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Freface

ihe objective of this book is te contripute to the ungerstanding of the
sansitivity of the climate system Dy bringing together the work of modelers
and others involved in the ansiysis of observational data. The approach
consigers climate variations ano climate processes (focusing on climate
Tecghaok processes) on & brosd range of time scales,

WE nave organized the book into conventionmal areas suwoh as the atmos-
phers, ocean and crycsphers, bul these are bound together by the feedback
processes; thus the papers in different sections overlap extensively. If
the book combributes 3 small smount toward s better understanding of the
role which fesedbacks play in coupling different parts of the climate system
ant in determining climate sensitivity, it will hsve served its purposs
Well.,

Wa hbave included, following this preface, an introduction by E. E.
Lavid, Jr., President of the EXXON Hesearch and Engineering Company. ODavia
speaks oI another [eedback process, the interactions betwsen progressive
unoerstanging of the earth's climsts and possible societzal adaptation,
particularly with regard to carbon dioxide climate effects., His thougntful
iscourse should be of interest to those who study the climste system a=
well 28 to plamners. There is & wides range of opinion as to when green-
house climate stfects wWill become important, but no doubt that eventually,
as man-made climste effects become apparent, sclentists will be pressed to
provide the best possible gata and understanding of the climate system.

ihis monograph discusses climate processes and climate sensitivity ana
is the resuit of A symposiim held at the Lsmont-Doherty Geophysical
Observatory in Pallsades, New York, The mesting was the fourth biemnial
Fourice Ewing symosium in honor of the foundsr ang first director of the
Ubservatory. The subject, differing from the topios in solid sarth geo-
phyzics ol the previcus Ewing symposia, was choSen dellperately to empha-
gize tpe breadth of both Professor Ewing's research interests ang the
scientific contributions of the Ubservatary.

Ihe symposiufi was Made possible by & geserous grant from the EXXON
Hessarch and Englneering Company, and was hela OGotober 25-27, 1942,
Agaitional suppori was provided by Che National Climste Program Cffice of
the Natiaal Oceanographic and Atmospheric Administration, and by the
Carbon Dicxiae Ressarch Division of the Department of Energy. We thank
Wallace Hroseker of L-DG0, David Rind and William Fossaw of Goddard
Institute of Space Studies, Hank C. Heyworth of EXXON for adgvice on the
program, Margarset Swan for helping with the logisties and Andres Galsreo
and Christy SBohol for handling and typing most of the manuscripts.

Jamss Hansen
Taro Takahashi
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INVENTING THE FUTURE:

E. E.

ENERGY AND THE CO; "GREENHOUSE" EFFECT

Bavid Jr,

President, Exxon Research and Engineering Company
Remarks at the Fourth Annual Ewing Symposium, Tenaflly, N

Dennis Gahor, A winner of the Nobel Prize for
Physics, once remarked that man cannot predict
the future, bul he can invent it. The point Is
that while we do not know with certainty how
things will turn out, our own actions can play a
powerful role in shaping the future. Naturaily,
Gabor had in mind the power of science and tech-
nology, and the model includes that of correction
or feedbnok.

It {s an important: Man does not have the gift
of prophecy. Any manager or governmént planner
would err seriously by mastlerminding a plan
based unalterably on some vision of the future,
without provision for mid-course correction. It
iz also @ comforting thought. With man's
notorious inability to create reliable predictions
about such mattersd @ elections, stock markets,
energy supply and demand, and, of course, the
weather, It {s a great consolation to feel that we
can still retain some comntrol of the future.

As you may know, Exxon is a hundred years
old this year; we have a long corporate memory
of the very profound social and economic trans-
formations that our business activities have
helped bring about, and of how we and soclely
have had to adapt further fn response. That
includes the at least temporary respite given to
the whales through substituting kerosene lghting
fus]l for their rendered blubber; as well as the
revolutionary changes wrought by the sutomobile
and other machinery powered by liguid hydroecar-
bon fuels. The primsry factors guiding such
developments were technology and economic
markats, though political systems also played
their role.

