another set of biases arises because 
present energy prices usually do not re­
flect many of the external social costs 
of energy production and use, includ­
ing the dangers from air pollution and 
nuclear risks and the economic, ecolog­
ical and human health costs of glob­
al climate change. Such costs tend to 
be lower for solar sources. Policies that 
take them into account would render 
solar energy more competitive. 

Despite the dramatic progress that 
has been made during the past decade 
in advancing solar energy technologies 
and reducing their costs, most are still 
not competitive with conventional en­
ergy on a direct-cost basis. Further re­
search and development is needed, al­
though Simply increasing R&D budgets 
is not enough. An important lesson of 
the past decade is that technology de­
veloped in the laboratory and then just 
passed to a commercial developer does 
not guarantee market acceptance. A 
better approach is to promote coop­
eration among researchers, produc­
ers and potential users in consortia or 
joint ventures, accelerating learning in 

the laboratory, the factory and the field. 
Government support should both 

address basic and applied science and 
technology issues of broad generic 
importance and foster the industri­
al capability for developing , deploy­
ing and managing solar energy sys­
tems. Developmental projects should 
be designed to advance the targeted 
technologies and to develop industri­
al capability, with costs shared among 
the government, producers and poten­
tial users. 

A major challenge is the creation of 
an industrial infrastructure for solar en­
ergy. The most appropriate approaches 
will vary by technology and by region. 
The dramatic cost reductions for wind 
and solar-thermal power in California 
resulted from favorable tax poliCies 
and power-purchase agreements es­
tablished by the state. Such poliCies 
created a flow of revenue that fund­
ed the product improvements and or­
ganizational learning, causing costs to 
decline. 

Questions of economic effiCiency 
arise when incentives are used to pro­
mote new technologies. Nevertheless, 
to the extent that incentives are crafted 
to reflect external social costs not cap­
tured by market prices, they offer a 
sound approach to nurturing solar in­
dustry development. 

Another approach is to develop high­
value niche markets before bulk ener­
gy markets. The solar energy industry 
is relatively small, and so it hesitates 
to expand production capacity without 
some assurance that the market will 
grow. Utilities and governments could 
help by identifying niche markets and 

� 22.---�.n.--r-.r-----,.-----.r-----�----� 70 .---��� -------------------------------. 
o GASOUNE 0 METHANOL FROM BIOMASS => 

o 
I � 18f==·t-;I=\= 

S2 
a: w a. 
� z w 
8 
tii 
o u 
� 
(5 
iI 
o w -' w 

2 
o �----�--���--���--�L---��--�� 

1980 1985 1990 1995 2000 2005 2010 
SOLAR ELECTRICITY COSTS fell sharply in the 1980's and 
will continue to fall as technology improves and experience 
is gained. Electricity costs (left) are based on actual (solid) 
or projected (broken) costs for bulk power generation. Costs 
are also shown for new coal-fired base-load and natural gas-
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fired peaking plants. Biomass-derived methanol would cost 
more than methanol from large coal-conversion plants, but 
if coal plants were the same size as biomass plants, metha­
nol from biomass would be cheaper. Ethanol derived from 
wood could be cost-competitive with gasoline by 2000 (right). 

© 1990 SCIENTIFIC AMERICAN, INC



10,000r----------------------------------------------------------------------------------. 

8 ,000 

(jJ i 6 ,000 

<D 
w 
6 
� 4 ,000 
II 
W 
Z 
W 

2 ,000 

o 
o 

DIRECT SOLAR - 5,000 MW 
(PHOTOVOLTAIC AND SOLAR-THERMAL) 

HYDRO (DISPATCHABLE) AND STORAGE 

20 40 60 

PERCENT OF THE YEAR 

80 100 

SOLAR SOURCES can contribute significantly to electricity 
supplies, as illustrated for a hypothetical utility in California. 
Each point on the top curve shows the percentage of the time 
that utility demand exceeds the indicated value. The 1 per­
cent of the time (88 hours a year) when the load exceeds 90 
percent of peak demand accounts for 90 percent of the an­
nual probability that the utility cannot meet its load because 
of system failures. Solar contributions during these hours are 

especially valuable. Here wind and direct solar energy, with 
a modest amount of storage, can satisfy half of peak de­
mand and a third of total electric energy. Hydroelectric and 
biomass sources could increase the solar contribution. The 
dip in the hydropower curve ( green) results from the avail­
ability of solar energy on weekends, when demand is low. 
The excess energy could be stored as shown, or else the 
output of fuel-fired plants could be reduced at these times. 

by purchasing solar energy systems for 
markets under their purview. 

In some instances, the barriers to 
market development are institutional 
rather than economic. There are sub­
stantial biomass cogeneration markets 
that can be exploited cost-effectively in 
the near term, using cheap biomass 
residues from industrial activities (such 
as the pulp and paper and sugarcane 
industries). But in many parts of the 
world such markets cannot readily be 
developed because utilities are unwill­
ing to purchase the excess electricity or 
to offer backup power at fair prices. 

A final policy issue concerns indus­
trial structures for solar energy. The 
nature of solar resources and technol­
ogies implies that although the solar 
energy industries will probably have 
some structural features quite different 
from those of today's energy indus­
tries, present industries have unique 
capabilities that could help solar ener­
gy reach its full potential. 

The modular nature of solar tech­
nologies suggests that companies that 
produce solar equipment should be 
modeled less after those that make 
large-scale energy-prodUction technol­
ogies and more after successful com­
panies in other industries that of­
fer products amenable to cost-cutting, 
mass-prodUction techniques. The di­
versity of solar supplies, in technology 
and scale, also poses major challenges 

for routine energy-supply management. 
Consider electric utilities. Today they 

produce power in centralized plants 
and send it to their customers through 
large transmission and distribution 
networks. The present system is built 
around the notions of centralization 
and interconnectedness, whereas solar 
technologies often offer the greatest 
value in dispersed, grid-connected or 
stand-alone systems. Nevertheless, the 
electric utility is the logical institution 
for managing solar electricity. 

For solar energy systems, supplies 
will have to be organized into a reli­
able, cost-effective system, whether the 
electricity is produced by utilities or in­
dependent power producers, or both. 
Even for stand-alone systems, utilities 
can play major roles. Today such sys­
tems are often installed by groups 
or agencies other than utilities be­
cause of the view of both utilities and 
government that utilities should be 
involved only with "electricity by wire." 
Utilities, however, should also offer 
electricity without wire as a service op­
tion, because utility expertise is inval­
uable in providing monitoring, main­
tenance and general servicing on a con­
tinuing basis. 

The successful involvement of exist­
ing energy companies in managing so­
lar energy requires that they rethink 
their basic structures. Their task will be 
more difficult than at present because 

of the diversity and variability of solar 
energy sources, as well as the challeng­
es of managing storage technologies 
and reorganizing conventional sources 
to complement solar sources in the 
most efficient manner. Utilities must 
place less emphasis on centralization 
and interconnectedness derived from 
economies of scale and more on their 
ability to offer the economies of scope 
needed to manage solar resources. 

Experience from the 1980's shows 
that public policy can accelerate mar­
ket acceptance of solar energy. Fram­
ing effective policies for hastening the 
transition to solar energy is one impor­
tant, responsible strategy for address­
ing growing environmental concerns. 

FURTHER READING 

WIND ENERGY GROUP TECHNICAL PA­
PERS, 1982-1 989. Department of Re­
search and Development , Pacific Gas & 
Electric Company. Report 007 .1 -89. 2 ,  
November 28,  1 989.  

SOLAR HYDROGEN : MOVING BEYOND 
FOSSIL FUELS. Joan M. Ogden and Rob­
ert H. Williams. World Resources Insti­
tute, 1 989. 

THE POTENTIAL OF RENEWABLE ENERGY. 
Interlaboratory White Paper, SERI /TP-
260-3674.  Solar Energy Research Insti­
tute, March , 1 990. 

HARNESSING SOLAR POWER : THE PV 
CHALLENGE . Ken Zweibel. Plenum Press, 
1 990. 

SCIENTIFIC AMERICAN September 1990 155 
© 1990 SCIENTIFIC AMERICAN, INC



© 1990 SCIENTIFIC AMERICAN, INC



Energy in Transition 
The era of cheap and convenient sources of energy 

is coming to an end. A transition to more expensive 
but less polluting sources must now be managed 

A the foregoing articles make 
clear, civilization is not running 
out of energy resources in an 

absolute sense, nor is it running out 
of technological options for transform­
ing these resources into the partic­
ular forms that our patterns of energy 
use require. We are, however, running 
out of the cheap oil and natural gas 
that powered much of the growth of 
modern industrialized societies, out of 
environmental capacity to absorb the 
impacts of burning coal, and out of 
public tolerance for the risks of nu­
clear fission. We seem to be lacking 
as well the commitment to make coal 
cleaner and fission safer, the mon­
ey and endurance needed to develop 
long-term alternatives, the astuteness 
to embrace energy efficiency on the 
scale demanded and the consensus 
needed to fashion any coherent strate­
gy at all. 

These deficiencies suggest that civi­
lization has entered a fundamental 
transition in the nature of the energy­
society interaction without any collec­
tive recognition of the transition's char­
acter or its implications for human 
well-being. The transition is from con­
venient but ultimately scarce energy re­
sources to less convenient but more 
abundant ones, from a direct and posi­
tive connection between energy and 
economic well-being to a complicated 
and multidimensional one, and from 
localized pockets of pollution and haz­
ard to impacts that are regional and 
even global in scope. 

The subject is also being trans­
formed from one of limited political 
interest within nations to a focus of 

STREET FAIR in New York City brings 
together large numbers of people from 
a high-technology segment of the world 
population of 5.3 billion. If the rest of 
the world's people used energy at the 
same rate as citizens of the U.S. do, 
global energy use in 1990 would be 
more than four times as large as it is. 

by John P. Holdren 

major political contention between 
them , from an issue dominated by 
decisions and concerns of the West­
ern world to one in which the prob­
lems and prospects of all regions are 
inextricably linked, and from one of 
concern to only a small group of tech­
nologists and managers to one where 
the values and actions of every citi­
zen matter. 

Understanding this transition re­
quires a look at the two-sided 
connection between energy and 

human well-being. Energy contributes 
positively to well-being by prOviding 
such consumer services as heating, 
lighting and cooking as well as serving 
as a necessary input to economic pro­
duction. But the costs of energy-in­
cluding not only the money and oth­
er resources devoted to obtaining and 
explOiting it but also the environmen­
tal and SOCiopolitical impacts-detract 
from well-being. 

For most of human history, the dom­
inant concerns about energy have cen­
tered on the benefit side of the ener­
gy-well-being equation. Inadequacy of 
energy resources or ( more often ) of 
the technologies and organizations for 
harvesting, converting and distributing 
those resources has meant insufficient 
energy benefits and hence inconve­
nience, deprivation and constraints on 
growth. Energy problems in this cate­
gory remain the principal preoccupa­
tion of the least developed countries, 
where energy for basic human needs 
is the main issue; they are also an im­
portant concern in the intermediate 
and newly industrializing countries, 
where the issue is energy for produc­
tion and growth . 

Aside from having too little energy, it 
is possible to suffer by paying too 
much for it. The price may be paid in 
excessive diversion of capital, labor 
and income from nonenergy needs 
(thereby producing inflation and reduc­
ing living standards), or it may be paid 
in excessive environmental and socio-

political impacts. For most of the past 
100 years, however, the problems of 
excessive energy costs have seemed 
less threatening than the problems of 
insufficient supply. Between 1890 and 
1970 the monetary costs of supplying 
energy and the prices paid by con­
sumers stayed more or less constant 
or declined, and the environmental and 
SOciopolitical costs were regarded more 
as local nuisances or temporary incon­
veniences than as pervasive and persis­
tent liabilities. 

All this changed in the 1970's. The 
oil-price shocks of 1973-1974 and 
1979 doubled and then quadrupled 
the real price of oil on the world mar­
ket. In 1973 oil constituted nearly half 
of the world's annual use of indus­
trial energy forms (oil, natural gas, 
coal, nuclear energy and hydropower 
as opposed to the traditional energy 
forms of fuelwood, crop wastes and 
dung). Inevitably, the rise in oil pric­
es pulled the prices of the other in­
dustrial energy forms upward. The 
results illustrate vividly the perils of 
excessive monetary costs of energy: 
worldwide recession, spiraling debt, a 
punishing blow to the development 
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sources. The program, which he helped 
to establish in 1973, treats problems 
of energy, resources, development and 
security in terms of their technologi­
cal, environmental, economic and socio­
political components. Holdren received 
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ENERGY COSTS in the U.S. over the past century are charted, in constant U.S. dol­
lars. The fuel-price shocks of the 1970's were precipitated by the Organization of 
Petroleum Exporting Countries (OPEC) but reflect an underlying reality: cheap (easi­
ly recoverable) oil and natural gas are already gone in most of the world. Although 
fuel substitution and conservation brought the price of OPEC oil down in the early 
1980's, prices are not likely ever to reach their preshock lows. Electricity was less 
affected by the price shocks because of the limited role of oil in generating electrici­
ty and the modest contribution of fuel costs to the total cost of supplying electricity. 

prospects of the oil-poor countries of 
the Southern Hemisphere and the im­
position in the industrialized nations 
of disproportionate economic burdens 
on the poor. 

The early 1970's also marked a tran­
sition in coming to grips with the envi­
ronmental and sociopolitical costs of 
energy. Problems of air and water pol­
lution, many of them associated with 
energy supply and use, were coming 
to be recognized as pervasive threats 
to human health , economic well-being 
and environmental stability. Conscious­
ness of the sociopolitical costs of ener­
gy grew when overdependence on oil 
from the Middle East created foreign­
policy dilemmas and even a chance 
of war, and when India's detonation of 
a nuclear bomb in 1974 emphasized 
that spreading competence in nuclear 
energy can provide weapons as well 
as electricity. 

The 1970's, then, represented a turn­
ing point. After decades of constan­
cy or decline in monetary costs-and 
of relegation of environmental and 

sociopolitical costs to secondary sta­
tus-energy was seen to be getting cost­
lier in all respects. It began to be plau­
sible that excessive energy costs could 
pose threats on a par with those of in­
sufficient supply. It also became possi­
ble to think that expanding some forms 
of energy supply could create costs ex­
ceeding the benefits. 

The crucial question at the beginning 
of the 1990's is whether the trend that 
began in the 1970's will prove to be 
temporary or permanent. Is the era 
of cheap energy really over, or will a 
combination of new resources, new 
technologies and changing geopolitics 
bring it back? One key determinant 
of the answer is the staggering scale 
of energy demand brought forth by 
100 years of unprecedented population 
growth , coupled with an equally re­
markable growth in per capita demand 
for industrial energy forms. Supplying 
energy at rates in the range of 10 tera­
watts (one terawatt is one billion watts), 
first achieved in the late 1960's, is an 
enterprise of enormous scale. The way 
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it was done in 1970 required the har­
vesting, processing and combustion of 
some three billion metric tons of coal 
and lignite, some 17 billion barrels of 
oil, more than a trillion cubic meters of 
natural gas and perhaps two billion cu­
bic meters of fuelwood. It entailed the 
use of dirty coal as well as clean; un­
dersea oil as well as terrestrial; deep 
gas as well as shallow; mediocre hydro­
electric sites as well as good ones; and 
deforestation as well as sustainable fu­
elwood harvesting. 

The greatest part of the past centu­
ry's growth in industrial energy forms 
was supplied by oil and natural gas­
the most accessible, versatile, trans­
portable and inexpensive chemical fu­
els on the planet. The century's cumu­
lative consumption of some 200 tera­
watt-years of oil and gas represented 
perhaps 20 percent of the ultimately 
recoverable portion of the earth's en­
dowment of these fuels. If the cumula­
tive consumption of oil and gas contin­
ues to double every 15 to 20 years, as 
it has done for a century, the initial 
stock will be 80 percent depleted in an­
other 30 or 40 years . 

E xcept for the huge pool of oil 
underlying the Middle East, the 
cheapest oil and gas are already 

gone. The trends that once held costs 
at bay against cumulative depletion, 
that is, new discoveries and economies 
of scale in processing and transport, 
have played themselves out. Even if 
a few more giant oil fields are discov­
ered, they will make little difference 
against consumption on today's scale. 
Oil and gas will have to come increas­
ingly, for most countries, from smaller 
and more dispersed fields, from off­
shore and Arctic environments, from 
deeper in the earth and from imports 
whose reliability and affordability can­
not be guaranteed. 

There are, as the preceding articles 
have shown, a variety of other energy 
resources that are more abundant than 
oil and gas. Coal, solar energy and fis­
sion and fusion fuels are the most im­
portant ones. But they all require elab­
orate and expensive transformation 
into electricity or liquid fuels in order 
to meet society's needs. None has very 
good prospects for delivering large 
quantities of fuel at costs comparable 
to those of oil and gas prior to 1973 or 
large quantities of electricity at costs 
comparable to those of the cheap coal­
fired and hydropower plants of the 
1960's. It appears, then, that expen­
sive energy is a permanent condition , 
even without allowing for its environ­
mental costs. 

The capacity of the environment to 
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absorb the effluents and other impacts 
of energy technologies is itself a finite 
resource. The finitude is manifested in 
two basic types of environmental costs. 
"External" costs are those imposed 
by environmental disruptions on so­
ciety but not reflected in the mone­
tary accounts of the buyers and sellers 
of the energy. "Internalized" costs are 
increases in monetary costs imposed 
by measures, such as pollution-control 
devices, aimed at reducing the exter­
nal costs. 

Both types of environmental costs 
have been rising for several reasons. 
First, the declining quality of fuel de­
posits and energy-conversion sites to 
which society must now turn means 
more material must be moved or pro­
cessed, bigger facilities must be con-

HUMAN 
AFFECTED NATURAL DISRUPTION 
QUANTITY BASELINE INDEX 

LEAD FLOW 25,000 15 TONS/YEAR 

OIL FLOW 500,000 
10 TO OCEANS TONS/YEAR 

1,000 CADMIUM 8 FLOW TONS/YEAR 

50 MILLION S02 FLOW TONS/YEAR 1.4 

METHANE 800 PARTS 
STOCK PER BILLION 1.1 

25,000 MERCURY 
FLOW TONS/YEAR .7 

NITROUS 10 MILLION 
OXIDE FLOW TONS/YEAR .4 

500 MILLION PARTICLE .25 FLOW TONS/YEAR 

280 PARTS CO2 STOCK PER MILLION ,25 

structed and longer distances must be 
traversed. Second, the growing magni­
tude of effluents from energy systems 
has led to saturation of the environ­
ment's capacity to absorb such efflu­
ents without disruption . 

Third, the monetary costs of con­
trolling pollution tend to increase with 
the percentage of pollutant removed. 
The combination of higher energy-use 
rates, lower resource quality and an al­
ready stressed environment requires 
that an increasing percentage be re­
moved just to hold damages constant. 
Consequently, internalized costs must 
rise. And fourth, growing public and 
political concern for the environment 
has lengthened the time required for 
siting, building and licensing energy 
facilities, and has increased the fre-

quency of mid-project changes in de­
sign and speCifications, forcing costs 
still further upward. 

It is difficult to quantify the total 
contribution of all these factors to the 
monetary costs of energy supply, in 
part because factors not related to 
the environment are often entwined 
with environmental ones. For example, 
construction delays have been caused 
not just by regulatory constraints but 
also by problems of engineering, man­
agement and quality control. Never­
theless, it seems likely that in the U. S. 
actual or attempted internalization of 
environmental impacts has increased 
the monetary costs of supplying pe­
troleum products by at least 25 per­
cent during the past 20 years and the 
costs of generating electricity from 
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flows, all involve flows to or stocks in the atmosphere. The 
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coal and nuclear power by 40 percent 
or more. 

Despite these expenditures, the re­
maining uninternalized environmen­
tal costs have been substantial and in 
many cases are growing. Those of 
greatest concern are the risk of death 
or disease as a result of emissions 
or accidents at energy facilities and 
the impact of energy supplies on the 
global ecosystem and on internation­
al relations. 

The impacts of energy technologies 
on public health and safety are difficult 
to pin down with much confidence. 
In the case of air pollution from fossil 
fuels, in which the dominant threat 
to public health is thought to be par­
ticulates formed from sulfur dioxide 
emissions, a consensus on the num­
ber of deaths caused by exposure has 
proved impossible. Widely differing es­
timates result from different assump­
tions about fuel composition, air-pollu­
tion control technology, power-plant 
siting in relation to population distri­
bution, meteorological conditions af­
fecting sulfate formation and, above 
all, the relation between sulfate con­
centrations and disease. 

Large uncertainties also apply to the 
health and safety impacts of nuclear 
fission. In this case, differing estimates 
result in part from differences among 
sites and reactor types, in part from 
uncertainties about emissions from 
fuel-cycle steps that are not yet fully 
operational (especially fuel reprocess­
ing and management of uranium-mill 
tailings) and in part from different as­
sumptions about the effects of expo­
sure to low-dose radiation. The biggest 
uncertainties, however, relate to the 
probabilities and consequences of large 
accidents at reactors, at reprocessing 
plants and in the transport of wastes. 

Altogether the ranges of estimated 
hazards to public health from both 

1890 

WORLD POPULATION 
1.49 (BILLIONS) 

TRADITIONAL ENERGY USE .35 PER PERSON (KILOWATTS) 
INDUSTRIAL ENERGY USE .32 PER PERSON (KILOWATTS) 

TOTAL WORLD ENERGY USE 1.00 (TERAWATTS) 
CUMULATIVE INDUSTRIAL ENERGY 

10 USE SINCE 1850 (TERAWATT-YEARS) 

coal-fired and nuclear-power plants are 
so wide as to extend from negligible 
to substantial in comparison with oth­
er risks to the population. There is 
little basis, in these ranges, for pre­
ferring one of these energy sources 
over the other. For both , the very size 
of the uncertainty is itself a significant 
liability. 

Often neglected , but no less impor­
tant, is the public health menace from 
traditional fuels widely used for cook­
ing and water heating in the developing 
world. Perhaps 80 percent of global ex­
posure to particulate air pollution oc­
curs indoors in developing countries, 
where the smoke from primitive stoves 
is heavily laden with carcinogenic ben­
zopyrene and other dangerous hydro­
carbons. A disproportionate share of 
this burden is borne, moreover, by 
women (who do the cooking) and small 
children (who are indoors with their 
mothers). 

The ecological threats posed by en­
ergy supply are even harder to quan­
tify than the threats to human health 
and safety from effluents and acci­
dents. Nevertheless, enough is known 
to suggest they portend even larg­
er damage to human well-being. This 
damage potential arises from the com­
bination of two circumstances. 

First, civilization depends heavily on 
services provided by ecological and 
geophysical processes such as building 
and fertilizing soil, regulating water 
supply, controlling pests and patho­
gens and maintaining a tolerable cli­
mate; yet it lacks the knowledge and 
the resources to replace nature's ser­
vices with technology. Second, human 
activities are now clearly capable of 
disrupting globally the processes that 
provide these services. Energy supply, 
both industrial and traditional, is re­
sponsible for a striking share of the en­
vironmental impacts of human activi-
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TRENDS in population and energy use per person account for the past century's 
rapid growth of world energy demand. Industrial energy forms are mainly coal, oil 
and natural gas, with smaller contributions from hydropower and nuclear energy. 
Traditional fuels are wood, crop wastes and dung. A terawatt is equal to a billion 
tons of coal or five billion barrels of oil per year. Data were compiled by the author. 
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ty. The environmental transition of the 
past 100 years-driven above all by a 
20-fold increase in fossil-fuel use and 
augmented by a tripling in the use of 
traditional energy forms-has amount­
ed to no less than the emergence of 
civilization as a global ecological and 
geochemical force. 

Of all environmental problems, the 
most threatening and in many re­
spects the most intractable is global cli­
mate change. Climate governs most of 
the environmental processes on which 
the well-being of 5.3 billion people crit­
ically depends. And the greenhouse 
gases most responsible for the danger 
of rapid climate change come largely 
from human endeavors too massive, 
widespread and central to the func­
tioning of our societies to be easily 
altered: carbon dioxide (C02) from 
deforestation and the combustion of 
fossil fuels; methane from rice pad­
dies, cattle guts and the exploitation 
of oil and natural gas; and nitrous ox­
ides from fuel combustion and fertiliz­
er use. 

The only other external energy cost 
that might match the devastating im­
pact of global climate change is the 
risk of causing or aggravating large­
scale military conflict. One such threat 
is the potential for conflict over access 
to petroleum resources. The danger is 
thought to have declined since the end 
of the 1970's, but circumstances are 
easily imagined in which it could re­
assert itself-particularly given the cur­
rent resurgence of U. S. dependence on 
foreign oil. Another threat is the link 
between nuclear energy and the spread 
of nuclear weapons. The issue is hardly 
less complex and controversial than 
the link between carbon dioxide and 
climate; many analysts, including me, 
think it is threatening indeed. 

What are the prospects for abat­
ing these impacts? Clearly, the 
choices are to fix the present 

energy sources or to replace them with 
others having lower external costs. 

As for fixing fossil fuels, it appears 
that most of their environmental im­
pact (including the hazards of coal 
mining and most of the emissions re­
sponsible for health problems and acid 
precipitation) could be substantially 
abated at monetary costs amounting to 
additions of 30 percent or less to the 
current U. S. costs of fossil fuels or elec­
tricity generated from them. Still, a 
massive investment in retrofitting or 
replacing existing facilities and equip­
ment would be needed , representing a 
particular barrier in parts of the world 
where capital is scarce and existing fa­
cilities and equipment are far below 
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current U.S. standards. The carbon di­
oxide problem is much harder: replac­
ing coal with natural gas, which releas­
es less CO2 per gigajoule, is at best 
a short-term solution, and capturing 
and sequestering the CO2 from coal 
and oil would require revamping much 
of the world's fuel-burning technology, 
at huge cost. 

Nuclear energy is incomparably less 
disruptive climatologically and ecolog­
ically than fossil fuels are, but its ex­
panded use is unlikely to be accept­
ed unless a new generation of reac­
tors with demonstrably improved safe­
ty features is developed, unless ra­
dioactive wastes can be shown to be 
manageable in the real world and not 
just on paper and unless the prolif­
eration issue is decisively resolved. I 
believe the first two conditions could 
be met, at least for nonbreeder reac­
tors, without increasing the already 
high costs of nuclear electricity by 
more than another 25 percent. I think 
the third can be accomplished only 
by internationalizing a substantial part 
of the nuclear-energy enterprise, an 
approach blocked much more by po­
litical difficulties than by monetary 
costs. Fusion can, in principle, reduce 
the safety, waste and proliferation haz­
ards of fission, but it is not yet clear 
how soon, by how much and at what 
monetary cost. 

Biomass energy, if replaced continu­
ously by new growth, avoids the prob­
lem of net CO2 production, but the 
costs of controlling the other environ­
mental impacts of cultivation, harvest­
ing, conversion and combustion of bio­
mass will be substantial. Just bringing 
the consequences of today's pattern 
of biomass energy use under control, 
given its contribution to deforestation 
and air-pollution problems, will require 
huge investments of time and money. 
The tripling or quintupling of biomass 
supplies foreseen by some would be an 
even more formidable task, fraught 
with environmental as well as econom­
ic difficulties. 

The superabundant long-term option 
whose external environmental costs 
are most clearly controllable is direct 
harnessing of sunlight, but it is now 
the most expensive of the long-term 
options and may remain so. The deci­
sion to pay the monetary costs of solar 
energy, if it is made, will represent the 
ultimate internalization of the environ­
mental costs of the options that solar 
energy would displace. 

There is much reason to think , then, 
that the energy circumstances of civ­
ilization is changing in fundamental 
rather than superficial ways. The up­
ward trend in energy costs is solidly 
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entrenched, above all because of en­
vironmental factors. It is quite plausi­
ble, in fact, given existing energy-sup­
ply systems, end-use technologies and 
end-use patterns, that most industrial­
ized nations are near or beyond the 
point where further energy growth will 
create greater marginal costs than ben­
efits. "Full speed ahead n is no longer 
a solution . 

Instead we will need transitions in 
energy-supply systems and patterns 
of end use just to maintain current lev­
els of well-being; without such transi­
tions, cumulative consumption of high­
grade resources and the diminished ca­
pacity of the environment to absorb 
energy's impacts will lead to rising to­
tal costs even at constant rates of use. 
Providing for economic growth with­
out environmental costs that under­
mine the gains will require even faster 
transitions to lOW-impact energy-sup­
ply technologies and higher end-use 
efficiency. �thOUgh the situation poses for­

midable challenges, it is likely 
that the most advanced indus­

trialized nations are rich enough and 
technologically capable enough to mas­
ter most of the problems. The richest 
countries could, if they chose, live with 
low or even negative energy growth by 
milking increases in economic well-be­
ing from efficiency increases, and they 
could pay conSiderably higher energy 
prices to finance the transition to envi­
ronmentally less disruptive energy-sup­
ply technologies. But so far there is lit­
tle sign of this actually happening . And 
whether it could be managed in the 

Soviet Union and Eastern Europe, even 
in principle, without massive help from 
the West is more problematic. 

Still more difficult is the situation in 
the less developed countries ( LDC's). 
They would like to industrialize the 
way the rich did, on cheap energy, but 
they see the prospects of doing so 
undermined by high energy costs­
whether imposed by the world oil mar­
ket or by a transition to cleaner energy 
options. An acute shortage of capital 
accentuates their tendency to choose 
options that are cheapest in terms of 
monetary costs, and they see the local 
environmental impacts of cheap, dirty 
energy as a necessary trade for meet­
ing basic human needs (with traditional 
energy forms) and generating econom­
ic growth (with industrial ones). 