But faith in technoiogies, markets, and cor-
recting feedback mechanisms is less than satisf{y-
ing for a situation such s the one wyou are
studying at this year's Ewing Symposium. The
gritical problem is that the environmental impacts
of the COg¢ buildup may be =0 long delayed. A
look at the theory of feedbsck systems shows that
where theére 1is such s long delsy the system
breaks down unless there is anticipation bailt into
the loop. The guestion then becomes how to
anticipate the future sufficiently far in advance
to° prepare for (t.

One snswer ls to invent the future in another
way—through a sysatem of contingency planning
hased on an asgessment of a number of futures.
As Harvey Brooks has noted, scenarios have
limited use if they are merely surprise free pro-
lections of current trends; instead, they must
somehow take into aceount those clouds on the
horizon no higger then a man's hand that ean turn
oul to be dominant influences In twenty years.
Inadequate scenaric-making explains the poor per-
formance of most social researech to date--which
g0 often gives the sense of too little too late,
whether the topie is loxic waste, frost belt and
sun belt, or the shift from manufacturing to
information -socliety. The key is to undertske
research that will tend to be {independent of
future svents, er, rather, reievant across a
broad spectrum of scenarios.

This is not emsy toc do, but some of Exxon's
own research and development strategy is aimed
in that direction. And Exxon i{s not the only com-
pany with this attitude. That is why we and
others In the petroleum industry hsve iaken &
strong interest in the issue of the greenhouss
effect and your work. It is why we have par-
ticipaled in several initiatives to promots your
research; it is why we are plessed to contribute
to the holding of this symposium and to par-
ticipata in it. And it is why we have begun our
own modest research effort in the field, moti-
veled also by the bellef that perhaps the only way
to understend & field is to do resaarch in It.
You have seen some of the resulits in a paper
delivered vesterday afternoon. We are also in
the pro¢ess of evaluating the dats on COs con-
centrations eollected over two vears by an Exxon
tanker plyving between the Gulf of Mexico and the
Gulf of Arahia.

Organization

Fow people doubt that the world has entered an
energy transition away from dependence upon
fos=il fuels and toward some mix of renewable
resources that will not pose problems aof
COg accumuletion. The guestion is how do we get
from here to there while preserving the health of

DAVID 1



our political, economle and envircamental support
svetems. What | will do in the remainder of this
talk iz indicate how the world msy invent a suc-
cessful energy future, using the sort of corree-
tive feedhack svstem | have desecribed. My
perspactive Is of course an Exxon perapective,
reflecting our own assumptions sbout the econo-
mic and social paths societies will prefer. And
sinoe fossll fuels, and liquid chemical fuels, are
really the heart of the energy and the
COs problem, | will focus on those.
plan of attack is, first, to consider the

implications of recent energy developments. Then
I will deseribe some of the key sssumptions that
are guiding Exxon's own RaD planning and which,
1 think, we have in common with many other
setors in the scene. Finally, 1 will go on to men-
tion some of the teshnical possibilities that may
present themselves well beyond our usual twenty-
vear outlook period, that is, fifty years or more
into the future.

While- 1 am far from certain sbout the details,
! think you'H find that I'm generally upbeal aboul
the chaneces of coming through this most adven-
turous of all human experiments with the =sco-
gyelem.

Recent Energy History

It is ironic that the biggest uncertainties about
the CO¢ buildup are not in predicting what the
elimate will do, but in predicting what people will
do. The sclentific ecommunity Is apparently
reaching some consensus sboul the general mecha-
nisms of the greenhouse effect. It is consider-
ably less sgreed on how much fossil fuels mankind
will burn: how fast economies will grow; what
energy technologies societies will foster and
when; and so how fast the buildup will occur.