Although the LDC share of world 
energy use is modest today, the demo­
graphics and economic aspirations of 
these countries represent a huge poten­
tial for energy growth . If this growth 
materializes and comes mainly from 
fossil fuels, as most of these countries 
now anticipate, it will add tremendous­
ly to the atmospheric burdens of CO2 
and other pollutants both locally and 
globally, And while they resent and re­
sist the go-slow approach to energy 
growth that global environmental wor­
ries have fostered in many industrial­
ized nations, the LDC's are, ironically, 
more vuInerable to global environmen­
tal change: they have smaller food re­
serves, more marginal diets, poorer 
health and more limited resources of 
capital and infrastructure with which 
to adapt. 

Global climate change could have pro-
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found consequences for the nations 
of the Southern Hemisphere: more 
dry-season droughts, more wet-season 
floods, more famine and disease, per­
haps hundreds of millions of environ­
mental refugees. Even if the North 
suffered less from the direct effects 
of climate change because of the great­
er capacities of industrialized societ­
ies to adapt, the world is too intercon­
nected by trade, finance, resource in­
terests, politics, porous borders and 
possibilities for venting frustrations 
militarily. 

HOW should society respond to 
the changing and increasingly 
alarming interaction between 

energy and human well-being? How 
can the energy transition on which 
civilization has embarked, largely un­
aware, be steered consciously toward a 
more supportive and sustainable rela­
tion among energy, the economy and 
the environment? 

The first requirement is to develop 
an improved and shared understand­
ing of where we are, where we are head­
ed and where we would like to go. 
There needs to be an extended pub­
lic and indeed international debate 
on the connections between energy 
and well-being, supported by a great­
ly expanded research effort to clarify 
the evolving pattern of energy benefits 
and costs. Of course, study and debate 
will take time. Large uncertainties at­
tend many of the important issues, 

and some of these will take decades 
to resolve. 

Perhaps, with more information , the 
situation will seem less threatening and 
difficult than I have suggested; on the 
other hand, it could be even more 
threatening and difficult. In any case, 
we face the dilemma of action versus 
delay in an uncertain world: if we wait, 
our knowledge will improve, but the ef­
fectiveness of our actions may shrink; 
damage may become irreversible, dan­
gerous trends more entrenched, our 
technologies and institutions even hard­
er to steer and reshape. 

The solution to the dilemma is a two­
pronged strategy consisting of "no re­
grets" and "insurance policy" elements. 
No-regrets actions are those that pro­
vide leverage against the dangers we 
fear but are beneficial even if the 
dangers do not fully materialize. In 
contrast, insurance-policy actions offer 
high potential leverage against uncer­
tain dangers in exchange for only mod­
est investment, although some of that 
investment may later turn out to have 
been unnecessary. 

One essential no-regrets program is 
to internalize and reduce the envi­
ronmental and sociopolitical costs of 
existing energy sources. High prior­
ity should be given to abating emis­
sions of sulfur and nitrogen oxides 
from fossil fuels and emissions of hy­
drocarbons and particles from fossil 
fuels and traditional fuels alike. Tech­
nologies for controlling these emis-
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sions exist and will more than re­
pay their costs by reducing damage 
to health, property and ecosystems. An­
other part of the program should be a 
carbon tax, the revenues from which 
could be used to develop and finance 
technologies for reducing fossil-fuel 
dependence worldwide. More effort is 
also needed to increase the safety and 
decrease the weapon-proliferation po­
tential of contemporary (nonbreeder) 
nuclear reactors, including the develop­
ment of better reactor designs and 
placing the most vulnerable fuel-cycle 
steps under international control. 

I ncreasing the efficiency of energy 
use (another no-regrets approach) 
is the most effective way of all 

to abate environmental impacts. Fossil 
fuels and uranium saved through effi­
ciency generate no emissions and cre­
ate no fission products or prolifera­
tion hazards. ( EffiCiency, too, can have 
environmental impacts, but they are 
usually smaller, or can be made small­
er, than those of the energy sources 
displaced.) Increased efficiency is also 
the most economical option in mone­
tary terms and the most rapidly ex­
pandable, and its ultimate potential is 
both enormous and sustainable. The 
main obstacle is educating the vast 
numbers of individual energy con­
sumers, whose actions hold the key 
to many of the potential gains, and 
then providing them with the capital 
to take advantage of more efficient 
technologies. 

Also crucial to a sensible energy 
strategy is the acceleration of research 
and development on long-term ener­
gy alternatives: sunlight, wind, ocean 
heat, and biomass; the geothermal en­
ergy that is ubiquitous in the earth's 
crust at great depth; fission breed­
er reactors; fusion; and advanced 
approaches to energy efficiency. The 
research should emphasize not only 
the attainment of economical ways to 
harness these resources but also the 
prospects for minimizing their envi­
ronmental costs. Investing in such re­
search qualifies as an insurance ap­
proach in that we do not yet know 
which of the options will be needed or 
how soon. Some of the money will be 
wasted, in the sense that some of the 
options will never be exploited. But the 
funding required to develop these al­
ternatives to the point that we can 
choose intelligently between them is 
modest compared with the potential 
costs of having too few choices. 

Building East-West and North-South 
cooperation on energy and environ­
mental issues, a no-regrets strategy 
that will help no matter how the future 
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unfolds, might begin with increased 
cooperation on energy research. Such 
collaboration could alleviate the world­
wide funding squeeze for such re­
search by eliminating needless du­
plication , sharing diverse specialized 
strengths and dividing the costs of 
large projects. (Until now nuclear fu­
sion has been the only area of energy 
research that has enjoyed major inter­
national cooperation.) It is especially 
important that cooperation in energy 
research include North-South collab­
orations on energy technologies de­
signed for application in developing 
countries. 

International cooperation on un­
derstanding and controlling the en­
vironmental impacts of energy supply 
is also extremely important, because 
many of the most threatening prob­
lems are precisely those that respect 
no boundaries. Air and water pollution 
from Eastern Europe and the Soviet 
Union reach across Western Europe 
and into the Arctic, and the environ­
mental impacts of energy supply in 
China and India, locally debilitating 
at today's levels of energy use, could 
become globally devastating at to­
morrow's. But pleas from the rich 
countries to solve global environmen­
tal problems through global energy re­
straint will fall on deaf ears in the least 
developed and economically interme­
diate countries unless the first group 
can find ways to help the last two 
achieve increased economic well-being 
and environmental protection at the 
same time. 

C oncerning carbon dioxide, the 
best hope is that a no-regrets ap­
proach to energy efficiency-to­

gether with reforestation and afforesta­
tion efforts that also fall in the no-re­
grets category-will be sufficient to 
stabilize CO2 emissions even as we 
wait for the necessarily slower transi­
tion to environmentally, economically 
and politically acceptable noncarbon­
based energy sources. But it would be 
imprudent to assume that no-regrets 
approaches will suffice. We need more 
insurance, beyond the research advo­
cated above, to protect us against the 
possibility that rapid and severe cli­
mate change might necessitate an ac­
celerated retreat from fossil fuels. We 
ought to have a contingency plan­
carefully researched , cooperatively de­
veloped and continuously updated­
for reducing global carbon emissions 
at a rate of 20 percent per decade or 
more if that proves necessary and if 
the no-regrets strategies already in 
place are not adequate. 

None of the preceding measures, nor 
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all of them together, will be enough to 
save us from the folly of failing to sta· 
bilize world population. The growth of 
population aggravates every resource 
problem, every environmental problem 
and most social and political problems. 
Short of catastrophe, world population 
probably cannot be stabilized at less 
than nine billion people; without a ma­
jor effort to limit its growth , the num­
ber of human beings on the planet 
could soar to 14 billion or more. 

Supplying 5.3 billion people in 1990 
with an average of 2.6 kilowatts per 
person-a total of 13.7 terawatts-is 
severely straining the planet's techno­
logical, managerial and environmen­
tal resources, and crucial human needs 
are going unmet. Let us suppose, op­
timistically, that tremendous progress 
in energy efficiency makes it possible 
to provide an acceptable standard of 
living at an average of three kilowatts 
per person (half the figure for West 
Germany today). Then nine billion peo­
ple would use 27 terawatts and 14 
billion would use 42; the lower ener­
gy-use figure is twice today's, the high­
er one more than triple today's. Can 
we expect to achieve even the low­
er one at tolerable costs? As hard as 

controlling population growth may 
be, it is likely to be easier than pro­
viding increasing numbers of people 
with energy (and food and water and 
much else). 

The foregoing prescriptions for tak­
ing positive control over the energy 
transition constitute a demanding and 
ambitious agenda for national and 
international action. Little of it will 
happen unless there is widespread con­
sensus about the nature of the prob­
lem, the size of the stakes and the 
possibilities for action. It is hoped that 
the articles in this special issue of Sci­
entific American will make a contribu­
tion toward that end. 
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SCIENCE AND BUSINESS 
Big-Time Orphan 
Human growth hormone 
could be a blockbuster 

N ot long ago the only way to ob­
tain human growth hormone 
was to extract it painstaking­

ly from the pituitary glands of cadav­
ers. So precious was the supply that 
all the protein gathered went straight­
away to children whose bodies did not 
make enough of their own. Without it, 
the children would grow up as pitui­
tary dwarfs or remain extremely small 
statured at best. But there was nev­
er enough of the extracted hormone 
to offer treatment to all the 10,000 
growth hormone-deficient children in 

Making diamondsJ 
joint mappingJ 
electron optics 

the U.S. There was not even enough for 
research. 

When biotechnology emerged in the 
early 1980's as a way to make large 
quantities of proteins, growth hormone 
was an obvious goal. In 1985 an amend-

GROWTH HORMONE injections reversed some of the body changes associated with 
ag ing in 72-year-old Robert Bensing (left) and other elderly men. The study was 
conducted by gerontologist D aniel Rudman (right). Photo: Paul Calhoun 
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ment to the Orphan Drug Act, passed 
two years earlier, turned the race to 
market genetically engineered growth 
hormone into a winner-take-all match. 
The act was meant to provide incentive 
for drug makers to develop treatments 
for diseases affecting fewer than 200,-
000 patients. The inducement: seven 
years' marketing exclusivity. 

Genentech was the first company to 
win approval from the Food and Drug 
Administration for its growth hor­
mone, trade-named Protropin, in 1985. 
Two years later the South San Francis­
co firm was forced to share exclusivi­
ty with Eli Lilly of Indianapolis, whose 
Humatrope differs by one amino acid. 
Three other companies developing the 
drug were shut out of the U. S. mar­
ket, worth upward of $175 million. An 
average yearly supply costs $14,000 to 
$30,000. 

These days the drug is looking less 
and less like an orphan. In July it made 
headlines as a "fountain of youth" when 
the New England Journal of Medicine 
reported that growth hormone revers­
es some of the effects of aging in elder­
ly men. All the men in the study had 
low levels of growth hormone in their 
blood-as do an estimated one third of 
men and women older than 55. 

Meanwhile drug companies are in­
vestigating a number of other broad in­
dications, including osteoporosis and 
obeSity, that could add up to a billion­
dollar market. The variety of ongoing 
studies underlines what Thomas Wig­
gans, president of Serono Laboratories 
in Norwell, Mass. , has been saying all 
along: "Growth hormone isn't now and 
never was an orphan drug." 

The results of the study on elderly 
men indicate that human growth hor­
mone is indeed a drug with widely covet­
ed effects. Researchers at the Medical 
College of Wisconsin and the Veterans 
Affairs Medical Center, Milwaukee, found 
that six months of self-injections in­
creased the men's lean body mass an 
average of 8.8 percent, shrunk their fat 
14.4 percent and increased the thick­
ness of their skin 6.6 percent. If further 
studies show that these bodily changes 
enhance strength or functioning, growth 
hormone could make an enormous dif­
ference in the daily lives of elderly peo­
ple, exults Daniel Rudman, the paper's 
lead author. 

A 15 percent increase in muscle 
strength could enable an older person 
to cook a meal or get to the bathroom 
alone, Rudman points out. An increase 
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in muscles used for coughing could pre­
vent pneumonia, and more muscular 
legs could protect a hip from breaking. 
Yet the long-term effects of the drug 
are not known. Because of its stimu­
latory effects, growth hormone could 
possibly spur cancers or diabetes. 

Companies hoping to obtain FDA ap­
proval to supply growth hormone to 
the aging will have to prove specific 
medical effects "rather than sell it as 
the ultimate cosmeceutical for elder­
ly people," says Leah Berkovits, manag­
er of administration at Bio-Technolo­
gy General in New York City. The hor­
mone will probably be used to fight 
frailty or perhaps to boost healing after 
surgery. Genentech, for one, is sponsor­
ing studies of growth hormone in el­
derly women with osteoporosis at Stan­
ford University; initial results will be 
available in mid-1991. 

" The typical point of view when you 
see an elderly person with poor quality 
of life is, 'What do you expect, they're 
82?' " Rudman says. Other investigators 
share his curiosity about ways growth 
hormone can alter previously unchal­
lenged symptoms of aging. At Wash­
ington University, exerdse physiologist 
Kevin Yarasheski is comparing the rela­
tive merits of growth hormone alone, 
weight lifting alone and both regimens 
combined in elderly men with low 
blood levels of the protein. "Growth 
hormone is basically a protein synthe­
sis stimulator-you can't grow without 
laying down protein," Yarasheski says. 
"So it could be that adding a second 
stimulator-namely exercise-will fur­
ther increase muscle size and strength 
in the elderly." 

Growth hormone is farthest along in 
testing for conditions with orphan-size 
patient populations, such as chronic 
renal insufficiency and Turner's syn­
drome. Genentech is conducting phase 
ill clinical trials of the drug against 
Turner's, a chromosomal disorder that 
results in stunting in girls. Bio-Technol­
ogy General, which licensed market­
ing rights for its recombinant growth 
hormone to Du Pont, has begun testing 
its product against that disease in an 
attempt to break into the now closed 
U. S. market. SmithKline Beecham holds 
rights to BTG's growth hormone in Eu­
rope and South America. 

Lilly is tight-lipped about its orphan's 
prospects, but it and others are clearly 
eyeing larger patient populations. Gen­
entech has studied growth hormone 
in obese people to see whether it lets 
them use calories more effiCiently. The 
patients did not lose weight, but their 
bodies became leaner during the treat­
ment. John D. Baxter, director of meta­
bolic research at the University of Cal-

ifornia at San Frandsco and part of 
the first team to isolate and clone this 
protein, views obesity as a contributor 
to noninsulin-dependent diabetes and 
high blood pressure. "It's conceivable 
that loss of fat will improve both pro­
cesses, but we need to know this," he 
cautions. 

The protein is helping severely 
burned children heal faster, Genentech 
reports. Some researchers believe the 
loss of body mass, or wasting, that ac­
companies AIDS and follows some trau­
matic injuries might also respond to 
growth hormone. The drug may help 
cancer patients maintain weight so they 
can better withstand chemotherapy. It 
is also being tested as a replacement 
for infertility drugs in certain attempts 
at in vitro fertilization. 