But we do know sbout the recent past and the
present. In the aftermath of the energy price
inerease of the past decade, consumers have
reacted to the price feedback mechanism very
much &8s classic economic theory would predict.
They have sharply reduced their energy consump-
tion and, in particular, their consumption of ofl.
They have substituted other fuels like coal and
miclenr for petroaleum, although more eoal use
does inorease COg emissions. Consumers have
also conserved hy turning to more energy effi-
cient technologies, including smeller cars in the
U.8. And they have done without.

1t is difficult to disentangle the effscts of
eongarvation from fhe effects of recession. Ac-
cording to a recent report [rom the International
Energy Agency, they are about equal. We think
conservation effects are larger, but regardless,
energy consumers have certainly broken the lock-
step relationship between economic aetivity and
energy consumption that seemed to prevail for a
guarter century following World War 11. For
example, sccording to the International Energy
Agency, it now takes 16 percent less energy and
26 percent less oil to produce 1 percent more of
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output in the non-eommunist industrialized
countries than in 1873.

This development carries great significance
for the COs huildup. Consumers and tech-
nologists have beéen Inventing and applving a
wealth of methods to extract more work from less
energy. For example, &8 one of our own biggest
energy customers, we at Exxom have stepped up
the efficiency of our refineries by twenty per-
cent since 19T3. Because refining is so energy-
intensive, the energy savings, and the
correspanding reductions of COs emissions, have
been very large indeed. Last year the savings
amounted to the eguivelent of some 28 million
harrels of ofl--equal to the prodoction from =&
world-scale, 50,000-barrel-per-day synthetic fuels
plant. ©On top of that, we have set the goal of
doubling our refining efficiency by the year 2000,
gnd we think the pgosl is realistic.

How far will the conservation trend go? It is
too early to say for sure, but we think the impli-
cations apply very far into the future. And how
far will the energy mix tend to favor fuels, such
as coal, that produce large amounts of COg,
rather than fuels with high ratios of hydrogen to
carbon, suoh as gasoline and methane? To some
extent the answer to that guestion depends upon
our sbility to come up with a source of low cost
hydrogen based on non-fossil energy--s point I'Il
return to later.

Fossil Fuel Outlook: Key Assumplions

In assessing alternative futures, ! would offer
three sassumptions in the form of predietions
gbout the use of energy and fossil fuels.

First, nearly all societies will eontinue to give
primscy to economic growth. The human desire
to improve material conditions burns as brighl as
aver, if not brighter. As we have seen most re-
cently in Poland, governments that fail to deliver
gt least & convincing promise of growth suffer
dire consequences as & rule. With the overall
world population expected to double over the next
50 yemsrs, economies and energy use will have to
grow at a good eclip just to hold per capita in-
comes even. Naturally, the pressures for growth
will be greatest in the developing world, where
populations are growing featest.

A -mecond assumption, one that follows from the
first, is that in pursuit of growth most socleties
will prefer least-cost energy allernatives. | say
this with the recognition that al least & few de-
veloping countries will prefer options that utilize
local resources in order to conserve foreign
exchange or use lopcal labor, no mattér what the
cort. An example is Brazil's resortl to alechol
fuels extracted from its sugar cane. However,
such exceptions will not materially alter the world
future.

The third assumption iz that socleties will con-
tinue to prefer the efficiencies of fossil-based
liquid fuels in transportation uses. Because con-
ventional petroleum resources will not suffice to



meet the demand, a major industry will begin to
grow around the trn of the century to produce
synthetiec fuels from oil ssands, oil shale, =and
coal .