The mounting evidence that human 
growth hormone is a blockbuster drug 
in disguise could invigorate efforts to 

POTENTIAL USES 
FOR GROWTH HORMONE 

INDICAnoN u.s. PATIENT 
POPULATION 

Infertility 1,600 

Chronic renal insufficiency 3,000 

Turner'S syndrome 7,000 

Growth hormone- 10,000 
deficient children* 

Wasting 17,000 

Burns requiring 70,000 
hospitalization 

Aging 7,500,000 

Osteoporosis 20,000,000 

Obesity 29,000,000 

* Approved by the FDA 

modify the Orphan Drug Act. Human 
growth hormone is not the only poor 
little rich drug raising ire and cash. Am­
gen's red-blood-cell stimulator erythro­
poietin (EPO) has annual sales of more 
than $200 million. The AIDS drug zi­
dovudine (AZT) earns Burroughs Well­
come $180 million a year. "The public 
is upset because these companies are 
essentially getting government subsi­
dies to make huge profits," says John 
V. Kelsey, spedal assistant to the direc­
tor at the FDA'S Office of Orphan Prod­
ucts Development. 

In late September the Senate will 
consider how to reauthorize the act. 
Proposed amendments have traveled 
around Capitol Hill for two years with­
out success. Even critics agree that for 
the most part, the act has accomplished 
its purpose. The Pharmaceutical Manu-
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facturers Association says that 133 po­
tential orphan drugs are now in clini­
cal trials or pending FDA review for 96 
diseases. Since 1983,45 orphan drugs 
have been approved. "Orphan drug 
sponsors say, 'Hey, you have to give us 
the possibility that we might hit a home 
run once in a while,' " Kelsey notes. 

If current clinical trials continue to 
show promise, growth hormone will be 
over the outfield wall. Some doctors 
may not wait for the FDA to approve 
new indications before they begin pre­
scribing the drug. Once a drug is ap­
proved for one use, there is nothing to 
stop doctors from prescribing it for 
other "off-label" uses. 

Both Genentech and Lilly distribute 
their products through hospital phar­
macies and home health care services 
that deliver to patients. Both say they 
have turned away certain would-be buy­
ers. Genentech insists it does not ad­
vocate off-label use of its growth hor­
mone. Lilly refuses to "get into details 
about its evaluation criteria." 

Most financial analysts, biotechnolo­
gy executives and academic research­
ers assume Genentech and Lilly will re­
lax their espoused strictures and sell 
the protein for other indications be­
fore their orphan drug status expires, 
in 1992 and 1994, respectively. Even 
at $14,000 a year, there are plenty of 
elderly people who would consider it 
money well spent. 

A black market in the drug already 
exists. The nonscientific literature is 
full of anecdotes about the benefits of 
growth hormone for weight lifters, ob­
serves Yarasheski of Washington Uni­
versity. Serono's Wiggans recalls his 
company's label turning up on a bottle 
of saline: "In any distribution system, 
there are places to rip things off." 

Not everyone disapproves of a doc­
tor's prescribing growth hormone for 
a condition that is not officially sanc­
tioned, if there is promise of successful 
treatment. "It's a gray-zone issue," says 
John Baxter. He points out that many 
a drug has helped people before receiv­
ing FDA approval. At one time, beta 
blockers were not approved to treat 
high blood pressure, and the now com­
mon ulcer drugs cimetidine and raniti­
dine were being used successfully long 
before gaining FDA approval. Sodium 
nitroprusside, one of the most impor­
tant cardiac drugs, was never approved 
for that application. Says Baxter: ''If 
people were to start prescribing growth 
hormone for elderly patients now, I 
would argue it's premature. But I 
couldn't argue they were doing the 
wrong thing. There's not enough evi­
dence to say right or wrong-it's still 
experimental." -Deborah Erickson 
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Meteoric Messages 
Keeping tabs on trucks, 
volcanoes and the Nile 

L ast year two drivers for a South 
Carolina trucking company hauled 
72 refrigerators from Evansville, 

Ind., to Philadelphia. After parking the 
truck and returning from the ware­
house, where they reported their ar­
rival, the vehicle was gone. In less than 
two hours, however, the FBI and local 
police had recovered the hijacked load. 

The trail that led the law to the 
thieves' hideout was the track of a 
meteor 60 miles skyward. Unfortu­
nately for the hijackers, the truck was 
equipped with a homing device that re­
layed position coordinates by bouncing 
very high frequency radio signals off 
the ionized residue of one of the bil­
lions of tiny meteors that enter the 
earth's atmosphere each day. 

Meteor-burst communications has 
been used in the past 15 years for spe­
cialized data transmittal ranging from 
the notification of troop movements 
to the measurement of water levels 
in the Nile River. Recently a few tiny 
start-up firms have developed small 
transmitters that can be placed in the 
cab of a truck. The devices can signal 
back the location of the vehicle, reveal­
ing whether the load is on schedule 
and on course. 

Messages by meteor take advantage 
of the trail of electrons left by the myr­
iads of tiny, sand-grain-size meteors 
that burn up daily in the ionosphere, 
50 to 70 miles above the earth. If the 
electron trail is dense enough, it will 
reflect a radio signal back to a receiv­
ing station. Usually meteor trails are 
more diffuse, and the transmitted sig­
nal passes through them. But as the 
signal passes, it causes the electrons to 
oscillate as if they were small antennas, 
reradiating a weaker-but still detect­
able-signal back to the earth. 

An astrophysical fact circumscribes 
the technology. Messages can only be 
sent in bursts usually lasting the few 
tenths of a second it takes for a meteor 
trail to disperse. That is just enough 
time to send off and receive a short, 
compressed message. Because mete­
or trails are intermittent, a transmitter 
must continuously zap a signal sky­
ward until it is angled back to a re­
ceiving station by one of the trails that 
randomly crisscross the ionosphere. So 
the transmission of a meteoric mes­
sage can entail a wait of from seconds 
to minutes. 

A few moments' delay, however, 
makes little difference for monitoring 
shipping traffic. A Herndon, Va., com-

METEOR-BURST COMMUNICA nONS is used in remote areas of western states to 
transmit data on snow accumulations. 

pany, Pegasus Message Corporation, is 
testing a system that sends messages 
from shippers and depots over tele­
phone lines to the company's master 
station and then relays them by mete­
or hop to the truck's receiving equip­
ment. The truck's position is calculat­
ed using the U.S. Coast Guard's Loran­
C system and then encoded in the re­
turn signal. 

Tracking a truck's distance from 
its destination is important for com­
panies that have begun to practice 
just-in-time manufacturing, which at­
tempts to maintain low inventories. 
Also, blunders are more common than 
trucking firms like to admit. "A lot of 
times the driver picks up the wrong 
trailer, and he may only be 30 seconds 
down the road, but you can't reach 
him quickly," says Andrew C. Hocker, 
vice president for equipment develop­
ment at Pegasus. 

The small companies that sling mes­
sages off shooting stars say they can 
compete with satellite services because 
some of their capital costs are already 
amortized. "Meteors are free-you don't 
have to worry about leasing a satellite 
channel," says Donald Sytsma, presi­
dent of Meteor Communications Cor­
poration, a Kent, Wash., meteor-burst 
company. As a result, the business has 
become a magnet for risk takers who 
want to carve out a piece of the electro­
magnetic spectrum. 

Yet meteor communications systems 
already face tough competition from 
satellite technologies. Currently two 
companies-Geostar and Qualcomm­
supply transportation companies with 
similar services using satellite links. 
In addition, Motorola, with a strong po-

sition in cellular phone communica­
tions, recently announced plans to set 
up a network of low-orbiting satellites 
that would make possible voice and 
data communications anywhere in the 
world. 

Still, the technology has proved itself 
in places where a telephone trunk line 
may never be buried. Meteor Commu- • 

nications, with approximately $10 mil­
lion in revenues, has been trying to get 
into the mobile communications side 
of the business. But its bread and but­
ter is a system of solar-powered sen­
sors and meteor-burst transmitters the 
U.S. Department of Agriculture's Soil 
Conservation Service has used since 
the mid-1970's to monitor snowpack 
and other meteorological data in moun­
tainous areas of western states. 

Placed nearby the crater of the 
Mount St. Helens volcano in 1980, the 
system was set to detect rapidly melt­
ing snow-an alert to a new eruption. 
The same meteor-burst system enables 
the Chinese Army to relay information 
on troop movements, the Egyptian gov­
ernment to check the level of the Nile 
for irrigation projects and the North 
American Air Defense Command to 
back up its regular communications 
networks because of the system's re­
sistance to the electromagnetic inter­
ference emanating from the battlefield. 

Regardless of competition, bouncing 
messages off bursting meteors may 
continue to hold an irresistible attrac­
tion for entrepreneurs. Even if satellites 
eclipse meteor bursts as a communica­
tions system, the more esoteric of the 
two technologies may still draw those 
fascinated by the challenges of making 
money from stardust. -Gary Stix 
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SKIN SUBSTITUTE forms layers of the two basic types of human skin cells. They 
are seen here stretching over a nylon·mesh support. Photo: Marrow-tech 

Skin Stand-ins 
Dermal substitutes promise 
to reduce animal testing 

,,�ainst animal testing," pro­
claims a bold black , white 
and red sign in the front win­

dow of The Body Shop, a cosmetics 
chain that manufactures "natural" fra­
grances and skin- and hair-care prod­
ucts. Stacks of promotional literature 
decry the traditional use of animals 
to test the safety of cosmetics and ex­
hort the customer to "exert your power 
as a consumer to effect change." Oth­
er cosmetics manufacturers are less vo­
cal about the issue, but all are backing 
away from animal testing. 

Cosmetics makers could soon have 
another alternative. Many are eagerly 
testing complex cultures of cells that 
may stand in for human skin or rab­
bits' eyes. These so-called dermal equiv­
alents, made by Marrow-tech in La Jol­
la, Calif., and Organogenesis in Cam­
bridge, Mass., have inner and outer 
layers of different cell types, just like 
the real thing. Fibroblasts make up the 
dermis, or base layer, and keratino­
cytes form a tougher epidermal.layer. 

Under the microscope, the products 
look similar to real skin, and the cells 
function much as they do in the body, 
secreting collagen and other proteins. 
Compared with isolated cells floating 
in flasks, these dermal equivalents are 
"a more integrated in vitro model of 
precisely what's going on in vivo," says 
Rosemarie Osborne, staff toxicologist 
at Procter & Gamble in Cincinnati, 

which is trying out the new materials. 
Marrow-tech grows its dermal substi­

tute in sheets eight centimeters square. 
The material looks less like skin on 
someone's forearm and more like the 
nylon mesh that holds the cells. As 
yet, the company provides kits with 
24 square wells to collaborators, who 
share their data. TestSkin , marketed 
by Organogenesis, makes use of fibro­
blasts' natural ability to cling together. 
It uses no outside support. The surface 
of TestSkin , packaged in small, clear 
cups, is rigid enough to have creams, 
oils and ointments applied to it. In con­
trast, Marrow-tech's very sticky prod­
uct accepts only compounds soluble 
in water. "We can't let the substrate 
dry out in its current form," says Den­
nis Triglia, director of prototype kit 
development. 

If compounds such as carcinogens, 
mutagens and corrosives cause the 
same kinds of reactions in skin equiv­
alents as they do in animals, compa­
nies may be able to use kits instead of 
creatures for their testing. Firms often 
pre screen several hundred compounds 
before choosing a few for further ex­
amination, so the number of animals 
spared could be Significant. Prescreen­
ing would also mitigate the suffering 
of animals that are used, because only 
less irritating compounds would be 
moved into that phase of testing. 

Final testing of cosmetics and house­
hold products is still likely to take place 
in animals, however. Although the Food 
and Drug Administration does not spe­
cifically require any kind of testing for 
these goods-animal or not-compa-
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nies have little practical choice. They 
can either put a label on a product say­
ing it has not been tested "to deter­
mine hazard," or they can do some­
thing to suggest it has been. Animal 
studies have long provided the best 
proof. Companies continue the status 
quo, in case personal-injury lawsuits 
are brought against them. "They're all 
scared to be caught without animal 
tests," Triglia says, because "you don't 
really know if a little change is going to 
make a big difference" in a product. 

For now, validation of the tests is in 
the hands of the users. Although the 
FDA is looking at a few alternatives for 
testing cosmetics and household prod­
ucts, including cultured mouse and hu­
man keratinocytes, the agency has no 
present plans to evaluate skin equiva­
lents. At this stage of their develop­
ment, the kits are certainly too crude 
to consider their use in pharmaceutical 
testing. "Even asking 'Will these be use­
ful for in vitro toxicology?' is too broad 
a question," says Alan M. Goldberg, di­
rector of the Johns Hopkins University 
Center for Alternatives to Animal Test­
ing. "A more appropriate one is, 'Will 
they work for a speCific purpose, such 
as testing sunscreens?' " 

Many researchers do expect the der­
mal equivalents to work well for evalu­
ating the effects of ultraviolet light. In 
addition, substitutes have shown "real­
ly promising correlation with animal 
and human test data for surfactants 
ranging from harsh to mild," Osborne 
says. The products also are "a good 
model to measure the effects of ingre­
dients that have 'anti-aging '  or stimula­
tory effects," notes Kenneth D. Maren­
us, director of biological research at Es­
tee Lauder. 

Both makers of the dermal equiva­
lents hasten to say the stuff is not "ar­
tifical skin"-yet. Someday they would 
like the products to contain melano­
cytes responsible for skin color, as well 
as naturally present immune cells. The 
significance of the presence or absence 
of these cell types in testing is not yet 
known. Even in truly living systems, 
skin is only beginning to be appreciat­
ed as more than a passive barrier, Os­
borne observes. 

As dermal substitutes get better, re­
searchers are likely to find more appli­
cations for them. TestSkin is already 
being tried out as grafts for burn vic­
tims. Doctors foresee growing and ge­
netically manipulating a patient's own 
skin cells to create personalized patch­
es of skin that could secrete insulin, 
for example, without being rejected by 
the body. For the time being, dermal 
equivalents are just scratching the sur­
face of possibility. -D. E. 
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Muffling Umklapp 
Researchers beat the 
heat using pure ice 

N o material is a better conductor 
of heat than diamond. That is 
why costly diamonds are used 

as heat sinks in electronic devices. It is 
also the reason why researchers are 
trying to build tiny computer circuits 
on diamond films. So seeing if that ma­
terial could be made into an even bet­
ter conductor was not an unreason­
able project for scientists at General 
Electric, which developed the first pro­
cess for making synthetic diamond in 
the 1950's. 

Researchers at the GE Research and 
Development Center in Schenectady, 
N.Y. , decided to see what would hap­
pen if they made diamond from a pure 
carbon isotope, carbon 12. One per­
cent of natural diamond is another 
isotope, carbon 13. Some theories sug­
gested that isotopically pure diamond 
should have a 5 percent greater ther­
mal conductivity. 

But predictions are just that. Lacking 
experimental data, William F. Banholz­
er, manager of the center's advanced 
inorganic materials laboratory, and his 
team decided to press on. And what 
they found was that existing theory 
was low by an order of magnitude. In 
addition, isotopically pure diamond re­
sists a laser's damaging radiation 10 
times better than conventional dia­
mond, making it even better for use in 
mirrors and lenses. 

To make the diamond, GE combines 
its traditional heat-and-pressure dia­
mond-making technique with a newer 
process, chemical-vapor depOSition. In 
that procedure, methane gas is heated 
in a plasma, and the carbon is depos­
ited as tiny diamond crystals on a 
molybdenum or silicon substrate. (The 
methane gas is enriched so that it con­
tains 99.99 percent of the carbon 12 
isotope.) 

The resulting polycrystalline sub­
stance then becomes the raw material 
for a process for gem-quality diamond 
that GE developed in 1970. After it is 
ground into a powder, the diamond is 
forced through a metal catalyst at a 
pressure of 52,000 atmospheres and 
a temperature of 1,200 degrees centi­
grade and then deposited on a small 
seed crystal that is typically grown into 
a one-carat diamond. 

The researchers can only speculate 
about why the pure diamond is more 
conductive. According to accepted the­
ory, heat is transferred through a dia­
mond's crystal lattice by phonons­
quanta of sound energy that are car-

riers of heat. The wavelike motion of 
the phonons is disturbed by the carbon 
13 atoms, which vibrate at a slightly 
different frequency than their carbon 
12 counterparts. But researchers think 
some other phenomenon may also be 
at work. For reasons unknown, lower­
ing carbon 13 levels also appears to di­
minish what is known as the Umklapp 
process: when two phonons collide, 
they can form another phonon, which 
randomly scatters through the crystal, 
reducing the conductive properties of 
the crystal lattice. 

The theory should hold for other 
materials. Yet many of the elements 
whose properties are valued by indus­
try-the arsenic in gallium arsenide, 
for example-have higher atomic mass­
es. Making a purified arsenic material 
with one or two fewer neutrons might 
produce a smaller change in its ability 
to transfer heat relative to its total mass. 
And all these materials start out being 
less conductive than diamond anyway. 

Although the expense of producing 
ultrapure methane and the necessity of 
a two-step process will make the dia­
mond costly, GE anticipates an annu­
al market of $50 million to $100 mil­
lion. One of the initial applications will 
probably be for more efficient heat 
drains for fiber-optic repeating stations 
in hard-to-reach sites at the bottom of 
the ocean. 

Some think the price of GE 's dia­
mond will be too high to become a 
commercial success. "It's a nice experi­
ment from the point of view of solid 
state physics, but I don't see it as any 
kind of technological breakthrough be­
cause of the cost of the products," says 
Andrzej R. Badzian, an associate pro­
fessor at Pennsylvania State Universi­
ty, home to the Diamond and Related 
Materials Consortium. The Penn State 
group plans to make its own isotopical­
ly pure diamond using chemical-vapor 
deposition alone-a slower although 
potentially cheaper process. GE wish­
es them luck. "We tried to do the same 
thing," Banholzer says, pointing to the 
defects that resulted in the crystal's 
lattice. "Neither we nor anybody else in 
the world has been able to do that." 

There may be others grasping for 
the corporate jewels. Russell Seitz of 
Cambridge, Mass., says that he holds 
a 1975 patent for the making of iso­
topically pure diamonds for use as op­
tical elements for lasers. GE disputes 
his claim . 

While the company's lawyer may be 
burning the midnight oil, the team in 
the lab is also forging ahead. The re­
searchers plan next to make a diamond 
from carbon 13. That might prove 
harder yet. -G. S. 

Electron Switches 
Training electrons 
to mimic light waves 

T he theory of quantum mechanics 
says that electrons act like both 
particles and waves. So far, how­

ever, electronics has taken advantage 
only of the particle nature of electrons. 
With good reason: as electrons travel 
through a material, they collide with 
atoms, scattering in many directions. 
Given all those collisions, electrons 
hardly have a chance to mimic waves. 

That is changing. Over the past dec­
ade or so, techniques for making sand­
wiches of gallium arsenide and alu­
minum gallium have been honed to the 
point where electrons can shoot ahead 
unimpeded as far as 100 microns be­
fore scattering and so act like waves. 
Now researchers at AT&T Bell Labora­
tories and IBM's Thomas]. Watson Re­
search Center are applying the laws of 
optical waves to these streams of "bal­
listic" electrons. 

Both groups have built "electron 
.lenses" for focusing electron beams. 
This past summer the AT&T team re­
ported that it had built a "prism" for 
directing electrons along new paths. 
They have also applied for a patent on 
a lithographic pattern that enables two 
low-current electron beams to intersect 
at right angles without disturbing each 
other-much as light beams can cross 
without distortion. 

The effort is still firmly in the realm 
of basic research. But if the techniques 
prove successful, "electron optics" 
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META LLIC "PRISM" deflects electrons. 
Changing the voltage applied to this elec­
trode directs the electron stream to any 
one of three collectors. Source: A T&T 
Bell Laboratories 
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could open new horizons in electron­
ics, says Karl Hess of the University of 
Illinois at Urbana-Champaign. Instead 
of conventional binary, or "on-off," 
transistors, scientists may be able to 
build devices that switch among sever­
al states, says Mordehai Heiblum, who 
manages IBM's microstructure physics 
work. This capability could reduce the 
number of transistors needed to build 
powerful integrated-circuit chips. Elec­
tron beams that regularly behave like 
waves could also simplify the work of 
chip designers who have been trying to 
take advantage of the properties of 
waves by marrying optical and elec­
tronic components on the same chip. 

The principles of electron optics are 
analogous to those of classical optics. 
For instance, light bends predictably 
when it travels through a transparent 
material. A beam of ballistic electrons 
is similarly slowed and deflected when 
it encounters a material with a differ­
ent charge density, or applied Voltage. 

To build the first electron prism, Joe 
Spector, Horst L .  Stormer and their col­
leagues at Bell Labs photolithographi­
cally deposited a metallic electrode on 
top of a gallium arsenide-based mate­
rial. When low voltages are applied to 
this electrode, it acts like a prism­
slowing and deflecting a beam of elec­
trons aimed at one of its edges. By 
varying the voltage, workers can direct 
the beam to one of three collectors. In 
principle, beams could be diverted to 
many more collectors. An electron lens 
works much the same way. But the 
electrode deposited on the gallium ar­
senide substrate has concave indenta­
tions on opposite sides that focus the 
electron beam in the same way an opti­
cal lens does. 

There are caveats. Spector points out 
that the work requires exceptionally 
pure materials to minimize electron 
scattering. The investigators must also 
cool the devices to lower than four 
kelvins to reduce thermal vibrations. 
Even a ballistic electron beam that col­
lides with virtually no other particles 
tends to disperse-just as a beam of 
light spreads out when it travels. So re­
searchers must stud the substrate with 
structures that channel the electrons 
toward the focusing elements. Still, 
only 1 or 2 percent of the electrons 
reach the collectors. 

Heiblum says he is trying to push 
other boundaries. Efforts so far have 
concentrated on channeling electron 
beams in only one horizontal layer 
of a substrate. "I want to think about 
two planes stacked on top of each 
other," Heiblum says. He is also trying 
to boost the velocity of the electrons 
themselves-a strategy that tends to in-

crease electron scattering, he concedes. 
Along with refining their lenses and 

prisms, the AT&T team is developing 
new electron optics, such as the design 
for crossing electron beams. Because 
conventional chips rely on circuit lines 
that never touch, much work is devot­
ed to etching ever tighter line patterns. 
Electron beams that could cross would 
simplify matters. So far the AT&T de­
Sign uses very low currents-on the 
order of a few nanoamps-to give the 
electrons ample room to pass one an­
other without colliding. 

Electron optics are unlikely to find 
their way into circuit designs anytime 
soon. Still, Stormer says, such work 
could spur researchers to take a fresh 
look at what happens when electron­
ics devices are not restricted to on-off 
modes. -Elizabeth Corcoran 

Anatomical Cartography 
Computer maps reveal the 
topography of arthritis , , I f you rubbed your skin like this 

for 24 hours, by tomorrow it 
would be gone," says Van C. 

Mow, scratching at the back of his hand 
with a fingernail. The director of the 
New York Orthopaedic Hospital Re­
search Laboratory of Columbia Univer­
sity pauses, then points out that the 
millimeter-thin layers of cartilage lin­
ing the joints somehow survive being 
rubbed "a million times a year," even 
though the cartilage cannot repair itself 
as easily as most tissues. 

But orthopedics researchers still have 
only a rudimentary understanding of 
how the joints endure such stress-or 
why they sometimes succumb to wear 
and tear in the painful condition called 
osteoarthritis. The Columbia group is 
hoping to deepen that knowlege by bor­
rowing a mapping technique from car­
tographers. Their maps of joints are 

GRID projected on bone permits the 
mapping of a joint surface. 

170 SCIENTIFIC AMERICAN September 1990 

now helping surgeons to refine their 
treatments of joint disorders. 

Gerard A .  Ateshian and Louis J Sos­
lowsky, two Columbia bioengineering 
students working in Mow's laborato­
ry, adapted a technique called stereo­
photogrammetry to depict how the for­
ces work in a joint. Stereophotogram­
metry is a computational method of 
constructing a three-dimensional map 
of an object from two or more flat pho­
tographs. With it, cartographers can 
construct detailed relief images of the 
earth's mountains and valleys from 
satellite photographs. The technique 
can identify features on joint surfaces 
only 50 microns (millionths of a meter) 
high, thinner than a human hair. Such 
detail is important because tiny irreg­
ularities in bone and cartilage surfac­
es can disturb the balanced distribu­
tion of pressure in a joint. 

To create their images, the Columbia 
researchers begin by photographing 
partially dissected joints in various po­
sitions and under varying loads from 
two angles. The joints are then com­
pletely dissected, and the full surfac­
es are photographed, also from two 
angles. After scanning digitized images 
of the photographs, a computer finds 
common "landmarks" on the surfaces 
and deduces the geometries and posi­
tions of the joint surfaces. A modeling 
program combines the geometric de­
tails with what is known about the ma­
terial properties of the cartilage, bone 
and ligaments and produces a model 
of forces in the joint. 

Patients are already benefiting from 
the computer models. Louis U. Biglia­
ni, an orthopedic surgeon working in 
the Columbia laboratory, applied dis­
coveries about force distributions in 
the shoulder to restore the fitness of 
a varsity swimmer at the University of 
Kentucky, for example. Eventually, as 
computed tomography and magnetic 
resonance imaging scanners become 
capable of higher resolution, doctors 
may be able to feed these data into the 
modeling program as well. 

Future applications of mapping may 
be more varied. One possibility, accord­
ing to Mow, is in the design of better, 
longer-lasting prosthetic joint replace­
ments. Plastic surgeons may also use 
the system to predict how the orienta­
tion of collagen fibers in skin grafts 
from different parts of the body will af­
fect the skin's appearance. 

In the meantime, Mow and his col­
leagues are thoroughly occupied with 
their studies of joints. Smiling as a new 
model of a shoulder appears on the 
monitor, Mow says, "Even the surgeon 
who's going in [to the shoulder] hasn't 
seen this." -John Rennie 
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THE ANALYTICAL ECONOMIST the amount drawn from personal in­
come taxes. In fact, Goulder says, these 
taxes artifiCially increase the cost of 
hiring people and so discourage em­
ployment. Imposing taxes on carbon 
and lowering taxes on wage earners, he 
contends, could make the price of both 
energy and wages more closely reflect 
their social costs. 

Carbon levies 

, 'T hese taxes solve an impor­
tant political problem," in-
sists Robert Hahn of the 

American Enterprise Institute. "They're 
a do-gooder cause by which you can 
raise revenues." Recently Congression­
al and White House negotiators have 
entertained proposals for a tax-induced 
increase in fossil-fuel prices. A carbon 
tax could trim U.S. emissions of carbon 
dioxide by up to 20 percent by the turn 
of the century, helping to guard against 
global warming. Even better, according 
to the Congressional Budget Office, a 
$28-per-ton tax on carbon-containing 
fuels could generate $163 billion or 
more between now and 1995. 

The tax, Hahn says, "is a no-brainer." 
What is also a no-brainer is that many 
politicians believe it is politically im­
possible to impose a tax high enough 
to drive down carbon emissions. The 
CBO estimates that an environmentally 
potent tax would have to extract $100 
for each ton of carbon. 

So the proposal by Representative 
Pete Stark (D.-Calif.) for a $25 tax on 
each ton of carbon in fuel has drawn 
simultaneous fire from major electric 
utilities and the Environmental Defense 
Fund. A Stark staffer dismisses the CBO 
estimate as "ivory-tower thinking." Op­
ponents of the tax characterize it as 
a revenue grab with minimal environ­
mental value. How does it stand up? 

As taxes go, an excise on carbon 
would be relatively easy to administer, 
Hahn says. A ton of carbon in fuels dug 
or pumped out of the ground is a ton 
that will eventually go into the air. So 
the tax can be imposed at the well, the 
mine or the border rather than at tens 
of thousands of individual gasoline sta­
tions or coal jobbers. In contrast, pollu­
tants whose emission levels depend on 
technology applied by the end user­
such as scrubbers to remove sulfur 
from coal-require a formidable admin­
istrative apparatus. 

In economic terms, it makes no dif­
ference where the carbon tax is im­
posed. Each stage in the distribution 
chain can pass on the added cost to the 
next (although they might pass on less 
than the full cost so as to fend off 
some of the resulting drop in demand). 
In any case, the cost to the consumer is 
the same. Moreover, the tax shows up 
not only in the price of fuels but in the 
price of all goods and services that re­
quire energy in their production. 

Adding any tax on energy is unpalat­
able to electric utilities. And if the U.S. 

imposed a carbon tax unilaterally, the 
resulting rise in energy prices might 
hurt domestic firms in the global mar­
ketplace (although this does not seem 
to have troubled nations such as Japan, 
where energy prices are already high). 

The issue of equity within the U. S. 
itself is also contentious. Some econ­
omists argue that imposing a tax on 
environmentally damaging carbon just 
makes the price of fossil fuels more 
closely reflect their "true" cost to soci­
ety. Because coal is mostly carbon, it 
would be taxed most heavily. So coal­
using states in the Midwest, which al­
ready bear the brunt of acid-rain con­
trol measures, would bear a dispropor­
tionate share of carbon taxes. Western 
or southern states that rely largely on 
nuclear power or hydroelectricity could 
be unfairly favored, some say. 

A carbon tax might also favor the rich 
over the poor. Lower-income groups 
spend a larger proportion of their in­
come on energy directly than do high­
er-income ones. Hahn argues that taxes 
on the energy incorporated in things 
rich people buy (perhaps the jet fuel 
consumed in air-shipping a tub of be­
luga caviar) could even out the bur­
den. But there are no solid data, even 
though progressive taxes-those that 
take proportionately more from the 
rich than from the poor-are generally 
considered important for social equity. 