Despite the trend toward electrieity, the elec-
tric vehicle will have trouble making significant
inroads in trensportation markets over the next
twenty years. ©One probhlem is storage, which is
partly & problem of energy densitv. Today's
lead-acid batteries store sbout 1/300th the energy
of s like weight of gasoline. We can improve on
that: in fact, Exxon is in the middie of dewve-
loping a zinc-bromine battery with iwo tp three
times the capacity of conventional lead-acid bat-
teries. Another problem is the cosi of hatteries.
They are expensive, mainly becanse of the cosi
of raw materials snd typically short life oyeles.
Incidentally, we expect that load leveling, rather
than the eleciric car, will be one of the earliest
applications of our new battery. However, wea
world certainly not rule out the electric car one
day—perhapse initially in the form of hyvbrid
vehicles powered by balteries in tandem with
amall gasoline or dlesel engines.

Another elternative features electric guideway
systems in which wvehicles use batteries on the
feeder roads and electrically induced power alaong
the main arteries. But the capltal costs of such
a system would be immense-—making it a viable op-
tion only for much richer societies than we can
foresee,

Granted, lguid foels<like all chemical fuels-
have their share of problems. In burning they
may synthesize some unfriendly substances—such
as PNA's, NO,, 50, snd COD,: Still, there are
also well-known problems with producing electri-
eity through non-chemical means, such as nuclear
power. Solar voltaics overcome many of thess
drawbacks, but the inherent problems of the duoty
cycle and storage meke me skeptical thet solar
voliales will penetrate n large [reaction of the
electricity market in the near future, except in
remote npplications.

But to reiterate my main theme, such assump-
tions only met as A guide in determiniog where
ReD mmnagers can most usefully concentrate
resources for inventing the future, subjest to
correction and further feedbmek. In any case we
are not up against f{atal, malthusian limits to
growth. On the distant horizon, we may discern
a peaking of petroleum production; because for
more than s decade the worid has been consuming
pertroleum faster than the Industry hss been
replacing i{t. Bot remaining non-petrolsum fossil
fuel resources are immense. As An example, in
1280 oil and gas production accounted for nearly
T percent of the world's production of fossil
emergy. But oil and gas resarves socount for
only a little over 11 percent of the world's esti-
mated total recoverstle fossil energy resources.

A= & practicel matter, vou would =urely sgree
that the world eeconomy is committed to using fos-
8il resources for some time to come. The
massiveness af the energy system In place simply

forbids immediate displacement of one fuel or
enargy source by mnother. Hisloriesl market stu-
dies going back to wood and coal confirm this
idea, suggesting thst & new energy source
requires aboul 50 years to schieve just half the
total energy market.

What are Exxon's projections lor fossil fuel
use? Over the twenty years encompassed by our
normal outlook we estimate the fossil fuel use
will grow at the equivalent of sboul two percent
per year. Much of this growth will ocour in the
developing countries, as they modernize their
EQONOMIies

Reyond our normal twenty-vear outlook period,
we racently &attempted a forecast of the
COs tuild=-up. We assumed different growth rates
at different times, but with an aversge growth
rate in fossil fuel use of sbout one percent a
year stirting today, our estimate is that the
doubling of stmoespheric €Oy levels might occur
sometime late in the 21th eenturv. That ineludes
the impaots of synfuels industry. Assuming the
greenhouse effect occurs, rising
€Oy eoncentrations might begin to induce climatic
changes around the middie of the 21th century.

Manufacturing synthetic fuels will produce
more COp than conventional petroleum fuels, but
the Impact of subatituting syntheties for depleting
petrolenm supplles will be relatively small. If,
in our estimate, we bsck out synfuels and replace
them with conventional petroleum fuels, the dif-
ference in COz emissions would only add sbout
five years to the doubling time. This is a highly
conservalive estimate, bhecanse |t assumes that
industry in the 21st century will continue using
today's "Dinosaur” technologies for manufacturing
synfueis, with no increase in the efficiency of
these highly energyv-intensive processes. And it
takes no notice of the trends we are already sse-
ing today in this budding information age. As
John Pierce, the inventor af satellite communcsa-
tions, likes to sav, soon we may be traveling for
pleasure but communicating to work. Such
developments could eventually go wvery far in
reducing the energy intensity and CO» emissions
of advanced economies.