Stanford University economist Law­
rence H. Goulder suggests that even 
though a carbon tax might not be pro­
gressive, it could still help offset some 
more regressive features of the current 
tax system. Payroll and Social Security 
taxes are particularly onerous, he says. 
Not only do they hit the poor harder 
than the rich, they account for an in­
creasingly large part of total taxation: 
in 1989 they contributed 80 percent of 

$22.85 PER TON 
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Even if carbon taxes were stiff 
enough to trim emissions, some econo­
mists disapprove in principle of using 
taxes to manage environmental prob­
lems. Alice LeBlanc of the Environmen­
tal Defense Fund contends that setting 
the price of a ton of carbon is a mis­
take. Instead regulators should decide 
the amount they want to allow into the 
atmosphere and let companies buy and 
sell permits to emit it. A market in 
emission permits would then set the 
price at its proper level. 

Tradable emission permits and tax­
es would be interchangeable from an 
environmental point of view, LeBlanc 
acknowledges, but only if regulators 
knew how much carbon consumers 
would give up for a given increase in 
price-the market's elasticity. They 
don't. Estimates of the short-term re­
duction in emissions for any given tax 
rate vary by a factor of three. 

Furthermore, current permit schemes 
are certainly not interchangeable with 
taxes in a fiscal sense. Permits offer 
more certainty in reducing emissions, 
but they generate no federal revenues. 
(Some economists have suggested that 
the government change that by auc­
tioning permits much as it now sells 
Treasury bonds to finance the deficit.) 

LeBlanc fears, however, that plans to 
raise money in green guise by taxing 
carbon could eventually hurt the en­
vironmental cause. After collecting a 
few hundred billion dollars, politicians 
will have to enact new, costly laws to 
actually cut emissions. And citizens, 
she insists, will respond to them with 
outrage: "'We paid for that already.' '' 
-Paul Wallich and Elizabeth Corcoran 
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$1.71 PER 1,000 
CUBIC FEET 

$.45 PER 
1,000 

CUBIC FEET 

-Based on current domestic consumption. The Congressional Budget 
Office estimates a tax would actually bring in about $35 billion a year. 

Sources: Congressional Budget Office, Energy Information Administration 
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When it comes to the environment, 
progress can mean maintaining the 
status quo. 

That's why at IBM we're applying 
advanced technology in ways that help 
preserve the world, rather than change it. 

The Global Resource Information 
Database (GRID) is just one example. 
With the help of IBM, this far-reaching 
United Nations effort is gathering and 
analyzing crucial environmental informa­
tion that's helping countries worldwide 
anticipate the environmental impact of 

their growth and development. 
In fact, at IBM we're developing a 

variety of new technologies to help keep 
the environment the way it was meant 
to be. 

Because we believe that sometimes 
the best thing that can happen to the 
world is absolutely nothing at alL 
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MATHEMATICAL 

RECREATIONS 
How to resurrect a cat 

{rom its grin 

by A. K. Dewdney 

"This time [the Cheshire Catl van­
ished quite slowly, beginning with the 
end of the tail, and ending with the 
grin, which remained some time after 
the rest of it had gone." 

-LEWIS CARROll, 
Alice's Adventures in Wonderland 

T
he medical practice called CAT 
scanning herein lends its name 
to a new recreation in which 

readers attempt to reconstruct un­
known objects on the basis of what 
might be called digital X rays, or D 
rays. A Cheshire cat may not be recon­
structible from its grin, but some cats 
can be reconstructed from their Drays. 

In 1979 Allan M. Cormack and Sir 
Godfrey N. Hounsfield shared the No­
bel prize in medicine for the invention 
of the CAT scanner. Short for comput­
ed axial tomography, the machine com­
bines a computer and a series of X-ray 
"slices" of a patient to reconstruct a 

cross section of his or her anatomy, re­
plete with bones, vessels, fat and oth­
er tissues. 

An ordinary X-ray machine creates a 
two-dimensional image that is akin to 
a shadow. In sunlight, my shadow on 
the wall shows clearly an outline of my 
body. But in the "light" of an X-ray 
beam, my outline is filled in by bones 
and other internal organs. CAT scans 
are not like this at all . Here the X rays 
do not spray everywhere through my 
body. Instead they are confined to a 
single plane. On the other side of my 
body they produce what can only be 
called a one-dimensional shadow, a 
strip of dark and light that betrays the 
presence of bones and organs only 
within that plane and only as seen 
from that angle. 

As shown in the illustration below, a 
medical technician positions a patient 
inside a CAT scanner so that an X-ray 
source may project its beam through 

A patient inside a CAT scanner 
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the patient within a specific plane. On 
the other side of the patient a row of 
detectors records the radiation that 
went through the patient along that 
particular angle. From here, the one­
dimensional shadow is relayed in dig· 
ital form to a computer. All of this con­
spires to make but one snapshot, so 
to speak. 

The next snapshot is taken from a 
slightly different angle. The X-ray de­
tector and source are rotated a bit, and 
a new beam of X rays slices through 
the patient within the same plane. The 
new array of readings is also sent to 
the computer. 

When enough snapshots have been 
taken, the computer begins to recon­
struct the patient's cross section in the 
plane of all the X rays. How is this 
done? It hardly takes a Nobel laureate 
to understand it. In fact, we shall do 
precisely the same kind of thing as the 
computer on a humbler scale. Rather 
than asking readers to spend half a 
million dollars on a CAT scanner, I 
shall provide some recreational CAT 
scanning that requires nothing more 
than pencil and graph paper. 

The recreational version I call sim­
ply the catscanner reconstructs two-di­
mensional images composed of small 
black-and-white squares in an image 
grid as in the illustration on the oppo­
site page. For those who see no chal­
lenge in this exercise, let me hasten to 
add that the image is normally not pro­
vided, only the information from the 
so-called Drays. 

The image is traversed, from two di­
rections only, by D rays. A beam of hor­
izontal D rays penetrates the object 
from right to left and is recorded as a 
sequence of numbers. Each number is 
the sum of the black squares in a par­
ticular row of the image grid . A beam 
of vertical D rays streams through the 
object from bottom to top. The beam 
is also recorded as a sequence of 
numbers with the same interpretation , 
namely, the number of black squares, 
one number per column. In the illustra­
tion, for example, the number beside 
the second row is 2 because the second 
row contains two black squares. Each 
black square adds one to each number. 
From such a Simple observation springs 
an important fact for catscanners: the 
sum of the row readings equals the 
sum of the column readings. 

Theoretical niceties aside, can the 
image be reconstructed from just two 
beams? The answer depends on the 
particular pattern of black-and-white 
squares that makes up the object. For 
convenience, I will describe those pat­
terns that we may logically reconstruct 
as "categorical" and those that can· 
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not be constructed as "catastrophic ." 
Before I get too involved in what 

characterizes a catastrophic pattern, I 
offer an example that will prove to be 
categorical. The example is the spiral 
shown at the right. After the catscan­
ner has bombarded the spiral pattern 
with D rays, the sensors next to the 
rows reveal the sequence 8, 2, 6, 4, 5, 3, 
7, whereas the sensors over the col­
umns read 7, 1, 6, 3,4, 5, 2, 7. 

To reproduce the spiral from the two 
sequences, the cats canner could gen­
erate every combination of black-and­
white squares until it found a pattern 
that would produce the original se­
quences. Luckily, we can develop a bet­
ter technique to reconstruct the spiral. 

In any set of sensor readings derived 
from a categorical pattern, one of the 
readings in one of the sequences will 
always match the number of nonzero 
readings in the other sequence. For the 
spiral pattern, the sensors next to the 
rows indicate seven nonzero readings, 
and the sequence associated with the 
first column contains a "7." It can 
therefore be deduced that the first col­
umn contains seven black squares in 
all seven rows. 

These seven black squares contribute 
one unit to each of the readings associ­
ated with the rows. To determine the 
positions of other black squares, there­
fore, you change the 7 to a ° in the col­
umn sequence and subtract one from 
each nonzero reading in the row se­
quence. Two new sequences result: 

Rows: 7, 1, 5, 3,4, 2,6 
Columns: 0, 1, 6, 3,4, 5, 2, 7 

Notice that at least one reading in one 
of the sequences is equal to the num­
ber of the nonzero readings in the oth­
er sequence. In fact, because there are 
more than one, readers may take their 
pick of which one to work on next. The 
final outcome will be the same. If, for 
example, you pick the 7 in the first se­
quence, fill in the appropriate squares 
and carry out the arithmetic, the next 
sequence is: 

Rows:0,1, 5,3,4, 2, 6  
Columns: 0, 0, 5 ,  2, 3,4, 1, 6 

Once all the numbers have been re­
duced to zero, the picture of the spiral 
will be staring you in the face. 

The cats canner does not decipher all 
patterns as easily as it does the spiral. 
A catastrophe would occur if two pat­
terns that produced the same sequenc­
es of numbers were placed in the cat­
scanner. By trial and error, you can 
probably come up with a few examples. 

If you examine catastrophic patterns 

1·- r 

Catscanner readings of a categorical spiral 

in a systematic way, however, you may 
notice that all such patterns have fea­
tures that I call chains. Suppose that 
two different patterns-call them A 
and B-produce the same sequences of 
numbers. Then pattern A must have 
the same number of rows and columns 
as pattern B. If pattern A is superposed 
on pattern B, there must be at least one 
black square in A that overlaps a white 
square in B. (Otherwise the patterns 
would not be different.) This square is 
the first link in the chain . 

If this one square were the only dif­
ference between patterns A and B, 
however, the sensor readings of A and 
B would not agree. Therefore, the row 
that contains the first square must also 
include a second square that is white 
in A and black in B. The second square 
is the second link in the chain . Like­
wise the column that contains the sec­
ond square must also include a third 
square that is black in A and white in 
B. This is the third link. A similar pro­
cedure can be repeated to find other 
links in the chain. Ultimately, the chain 
must be linked back to the first square, 
guaranteeing that there are no dis­
agreements in the readings of A and B. 

A study of catastrophic patterns 
leads to two theorems. The first states 
that a catastrophic pattern can be trans­
formed into another by changing the 
color of each square in its chain . Such 
a transformation might be useful to de­
scribe ambiguous reconstructions. In-

deed, the simple technique for recon­
structing categorical patterns can be 
modified to partially reproduce cata­
strophic patterns. I invite readers to at­
tempt this modification . 

The second theorem says that a pat­
tern is categorical if, and only if, it has 
no chains. Using the theorem, I won­
der how many readers can now justi­
fy the method I gave earlier for recon­
structing categorical patterns. How can 
I always be so confident of finding a 
number in one of the sequences that 
counts the nonzero numbers in the oth­
er sequence? A hint shall suffice: What 
would be the consequence for the pat­
tern if no such numbers existed? 

The second theorem can also be ap­
plied to determine the number of cate­
gorical patterns of a given size. For in­
stance, although 512 patterns can be 
created by coloring the squares of a 
three-by-three grid, only 99 of them 
are categorical. The three-by-three cate­
gorical patterns are shown in the illus­
tration on page 177. To save space, I 
have omitted those patterns that are 
reflections or rotations of others. 

Readers who have access to comput­
ers can write a simple program that 
simulates the cats canner. The program 
I call GRIN first prompts the user to en­
ter each of the readings of the catscan­
ner. GRIN then stores the readings in 
two arrays that I cannot refrain from 
calling x-array and y-array. Next the 
program requests the number of non-
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input x-array and y-array 

input xcount and ycount 

repeat 

done <-- 0 
for each array position I 

if x-array (I) =ycount and done = 0 

then x-array (1)<-- 0 

for each y-array (J) > 0 

decrement y-array (J) 

color square at (I,J) 

done <--1 

if y-array (I) = xcount and done = 0 

then y-array (I) <-- 0 

for each x-array (J) > 0 

decrement x-array (J) 

color square at (J,I) 

done <-- 1 

compute new xcount and ycount 

until xcount = 0 

Outline for the GRIN program 

zero entries in the two arrays and 
stores them in xcount and ycount. 

GRIN searches through the arrays of 
cats canner readings until it finds the 
number xcount in the y-array or the 
number ycount in the x-array. The pro­
gram carries out the appropriate arith­
metic, draws the corresponding squares 
on the screen and then sets a special 
variable called done to 1. The last step 
prevents the program from repeating 
the previous instructions until it has 
had a chance to recompute xcount and 
ycount. When xcount reaches 0, the non­
zero numbers have all been processed, 
done is set to ° and the computer takes 
a catnap. A somewhat abbreviated ver­
sion of the algorithm is given above. 

Here are some categorical patterns 
to try out on your catscanner. Blending 
the medical with the recreational for a 
moment, the following categorical pat­
tern was recently found in a CAT scan 
of a cat. What had it eaten? 

Rows: 9, 5, 7, 5, 6 
Columns: 5, 3, 5,0, 5,2, 5,0, 1, 5, 1 

Recently someone brought me a box 
that he could not open, having lost the 
key. Could I determine the contents of 
the box? A cats canner revealed an ob­
ject with an ambiguous reconstruction, 
but I immediately knew what it was. 

Rows: 11, 5,4 

Columns: 3, 2, 3, 1, 1, 1, 1, 2, 3, 2, 1 

Finally, here is the grand catscanning 
challenge of all. The use of square 
grids would appear to limit the recon­
struction game to just two sets of D 
rays, one horizontal and the other ver­
tical. But what about diagonals? If di­
agonal D rays are permitted, four sets 
of D rays are possible, and the class of 
objects that can be reliably reproduced 
is dramatically increased. 

The following D rays were taken first 
horizontally, then diagonally, then ver­
tically, then diagonally again. 

Horizontal: 1, 13, 17, 17, 14, 14, 12, 
6,6,6 

First diagonal: 1, 2, 5, 6, 4, 4, 6, 7, 7, 

8,8, 5,6,6,�6, 5, 5, 3,3, 1, 1, 1 

Vertical: 2, 1, 1,3,3,6,6,8,9, � 5, 5, 
5,5,6,8,8,8,4,4,2 

Second diagonal: 1, 2, 2, 2, 2,4, 5,4, 

5,5,4,5,6,6,9, 9, � 5, 5,4, 2, 3, 3, 3, 
2, 1 

The horizontal was recorded on the 
left of the object, the first diagonal 
beam was recorded on the lower left, 
the vertical beam was recorded below 
and the second diagonal beam was 
recorded below and to the right of the 
object. In each sequence, one of the 
numbers appears in bold type. This 
number represents the ray that passed 
through the center of the object. 

The reconstruction process may use 
any insights contained herein , but there 
is no substitute for good old-fashioned 
logical thought. Readers may even try 
one of the first reconstruction tech­
niques employed in medical imaging, 
the back-projection technique. 

You can determine a minimal outline 
by drawing the region in which all four 
D rays are present over the grid. Then 
back-project: because each number cor­
responds to a specific ray (either hor­
izontal, vertical or diagonal), one can 
distribute the number back over every 
square in the ray as though it encoun­
tered a uniform shade of gray. That 
shade is captured by an average: divide 
the number of the ray by the number 
of squares in it. 

The shade of gray can be entered in 
the squares numerically (but one must 
have a steady hand) or, better still, can 
be reflected by a number of dots. If the 
quotient turns out to be .8, for exam­
ple, place eight dots in each of the 
squares of the ray. A quotient of 1.2 

would then require 12 dots. The pro­
cess is time-consuming but perfect for 
that long flight, quiet lunch or slow 
evening. When a square is dotted in for 
a second, third or even fourth time, 
room must be found for additional 
dots. At the end of the process, the ob-

Patterns A and B and a chain that converts one into the other 
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ject will be plainly visible, if not pre­
cisely rendered. [t can be cleaned up by 
erasing all those squares that contain 
fewer than a certain number of points. 
This practice is known as thresholding. 

To speed up the task, some readers 
might be able to adapt the GRIN pro­
gram. Logicians will of course insist on 
deducing which squares are dark. This 
can be done by a process of elimina­
tion like the technique for reconstruct­
ing categorical patterns. Yet I think that 
logicians and programmers will find 
the solution to be the cat's meow. 

Reader Response 
Math abuse and all manner 
of numerical transgressions 

P
oliticians, corporate executives 
and even columnists abuse math­
ematics when , knowingly or un­

knowingly, they deceive themselves or 
others about numerical, geometric and 
even logical relations. I had thought 
that math abuse would be a simple 
subject for the March installment of 
"Mathematical Recreations," but I and 
many readers found that math abuse is 
an unusually delicate issue. 

I claimed in the March column, for 
instance, that the chance of winning 
a certain lottery was less than the 
chance that a meteorite had fallen in 
your neighborhood. Many readers com­
plained that neighbors had won lottery 
prizes but had never reported the im­
pact of a meteorite. My calculation was 
based on the estimated number of 
meteorites striking the earth on a giv­
en day. Three would be a minimum 
number. What are the chances that the 
square kilometer that I inhabit will be 
the landfall of one? About twice that of 
winning the lottery I described. 

When most people hear the word 
"meteorite," they think of the nickel­
iron monster at the local museum. In 
fact, the vast majority of meteorites 
that enter the atmosphere weigh less 
than a gram-bright ones, too! A small­
ish meteorite that mostly (but not 
quite) burns up will quickly slow to a 
modest terminal velocity as it plunges 
into the thicker atmosphere. It is not 
the crash of a carbonaceous chondrite 
through the roof but a gentle "ping " 
on the shingles. 

Did I abuse readers by not making 
the point more clearly in the original 
article? Not if it serves as a spring­
board now. 

Hundreds of readers reported on ex­
amples of abuse. These letters have en­
couraged me to keep a diary of abuse 
and a catalogue of horrors that beg a 

A census of three-by-three categorical patterns 

reprise in the next "Mathematical Rec­
reations." We will discover fly-by-night 
enterprises and government agencies 
alike indulging in hoodwinking, not to 
mention a gullible public ready to swal­
low any statement having the sem­
blance of authority. 

The book Innumeracy, by John Allen 
Paulos, was inspired in part by Douglas 
R. Hofstadter's seminal piece in these 
pages in May of 1982. Is "innumera­
cy" the same thing as "math abuse" ? 
Not quite. Innumeracy amounts to ig­
norance of basic mathematical ideas 
that govern quantity, form, logic and 
so on. But we can be perfectly numer­
ate and, letting down our guard, per­
mit abuse. Worse yet, we can perpe­
trate it without even thinking. A will­
ingness to think separates the terms. 

Indeed, we can commit abuse by 
simply not checking a calculation that, 
numerate as we may be, happened to 
be in error. Take my calculation that 5 
percent annual inflation will give a sum 
of money a half-life of 20 years. The 
true figure is closer to 14. In that time, 
a given quantity of money will lose half 
its value-that is, its purchasing power 
is reduced by one half. 

Many readers of the proper degree 
of numeracy solved the March puzzle 
based on a strange lottery. Each lot­
tery ticket bore two numbers. The first 
number was printed on the tickets in 
serial order. The second was part of 
a grand permutation. For example, if 
my lottery issued only five tickets, the 
numbers might be 1-4, 2-3, 3-1, 4-5, 

5-2. No winners there; the numbers 
have to match. If n tickets are issued, 
the probability of no matches happens 
to converge very rapidly to 1/ e, where 
e is the transcendental number ap-

proximately equal to 2.7183. In oth­
er words, n does not have to be very 
large, say 10, before I can claim that 
the probability of no one winning the 
lottery is .3679. As n gets larger and 
larger, the probability changes hardly 
at all. 

But such a lottery might break the 
bank. After all, the numbers might 
match on every ticket printed! What is 
the average number of winners in this 
strange lottery? The answer, amazingly 
enough, is one! 

The readers who solved the lottery 
puzzles either already knew them as 
elementary exercises or charged ahead 
under their own steam. The probability 
depends solely on counting the num­
ber of ways that a permutation of 1, 
2, 3, . . .  n may leave no number in its 
proper serial position . To compute 
that number, one starts with the n! per­
mutations in toto and subtracts the 
n (n - I)! permutations in which at least 
one of the n numbers lies in its proper 
position. But that would subtract too 
much. Hence, one adds back the num­
ber of ways that two numbers can be 
in their proper position , multiplied by 
(n- 2)!, the number of permutations of 
numbers that remain. But that would 
add too much . And so the series devel­
oped. It was infinite, of course, but 
when divided by n!, even the first few 
terms gave a pretty good answer for 
the probability. 

FURTHER READ ING 

[MAGC RECONSTRUCTION FROM PROJEC­
TIONS: THE FUNDAMENTALS OF COM­
PUTERIZED TOMOGRAPHY. Gabor T. Her­
man. Academic Press, 1980. 
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BOOKS 
New-age astronomy, structural integrity, 
a naturalist's brush, the Maya revisited 

by Philip Morrison 

AsTEROIDS II, edited by Richard P. Bin­
zel, Tom Gehrels and Mildred Shapley 
Matthews, with 100 collaborating au­
thors. University of Arizona Press, 
1989 ($50). 

DANCE OF THE PlANITS: THE COM­

PLETE SOlAR SYSTEM, by Thomas lig­
on . A program for illM-PC compatibles, 
EGA/VGA , coprocessor recommend­
ed. A.R .C. Software, 1989 (P.O. Box 
1974, Loveland, CO 80539) (disks and 
book , $195 plus shipping). 

T he first night of the year 2001 will 
mark the passage of 200 years 

since the discovery of the first asteroid 
by Giuseppe Piazzi of Palermo. Al­
though Piazza found Ceres indepen­
dently, the search for it lasted years 
and involved the services of some two 
dozen European astronomers. They 
swept the zodiac-constellation by 
constellation-for the planet long felt 
to be "missing" between the widely 
spaced orbits of Mars and Jupiter. The 
present volume is a more recent collab­
oration; 40 review papers plus 200 
pages of tabulated data provide an up­
dated account of the interstellar bodies 
called asteroids. Comprehensive yet 
readable, the book is a hefty lode from 
which many popular pieces will ulti­
mately be mined. 

On the back cover is a map locating 
5,059 asteroids, as of a certain minute 
in 1988, amid the planetary orbits. 
Once an asteroid is sighted (an endeav­
or involving observers, plate searchers 
and, above all, computers), the goal is 
to track it so that it can be relocated 
after several years. A second sighting 
earns the asteroid a serial number and 
name (the prerogative of the discov­
erer) and a place in the scrupulously 
managed international archives. Some 
50,000 discoveries have yielded about 
4,000 authenticated listings so far, and 
the numbers are rapidly growing. In 
such a tangled crowd, several asteroids 
are apt to be lost each decade, although 

the percentage is declining; nowadays 
a good orbit is usually correct to less 
than 10 arc seconds. 

Astronomers, with their unfailing in­
genuity, have found many ways to 
characterize the shapes and materi­
als of these tantalizing bodies, which 
dance like so many sun motes, at once 
visible yet beyond reach. Radar evi­
dence suggests that the asteroid 16 
Psyche has a metallic surface. If so, it 
represents the biggest exposed mass of 
metal in the solar system, an iron alloy 
ball 155 miles in diameter. Ceres, by 
far the largest, is equal to almost a 
third of the combined mass of all aster­
oids. Its diameter is about one fourth 
that of our own moon . Orbiting as it 
does halfway to Jupiter in the main as­
teroid belt, Ceres is only a small point 
of light in one's telescope. 

Eventually it may be possible to 
video scan the larger asteroids, at a 
scale of a couple of thousand picture 
elements for each one. Until then we 
shall have to rely on close-up images 
provided by the Jupiter probe, Cali/eo, 
now on its looping way to that distant 
planet. In 1991 the probe will pass a 
prudent 500 to 1,250 miles from the 
asteroid 951 Gaspra. About 10 miles in 
diameter, Gaspra appears to have a 
darkish reflectance not unlike that of 
many other asteroids. In 1993 Cali/eo 
will pass by 243 Ida. No other flyby 
missions are confirmed, although Ital­
ian astronomers have proposed that a 
100-pound probe be sent to a nearby 
asteroid, perhaps Eros, in memory of 
Piazzi; surely such a modest proposal 
could be budgeted entirely in lire! 

As a general rule, asteroids collide 
with one another throughout the pass­
ing eons and then fly on as gravity­
bound, loosely packed rubble piles, 
which eventually waste away-in the 
way rock turns to sand-from moun­
tain-size splinters to boulder-size me­
teorites and eventually to dust. Some 
meteorites reach the earth's surface. 
Although there must be a correspon-
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dence between them and the aster­
oids from which they break free, the 
shuffling is subtle. No asteroid-ele­
gantly classified by its visible and near 
infrared reflection spectra-can be 
named as the mother of a single mete­
orite. All that can be said is that the 
few meteorites whose orbits can be 
traced did come from the main aster­
oid belt. 

SurpriSingly, no account is given here 
of the rare but showy bombardment of 
the earth by asteroids during the four 
billion years after an initial burst of 
cratering on the surface of the moon. 
The imputed slaughter of the dino­
saurs at the end of the Cretaceous still 
causes a marvelous interdiSCiplinary 
furor among scholars, yet the topic is 
not touched. (The comets did it!) 

Ladies and gentlemen who would in 
their drawing rooms follow Sir Isaac 
Newton's account of the sun's celestial 
throng cannot possibly do better than 
to secure the nimble new orrery of­
fered by a more modern artificer, 
Thomas Ligon. His software wonder, 
constructed not of brass but of bits, 
is a challenge past the ken of the an­
cients. It displays neither clockwork 
nor puzzling tables of numbers but 
rather the plotted dance of heavenly 
bodies in correctly scaled motion. In­
cluded are the planets and their satel­
lites as well as thousands of comets 
and asteroids; as many as from 10 to 
20 are able to perform at a time. 

The screen allows one to view the so­
lar system from virtually any point 
within two light days of the sun; one 
can adopt a position near a planet (ac­
curately rendered according to size, ro­
tation, surface color and pattern and 
accompanied by moving shadows and 
circling moons). The viewer can also 
follow an existing comet (or an invent­
ed one), follow Cali/eo to Gaspra or 
map the planets against an accurate 
skyful of stars. This reviewer has en­
countered no Similarly rich entrant in 
the existing corpus of programs for the 
personal computer; "Dance of the Plan­
ets" is accessible to any amateur who 
can interpret its specifications and is 
willing to learn by use. 

LIGHT, WIND, AND STRUCTURE: THE 

MYSTERY OF THE MAsTER BUILDERS, 

by Robert Mark. The MIT Press, 1990 
($19.95). 

T he planners of the Pantheon were 
undeniably audacious; not only did 

they erect the largest dome of their 
time, but they also incorporated into it 
a 27-foot, open circle, which allowed 
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police dramas, potato-head game shows-we wouldn't 

even notice if the set was upside down. 

Now, there's a new series you can't help but 

notice. Scientific American Frontiers. 

A show that looks into some of life's most 

intriguing mysteries. From homeless 

woodpeckers to infant heart transplants. You'll 

find it does something few shows do. 

It makes you think. Scientific American Frontiers 
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A little girl 
shouldn't Have to 

beg for food. 
But Nita must. 
Her frail mother, who spends all 

day in the marketplace peddling straw 
mats, can't sell enough to feed Nita 
and her two younger brothers. 

For $21 a month through our spon­
sorship program, you can help a child 

like Nita. For a destitute child, your 
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diffuse light to enter and so created a 
steadily moving circle of light across 
the dome's floor. A diagram shows 
how the planners assured that the en­
tire floor would be skylit; the price, less 
than an inch a year of indoor rain, was 
worth paying. Today, nearly 1,700 years 
later, Hadrian's temple to the gods re­
mains a magnificent monument to its 
builders. 

Understanding structure-even in 
our computer-aided days-is not sim­
pie; Mark , a versatile Princeton engi­
neer, modeler, and sharp-eyed archi­
tectural historian, has reexamined the 
Pantheon dome with the assistance of 
a colleague's software program. For 
many years the unprecedented design 
of the dome has been attributed to its 
Roman concrete, a material that saw 
large-scale use during the Hadrian era. 
The dome lacks the apparent three­
dimensional advantage of a cast form 
and does not act as a rigid self-sup­
porting "pot lid," Rather, it resembles a 
set of wedge-shaped arches that rise 
from the supporting wall toward a 
common keystone, Mark's study shows 
that the structural integrity of the Pan­
theon was made possible not by the 
discovery of newfangled concrete but 
by the steady growth in skill and the 
availability of capital that characterized 
the architectural revolution in Rome. 

The John Hancock Center in Chicago, 
a skyscraper 95 stories high (designed 
by Fazlur Khan for Skidmore, Owings & 
Merrill ), "comes close to the modern 
ideal of structural rationalism," Al­
though a giant among buildings, it is 
light and open, a "landmark building ... 
[like] Bourges Cathedral." Its frame 
uses half the amount of steel expected 
for its height Architects do not appear 
to like it much , although its tenants do; 
it has won no design awards, and crit­
ics even fault it for formal qualities such 
as its "disruptive X-braces," the visible 
essence of its triumphant structure. 

Mark seeks to comprehend the aes­
thetics of buildings by understanding 
their structure. In the process, he re­
jects the notion that technology is the 
sole originator of great architecture, 
nor does he adhere to the demand that 
style must coincide with architectural 
necessity. The structural insights re­
vealed by computer modeling are en­
hanced in this beautiful book by draw­
ings, diagrams and photographs. To­
gether they render the book accessible 
to even a technically naive reader. 

I would like to close with a few per­
sonal words in defense of the John 
Hancock Tower in Boston, a luminous 
crystal that reflects every colorful sun­
set, a public gift of beauty, regardless 
of the structural flaws of its easily shed 
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windows and its invisible entrance. 
High in that mirrored tower is a pair of 
huge lead-weighted blocks that glide 
smoothly along tracks whenever the 
tower sways, acting as massive shock 
absorbers to dampen the energy fed to 
its resonant form by the winds. Among 
the first to incorporate structural dy­
namics as well as statics, the building 
foreshadows an architecture that one 
day may link buildings to trees, ships 
and bridges in an aesthetic of unfore­
seen unity. 