Exxon's Response in Science and Technology

The real point of these extrapolations is to get
an understanding of how soon the problem may be-
gome serious enough to require eotion. And the
lesson is that, while the issue is clearly impor-
tant, we can still afford further research on the
problem. And the world will have time to agcumu-
late the material and scientific resources re-
quired to contend with the problem.

The same point is emphasizred in the energy
study published last wyear by the International
Institute for Applied System Analysis, or I[1ASA.
The study involved some 150 top scientists at one
time or enother and represents one- of the most
comprehensive sssessments of the cutlook for the
next 500 eritical years of what may well be in ah-
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solute terms the world's period of gresiesi popa-
Iation growth.

Tha ITASA studv concludes thal o make n
succesaful transition from fossil fuels ta an
energy system based on renewable resources. the
world economy must expand ita  prodoctive
powers. It must expand in all dimensions, but,
most importantly, in the new knowledge and human
gkill that enlarge the technological base. For
such knowledge and skill more then brule eapital,
is what enables societies In this age to use the
same or even fewer resources to produce more.

The LIASA strategy for inventing that future
resembles the one | have suggesled: a stralegy
first, of gradusl transition from clean, high qua-
lity resources--natural gas and oil--to dirtier
unconventional fossil resources. The study also
tskes note of the COs issue, recommending that
gociety incorporate sufficlent npon-fossil options
in the energy supply system so as to allow expan-
sion of that base, if necessary, as the effects of
carbon dioxide become hetier quantifiable through
further research.

That meansa pursuing research leads in
technologies that msy not seem attractive by the
fashionable standards of financial mnalysis. In a
recent landmark article, Professors Hayes and
Abernathy of the Harvard Business School warn
strongly egainst such financially biased practices
in American Industry; trying to outlguess the eco-
nomics of untried amd untested technological ap-
proaches ean be the death of sn industry, and |
might sdd, of a-scciety, too. Some of the tools
of this trade--for example, discounted cash flow
mnalysis-—are completely unrealistiec. Sometimes
they are called the Astrophvsics of a non-existent

universe.
As 1 have already suggested, Exxon's own R&D

philosophy dictates searching for a diversified

mix of short- and long-range technological op-
tions. | have already alluded to our efforts to
boost the energy efficiency of our refineries--a
highly immediste and apparent nesd (o manage-
ment:. This need is apparent even though our
BaD in some areas may not pay out for vears--for
example, in advenced separation systems that do
not employ normal hest distillation techmiques.
Another of our major thrusts ia in developing
more versatile tachnologies Tor converting erude
residuums to light transportstion fuels. The need
stems from an evident shift of demand in that
direcgtion mnd from the reduced guslity of the
average erude oil today. Exxon has begun
deployment of an Innovation In this area called
FLEXICOKING, a processing "garbage ocan" that
can convert virtuslly any heavy erude or resi-
duum Into transportation fuels and fuel gas.

As industry moves down to lowsr quality
reaources, there is synergism between such
"regid" conversion technologies and our efforts
to develop improved synthetics technologies.
With the exception of established synthetics
operations in South Africa and Canada, falling
erude prices and escalating profect eosts have
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Nppad T aynDeties fusls Industry in O
Mery snitetics 'schnologics have urned ouf B
be far oors expersivs than ahvone thougSt. W
price feedbhack has told us that we must! s B
to bring capltal and opersting cosis down SSraags
developing synthetles technologies 3
local condlitiona, rescurces, and markais.
process, as | suggested eariler, we will certalnty
succead in Inereasing thelr afficiency s &8
reducing COs emigsions. In the crucial conver—
gion step, many of today's synthetics technologtes
operate at efficiences in the range of 60 parcests
By the year 2000 we sée possiblHties Tor steppisg
up those efficiencies (o nearly B0 percent. AsS
this {5 not a8 fumdamental limit,

Exxon iz working on a very wide varisty of
synthetics options, including adveanced SSES
rétorting and direct coal liguefaction: A catalyfis
process for producing mothane directly fros
coal; the generation of CO and Hydrogen, o=
rynthesgiz. gns, from coal, lignite, or remolsly
located natural gas: and the conversion of synihs-
sis gas to fuels and chemicals. On the non-fosall
fuel side, Exxon has for many years been dolss
BxD aimed at improving the [(abrication of micless
fuel elements; and we have been one of severss
companies in the race to produce cheaper solas
valtaie cells made from amorphous silicon.