ISlAND AFRICA: THE EVOLUTION OF 

AFRICA'S RARE ANIMAlS AND PlANTS, 

by Jonathan Kingdon. Princeton Uni­
versity Press, 1989 ($39.50). 

O n turning only a few pages of this 
book , the reader becomes won­

drously aware of the author-illustra­
tor's unusually diverse talents. Consid­
er the first color plate, found opposite 
page 24. Forms in orange, pink and 
white appear like fanciful elephant 
heads, each one set against a deep­
green background, interrupted here and 
there by tan spots. A closer look re­
veals that the color plate is not an ab­
stract painting, after all, but instead de­
picts the flowers of 15 local species of 
Impatiens. The tan spots represent the 
range for each species, and the green 
backgrounds turn out to be-you see it 
now!-outlines of the African continent. 

On the overleaf the same hand has 
drawn several doves and dodos in full 
color against a white background to 
show their comparative forms. Across 
the gutter, four leopards are painted 
in profile, proudly displaying their ro­
settes of spots. Below, two drawings of 
birds, one the flightless Tristan rail, 
evoke the ancient rock paintings of the 
Kalahari people, 

Kingdon is a sure artist who has 
amassed an amazing repertoire of visu­
al languages; witness his 27 charcoal 
portraits of mountain gorillas. Thirty­
two color pages and a sea of graph­
ics in black-and-white delight the read­
er. Tanzanian-born , the author has 
spent many years in the field with 
plants, animals and naturalists of every 
tradition; now he is at the University of 
Oxford, where the magic of his brush, 
pen , litho crayon and pencil still works 
its charms, 

Kingdon's earlier work , a sumptuous 
seven-volume survey of East African 
mammals, prepares those familiar with 
it for the current volume, which cele­
brates biological diversity by its own 
breadth of styles. This time Kingdon 
has produced a modest, well-packed 
book, which offers readers a knowl-
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edgeable introduction to the natural 
history of an entire continent, done by 
exemplary sampling. Presented are a 
dozen or so "islands " of endemic spe­
cies in various ecosystems: coastal ar­
eas, mountains, deserts, lake and river 
basins and the oceanic islands that 
flank Africa's coasts. (Isolated Mada­
gascar is not treated.) 

Begin with the dodo, hapless crea­
ture of one or two Indian Ocean is­
lands. The bird is gone now, done in by 
the Dutch sailors; only the image of its 
helplessness persists. Yet the rise and 
fall of this awkward creature illumi­
nates island evolution at work. The fact 
that the earthbound dodo is descended 
from wide-voyaging winged doves is 
much less strange when one realizes 
that its form recapitulates the squat­
ting, flightless squabs. Over many gen­
erations, in the absence of predators 
and competitors, dodos became over­
grown juveniles, having less need "to 
grow up than to grow big." 

Why are island birds flightless? Dar­
win speculated that the better flyers 
might be accidentally blown out to sea 
and thus eliminated from the breeding 
population. A more likely explanation 
is that those birds that devoted their 
resources to traits better suited for is­
land habitats (for example, big beaks 
for fighting competitors) were likely to 
pass more of their genes to the next 
generation than those that wasted their 
resources on useless flight apparatus. 

Consider another center of ende­
mism: the lakes of East Africa. Lake 
Tanganyika is some three million years 
old and has a depth 3.6 times greater 
than that of Lake Superior, which is 
only a few tens of thousands of years 
old. Lake Tanganyika resembles a sea 
more than it does a lake; even the 
shells on its beaches look like sea­
shells. Lake Malawi is also deep and 
old; Lake Victoria is shallower, younger 
and geologically less stable. 

In the three lakes, hundreds of spe­
cies of cichlid fishes have been iden­
tified, as varied in their morphology 
as orchids are. The cichlids, notorious­
ly fast breeders, have radiated from a 
few riverine forms into a multitude of 
unique types. In the Cameroons an iso­
lated crater lake, only 1.5 miles in 
length and "the most interesting small 
lake in all Africa," contains five preda­
tory species of cichlids. One species 
has exceptionally abundant hemoglo­
bin and so can penetrate deep into the 
deoxygenated waters of the crater to 
seek fly larvae that live there. 

Kingdon mentions men such as Ban­
dusya of the Batwa, who lives on the 
edge of the Impenetrable Forest (a 
wonderful name for a conservation 
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project ), the last Ugandan refuge for 
the mountain gorilla . Once Bandus­
ya's people jealously held that forest 
as their own; now even in subjugation 
the Batwa offer a vestige of continuity 
as guardians of their legacy. Yet the 
forces at work today are powerful; the 
World Bank , described as "technocrat· 
ic, secretive, and a law unto itself," 
sometimes lacks an adequate grasp of 
the long-term consequences of the mao 
jor projects it favors. Africans must 
come first, to improve their own lot 
and to protect their legacy; they need 
and deserve more of the help this book 
is sure to attract 

UNFINISHED CONVERSATIONS: MAyAS 
AND FOREIGNERS BETWEEN TwO WARS, 

by Paul Sullivan. Alfred A .  Knopf, 1989 
($22.95). 

B old Cortes and his ruthless lieu­
tenants, armed with horses, guns 

and viral contagions, all but ended 
Maya rule 20 years after their arrival on 
the shores of Mexico. Only in the vast­
ness of the forest did the warlike Itza 
Maya hold out for almost another two 
centuries, until in 1697 they, too, were 
bested in battle. The Maya courts, tow­
ers and pyramids of faith now belong 
to the archaeologists and to wondering 
crowds of tourists. 

A remarkable photograph from 1922 
transforms an outsider's sense of Maya 
history. Seen is the base of the Castillo 
at Tulum, a striking Postclassic Maya 
site, today one more bus stop for va­
cationers who throng the Caribbean 
beaches northward from Quintana Roo. 
Standing in rank along the carved ma­
sonry is a company of trained infantry­
men, almost identical in their white 
blouses and trousers, leather straps 
crossed over their chests, each man 
holding a gun . Their mission was to 
protect the old and still sacred sanc­
tuary of Chun Pom, the last remnant 
of Maya polity in the 20th century. 
The credentials of the guard were in­
trinsic-the very profiles of the men 
are beautifully silhouetted against the 
ruins. And their Maya officers wore 
apt insignia: a single ornate earring 
wrought in gold dangled from each 
man's left ear. 

The occasion of their patrol was a 
visit from the famous archaeologist 
Sylvanus Morley of the Carnegie Insti­
tution of Washington. Morley, a bril­
liant man of tact and good will, spent a 
lifetime studying and admiring the 
Maya heritage. On the day the photo­
graph was taken , he persuaded three 
dour officers of the Chun Pom Guard 
that he was not there to open the bush 
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for a new Mexican town site but had 
come to study ancient ruins and Maya 
history. 

The last war in Quintana Roo was the 
atrocious War of the Castes, which 
burned and smoldered for 54 years, 
until finally, in 1901, Mexican troops 
reached the forest capital of the rebel­
lious Maya. Whenever the sway of Mex­
ico City grew weak , Maya guards were 
again seen at the shrines, sometimes 
even at the sacred ruins. 

The quiet, detached observer-ethnog­
rapher is of course an idealization , like 
the timelessness of the ancient culture 
he sees around him. Both scientist and 
host drift with the current of histo­
ry. During World War I ,  when the wild 
shores of Quintana Roo were thought 
to shelter U-boats, Morley reported 
directly to U. S. Naval Intelligence. And 
although the admirable Maya revealed 
many details of their lives to "Mr. Don 
Chief " Morley, they have done the 
same for many other foreigners before 
and since. Their love and deference to 
Morley, it seems, stemmed as well from 
their search for alliance with a distant 
power. They still revere Queen Victoria 
in whose name guns once flowed from 
British-held Belize not far south . In the 
1950's a visitor reported having a talk 
with a shrine priest, who explained 
how much he wanted to shop in Belize. 
"I asked what . .. he wanted to buy," and 
his answer needed no translation: 
"'Carbines,' he said." 

Since the land reform under Presi­
dent Lazaro Cardenas in the 1930's, 
there has been no overt war in Quin­
tana Roo. Civil roads, not military ones, 
now link the Maya villages. Yct Sullivan 
sees the "unfinished conversations," of 
which his own moving book is both a 
part and a penetrating record, as tak­
ing place between two wars, the war 
to come still only in prophesy (perhaps 
it is nearer grim reality in Guatema­
la). Economic crises, ecological change, 
even Maya divisiveness and the loss of 
faith are public omens. 

And so a brooding sense of racial 
war remains; on one side are the poor 
Maya, on the other the powerful in­
truders. "The war that i� coming, God 
will make it, in every nation ....  Hunger 
will make it, surely .. ..  There is no jus­
tice . . . where the wages of the poor are 
not raised, there is war. In all na­
tions . "  That 's what they say in Chun 
Porn, even as they recount stories of 
Morley and the Maya officers. The chal­
lenge of our epoch is to ensure that 
even for the dispossessed hope can 
flow from reason, as manifestly as it 
streams for 1,000 years from inward 
prophesies of divine aid. 
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ESSAY 
Moving toward greater 

energy efficiency 

by Robert Malpas 

A: populations expand and strive 
for ever better standards of liv­
ing, global energy consumption 

is on the rise. But the ever increasing 
demand for energy services creates a 
paradox as daunting as that confront­
ing Adam and Eve. As humans, we 
need more of the fruit that energy 
bears, yet we have begun to fear the en­
vironmental effects of eating that fruit. 
We have also begun to worry about the 
tree's ability to continue bearing fruit 
or to produce it at an acceptable price. 
How, then, can we ensure there is suffi­
cient energy to sustain national growth, 
meet the needs of the poor and protect 
the global environment? 

The solution to our paradox, fortu­
nately, is Simple, but it demands that 
we become engaged in the battle for 
greater energy efficiency. Is it not more 
logical to save a barrel of oil by insu­
lating our homes than to waste that 
valuable resource by letting heat leak 
through the walls? Is it not senseless 
to light commercial buildings at night 
if no one is there? Is not an auto­
mobile that travels 24 miles on a gal­
lon of gasoline better than one that 
travels half that distance on the same 
amount of fuel? Energy efficiency must 
be transformed into a significant global 
force, supported by people and govern­
ments everywhere. 

How can I promote such a theme 
when most of my professional career 
has been spent working for a major 
oil company? If one thinks efficiency 
goes hand in hand with a reduction in 
oil consumption , then my suggestions 
might indeed be perceived as a major 
threat to the petroleum industry. But 
crude oil supplies are finite, and re­
gional shortages are imminent. There 
are other reasons, too, besides sup­
ply to promote efficiency. The shift to 
updated technologies promises a new 
range of business opportunities that 
will force those of us associated with 
the energy industry to extract and com­
bust fossil fuels more effiCiently. 

How might the shift to an efficiency-

oriented economy come about? The so­
lution, I believe, lies with the engineer­
ing profession. After all, the propo­
sition of consuming less to produce 
more ( by conserving resources and re­
ducing waste) is at the heart of all en­
gineering philosophy. For that reason, 
engineers are the obvious choice to be 
vanguards of the efficiency movement. 

Engineers have let themselves be 
transformed from innovators into ser­
vice providers. But our planet is now 
facing a crisis of unknown proportions, 
and sitting on the sidelines is no longer 
acceptable. 

Only engineers can harness the 
extraordinary advances being made 
by scientists. "Science," aerodynarnicist 
Theodor von Karman said, "discovers 
what is; engineers turn this knowl­
edge into things that have never been." 
And so it is the engineers who are 
best equipped to know which break­
throughs in science and technology can 
be brought to production today and 
which ones might be brought to pro­
duction tomorrow. 

The public also bears genuine re­
sponsibility. People, after all, must be 
willing to embrace new technologies as 
they are devised. Industrialized nations 
assume, sometimes erroneously, that 
technology will come to the rescue on 
every issue. In a number of cases, cer­
tainly, their faith has not been misguid­
ed. People believe that technology will 
extend the finiteness of oil (as indeed it 
has) and that it will reduce the energy 
needed to perform a given task -with­
out any action on their part. They also 
think that environmental concerns will 
be solved by the cavalry-technology­
riding over the hill. Yet it is people who 
control the market through their will­
ingness to buy or not to buy. 

Some success has already been 
achieved. The apparently incontro­
vertible one-to-one relation between 
energy growth and economic growth 
has been broken. New aircraft operate 
20 percent more efficiently than old­
er models do. In Europe, high-speed, 
185-mile-per-hour trains are becoming 
more popular. In the U.S., the concept 
of energy-efficient homes is gaining 
ground. Natural gas, a more efficient 
and cleaner fossil fuel than coal, has an 
expanding role in power generation 
around the world. Still far more can be 
achieved, given the proper incentives 
to harness existing technology while 
promoting future technologies. 

To begin with, energy efficiency must 
rise to the top of the global agenda 
and remain there for at least the next 
decade. One way to bring the topic to 
greater prominence might be to call a 
series of technical meetings that would 
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speCifically address issues relevant to 
energy efficiency. The Council of Acad­
emies of Engineering and Technolog­
ical Sciences, for example (which rep­
resents nine countries), meets sever­
al times a year to discuss subjects of 
global importance. Surely it is time for 
such powerful organizations to speak 
out in support of efficiency. 

Other approaches bear serious con­
sideration. The public should be in­
formed about the long-term penal­
ties and benefits of day-to-day energy 
decisions. Perhaps a new measure­
ment, comparable to the gross national 
product (GNP), can be devised to track 
national energy efficiency (NEE ) and 
heighten awareness of the costs under­
lying the services that energy provides. 
We should press to have all energy-con­
suming equipment rated for effiCiency 
and to have those ratings visibly dis­
played, whether they are for domestic, 
commercial or industrial equipment. 

Finally, there is an urgent need to 
promote research in energy conserva­
tion. Major centers where such studies 
are already under way-Harvard and 
Princeton, the University of California 
at Berkeley and the World Resources 
Institute-deserve increased support; 
new centers in other regions of the 
world must also be founded and ade­
quately maintained. 

All of these efforts will founder if 
the industrialized nations fail to share 
critical innovations with the develop­
ing countries. Unless the nations in the 
Southern Hemisphere adopt more effi­
cient technologies at the outset and so 
avoid the heavy consumption of fos­
sil fuels, they will consume energy at 
a rate that will obliterate the gains 
won through efficiency in the Northern 
Hemisphere. 

A simple, powerful equation was im­
parted to me several years ago by a col­
league. "Change," my friend said, re­
sults from "dissatisfaction ,  vision , and 
practical first steps." Dissatisfaction in­
volves the feeling that we can do bet­
ter, rather than just complain about 
how terrible things are. Vision is, of 
course, what engineers and technolo­
gists can provide by articulating what 
is possible. The practical first step is 
what engineers must fashion . As one 
of them, I am willing to accept that re­
sponsibility. Will my colleagues join me 
in taking a step forward? 

ROBERT MALPAS is chairman of Pow­
erGen, a privatized utility that until 1989 
was controlled by the Central Electrici­
ty Generating Board of England. He was 
previously managing director of the Brit· 
ish Petroleum Company. 
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