These =fforts suggest primarily the ecarly
stages of the tramsition. For the later siages,
some interesting options are bheginning o present
themselves., A prime diffioulty with synthetlos
resourees is their high carhan content.
Chemically, that means low ratio of hydrogen to
earbon. While the ratio is sbout four to one In
natursil gas nnd 1.8 in erude ofl, It s only shout
1.5 In ofl zands bitumen or raw shale oil, and
less than one in coal. In simple terms, a resualf
{s that producing these fuels means penerating
larger amounts of COs than to produce comparable
fuels from petroleum. Synfuels require mare
processing to manufscoturs and henece more pro-
cessing heat generated by burning part of the
resource .

Prompted by concerns mbout Cﬂg emisasions,
among other things, some people have suggested a
hydrogen economy, & fusl cycle based on hydro-
gen generated from water not using heat
generated by fossil fuels, Perhaps there are
ways to genersate cheap hydrogen which could then
feed direotly into a synthetics process. One
possible method would be to use thermochemical
processes to split water, with advanced solar
collectors or nuelear reactors supplying the pro—
cesa heat. The ITASA study notes thet in mano-
facturing coal syntheties such & scheme would cut
COp emissions by one-fourth to one-third,
compared to the usual coal converslion Tech-
nologies envisioned. If they could generals
hydrogen cheaply, such technologies would also
aiit everall couts sharply. For example, in the
Exxon donor solvent ecoal lguefaction process,
hydrogen accounts for well over a third of the
total cost of producing coal liguids.




Summary snd Conclusion

To sum up, the world's best hope for Inventing
an acoeptable energy transition is one that favors
multiple technical spproaches subject to earrec-
tion--feedback from markets, socleties, and poli-
tics, and scientifiec feedback shout external costs
to health mnd the environment. This approsch is
not easy, or comlorting to the uninitiated, he-
caugse there is no overall nest and understandshle
plan. Buot prophecies leading to masterminded so-
lutions that commit & society unaltershly to =
gingle course are llkely to be dangerous and fu—
tile. A good sign iz that, without snv central
plan, the world economy has alresdy adopted con-
servation technologies that ere reducing the rate
of COa bulldup.

In shaping strategies for energy research and
development, we must recognize that, generally,
societies will give primacy to economic growth,
to least-cost energy alternatives, and, in most
transportation uses, to liquid fuels, Fortunately,
these conditions give secience and engineering a
lot of room to maneuver. It appears we still

have time to generate the wealth snd knowledge
we will need to invent the traneition to ‘a stable
ENergy system.

! hope 1 do not sppear too sanguine about the
colleetive wisdom of our speciea. History bears
ample testimony to the human capacity for
grievous folly, as well as schievement and
excellence. Clearly, there s wast opportunity
for conflicty For example, it is more than a
little dizconcerting the the few maps showing the
likely effects of global warming seem to reveal
the lwo superpowers losing much of the rainfall,
with the rest of the world seemingly benefitting.
An sccepteble future may require a degriee of
internntional cooperstion that has eluded our
grasp to date. An exception is of course science
fteell and in particular climatology, which even hy
the standards of science ha=s been distinguished
by & remarkable degree of interdisciplinary and
international cooperation. As the world continues
1o grapple with the profound issues posed by the
COg buildup, it could seek few better models of
international cooperstion thsn what have alrendy
echieved.
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